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CP VIOLATION AND THE ORIGINS OF MATTER

Andrew G. Cohen

Department of Physics, Boston University

Boston, MA 02215

ABSTRACT

I present a gentle introduction to baryogenesis, the dynamical production of
a baryon asymmetry during the early universe. I review the evidence for a
cosmic baryon asymmetry and describe some of the elementary ingredients
necessary for models of baryon number production.



1 Introduction and Experiment

Even though the Universe has a size, age and complexity far beyond our everyday

experience, the laws of physics determined in the laboratory can be extrapolated to the

vast realms of the cosmos. This program, pursued since the earliest developments in the

physical sciences, has seen enormous change over the last century. Especially important

for particle physics has been the close interaction between the high energy frontier and

the very early universe, and cosmological arguments are now routinely used to constrain

the rampant imaginings of particle theorists. One area that is closely connected with

the principle topic of this years school, CP violation, is baryogenesis, the dynamical

production of a net baryon number during the early universe. This asymmetry, which

is well established experimentally, is one of the most important features of the cosmos

as a whole, and represents an enormous departure from the CP invariant state of equal

matter and antimatter densities, with no net baryon number. The subject has been of

concern to particle physicists since the discovery of microscopic CP violation, which

encouraged the construction of concrete baryogenesis scenarios. The subject became

a standard part of modern cosmology with the introduction of grand unified theories

(GUTs), introduced in the 1970s, which establish a possible source for baryon number

violation, an essential component of baryogenesis. More recent ideas have attempted

to link the baron asymmetry with details of models of electroweak symmetry breaking,

and offer the possibility of testing models of baryogenesis in future colliders such as

the LHC.

There are many good reviews of baryogenesis at all levels�. Here we give only a

brief overview of the subject and encourage further consultation of the references.

1.1 Initial Data

One of the fundamental questions concerning the large scale structure of our universe

is surprisingly difficult to answer: What is the universe made of? In general terms

this question reduces to the value of a single parameter, the total energy density of the

universe, which is usually quoted in terms of a “critical” density related to the current

Hubble expansion rate:

0:01 <� 
0 �
�

�crit
<� 3 ; (1)

�The book1 by Kolb and Turner is a good (although somewhat dated) starting point. There are many

more recent reviews,2{4 as well as references therein.



where�crit � 3H2
0=(8�GN), H0 is the Hubble constant andGN is Newton’s gravita-

tional constant. The lower value comes from the visible content of the universe, the

mass-energy associated with stars, galaxies,etc. The larger value comes from vari-

ous measurements of large scale structure, especially measurements of the potential

associated with gravitating (but not necessarily visible) mass-energy. The discrepancy

between these numbers suggests that the majority of the mass-energy of the universe

is dark, possibly a completely new kind of material. But even for the visible mass, we

have no direct experience of the stuff out of which distant stars are made, although we

believe this stuff to be matter similar to that which makes up our own star. The detailed

physics of distant stars, such as stellar evolution, spectral lines,etc, is convincing evi-

dence that these objects are made of baryons and leptons much as ourselves, but there

remains the possibility that they are constructed fromantimatter, i.e. antiquarks and

positrons, rather than quarks and electrons. The transformation CP acting on a state of

ordinary matter (by which we mean baryons, objects made of quarks carrying a positive

baryon number) produces a state of antimatter (with negative baryon number). Thus if

all stars in the universe contain matter (in the form of baryons) rather than antimatter (in

the form of antibaryons), then this matter antimatter (or baryon) asymmetry represents

a departure from CP symmetry as well.

What evidence is there that distant objects are made of matter rather than anti-

matter? For that matter, how do we know that the earth itself is matter? Matter and

antimatter couple electromagnetically with known strength. Contact between matter

and antimatter leads naturally to annihilation into photons with characteristic energy

of 100s of MeV. Casual observation easily demonstrates the absence of this radiation

when matter (in the form of ourselves, say) comes in contact with another terrestrial

object. Thus we easily deduce that the earth (and all its occupants) are made of matter.

A similarly pedestrian argument indicates that the moon too is made of matter. Indeed

our exploration of nearby space convincingly shows that the solar system is composed

of matter.

In fact it is not necessary that a man-made item come into contact with distant

objects to establish the nature of such objects. If anything known to be matter is in

contact with an unknown object, the absence of gamma radiation from annihilations

demonstrates the object is not antimatter. For example micro-meteorites are continu-

ously bombarding the earth without such radiation, and are therefore not antimatter.

But these objects also rain upon Mars, which is therefore also not antimatter. This ar-

gument can obviously be extended: as long as a sufficiently dense matter trail extends



from our solar system, absence of100 MeV gamma rays demonstrates the absence of

antimatter. This trail extends to distances comparable to the size of our local galactic

cluster,5 the Virgo cluster, a distance of20 Mpc.

Unfortunately this region covers only a tiny fraction of the observable universe,

which has a characteristic linear size several orders of magnitude larger than that of the

Virgo cluster. Constraining the composition of objects beyond our local neighborhood

requires a more complex analysis.

Experiments to search for cosmic antimatter from beyond this20 Mpc distance have

been proposed. The most ambitious of these, the Alpha Magnetic Spectrometer6{11

(AMS) is scheduled to be deployed aboard the International Space Station sometime

in the distant futurey. This device, essentially a large mass spectrometer, will search

for negatively charged nuclei in cosmic rays. The device should place a direct limit

on antimatter in cosmic rays coming from a distance of nearly an order of magnitude

beyond our local cluster. Although this distance scale remains small compared to the

current visible universe, it is a significant step beyond our local cluster.

Lacking further direct experimental evidence against distant regions of antimatter,

we must rely on alternative observational and theoretical analyses. Our original argu-

ment, the lack of gamma radiation emanating from points of contact between regions

of matter and antimatter, fails when the density of both matter and antimatter becomes

so small that the expected gamma ray flux falls below a detectable level. However this

suggests an improvement on this argument: since the density of matter (and any pu-

tative antimatter) is decreasing with the cosmic expansion of the universe, we might

expect that the flux of gamma radiation from such points of contact was larger in the

early universe than it is today. Thus we might search for radiation from matter anti-

matter annihilation that occurred not today but sometime in the far past. A search for

such radiation would differ from those which already place stringent limits on antimat-

ter in our local neighborhood. Firstly, once produced as gamma rays, radiation would

subsequently redshift as the universe expands. Consequently rather than searching for

gamma rays with energies of100s of MeV, we should search for lower energy radia-

tion. Secondly, when we look out to large redshift (the distant past) on the night sky

we are integrating over large portions of the universe. Consequently rather then seek-

ing point sources we should search for a diffuse background of radiation coming from

many points of intersection of domains of matter with those of antimatter.

yA prototype device has flown in the space shuttle. Although the exposure was insufficient to detect

antimatter, this brief test has returned interesting cosmic ray physics.12



In order to use this technique to place limits on cosmic antimatter we must have

some idea of how a diffuse photon spectral flux is related to the properties of domains of

antimatter, in particular their size. We already know that such domains should be larger

than the20 Mpc limit we have in hand. The environment of this photon production, the

interface between regions of matter and antimatter in the early universe, involves known

principles of physics, and upper limits on the photon flux can be deduced. Although

rather complicated in detail, the basic strategy is straightforward:

� The observed uniformity of the cosmic microwave background radiation implies

that matter and antimatter must have been extremely uniform at the time when

radiation and matter decoupled, a redshift of about1100 or a time of about1013

seconds. Thus at this time domains of matter and antimatter cannot be separated

by voids, and must be in contact with each other. Prior to this time it is conceivable

that matter and antimatter domainsare separated by voids, and thus we do not

include any annihilation photons prior to this epoch.

� Annihilation proceeds near matter antimatter boundaries through combustion, con-

verting matter into radiation according to standard annihilation cross-sections.

This change of phase in the annihilation region leads to a drop in pressure, and

matter and antimatter then flow into this region. This leads to a calculable anni-

hilation flux via the flow of matter and antimatter into this combustion zone. The

annihilation process also gives rise to high energy leptons which deposit energy

in the matter and antimatter fluids, significantly enhancing the annihilation rate.

� At a redshift of about20 (approximately1016 s after the big bang) inhomogeneities

leading to structure formation begin to become significant. Although this likely

does not affect the rate of annihilations significantly, rather than analyze this era

in detail it is safer (more conservative) to ignore any further annihilation.

� The spectrum of photons produced prior to a redshift of20 continues to evolve

due to the expansion of the universe as well as subsequent scattering.

The results of this calculation13 are shown in Figure 1. The upper curve represents

the computed spectral flux of diffuse radiation from domains of antimatter with a char-

acteristic size of20 Mpc, the lower limit allowed by other analyses. The lower curve

represents the spectral flux for a domain size of1000 Mpc, a large fraction of the visi-

ble universe. In both cases this calculated flux is substantially larger then the observed

diffuse gamma ray background (by balloon and satellite experiments). In particular

such a flux would be in serious conflict with the results of the COMPTEL satellite
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Fig. 1. Data14 and expectations for the diffuse
-ray spectrum.

experiments. We conclude that domains of antimatter of size less than1000 Mpc are

excluded.

1.2 A Baryon Asymmetry

The arguments of the preceding section indicate that the universe contains predomi-

nately matter and very little antimatter (or that matter and antimatter have been sepa-

rated into several near universe-sized domains, a possibility15,16 we will not consider

here.) This asymmetry has been a focus of contemporary cosmology and particle

physics principally because of its implied CP violation. To decide the significance

of this asymmetry we need a quantitative measure of this departure from baryon an-

tibaryon equality. Normally we will use the baryon density to photon number density

ratio:

� �
nB + n �B

n

: (2)

This choice is motivated partly by the dimensionless nature of the ratio, but more im-

portantly, by the way in which this ratio scales with the expansion of the universe.

Provided the expansion is isentropic (and ignoring baryon production or destruction)

both the numerator and denominator densities dilute with the cosmic expansion in the



same way, inversely proportional to the change in volume, and thus the ratio� is time

independent.

Since our previous arguments suggest thatn �B is insignificant, we may use the ob-

served (visible) baryon density and the microwave background radiation density to ob-

tain an experimental lower limit on�

10�10 <� � : (3)

In fact a more constrained value may be obtained by using some additional theoretical

information. The synthesis of the light elements in the early universe depends quite sen-

sitively on the baryon density. Using the best observations on the primordial elements

this constrains�17:

4 � 10�10 <� � <� 7 � 10�10 : (4)

Is this value significant? To get a better idea of how large this number is, we might

imagine its value in a baryo-symmetric universe. In this case, as the universe cools from

temperatures above1 GeV where baryons and antibaryons are in thermal equilibrium

with a thermal number density proportional toT 3, baryon number is kept in thermal

equilibrium by baryon antibaryon annihilation. Once the rate for this process becomes

slower than the expansion rate, the probability of a subsequent annihilation becomes

negligible. Using a typical hadronic cross-section, this equality of rates occurs at a

temperature of about20 MeV. At this time baryons, in the form of protons and neutrons,

have an equilibrium number density proportional to:

nB / (TmN)
3=2e�mN=T (5)

and give a value for�

� � 10�20 : (6)

This value, in gross conflict with the experimental number, cannot be avoided with

thermal equilibrium between equal number of baryons and antibaryons, reflecting the

efficient and near total annihilation of all matter. However there is a simple path to

obtain a much larger value. If the number of baryons exceeds that of antibaryons by

even a small amount, than the inability of each baryon to “pair up” with an antibaryon

prevents total annihilation. In fact this excess need be only a few parts per billion at high

temperature (leading to one extra baryon for each several billion photons) to achieve an

adequate value for�.



But where would such an excess come from? It might appear as an initial condition,

set at the beginning of the universe in some way beyond our ken. Note that such an

initial condition is irrelevant in the context of inflation; following the reheating phase at

the end of inflation all memory of such an initial condition is erased. Without inflation

this is a rather unpleasant possibility that we must acknowledge, but we will favor an

explanation that does not rely on adeus ex machinaof this type. What is preferable is

a mechanism by which this peculiar excess arises dynamically during the evolution of

the universe, a possibility known asbaryogenesis.

As was first observed by Andrei Sakharov,18 there are three conditions that must be

met in order for baryogenesis to occur:

� Baryon violation. Obviously if the universe is going to evolve a non-zero baryon

number from a time when the baryon number vanishes (at the end of inflation,

say) than the laws of physics must allow the baryon number to change.

� C and CP violation. Whatever process changes the baryon number must do so

in a way that favors baryon production, rather than antibaryon production. Since

both C and CP transformations change the sign of the baryon number, the laws of

physics must violate both C and CP in order to obtain a positive value. Fortunately

nature has provided us with both of these elements. As an example:

Rate[K0
L ! e+���]

Rate[K0
L ! e��+��]

' 1:006 (7)

� Departure from thermal equilibrium. Roughly speaking if we populate all levels

according to a Boltzmann distribution, since CPT guarantees that each level with a

positive baryon number has a corresponding level with a negative baryon number,

the total baryon number must vanish. More formally, sinceB̂ is CPT odd and the

Hamiltonian CPT even, in thermal equilibrium

hB̂i = TrB̂e��Ĥ = Tr 
CPT

�1
CPT B̂e

��Ĥ = �hB̂i = 0 : (8)

Discussions of baryogenesis are often, not surprisingly, focused on the origin of

these three ingredients. Beginning in the late 1970s it was realized that all three arise

in commonly considered extensions of the standard model:

� Baryon Violation. Grand Unified theories, in which quarks and leptons appear in

the same representation of a gauge group, naturally give rise to baryon violation.

� C, CP violation. Kaon physics already implies a source of C and CP violation.



� Departure from thermal equilibrium. The universe is known to be expanding and

cooling off. This change in the temperature with timeis a departure from thermal

equilibrium.

We will turn to an evaluation each of these items in somewhat more detail.

Baryon violation is severely constrained by its apparent absence in the laboratory:

experiments searching for proton decay have already placed a limit on the proton life-

time greater than1032 years. How can baryon violation be significant for baryogenesis

yet avoid a disastrous instability of the proton? The key is the notion of an accidental

symmetry: a symmetry of all possible local operators of dimension four or less con-

strained by the particle content and gauge invariance of a theory. The significance of

accidental symmetries appears when we consider the effects of new physics at high

energies. These effects may be incorporated at low energies by including all possible

local operators that respect the symmetries of this new physics. By dimensional anal-

ysis all operators of dimension higher than four will be suppressed by powers of the

ratio of the low energy scale to the high energy scale. Now imagine that new physics

at high energies does not respect some symmetry, like baryon number. At low energies

we must include all local operators, including those that violate baryon number, an ap-

parently disastrous result. But if the theory has an accidental symmetry, the only such

operators are of dimension greater than four (by the definition of accidental symme-

try), and thus new physics at high energies which violates this symmetry is suppressed

by the high energy scale. In the standard model baryon number is exactly such an

accidental symmetry: no baryon violating operators of dimension four or less can be

constructed out of the standard particles consistent with theSU(3) � SU(2) � U(1)

gauge invariance. In fact the leading baryon violating operator in this construction is

dimension six. If we then contemplate new physics which violates baryon number at

a high energy scale, such as in grand unified theories, baryon violating effects will be

suppressed at low energies by two powers of this high energy scale. Thus if the scale is

greater than1016 GeV, proton decay (a low energy process taking place near 1 GeV) is

hugely suppressed.

As already indicated, CP violation is present in the kaon system at a level which

appears more than adequate to explain a baryon asymmetry of less than one part in one

billion. However CP violation in the standard model arising from a phase in the CKM

matrix (which may or may not account for the phenomena observed in the kaon system)

is unlikely to be responsible for the baryon asymmetry of the universe. As we will see,

the effects of this phase in the early universe are quite small.



If the CP violation in the standard model can not account for the observed baryon

asymmetry of the universe, what can? In fact almostanynew source of CP violation

beyond that of the phase in the CKM matrix gives rise to significant effects in the early

universe. From a particle physics perspective, this is the principal reason for interest in

the cosmic baryon asymmetry: it is a strong indication of physics beyond the standard

model.

Lastly, the expansion of the universe which characterizes a departure from thermal

equilibrium is governed by the Hubble parameter:

_T

T
= �H (9)

(at least during periods of constant co-moving entropy.) Today the Hubble parameter

is quite small; the characteristic time scale for expansion of the universe is10 billion

years. Since most microphysical processes lead to thermal equilibrium on much shorter

time scales, baryogenesis must take place either at a time whenH is much larger, or at

a time when Eq. (9) doesn’t hold.

2 Grand Unification

Together the items of the previous section suggest that baryogenesis occurs at relatively

early times, when the universe was hot and baryon violation was important. In partic-

ular the ingredients on our list all fit quite naturally into many grand unified theories.

In such theories, super-heavy gauge bosons associated with the grand unified gauge

group, as well as super-heavy Higgs bosons associated with GUT symmetry breaking,

can mediate baryon violating processes. Although suppressed at low energies, at the

high temperatures prevalent in the early universe baryon violation rates can be large. In

addition, the rapid expansion rate

H �
T 2

MP

(10)

allows for significant departure from thermal equilibrium. Finally the interactions asso-

ciated with new scalar fields that all GUT models must have may include CP violating

couplings.

To see how this works in more detail, consider a toy model consisting of bosonsX

(and �X) which couple to quarks and leptons in a baryon violating, and CP violating,

way. For example imagine that theX ( �X) boson decays into the two final statesqq (�q�q)



and�q�l (ql) with branching fractionsr (�r) and1� r (1� �r) respectively. The parameters

of this toy are constrained by symmetry. For example, CPT insures that the masses of

the bosons are equalmX = m �X , as are the total widths�X = � �X . The baryon number

of each final state is conventional:B(qq) = 2=3,B(�q�l) = �1=3, etc. Finally C and CP

symmetry would implyr = �r. However lacking these symmetries, genericallyr will

differ from �rz.

If we now imagine starting with thermal number densities ofX and �X bosons, our

CPT constraint insures that these densities are equaln �X = nX . Using the parameters

of introduced in the preceding paragraph we can compute the net baryon number of the

quarks and leptons which result from theX and �X decays:

nB + n �B = nX
h
r
2

3
+ (1� r)(�

1

3
)
i
+ n �X

h
�r(�

2

3
) + (1� �r)

1

3

i
= nX(r � �r) : (11)

Although this formula is correct, it is the answer to the wrong question. If all

interactions are in thermal equilibrium, theX and �X bosons will be replenished at the

same time that they decay. That is, the rate for the inverse process, production ofX (and
�X) bosons throughqq or �q�l fusion, will have a rate in equilibrium which is precisely the

same as the decay rate, when the number densities of all the particles are equal to their

thermal equilibrium values. For example, at temperatures small compared to theX

boson mass, the production rate of quarks and leptons viaX decay is small, since there

are very fewX bosons in equilibrium,nX / exp(�mX=T ). Conversely the inverse

process, creation of anX boson, is rare since the quarks and leptons are exponentially

unlikely to have the energy necessary to produce a realX boson. So in equilibrium the

baryon number does not change, and Eq. (11) is not relevant.

This suggests what turns out to be the key to baryon production—we need the num-

ber density ofX and �X bosons atT << mX to be much larger then the exponentially

small equilibrium number density. Under these circumstances theX and �X production

processes will be much smaller than the decay processes. If the number density ofX

and �X bosons is sufficiently large, we may even ignore the inverse process all together.

How do we arrange this miracle? Clearly we must depart from thermal equilibrium,

something we already knew from our discussion of Sakharov’s conditions. But as we

have also discussed the universal expansion allows such a departure when the rate for

an equilibrating process is slow compared to the expansion rate. In this case, we need

the processes that keeps the number density ofX and �X bosons in equilibrium to be

zOf course C and CP violation are not sufficient—interference with a scattering phase is also necessary.



slow compared to the expansion. There are two processes which decrease the number

of bosons: the decay of theX and �X bosons; and annihilation of theX and �X bosons

into other species. Both of these processes can be slow if the couplings of theX boson

are weak. Of course “slow” means in comparison with the Hubble expansion rate,

H � T 2=MP . If this is indeed the case, the number density ofX bosons will not track

the equilibrium value proportional toexp(�mX=T ), but instead remain larger. Then

once the age of the universe is larger than the lifetime of theX boson, decay will occur,

leading to a baryon number according to Eq. (11).

There is one important constraint that we have overlooked. Even though theX

and �X bosons are not re-produced around the time that they decay, there are other

processes we must not forget. In particular, there are processes which violate baryon

number through the mediation of a (virtual)X boson. In our toy example these may

be represented by the effective four-fermion operatorqqql. This dimension six operator

has a coefficient proportional to two inverse powers of themX mass, and thus at tem-

peratures low compared to this mass the effects of this operator are small. Nevertheless

processes of this type will change the baryon number, tending to equilibrate this num-

ber to zero. Therefore we must further require that baryon violating processes such as

this one must also be out of equilibrium at the time theX and �X bosons decay.

The procedure outlined above is usually called a “late decay”, or “out-of-equilibrium

decay” scenario. Developed extensively from late 1970s through the present, they have

provided a framework in which to discuss baryogenesis, and have led to many concrete

models that can explain the non-zero value of�. Although successful in principal, mod-

els of GUT baryogenesis often have difficulty obtaining the large baryon asymmetry we

observe:

� Rates:We have seen that a number of rates must be slow compared to the expan-

sion rate of the universe in order to depart sufficiently from equilibrium. These

rates are typically governed by the GUT scale, while the expansion rate is pro-

portional toT 2=MP . The relevant temperature here is that just prior to the decay

of theX bosons. Since we need these bosons to be long lived, this temperature

is lower than the GUT scale, and the expansion rate is correspondingly slower.

Thus the departure from equilibrium is far from automatic and detailed calcula-

tions in a specific GUT are necessary to determine whether these conditions can

be satisfied.

� Relics:One problematic aspect of many GUTS is the presence of possible stable



relics. For example some GUTS have exactly stable magnetic monopoles which

would be produced in the early universe at temperatures near the GUT scale. Un-

fortunately these objects are a cosmological disaster: the energy density in the

form of monopoles would over-close the universe, in serious conflict with obser-

vation. One of the early great successes of inflation was a means for avoiding

this catastrophe. At the end of inflation all matter in the universe has been “in-

flated away”, leaving a cold empty space free from all particles (baryons as well as

monopoles!). However following the end of inflation, the vacuum energy density

in the inflaton field goes into reheating the universe, producing a thermal distri-

bution of particles. If this reheating is fast, energy conservation tells us that the

reheat temperature will be close to the original scale of inflation, near or above

the GUT scale. Unfortunately this would reintroduce the monopoles. On the

other hand if this reheating is slow (as would be the case if the inflaton is weakly

coupled) then the energy density in the inflaton field decreases as the universe

expands, leading to a much lower reheat temperature. Thus for inflation to solve

the monopole crisis, the reheat temperature must be well below the GUT scale, in

which case monopoles are not re-introduced during the reheating process. Unfor-

tunately neither are theX and �X bosons, and thus baryogenesis does not occur.

Neither of these objections are definitive—there are proposals for circumventing

them both. For example much of our discussion has focused on small departures from

thermal equilibrium. It may be possible to have huge departures, where particle distri-

butions are not even remotely thermal. In this case the analysis of reaction rates is quite

different. There may also be many more couplings which allow a greater range of re-

action rates. Perhaps these are associated with Yukawa couplings of neutrinos or other

sectors of the GUT. These objections do however make these scenarios less compelling.

In addition there is another, more philosophical, problem. Often in these models the

details of baryogenesis are pushed into very particular aspects of the GUT, physics at

scales which are not accessible in the laboratory. Thus in many instances, whether or

not GUT baryogenesis occurs is experimentally unanswerable. For these reasons it is

advisable to investigate alternatives.



3 Electroweak Baryogenesis

In 1985 Kuzmin, Rubakov and Shaposhnikov19 made the remarkable observation that

all three of Sakharov’s criteria may be met in the standard model. Firstly, and perhaps

most surprisingly, the standard model of the weak interactions does not conserve baryon

number!

The non-conservation of baron number in the standard model is a rather subtle ef-

fect. At the classical level, the conservation of baryon number is practically obvious—

each term in the classical action respects a transformation of the baryon number. N¨other’s

theorem then applies, and we can construct a four-vector, the baryon number cur-

rent, which satisfies the continuity equation, that is whose four-divergence vanishes.

Nonetheless this na¨ıve argument is wrong: this four vector doesnot have vanishing

four-divergence in the full quantum theory.

This situation is not totally unfamiliar. In the simple case of quantum electrody-

namics a corresponding phenomena occurs, known as the axial anomaly. QED has a

symmetry of the classical action corresponding to an axial rotation of the electron field

(that is, a rotation which is opposite on the left and right chirality electron fields). Aside

from the electron mass term which we will ignore, this transformation leaves the action

unchanged, and the N¨other procedure leads to a covariantly conserved four-vector, the

axial current. However as is well known this current isnotdivergenceless:

@�J
�
a =

e2

32�2
F�� ~F

�� / ~E � ~B ; (12)

where~F �� � �����F��=2. This remarkable equation, which can be derived in a number

of different ways, embodies the violation of axial charge due to quantum effects in

the theoryx. Note that ignoring spatial variations this equation implies that the time

derivative of the baryon density will be non-zero in the presence of a non-zero~E � ~B.

Note that the chiral nature of the current couplings are important for obtaining this

result; the current with non-chiral couplings, the electromagnetic current, is strictly

conserved.

The situation in the standard model is similar. The baryon current derived via

the Nöther procedure is vectorial, and thus would seem an unlikely candidate for an

xThe axial anomaly in QED has a long and well-known history. Eq. (12) may be obtained for example

by evaluating the triangle diagram, by computing the change in the functional integral measure under an

axial rotation, or by an exact calculation of the electron propagator in a constant background electric and

magnetic field.



anomaly. However the weak interaction couplingsare chiral, which leads to an equa-

tion for the divergence of the baryon current corresponding to Eq. (12):

@�J
�
B = 3

h g2

32�2
W a

��
~W a�� +

g0
2

32�2
FY �� ~F

��
Y

i
= @�J

�
L : (13)

In this equationW andFY are the gauge field strengths for theSU(2) andU(1) hy-

percharge gauge potentials,g andg0 are the corresponding gauge couplings and the

3 arises from a sum over families. We have also noted that the lepton number cur-

rent has the same divergence as the baryon number current. Consequently the current

JB�L � JB � JL is divergenceless, and the quantum numberB � L is absolutely

conserved.

What does Eq. (13) really mean? To gain some understanding of this equation,

imagine constructing an electroweak solenoid surrounding an electroweak capacitor,

so that we have a region in which the quantity~Ea � ~Ba is non-zero. In practice this is

rather difficult, primarily because we live in the superconducting phase of the weak

interactions, and therefore the weak Meissner effect prevents the development of a

weak magnetic field. But lets ignore this for the moment. Now perform the follow-

ing gedanken experiment: start with no weak electromagnetic fields, and the region

between the capacitor plates empty. If we solve the Dirac equation for the quarks and

leptons, we obtain the usual free particle energy levels. In this language, we fill up

the Dirac sea, and leave all positive energy levels unoccupied. Now imagine turning

on the weak~Ea and ~Ba fields adiabatically. In the presence of these slowly varying

fields, the energy level solutions to the Dirac equation will flow, while the occupation

of any given level does not change. But according to Eq. (13) the baryon number will

change with time. This corresponds to the energy of some of the occupied levels in the

Dirac sea flowing to positive energy, becoming real particles carrying baryon number.

Although surprising at first, this is not very different from ordinary pair production in

a background field. What is peculiar is the creation of quarks in a way different from

antiquarks, so that a net baryon number is produced.

By itself this effect is intriguing but not sufficient. After all what we are really after

is a transition which changes baryon number without changing the state of the gauge

field, much as the four-fermion operator in our grand unified example did. That is,

what we would like to do is begin our gedanken experiment as above, but at the end

of the day turn off the electric and magnetic fields. Na¨ıvely this would leave us with

zero baryon number: if we turn the fields off as the time reverse of how we turned

them on, we produce baryon number at first, and then remove it later on. Indeed this



is what happens with axial charge in the quantum electrodynamics example. But the

non-abelian example contains another wrinkle: it is possible to turn the electric and

magnetic fields on and then off in a way which leaves a non-zero baryon number!

The trick as realized by ’t Hooft20,21 follows from noticing that, unlike the abelian

case, there are a large number of non-trivial gauge potentials which have vanishing

electric and magnetic fields. It is possible in our gedanken experiment to begin with

one of these potentials, and finish with another, thus tying a “knot” in the gauge field{.

The result is a transition from a state with no weak electric and magnetic fields and no

baryon number (a “vacuum”), and ending with no weak electric and magnetic fields

but non-zero baryon number. Making such a transition requires a “large” gauge field,

one in which the field strength is of order1=g. In addition, the total change in baryon

number is quantized in units of the number of families, presumably 3.

If we accept this fancy formalism, we have an obvious question: why is the proton

stable? If the weak interactions violate baryon number, shouldn’t the proton lifetime

be a characteristic weak time scale? In fact, the proton is absolutely stable even in the

presence of this baryon violation, because each process changes the baryon number by

3. Since the proton is the lightest particle carrying baryon number, its decay would

require changing the baryon number by 1, which cannot occur if all baryon violating

process change the baryon number by multiples of 3. Thus there is a selection which

accounts for the stability of the proton.

What about other baryon violating processes? In fact these too are unimportant.

In our gedanken experiment above we ignored the fact that the weak interactions are

broken, that we live in a superconducting phase of the weak interactions. But this

means that there is a large potential energy cost in creating a weak~Ea and ~Ba field

which interpolates between our states with different baryon number. That is, there is

a potential barrier that we must overcome in order to change the baryon number by a

weak interaction. Since the gauge field must change by order1=g, the height of this

barrier (the cost of overcoming the Meissner effect) is

Es �
MZ

�wk
� a few TeV (14)

where�wk is the weak analog of the electromagnetic fine structure constant. The gauge

field configuration at the peak of this barrier is called the “sphaleron”, and hence this

{This argument is a bit tricky. In order to discuss the physics of gauge potentials it is necessary to gauge

fix. Even after gauge fixing there are gauge potentials which begin in the far past with one “vacuum”

potential, and end with a different one.



energy is known as the sphaleron energy.

B=L=0 B=L=3

Es

V

Fig. 2. The potential energy in one direction in gauge field space. This direction has

been chosen to go from one zero energy gauge field configuration to another through

the pass of lowest energy.

The presence of this barrier means that processes with energies below the bar-

rier height are highly suppressed; they are strictly forbidden classically, but can oc-

cur through quantum tunneling. Like all tunneling processes, the probability of such a

transition will be proportional to a semi-classical barrier penetration factor:

Prob/ e�4�=�wk � 10�40 ; (15)

an utterly negligible effect. In contrast to the grand unified case where baryon violation

was suppressed at low energies by powers of the ratio of the energy to the grand unifi-

cation scale, here the baryon violation is exponentially suppressed by the presence of a

barrier.

If our interest were only sensitive tests of baryon number conservation in the labo-

ratory, we would safely move on to another area of research. But since our interest is in

baryogenesis in the early universe, we must take this picture of baryon violation in the

weak interaction by transiting this barrier more seriously. At temperatures comparable



or larger than the barrier height we would expect a significant population of states with

energies above the barrier. These states could make a transition without the quantum

tunneling suppression by simply evolving classically over the top of the barrier. The

rate for such a baryon violating process will be controlled by the probability of finding

a state with energy at least as large as the sphaleron energy:

� / e�Es=T : (16)

When the temperature is larger thanEs this exponential is no longer a suppression at

all. Hence we expect that at temperatures above a few TeV baryon violation in the

weak interactions will occur at a characteristic weak interaction rate. Note that at tem-

peratures of a few TeV weak interactions are extremely rapid compared to the Hubble

expansion rate, and thus baryon violating interactions would be in thermal equilibrium.

We come to the first important consequence of baryon violation in the weak inter-

actions: grand unified baryogenesis does not necessarily produce a baryon asymmetry!

Even if a late decayingX boson would produce a baryon asymmetry at temperatures

near the GUT scale, this asymmetry will be equilibrated away by baryon violating weak

interactions. Our discussion of grand unified baryogenesis concluded that baryon vio-

lation from virtualX boson exchange must be slow for baryogenesis to succeed, but the

real requirement is thatall baryon violation must be slow; we must take into account

all sources of baryon violation, including that of the weak interactions.

There is a simple way of avoiding this effect. As indicated in Eq. (13) the baryon

and lepton number currents have exactly the same divergence. Hence their difference,

theB�L current, is strictly conserved. Therefore if theX boson decay produces a net

B � L, weak interactions cannot equilibrate this quantum number to zero. The result

will be both a net baryon number and a net lepton number. However baryon and lepton

number violating weak interactions must be taken into account when calculating the

baryon asymmetry produced.

Rather surprisingly we have concluded that baryon violation is present in the stan-

dard model, at least at temperatures above a few TeV. In principle this opens the possi-

bility of baryogenesis taking place at temperatures well below the GUT scale. Unfor-

tunately we face another obstacle: departure from thermal equilibrium. As discussed

earlier, the expansion rate of the universe at temperatures near a TeV is quite slow:

H � T 2=MP � 10�16 TeV. All standard model interactions lead to reaction rates

much larger than this expansion rate, typically of order� � �wkT � 10�3 TeV. Thus

departure from thermal equilibrium is impossible with such a leisurely expansion. For-



tunately there are occasions during the early universe in which the smooth variation

of the temperature with the expansion, Eq. (9), is invalid. This typically occurs when

the equation of state for the content of the universe undergoes an abrupt change, such

as during a change in phase structure. For example when the temperature falls below

the mass of the electron, electrons and positrons annihilate into photons, converting

their energy from a non-relativistic form (the mass-energy of the leptons) into a rela-

tivistic form (radiation). But there may be other phase changes in the early universe.

With a phase transition there exists the possibility of significant departure from thermal

equilibrium, at least if the transition is discontinuous, or first order.

Is there any reason to expect a phase transition in the early universe? At tempera-

tures much higher than a few TeV we have very little idea of the state of the universe;

until we probe physics at these high energies in the laboratory we cannot say whether

or not phase transitions occur. Of course we are permitted to speculate, and indeed

there are many proposals for new physics beyond the standard model which lead to

interesting dynamics in the early universe. But beyond speculation, we already ex-

pect that there is at least one phase transition in the context of the standard model: the

electroweak phase transition.

As we have already mentioned we currently live in a superconducting phase of the

electroweak interactions. TheW andZ boson masses arise from the interaction of

the gauge fields with a non-zero order parameter, an object that carries electroweak

quantum numbers and has a non-zero expectation value in the vacuum. The short range

nature of the weak force is a consequence of this interaction, just as the electromagnetic

interaction is short range in ordinary superconductors. In fact it is this property of the

weak interactions which leads us to deduce the existence of a non-zero order parameter.

We know the value of the order parameter, the weak vev, is approximately250 GeV;

we also know that the order parameter is a weak doublet, from the relation between the

W andZ masses and the weak mixing angle. However unlike electromagnetic super-

conductivity where the order parameter is known to be a composite of two electrons, a

so-called “Cooper pair”, the weak order parameter remains mysterious. One possibility

is that the order parameter is simply some new field with its own physical excitations,

the Higgs field. Another is that it is a composite of two fermions, like the Cooper pair.

But until we have probed the details of electroweak symmetry breaking in detail, as

we hope to do in future collider experiments, we can not say with any confidence what

form the detailed physics of this order parameter takes.

One thing we do expect, in analogy with ordinary superconductivity, is the change



in phase of the weak interactions at high temperatures. Just as an electromagnetic su-

perconductor becomes non-superconducting as the temperature is increased, so too the

weak interactions should revert to an unbroken phase at high temperature. When the

temperature is on the order of100 GeV, the order parameter should vanish, the weak

gauge symmetry will be unbroken and theW andZ (and the quarks and leptons) will

become massless. In our discussion of baryon violation in the weak interactions we

suggested that at temperatures larger than the sphaleron energy baryon violation would

be unsuppressed, as transitions could take place above the barrier. But the barrier itself

was a consequence of the Meissner effect, a sign of superconductivity. Indeed Eq. (14)

clearly shows the relationship with symmetry breaking: the sphaleron energy is pro-

portional toMZ which in turn is proportional to the order parameter. At temperatures

of a few hundred GeV, well below the sphaleron energy, when the weak symmetry is

restored and the order parameter goes to zero, the barrier disappears. Consequently

baryon violation will occur rapidly just on the unbroken side of the phase transition.

In order for any of this to play a role in baryogenesis, we require significant non-

equilibrium effects at the phase transition. According to the usual classification of

phase transitions, such non-equilibrium effects will arise if the phase transition is first

order. Under these circumstances the transition itself may proceed in a classic first order

form, through the nucleation of bubbles of broken phasek. Indeed as the universe cools

from high temperature, we begin with a homogeneous medium in the unbroken phase

of the weak interactions. Quarks and leptons are massless, weak interactions are long

range (aside from thermal screening effects) and, most importantly, baryon violation is

rapid. Calculating the rate for baryon violation requires understanding the details of the

classical thermodynamics of the gauge fields, a difficult subject. The result however is

relatively simple:

��B � �5
wkT (17)

This is a rather crude approximation; for example there are logarithmic corrections

to this relation that may be significant, as well as a potentially large dimensionless

coefficient. Nevertheless the exact formula may in principle be obtained numerically in

terms of�wk and the temperature.

As the universe cools we eventually reach a moment in which the free energy of

the unbroken phase is equal to that of the broken phase, as indicated by the free energy

kThis is not the only possibility; for example it may proceed through spinodal decomposition, or some

more complicated mechanism. In all these circumstance non-equilibrium phenomena are likely.



curve labeled byTc in Fig. (3). However if the transition is first order, these two

phases are separated by a free energy barrier and the universe, unable to reach the

broken phase, remains in the unbroken phase. As the universe continues to expand, the

systemsupercools, remaining in the unbroken phase even though the broken phase has

a lower free energy. Finally we reach a point where bubbles of the preferred, broken,

phase nucleate and begin to grow. Eventually these bubbles percolate, completing the

transition.

Φ

F T > Tc T = Tc
T < Tc

Fig. 3. The free energy versus the order parameter for a classic first order phase transi-

tion.

Clearly these expanding bubbles represent a departure from thermal equilibrium.

From the point of view of Sakharov’s condition the most relevant fact is the discon-

tinuity in the order parameter, the weak vev. In the region outside the bubbles the

universe remains in the unbroken phase where the weak order parameter is zero. As

discussed previously there is no barrier between the states of different baryon number,

and baryon violation is rampant. In the bubble interior the weak vev is non-zero, theW

andZ bosons are massive, andthe barrier between states of different baryon number

is in place. In this case the rate of baryon violation is exponentially suppressed ac-

cording to a Boltzmann factorexp(�Eb=T ) whereEb is the barrier height. Na¨ıvely we

might expectEb to be the sphaleron energy. However the sphaleron energy represented



the barrier height at zero temperature; at finite temperature the barrier is generically

different, evolving to the zero temperature shape as the universe cools. ButEb is still

controlled by the order parameter, the weak vev. If this vev is large, near its vacuum

value of250 GeV, baryon violation will be essentially shut off in the bubble interior.

On the other hand if the vev is too small, baryon violation will proceed rapidly inside

the bubble as well as out.

The difference in the weak vev in the bubble interior and the bubble exterior, the

discontinuity in the weak order parameter, is a measure of the strength of the transition.

If these two values are nearly equal, the phase transition is nearly continuous, a second

order transition. If on the other hand the discontinuity is large, the phase transition is

said to be strongly first order. For electroweak baryogenesis to occur, baryon violation

must be out of thermal equilibrium in the bubble interior, a situation that will transpire

only if the vev is sufficiently larger. Thus we need a strongly first order electroweak

phase transition.

What do we know about the electroweak phase transition? Unfortunately almost

nothing. This is due in small measure to our inability to understand the complex thermal

environment in a relativistic quantum field theory. Over the past decade there has been a

great deal of progress in simulating field theories at finite temperature, deducing details

of phase transitions and reaction rates. However these advances are of little use if we

don’t know what theory to simulate. The main reason we can’t say definitely whether

the electroweak phase transition is first or second order, whether it is strongly or weakly

first order, or practically anything else about it is simple: we have no idea what physics

is responsible for electroweak symmetry breaking.

We do have some theories of electroweak symmetry breaking, and huge effort has

been invested in determining the details of the phase transition in these cases. The origi-

nal theory of electroweak symmetry breaking relied on the introduction of a fundamen-

tal weak doublet scalar field, the Higgs field. In this rather simple case, the electroweak

phase transition is first order only if the physical Higgs scalar is very light, with a mass

well below the current experimental bound. But this theory is not the most popular

alternative for electroweak symmetry breaking due to its theoretical shortcomings. Of

somewhat greater appeal is the minimal supersymmetric standard model, the MSSM.

In this case there are a host of new particles: supersymmetric partners of the quarks,

leptons and gauge bosons, as well as two Higgs multiplets. In fact this theory also

requires some of these new states to be relatively light in order to obtain a sufficiently

strongly first order phase transition. As the LEP bound on the MSSM Higgs mass im-



proves, the region of parameter space for which the phase transition is appropriate is

rapidly disappearing.

Should we take this to mean the weak phase transition is probably inappropriate

for electroweak baryogenesis to take place? That depends a bit on our philosophy.

Given that these are but 2 ideas out of a nearly infinite variety we should not nec-

essarily become disheartened. More importantly there have been analyses of modest

alternatives of the above theories: non-supersymmetric theories with multiple Higgs

fields, extensions of the MSSM including singlets, and even strongly interacting the-

ories of electroweak symmetry breaking. In most of these cases a sufficiently strong

first order phase transition is easy to arrange, if not generic. In fact this is perhaps

one of the more positive aspects of electroweak baryogenesis. The physics responsible

for electroweak symmetry breaking is intimately related with the possibility of elec-

troweak baryogenesis: some models of electroweak symmetry breaking do not produce

a baryon asymmetry (or not one of sufficient size) while others do. This is one of the

few places that the forefront of electroweak physics, electroweak symmetry breaking,

may have a profound effect on cosmology (or vice versa).

3.1 Baryon Production

We now have all of Sakharov’s ingredients in place, all in the weak interactions: baryon

violation, C and CP violation and a departure from thermal equilibrium. But we still

have not explored how these ingredients combine to produce a baryon asymmetry.

Clearly we require all three ingredients to work together—the absence of any one

implies the absence of baryogenesis. The non-equilibrium requirement, satisfied by the

nucleation and subsequent expansion of bubbles of broken phase, is most importantly

realized as a spatial separation of baryon violation: baryon violation is rapid outside

the bubble, and non-existent in the bubble interior. C and CP violation, at least in

the standard model, take place through the Yukawa couplings in the Lagrangian. That

is, C and CP violation appear in the form of non-trivial phases in the couplings of

quarks (and possibly leptons in extensions of the standard model) to the Higgs field,

the order parameter for electroweak symmetry breaking. But it is precisely this field

which represents the electroweak bubbles which appear at the phase transition.

The details of how the baryon asymmetry may be calculated in the context of these

expanding bubbles is complicated, and we will not discuss it at any length. The ingre-

dients are clear: the CP violating interaction of quarks and leptons with the expanding



bubbles can in principle bias the production of various quantum numbers (including

but not limited to baryon and lepton number); all that is required is an interaction that

allows the creation or destruction of a net value for such a quantum number. For exam-

ple, the interaction with the expanding bubble may bias the production of left-chirality

top quarks over right-chirality top quarks (to pick a random example). Provided CP

violation (either directly or in the form of one of these quantum number asymmetries)

biases baryon number in a region outside the bubble where baryon violation is rapid, a

net baryon number will be produced. Following our example, an excess of left-chirality

top quarks (which have a weak interaction) over right-chirality top quarks (which do

not) biases the weak interactions in the direction of increasing baryon number. An

important element which complicates the discussion is the transportation of quark and

lepton charges from one region of space to another. The transport properties of the

plasma are crucial in understanding how the baryon violating interactions, which take

place outside the bubble, are biased by CP violation, which is dominant where the Higgs

field is changing inside the bubble. Depending on the details of the bubble profile the

analysis looks a bit different, although the results are qualitatively similar.

3.2 CP Violation

We finally must come to grips with CP violation; now that we understand how it is

relevant to electroweak baryogenesis, we can ask what the characteristic size of CP

violating effects of the sort described in the last paragraph will be. In fact this question

is not as difficult as might be supposed. CP violation in the standard model arises from

a non-trivial phase in the Yukawa couplings of the quarks. The only tricky issue is

that this phase has no unique location: we may move it from one coupling to another

by making field redefinitions. More physically this means that an interaction will only

violate CP when the interaction involves enough couplings such that we cannot remove

this phase from all these couplings simultaneously. For example, if a process involves

only two families of quarks, the CP violating phase may be put in the third family, and

this process will be CP conserving.

Since the Yukawa couplings are relatively small (even the top quark coupling), per-

turbation theory should be an adequate guide to the size of CP violating effects. To

estimate this size we must construct an object perturbatively out of the various cou-

pling constants of the standard model in a way which involves an (irremovable) CP

violating phase. Clearly there must be a large number (8) of Yukawa couplings from all



three families as well as a large number (4) of weak interactions in order to get an irre-

movable phase. This product of small dimensionless coupling constants is an invariant

measure of CP violation in any perturbative process. One such example, involving the

largest Yukawa couplings, is

�CP � �2
wk�

4
t�

2
b�s�d sin

2 �1 sin �2 sin �3 sin � � 10�16 : (18)

This remarkably small number, many orders of magnitude smaller than the observed

baryon asymmetry, is a consequence of the detailed symmetries of the standard model,

where CP violation is intimately connected with flavor violation. As long as the flavor

physics of baryogenesis is perturbative, the standard model has no hope of producing

a baryon asymmetry large enough. Although we have consistently maintained that the

standard model has CP violation, and that this is one of the most interesting reasons to

investigate baryogenesis, it now seems that we have been misled, that this CP violation

is far too small to be relevant for baryon production in the early universe.

Why did we argue earlier that CP violation in the kaon system, Eq. (7), was so

much larger than this perturbative estimate? In fact we have been careful to argue that

the estimate of CP violation, Eq. (18), only applies when the standard model Yukawa

interactions can be used perturbatively. This is not the case for CP violation in the

kaon system. If we wish to compute CP violating effects at kaon energies,E << 250

GeV, we must first construct the effective theory appropriate to these energy scales by

integrating out modes with energies larger thanE. This includes for example theW

andZ, the top and bottom quarks,etc. As usual this process introduces inverse powers

of these heavy masses, such as1=M2
W and1=m2

t . Since these masses are proportional

to the weak couplingsg and�t appearing above, this effective theory has interactions

which cannotbe represented as a power series in couplings (although it is easy enough

to construct this effective theory and keep track of the Yukawa couplings), and the

estimate Eq. (18) does not apply��.

But we have now come to the crux of the matter, and if it were not for the interesting

physics associated with baryon violation, cosmic expansion,etc. that we wished to

discuss we could have started (and ended) our discussion of baryogenesis here. The

most important message from this analysis is that it is highly unlikely that CP violation

from the phase in the CKM matrix has anything at all to do with the cosmic baryon

asymmetry. Although we have chosen to mention this in the context of electroweak

��A more old-fashioned language for the same phenomena would note the enhancement of perturbative

matrix elements by small energy denominators in perturbation theory.



baryogenesis, there is nothing special about this scenario in our analysis of the size of

CP violating effects. Everything we have said applies to standard model CP violation

in any theory of baryogenesis that takes place at high energies where our perturbative

argument applies. This is certainly the case in grand unified baryogenesis as well as

electroweak baryogenesis.

Once more, with feeling: standard model CP violation in the form of a phase in the

CKM matrix is not likely to produce a significant baryon asymmetry of the universe.

Why is this so important? As we have argued thereis a cosmic baryon asymmetry, and

if it didn’t come from CP violation in the standard model, where did it come from?

The obvious conclusion is that there is CP violation (and hence new physics) beyond

the standard model. This is one of the strongest pieces of evidence we have that the

standard model is incomplete.

One comment is in order. We have now repeatedly said that standard model CP vi-

olation is inadequate for baryogenesis. This is sometimes confused with the (incorrect)

statement that the CP violation observed in the kaon system is too small to produce

the observed baryon asymmetry. At the moment our knowledge of CP violation is not

extensive enough to say definitively that the observed CP violation is associated with a

phase in the CKM matrix. It is perfectly possible that CP violation in the kaon system

is dominated by physics beyond the standard model. This would likely show up as a

discrepancy between CP violation measured in the B system relative to the expectations

from the K system.

If the standard model must be augmented with new CP violation to create the baryon

asymmetry, what form is this new CP violation likely to take? We don’t know. However

it is worth noting that CP violation in the standard model, with its intimate connection

to flavor symmetries, is rather special. In almost any extension of the standard model,

new interactions and new particles allow for new sources of CP violation. Under these

circumstances this new CP violation is not constrained by the standard model flavor

symmetries and will typically give large effects. Indeed the apparent smallness of CP

violation at low energies is a strong constraint on physics beyond the standard model,

since most extensions of the standard model lead to large, even unacceptable, CP vio-

lating effects.

Most investigations of baryogenesis have focused on models proposed for reasons

other than CP violation and the baryon asymmetry. For example, a natural extension

of the original fundamental Higgs standard model includes multiple Higgs fields. With

one or more new Higgs fields there are new CP violating couplings, the flavor structure



of the model is different, and baryogenesis is certainly possible. A particularly pop-

ular extension of the standard model, the MSSM, has a number of new CP violating

phases, and can easily have large CP violation at the electroweak scale. As we have

discussed, the phase transition in this model may be too weak (depending on the latest

bounds on the parameters of the Higgs potential) to allow electroweak baryogenesis,

but most non-minimal extensions of this model (for example the inclusion of a new

singlet superfield), allow a strongly first order phase transition consistent with current

supersymmetry bounds. In grand unified models new CP violation may be associated

with the scalar fields necessary to break the grand unified symmetry. Many examples

of this type have been proposed.

This is in fact the best news from baryogenesis, especially electroweak baryogen-

esis. By bringing the physics of baryon production down to energies that we are cur-

rently probing in the laboratory, we have an opportunity to verify or falsify these ideas

in detail. For example CP violation in the extensions of the standard model mentioned

above, particularly supersymmetry, lead to observable effects at low energies, both CP

conserving and CP violating. If the next round of collider experiments determine the

nature of electroweak symmetry breaking, then the nature of the phase transition and

its suitability for electroweak baryogenesis may be determined. If new CP violation is

observed in experiments like the B factory, or in electric dipole moment experiments, it

will be especially interesting to determine the flavor structure of this CP violation and

its possible connection with the baryon asymmetry of the universe.

Although we have only touched on two broad areas of baryogenesis, electroweak

and grand unified, there are a variety of other interesting ideas, including spontaneous

baryogenesis, topological defects,etc. One of the more interesting variants, leptoge-

nesis, involves the production of an asymmetry in lepton rather than baryon number.

Subsequent production of baryon number then relies upon further processing of the

lepton number asymmetry by interactions, like the electroweak interaction we have al-

ready discussed. These models are especially timely since the lepton asymmetry may

be connected with the physics of neutrinos, an area where we are now beginning to

obtain a great deal of experimental information.

The only bad news here, is the rather vague connection between baryogenesis and

specificlaboratory experiments. There is no single smoking gun; new CP violation

large enough to produce the observed baryon asymmetry will almost certainly have

low energy effects, but not decisively so. And where these effects show up, be it in

EDMs, B or D mixing, or top quark physics, is highly model dependent. Without



more experimental information constraining our current theoretical ideas, baryogenesis

does not suggest that any one experiment is more likely than another to see new CP

violation. But these are minor quibbles. Baryogenesis is already a strong indication of

new physics to come, and even tells us that this new physics should emerge in one of

the most fascinating areas of current research, CP violation.

Baryogenesis has been a fruitful cross-roads between particle physics and cosmol-

ogy. Uniting ideas of early universe phase transitions, electroweak symmetry breaking

and CP violation, it is an area that touches on many of the most exciting experiments

that we look forward to in the coming decade. The B factory, the LHC, the Tevatron

and even tabletop atomic physics experiments, may provide provide the clues that help

explain the presence of matter in the universe. Unraveling the mystery of the cosmic

baryon asymmetry remains one of the most exciting tasks for particle physicists and

cosmologists alike.
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ABSTRACT

I review the pastperformanceof hadroncollidersand their limitations,

discusstheacceleratorphysicschallengesfacedby theLargeHadronCol-

lider (LHC) now underconstruction,and,finally, presentan outlook into

thefuture,coveringupgradesof theLHC aswell asa Very LargeHadron

Collider.



1 Intr oduction

This lectureis structuredas follows. First, pastand future hadroncollidersand the

effectslimiting theirperformancearereviewed.Then,I discusstheacceleratorphysics

challengesbeingconfrontedby the Large HadronCollider (LHC). Lastly, an outlook

ontothefutureis given,whichincludesscenariosfor anLHC upgradeandtheproposed

two stagesof aVeryLargeHadronCollider (VLHC).

1.1 Collider Performance

Thetwo primaryparameterscharacterizingtheperformanceof acolliderareits energy

andits luminosity. Themaximumbeamenergy of ahadroncollidergrowslinearlywith

thestrengthof themagnetsandwith thering circumference.Thesecondparameter, the

luminosity
�

, characterizesthereactionrate � . Onecanwrite

��� ���
(1)

where
�

is thecrosssectionfor aparticularreaction.Theluminosity
�

is conventionally

quotedin units of cm��� s�
	 . The particle physicistsdesirea large value of
�

and,

thus,onetaskof theacceleratorphysicistis to increase
�

asmuchaspossible.If one

approximatesthetransversebeamprofileby aGaussiandistribution,theluminositycan

beexpressedin termsof beamparametersas

����
����� ����������������! #" $&%(' *) (2)

where
 � denotesthenumberof particlesperbunch,� � thenumberof bunchesperring,���+��� the revolution frequency, � the particleenergy dividedby the restmass,
�, #" $

the

normalized(subindex ‘ 
 ’) horizontalemittance,and
) � �*-/.0�  

thebeam-sizeaspect

ratio at thecollisionpoint.

The emittancespecifiesthe areain phasespaceoccupiedby the beam. A verti-

cal,horizontal,andlongitudinalemittancearedefinedfor thethreedegreesof motion.

Thesearedenotedby
�, #" $

,
� - " $

, and
�,1�" $

(or
�,23" $

). Without diffusiondueto scattering

processesor synchrotronradiation,thenormalizedemittancesareconservedquantities

underacceleration.

Moreprecisely, theemittancesareequalto theareaof theellipsein a2-dimensional

phasespacewhich is encircledby a particlelaunchedat anamplitudeequalto therms



beamsize,dividedby 4 andby theparticlerestenergy, e.g., in thehorizontalplane,

5,6#7 8:9 ; 60<>=4@?BA>CEDBF (3)

where= and ; 6 arethehorizontalpositionandmomentumof theparticle,asviewedat

onelocationin thering on successive turns,and?BA is theparticlemass.

Theunnormalized or geometric horizontalemittanceis definedas 5,6G9H5!6#7 8JI
KMLONQP ,
or, equivalently, as 5,6R9 =OST<U=VI 4 F (4)

where= SXW ; 6�I ;ZY is theslopeof theparticletrajectory, ;ZY thelongitudinalmomentum,

andN[9]\^I C thevelocity in unitsof thespeedof light.

At any givenlocationaroundin thering, theemittanceis proportionalto thesquare

of thermsbeamsize,e.g., for thehorizontalplaneat location _ wehave

` D6 K _ P�9 NX6
K _ P�5,6#7 8L 9:NX63K _ Pa5,6 (5)

where NX6
K _ P is the horizontalbetafunction. Equation(2) shows that a small beam

sizecorrespondsto a higher luminosity, and in view of Eq. (5), this implies a small

betafunctionat thecollision point, a smallemittance,anda high energy. In particular,

Eq.(2) indicatesthatfor aconstantnormalizedemittance,5,6#7 8 , andfor aconstantbeta

functiontheluminosityincreaseslinearlywith thebeamenergy.

Wementionin passingthatEq.(2) is anapproximationbecauseit ignoresvariations

in thebeam-beamoverlapwhich mayarisefrom (1) a crossinganglebetweenthetwo

beams,(2) thechangeof thetransversebeamsizeover the lengthof thetwo colliding

bunches,alsoknown asthe‘hour-glasseffect’, and(3) thechangein theopticsdueto

thebeam-beamcollision. Theapproximationof Eq. (2) is good,if thecrossinganglebdc
is smallcomparedwith thebunchdiagonalangle `*6�I0` Y , if thebunchlengthis small

comparedwith thebetafunctionsNfe6#7 g at thecollision point, andif theadditionaltune

shift inducedby thecollision is small.

The primary luminosity limitations of presentandfuture hadroncollidersareim-

posedby anumberof effects,eachof whichconstrainsoneor severalof theparameters

on theright-handsideof Eq. (2), or eventhevalueof theluminosity, on theleft, itself.

Themostprominentof theseeffectsinclude:

1. the beam-beaminteractionwhich refersto either the nonlinearor the coherent

interactionof the two colliding particle beams,and which is important for all

hadroncolliders;



2. thenumberof availableparticleswhich is aconcernfor h^ih andion colliders;

3. theemittancegrowth dueto intrabeamscattering,i.e., scatteringof theparticles

insideabunchoff eachother;

4. theluminositylifetime;

5. theheatload insidethecold superconductingmagnetsdueto synchrotronradia-

tion andelectroncloud(we will discusstheelectroncloudin a latersection);

6. thenumberof eventspercrossing,which is limited by thecapacitiyof thedetec-

tor; and

7. quenches(transitionsinto the normalstate)of superconductingmagnetsdueto

localizedparticlelossesneartheinteractionregion.

In thecourseof this lecture,wewill describeor giveexamplesfor all of theseeffects.

Therecouldbeotherparametersrelevant to thecollider performance,for example

thebeampolarization.However, this option is presentlynot foreseenfor thenext and

next-to-next generationsof energy-frontier machines,i.e., LHC andVLHC, the only

exceptionbeingthe Relativistic Heavy Ion Collider (RHIC) on Long Island,andwe

will notdiscussit here.

1.2 Pastand Futur e

Sofar 4 hadroncollidershave beenin operation,namelythe ISR, SPS,Tevatron,and

RHIC. A 5th is underconstruction,theLHC.

The CERN ISR startedoperationin 1970. A doublering hjh collider, it reached

a peakluminosity of k0lmkonHp�q>rts cmu�s su
v and a maximumbeamenergy of 31 GeV

with coastingbeamsof 38–50A currenteach. The ISR luminosity was limited by

space-charge tune shift and spread(due to the defocusingforce of the beamfield),

coherentbeam-beameffects,proton-electrontwo-streaminstabilities,pressurebumps,

detectorbackground,andaccumulationefficiency. v The ISR also provided the first

hXih collisions,and,whenoperatedwith bunchedbeams,it reacheda beam-beamtune

shift of wyxzq*l{q0q0|0} per interactionpoint (IP) with 8 crossings.s Thebeam-beamtune

shift is aparameterwhichcharacterizesthestrengthof thebeam-beamcollision,which

we will definefurtherbelow. TheISR first producedtheJ/~ particleandtheb quark,

thoughtheseparticleswereidentifiedamongtheISRcollisionproductsonly aftertheir

discoveryelsewhere.



Thesecondhadroncollider wastheCERNS�X�� S operatingsince1981at tentimes

higherenergy thanthe ISR. The S�^�� S discoveredthe W andZ bosons.Its luminos-

ity waslimited by beam-beaminteraction,lossof longitudinalLandaudamping(the

term‘Landaudamping’refersto thestabilizingeffect of a frequency spreadwithin the

beam),numberof availableantiprotons,hourglasseffect,andintrabeamscattering.� A

typicalbeam-beamtuneshift was�����*�m���0� at eachof threeinteractionpoints.

The FNAL Tevatron is the first collider constructedfrom superconductingmag-

nets. Colliding-beamoperationherestartedin 1987.� Tevatronluminosity is limited

by antiprotonintensity, beam-beaminteractionincluding long-rangeeffects,luminos-

ity lifetime, numberof eventsper crossing,and intrabeamscattering. The Tevatron

reachedanantiprotonbeam-beamtuneshift above �����*�{�0�0� . It discoveredtheb andt

quarks.

RHIC atBNL, thefirst heavy-ion collider, deliversluminositysince2000.Themain

limiting factoris intrabeamscattering.Otherfactorsagainarebeam-beaminteraction,

luminositylifetime, andthenumberof eventspercrossing.

TheLarge HadronCollider (LHC) is scheduledto startoperationin 2006. As for

the Tevatron, limits will be the beam-beaminteraction,luminosity lifetime, and the

numberof eventsper crossing.Possibly, in addition,the electroncloud producedby

photoemissionor beam-inducedmultipacting,� andlocal magnetquenchesinducedby

the collision products� may prove important. The LHC centre-of-massenergy is 14

TeV andits designluminosity ��� �t� cm��� s�
� . TheLHC will bethefirst machinewhere

radiationdampingis strongerthanintrabeamscattering.Thescarcityof antiprotonsis

no longeraproblem,asLHC andall futuremachineswill collideprotonson protons.

If strongermagnetsbecomeavailablein thefuture,theLHC energy couldberaised,

e.g., by a factorof 2. In the following, we call this energy increase,combinedwith a

luminosityupgradeto �����t� cm��� s�
� , the‘LHC-II’. Finally, thereexist designconcepts

for two stagesof a Very LargeHadronCollider (VLHC), � reachinganenergy of up to

175TeV centreof mass,andtheEloisatronProject.�
Tables1, 2, and3 list parametersfor all thesecolliders,exceptfor theISR andthe

Eloisatron. The ISR wasa ratherspecialmachine,whoseparametersarenot easily

comparedwith theothers.Thepropertiesof theEloisatronaresimilar to thoseconsid-

eredfor theVLHC.



Table1. Exampleparametersfor heavy-ion ion colliders:gold collisionsat RHIC and

leadionsin LHC.

accelerator RHIC LHC

ion species gold lead

energy percharge �G�>� [TeV] 0.25 7

energy pernucleon�G�>� [TeV] 0.1 2.76

total centreof mass���
� [TeV] 39 1148

dipolefield � [T] 3.46 8.4

circumference� [km] 3.83 26.66

no.of bunches��� 57 608

numberof ionsperbunch  J� [ ¡�¢Z£ ] 100 6.8

rmsbeamsizeat IP ¤@¥¦#§ ¨ [ © m] 110 15

IP betafunction ª ¥¦#§ ¨ [m] 2 0.5

tuneshift perIP « ¦#§ ¨ 0.0023 0.00015

rmsbunchlength ¤*¬ [cm] 18 7.5

bunchspacing­�®+¯±° [m] 63.9 124.8

rmstransv. emittance²´³ ¦#§ ¨ [ © m] 1.7 1.5

rmslongit. emittance³,µ^��� [eVs] 0.12 0.2

IBS emittancegrowth ¶�·M¸X¹ [hr] 0.4 9.8

initial luminosity ­ 0.2 1.0

[ ¡�¢>º £ cm»�º s»
¼ ]
luminositylifetime ¶ [hr] ½ 10 9.3



Table2. Exampleparametersfor ¾3¾ or ¾X¿¾ colliders:S¾^¿¾ S,TevatronrunIIa (‘TeV2a’),À
andLHC. Á The bunchesaresplit in 3 trains,separatedby 2.62 Â s; Ã The total LHC

dipole heat load is about0.8 W/m including the electroncloud. Ä Equilibrium de-

terminedby radiationdampingand intrabeamscattering. Arrows refer to dynamic

changesduringthestore.

accelerator S¾^¿¾ S TeV2a LHC

beamenergy Å [TeV] 0.32 0.98 7

dipolefield Æ [T] 1.4 4.34 8.39

total energy/beam[MJ] 0.05 1 334

circumferenceÇ [km] 6.9 6.28 26.7

numberof bunchesÈ�É 6 36 2800

bunchpopulationÊËÉ [ Ì�ÍZÎtÎ ] 1.7( ¾ ) 2.7( ¾ ) 1.05

0.8( ¿¾ ) Ï 1.0( ¿¾ )

no.of IPs 3 2 2 (4)

rmsIP beamsize Ð@ÑÒ#Ó Ô [ Â m] 80,40 32 15.9

rmsIP div. Ð�ÑÒÖÕTÓ Ô×Õ [ Â rad] 136,272 91 31.7

IP betaØ(ÑÒ#Ó Ô [m] 0.6,0.15 0.35 0.5

beam-beamtuneshift / IP Ù Ò#Ó Ô 0.005 0.01 0.0034

crossingangle ÚdÛ [ Â rad] 0 0 300

rmsbunchlength Ð*Ü [cm] 30 37 7.7

bunchspacingÝ�Þ�ß�à [m] 1150 119 Á 7.48

SRpower áãâåä [kW] æçÌ�Í*è�é 3.6

dipoleheatload êZáìë�êîí [W/m] ï Ì�ÍZè�é 0.2 Ã
betatrontune ðJñ 26 Ï 20 63

rmstransv. emittanceò´ó Ò#Ó Ô [ Â m] 3.75 Ïõô 3.75

eq.horiz.emittanceò´ó,ö!÷Ò [ Â m] ÏzÌ�Í>Ä 2.03Ä
longit. emittanceó,ø ( Ð ) [eVs] 0.11 0.11 0.2

damp.time ù Ò#Ó âåä [hr] 1200 52

IBS growth time ù Ò#Ó úMû â [hr] 10 50(?) 142

dampingdecrementperIP [ Ì�Í è
Î�ü ] 0.025 2.5

eventspercrossing Ï 6 18

peakluminosity Ý [ Ì�Í étý cmè�þ sè
Î ] 0.0006 Ï 0.02 1.00

lum. lifetime ù [hr] 9 9 10



1.3 Empirical Scaling

Theempiricalparameterscalingof past,presentandfuturecollidersmaygiveanindi-

cationof thedesignoptimizationandpossiblyprovide a guidancefor thefuturedevel-

opment.

Figures1 and 2 illustrate that both the circumferenceand the dipole field have

increasedroughlywith thesquareroot of thebeamenergy. This implies that,at least

in thepast,half of theenergy gainhasbeenrealizedby advancesin magnettechnology

andtheotherhalf by expandingtherealestate.We notethatLHC-II is consistentwith

thehistoricaltrend,whereasfor theVLHC adifferentscalingis assumed.

Fig. 1. Ring circumferenceasa functionof beamenergy. Thesolid line indicatesthe

scalingÿ�� � �
.

At thesametime,theluminosityhasroughlyfollowedtheidealscaling,��� ���
, as

is demonstratedin Figure3. Thiswouldensureaconstantrateof reactions,�
	��
� , in

casethecrosssectiondecreasesinverselywith thesquareof theenergy, i.e., ������� ��� .



Fig. 2. Bendingfield asa functionof beamenergy. Thesolid line indicatesthescaling����� �
.

Fig. 3. Luminosityasa functionof beamenergy. Thesolid line indicatesthescaling�������
.



Table 3. Exampleparametersfor ��� colliders: LHC-II, VLHC-I, and VLHC-II.�
Assumingadipolepackingfactor0.8for HF-VLHC, and0.65for LHC-II, andignor-

ing possiblecontributionsfrom electroncloud. � Equilibrium determinedby radiation

dampingandintrabeamscattering.Arrows refer to dynamicchangesduring thestore.

Thesuffix ‘in’ indicatesinitial values.

accelerator LHC-II VLHC-I VLHC-II

beamenergy  [TeV] 14 20 87.5

dipolefield ! [T] 16.8 2 9.8

total energy/beam[MJ] 1320 3328 4200

circumference" [km] 26.7 233 233

numberof bunches#%$ 5600 40000 40000

bunchpopulation&'$ [ (*),+-+ ] 1.05 0.26 0.075

no.of IPs 2 (4) 2 2

rmsIP beamsize . �/10 2 [ 3 m] 7.4� 4.6 3.4 4 0.79

rmsIP div. . �/6570 285 [ 3 rad] 34� 15 54 1

IP beta9 �/10 2 [m] 0.22 0.3 0.71

beam-beamtuneshift / IP : /10 2 0.005 0.002 4 0.008

crossingangle ;=< [ 3 rad] 300 153 10

rmsbunchlength .?> [cm] 4.0� 3 4 1.5

bunchspacing@BADCFE [m] 3.74 5.645 5.645

SRpower GIHFJ [kW] 114 7 1095

dipoleheatload K,GMLNK,O [W/m] 6.6
�

0.03 4.7

betatrontune P�Q 63 220 220

rmstransv. emittanceRTS /10 2 [ 3 m] 3.75 4 1.0 1.5 1.6 4 0.04

eq.horiz.emittanceRTSVUXW/ [ 3 m] 1.07� 1.0 0.06

longit. emittanceSVY ( . ) [eVs] 0.15� 0.4 )NZ\[]4 0.1

damp.time ^ /10 HXJ [hr] 6.5 200 2

IBS growth time ^ /10 _a` H [hr] 345(in.) 400 40004 10

dampingdecrementperIP [ (*)?b +7c ] 20 5 400

eventspercrossing 90 21 54

peakluminosity 10. 1.0 2.0

@ [ (*)ed-f cmbhg sb + ]
lum. lifetime ^ [hr] 3.2 24 8



1.4 Accelerator Fundamentals

In a storagering the beamparticlesexecutetransversebetatronoscillationsas they

circulatearoundthe circumference.This is illustratedschematicallyin Fig. 4. The

betatronoscillationwith respectto an ideal referenceparticleon the ‘closedorbit’ is

describedby aquasi-harmonicoscillatorequation,
ikj8l
i,m j�nporq%s mktul (6)

with thequadrupolefocusingforce q [m v j ]:
qwnyx

z|{
}�~�� (7)

where
z|{

denotesthe pole-tip field, ~ the pole-tip radiusof the quadrupolemagnet,

and} theparticlemomentum.

Thebetatron tune is definedasthenumberof betatronoscillationsexecutedperturn.

If the betatrontuneis nearan integer, a particletrajectorywill samplea local pertur-

bationon every turn at thesamephaseof oscillation,andits amplitudemaygrow until

theparticleis lost to thechamberwall. Thereforethetuneshouldnot beexactly equal

to aninteger. Similarly, deflectionsexperiencedby higher-orderfields,e.g., fieldswith

transversesextupoleor octupolesymmetry, will accumulateovermany turnswhenever

thehorizontalandverticaltunesfulfill theresonancecondition

q�������������n } (8)

where q , � , and } areintegers. In a collider, the largestperturbationsof the particle

motion usually are the fields of the oppositebeam,which ‘excite’ resonances.The

lower the orderof a resonancethe strongeris its effect. In the CERN S���� S collider

all resonancesof order s���qB����� ��� t����*�
hadto beavoided,in orderto obtaina good

lifetime.

A furthercomplicationarises,sincethedifferentparticlesin thebeamoscillateat

slightly differenttunes.The tunesof all particleshave to bekeptaway from the low-

order resonances.The beam-beamcollision itself, for example,generatessuchtune

spread.

Figure5 shows thatthebetatrontune ��� grows with thesquareroot of thecircum-

ference,implying a similar scalingfor thecell lengthandthearcbetafunction.�7� For

a constantnormalizedemittance,the transversebeamsizesin the arc then decrease

weaklywith beamenergy as � �1� ���-�D�|� ���N  �¢¡V£ .



¤
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Fig. 4. Schematicof a betatronoscillationin a storagering. Thebetatrontune §�¨1© ª is

equalto thenumberof transverseoscillationperiodsperrevolution.

At this occasion,we may recall that the geometric emittance refersto the phase

spaceareaof thebeamdistribution,namely

«
¬ ­�®°¯e­�±*² (9)

where ­ ®-³ ­µ´ is the phasespacetrajectoryof a particle at a transverseamplitudeof

1 ¶ and ­ ®'· ¯e­¸±N¯,¹ is the slopeof the physicaltrajectory, which hereservesasthe

canonicalmomentum,andthat thebeta function º�¨ ³ ¹k´ determinesthe local rmsbeam

sizevia

¶?¨1© ª ³ ¹k´»¬ º�¨1© ª ³ ¹k´8« ¨1© ªk¼ (10)

2 The Lar geHadron Collider (LHC)

With 14TeV centre-of-massenergy, theLargeHadronCollider (LHC) now undercon-

structionatCERNwill bethehighest-energy collidereverbuilt.

In the following, I describetheacceleratorphysicschallengeswhich arefacedby

theLHC project.Startingwith thechoiceof machineparameters,andthenaddressing

theissuesof superconductingmagnets,commissioningschedule,acceleratorlayoutand

optics,I proceedto the effectsof head-onandlong-rangebeam-beamcollisions,and

their impacton luminosity andpotentiallossof Landaudamping.Next, I discussthe

dynamicaperture,i.e., theparticle-orbitstability, at injection,andgivea few examples

for theongoingexperimentaltestsof novelbeamdiagnosticsandanalysis.I thenbriefly

mentionseveral technicaldevelopments,suchas power converters,vacuumsystem,



Fig. 5. Betatrontuneasa functionof thering circumference.

machineprotectionandbeamdump,including the heatload insidethe cold magnets

andtherequirementsfor theLHC beamcollimation. This is followedby anoverview

of the LHC injectorsand pre-injectors,and the beamsthey can provide, as well as

a brief discussionof luminosity limitations for heavy-ion collisions. Finally, I will

describea new phenomenonthatmaydeterminetheLHC commissioningstrategy and

alsoconstraintheultimatebeamparameters,that is the electron cloud. This refersto

a rapidaccumulationof electronsinsidethebeampipeduring thepassageof a bunch

train andits consequences.

For moredetailedinformationson acceleratorphysicsat theLHC, thereadermay

consultthe LHC projectweb page,½-½ the proceedingsof the workshopsChamonixX

andChamonixXI, ½7¾ andthe webpageof theacceleratorphysicsgroupin theCERN

SL Division.½7¿

2.1 LHC Parameter Choice

Thecircumferenceof theexistingLEP tunnel(26.7km) andthehighestpossiblemag-

neticfield confinethemaximumbeamenergy accordingto

À�ÁÃÂ¸ÄÆÅÈÇ�É�ÊNË\ÌNÍ'ÎÏÁÐÂÑÇ7Ë
(11)



For anominalfield Ò of 8.4T thisyieldsa beamenergy of 7 TeV.

The beam-beamcollision inducesa betatron-tunespread,whosesizeis character-

izedby thebeam-beamtuneshift parameterÓ . Thelatteris proportionalto theratio of

bunchpopulationÔ'Õ andemittanceÖV× , i.e., ÓÙØ�Ô'Õ�ÚNÖÛ× . Themaximumtolerablevalue

for theemittanceis imposedby theapertureof themagnets,especiallyat injection.Ü7Ý
Hencethe numberof Ô�Õ is limited, to about Ô�ÕßÞ à�áXàãâ�à*ä Ü-Ü , in the nominalLHC

parametertable.

ThedesiredLHC luminosity is å
Þæà*ä�ç-Ý cmèhé sè°Ü . Sinceêìë× , thebetafunctionat

thecollision point, cannotbereducedarbitrarily (in particularis shouldremainlarger

thanthebunchlength),andsinceíßî�à , theonly freeparameterin Eq.(2) is thenumber

of bunchesï%Õ . This is chosenas2808to matchtheLHC luminositytargetvalue.The

high numberof bunchesimpliesa largeaveragebeamcurrent,anda high synchrotron

radiationpower, which hasto beabsorbedinsidethecoldmagnets.

2.2 Superconducting Magnets

Table 4 shows that the LHC dipolesrepresenta significantstepforward in magnet

technology. This is in line with thescalingof Fig. 2. In orderto arriveatacompactand

cost-efficientdesign,theLHC magnetsareof anew 2-in-1 typewherebothbeampipes

areplacedinsidethesamesupportstructureandcryostat.

Table4. Dipole magneticfields in variushadroncolliders. For the Superconducting

SuperCollider (SSC)only magnetprototypeswerebuilt.

accelerator dipolefield

SPS 1.8T

Tevatron 4 T

HERA 5 T

SSC 6 T

LHC 8.4T

Theheartpieceof themagnetsis a superconductingcable,calledRutherfordcable,

which can supporta high currentdensityof 400 A/mmé , in caseof the LHC, to be

comparedwith currentdensitiesof order1 A/mmé for normalconductors.Ü7ð The ca-

ble itself is madefrom about20 strands,eachof which consistsof hundredsof NbTi



filamentislandsembeddedin a coppermatrix. Thecableis arrangedaroundthebeam

pipe in a geometrywhich producesthe desiredfield shapewithout introducinglarge

errorsandnonlinearities.For example,a ñ*òNó�ô arrangementyieldsa puredipolefield.

Thecableis surroundedby an iron yoke placedinsidea non-magneticcollar. Several

layersof superinsulationanda vacuumvesselform theoutershell. Thefirst pre-series

magnetsweredeliveredto CERNby industry, andhaveexceededthenominalfield.

2.3 CommissioningSchedule

Accordingto thecommissioningscheduleasof summer2001a completeoctantof the

LHC will be cooleddown and testedin 2004. The last dipole magnetis due to be

deliveredin March2005.Firstbeamis foreseenin February2006,anda1-monthpilot

run in April 2006. The first full physicsrun shouldstart in the fall of the sameyear.

Alreadyfor 2007a few weeksof leadion collisionsareplanned.

2.4 Layout and Optics

Figure6 illustratesthe overall layout of the LHC. Thereare8 long straightsections.

The two largestexperiments,CMS andATLAS, are locatedin the North andSouth

straightsections,called interactionpoint 5 (IP5) and1 (IP1), respectively. The two

straightsectionsadjacentto ATLAS accommodatetheexperimentsLHC-B (IP8) and

the ion experimentALICE (IP2). They simultaneouslyserve for beaminjection. Two

of the remainingstraightsectionsare devoted to beamcleaning,anotherhousesthe

rf, and the last one is neededfor beamextraction and dump. The two beamspass

alternatelythoughttheinnerandouterbeampipe,interchangingtheir locationsin the4

experimentalIPs.Eachbeamtravelsfor half of thecircumferenceon theouterandthe

otherhalf on the innerside,suchthat therevolution timesareidenticalandthebeams

remainsynchronized.

Developmentof the LHC opticshasbeena challengingtask,asthe lengthof the

straightsectionswaspre-definedby thegeometryof theLEPtunnel.In addition,dueto

a largenumberof magnetscommonto bothrings,new opticstoolshadto bedeveloped

whichallow for asimultaneous‘matching’of bothrings.

As anillustrationof thefinal achievement,Fig. 7 showsthebetafunctionsõ�ö1÷ ø and

the horizontaldispersionùúö asa function of longitudinalpositionfor beamno. 1 in

IP5. Theopticsin IP1 is basicallyidentical. The opticsfor beamno. 2 is alwaysthe

mirror imageof that for beamno. 1. The minimum betafunctionsof õ�ö1÷ øüûþý?ÿ�� m
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Fig. 6. LHC layout.

areassumedat thecollision point (thecenterof thepicture). Thedispersionfunction	�

, which describesthehorizontalorbit offset � for a relative momentumerror 
������

via therelation ��� 	�
�� 
�������� , is almostzeroaroundthecollision point. It takeson

noticablevaluesonly at theentranceto thearcs,on eithersideof thepicture.

Figure8 displaystheorbit in theinteractionregion. Theorbit is notflat, becausethe

bunchescollide with anangle,in orderto separatethemasquickly aspossiblebefore

andafterthemaincollision point. Otherwise,unwantedcollisionswith earlieror later

bunchesof the opposingbeamwould equallycontribute to the beam-beamtuneshift

andtunespread,andpossiblyto thebackground,but notto theluminosity. Thenominal

full crossingangleis 300 � rad.Theorbit of eachbeammustprovidehalf thisangle,as

indicated.

Figure9 shows a top view of magnetsaroundtheATLAS detector(IP1). Thecol-

lision point is at the center. The beamsare focusedby superconductingquadrupole

triplets,consistingof thethreequadrupolesQ1,Q2andQ3. Thefreedistancebetween

theexit faceof the lastquadrupoleandthecollision point is about23 m. Outsidethe

triplet, adipolemagnetD1 separatesthetwo beams,sothatthey areguidedinto thetwo
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beam-pipechannelsof thearcmagnets.A seconddipoleD2 furtheroutwards,reverses

the deflectionimpartedby D1, suchthat the beamsareagainperfectlyalignedin the

directionof thearcmagnets.

Fig.9. Magnetlayout(topview) aroundIP 1 (ATLAS). (CourtesyA. Faus-Golfe,2001)

2.5 Head-On Beam-BeamCollision

In themaincollisionpoint,therepellingforceof theopposingbeamactslikeadefocus-

ing lens,asis illustratedin Fig. 10. Thedefocusingforcedecreasesthebetatrontune

of all particles.However, for largeamplitudesthebeamfieldsdecreaseinverselywith

thetransversedistance,sothatparticlesat largeamplitudesexperienceasmallereffect

thanparticlesnearthecenterof theotherbeam.Thenonlinearityof thebeamlensthus

inducesa tunespread.Themaximumacceptabletunespreadgivesriseto theso-called

beam-beam limit.

The tuneshift andmaximumtunespread13254,6 7 inducedby thecollision with the

opposingbeamis characterizedby thebeam-beamtuneshift parameter:

8 4,6 7:9;132<4,6 7:=;> ?A@
BDC4,6 7FE:GHJILKNM C4,6 7PO M C4RQ M C7,SUT (12)

Notethatthehorizontaleffectof theotherbeamis similar to thatof asingledefocusing

quadrupoleof integratedstrengthV�WYX[Z]\_^ , andthatthelatterwouldproducea(horizontal)

tuneshift

1`2<4,6 X[Z]\_^ba
c
d I B 4,6 eDVfWYXgZh\_^ji (13)
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Fig. 10. Schematicof head-onbeam-beamcollision.

Table5. Comparisonof single-IPandtotal beam-beamtuneshifts for selectedhadron

colliders.

SPS TeV-IIa LHC�
/IP 0.005 0.01 0.0034�J�y�_�

0.015 0.02 0.009

where� wasdefinedin Eq.(7), ���g�]�_� is thequadrupolelength,and�*�,� � thebetafunction

at thequadrupole.Indeed,Eq. (12) for
� � canbederivedfrom Eq.(13), if onereplaces

���Y�[�]�_� by ���� �¡w¢�  where �� �¡ denotesthe kick impartedby the opposingbeamto a

particlewith asmallhorizontaloffset   .

Table5comparesthebeam-beamtuneshift for theLHC with thetuneshiftsachieved

at theSPSandtheTevatron. Both the tuneshift percollision point andthe total tune

shift (addingcontributions from all interactionpoints) are listed. The table demon-

stratesthateithernumberis smallerfor theLHC thanwhathasalreadybeenreached

elsewhere.In this regard,theLHC parametersappearratherconservative.

Thehead-onbeam-beamtuneshift for oneIP, givenin Eq.(12),canberewrittenas

� �,� £5¤ ¥F¦
§5¨

©Jª¬« �,� ­¯®h°u±�²�³µ´ (14)

where ²¶¤¸·j£,¢U·j� denotestheaspectratio. Assumingthat �D¹£ ¢��D¹� ¤ « £º¢ « �»¤¼² , sothat

the beam-beamtuneshift is of the samevaluein both planes,
�¾½¿� �À¤ � £ , we can

reexpresstheluminosityof Eq. (2) as

Á ¤Â®ÄÃoÅÇÆwÈÊÉ ¨]§5¨ ³ °u±Ë²
� ¹£ Ì

�
©
¥F¦

(15)



This demonstratesthat thereareonly four factorswhich canbeoptimizedfor high lu-

minosity: (1) theemittanceratio Í , (2) theIP betafunction ÎDÏÐ¯Ñ ÍUÎDÏÒ , (3) themaximum

beam-beamtuneshift Ó , and(4) thetotal beamcurrent ÔÄÕ�Öy×wØoÙLÚ]Û:Ú]Ü .
For flat beamsÍÞÝ ß andonefinds that the luminosity is half that of the round-

beamcase,àâá]ã_äDåæàâÖÇç_èhé]êjëµì , unlessÎ ÏÐ canbereduced,which seemsmoredifficult forí�í thanfor íïîí colliders.ðÇñ

2.6 Long-RangeBeam-BeamCollisions

Both on the incoming and outgoing side of the IP, eachbunch encountersseveral

bunchesof the opposingbeam,which are transverselydisplaceddueto the crossing

angle. The perturbationfrom theselong-rangeencountersfurther increasesthe tune

spreadandcandestabilizeparticlesoscillatingat amplitudesof a few ò , i.e., particles

whichcomecloserto theotherbeamduringtheir betatronmotion.

Eachbunchexperiencesup to 15 long-rangecollisionson eithersideof eachhead-

on interactionpoint. Buncheswith a smallernumberof long-rangeencountersat the

headand tail of a bunch train will likely have a poor lifetime. Thesebunchesare

thereforecalledPACMAN bunches,ð_ó alludingto thecomputergameof thesamename.

ôwõ÷öùøûú�ü_ýþ üqÿ ÿ � ��� üqý
ÿ üqý��ûú�� öÄý��ûõþ üqÿ ÿ � ��� üqý��

ÿ üqý��ûú�� ö ý��ûõþ ü_ÿ ÿ � ��� üqý��

�	��

�����������	��� �	��
��������������	�

Fig. 11. Schematicof long-rangecollisionsoneithersideof themaininteractionpoint.

Thelineartuneshift introducedby thelong-rangecollisionsexactly cancelsif half

of thebeam-beamcrossingsarein theverticalandtheotherhalf in thehorizontalplane.

For this reasontheLHC beamswill becrossedhorizontallyat two IPsandverticallyat

theothertwo.

However, the higher-ordereffectsof the long-rangecollisionsdo not cancel,but



insteadcancauseastrongdiffusionat largerbetatronamplitudes.Indeed,theLHC will

entera new regimeof thebeam-beaminteraction,wherethelong-rangeencounterson

eithersideof the interactionpoint may be the dominantperturbation,ratherthanthe

head-oncollisionsasin thepastcolliders.

Theselong-rangecollisionsgive riseto a well defineddiffusive aperture.
���������

This

diffusive aperture,�! #" , is smallerthanthebeam-centroidseparationat the long-range

collisionpoints,�!$�%�& , by anamount
'

. In otherwords,wecanwrite

�! �")(*�!$+%,&.- '0/
(16)

where
����� 132 '

465
798
:<;>= (17)

In particular, if quotedin unitsof thermsbeamsize 4 , thediffusiveapertureis indepen-

dentof theIP betafunctionandthebeamenergy.
132

For thenominalLHC parameters,

the beamsareseparatedby �!$�%�&@?BA = C 4 andthe diffusive aperturemay be aslow as

�! #")?ED 4 .
����� 132

Figures12 illustratesthe head-ontune footprint, as well as the additional tune

spreadsdue to the long-rangeeffects at LHC IP 1 and 5, respectively. Thesetune

footprintsshow thetunesfor particleswith transverseamplitudesextendingbetween0

and6 timesthermsbeamsize(6 4 ). Thefigureconfirmsthatthealternatingcrossings

in IP1 andIP5 resultsin a partialcancellationof thelong-rangetuneshifts. Figure13

comparesthetotal LHC tunespread,dueto all 4 collision points,for a nominalbunch

andfor aPACMAN bunch,i.e., for abunchwhich only encountershalf of thenominal

numberof long-rangecollisions. The total tunespreadof the entireLHC beam,in-

cludingthePACMAN bunches,mustfit betweenharmfulresonancesin thetuneplane.

This requirementwill limit the maximumachievabletuneshift parameterF andthus

thebunchintensity
7)8

.

Figure14 displaysfurther tunefootprints,this time extendingup to 10 4 , andcal-

culatedwith andwithout long-rangecollisions,head-oncollisions,or field errorsin the

final quadrupoles.Thefiguredemonstratesthat for amplitudeslarger thana few 4 the

effectof thelong-rangecollisionsis dominant.

Of moreimmediateconcernthanthe tunespreadis thediffusion rateof particles.

In unstable(chaotic)regionsof phasespace,theparticleamplitudeincreasesrandomly

until theparticleis lost. Approximatelyonecandescribethisbehavior asadiffusionin

theactionvariablesG�H and G�I , thelatterbeingdefinedasthesquareof thehorizontalor



0.303J 0.305J 0.307J 0.309J 0.311J 0.313J
fractional horizontal tuneK

0.314

0.316

0.318

0.320

0.322

0.324

fr
ac

tio
na

l v
er

tic
al

 tu
ne

LHC collision, IP1 and IP5 onlyL
head−on and parasitic at +− 150 muradM

Fig. 12. Tune footprintsdue to head-onand long-rangebeam-beameffects in LHC

IPs 1 and5. Verticalaxis refersto thevertical tune,horizontalaxis to thehorizontal.

(CourtesyH. Grote)



0.300J 0.302J 0.304J 0.306J 0.308J 0.310J
fractional horizontal tuneK

0.310

0.312

0.314

0.316

0.318

0.320

fr
ac

tio
na

l v
er

tic
al

 tu
ne

LHC nominal collisionN
+−150 murad, with and without pacmanO

Fig.13. Totaltunefootprintsin theLHC for aregularbunchandfor aPACMAN bunch.

(CourtesyH. Grote)



0.285P 0.290P 0.295P 0.300Q 0.305Q 0.310Q
Horizontal TuneR

0.310

0.315

0.320

0.325

V
er

tic
al

 T
un

e

S

0.28T
Horizontal TuneU

0.31

H
or

iz
on

ta
l T

un
eV

Head on collisionsW

0−5 σ
5−10 σ

(4,−7)Xo

W.P.
Y

(5
,−

8)Z
(6

,−
9)[

0.285P 0.290P 0.295P 0.300Q 0.305Q 0.310Q
Horizontal TuneR

0.310

0.315

0.320

0.325

V
er

tic
al

 T
un

e

S

0.28T
Horizontal TuneU

0.31

H
or

iz
on

ta
l T

un
e

Head on + long range collisions

0−5 σ
5−10 σ

(2,−5)\
(3,−6)]

(4,−7)X

(1
,−

1)^
o

(1,−4)_
W.P.
Y

(7
,−

10
)`

(3,−9)a

(5
,−

8)Z
(6

,−
9)[

(1
0,

0)

(7,−9)

b

(4,15)
c

(1
3,

0)

(2
3,

0)

0.285P 0.290P 0.295P 0.300Q 0.305Q 0.310Q
Horizontal TuneR

0.310

0.315

0.320

0.325

V
er

tic
al

 T
un

e

S

0.28T
Horizontal TuneU

0.31

H
or

iz
on

ta
l T

un
eV

Head on + long range collisions
+ KEK triplet errorsd

0−5 σ
5−10 σ

(2,−5)\
(3,−6)]

(4,−7)X

(1
,−

1)^
o

(1,−4)_ W.P.
Y

(7
,−

10
)`

(3,−9)a

(5
,−

8)Z
(6

,−
9)[

(1
0,

0)

(1
3,

0)

(2
3,

0)

0.285P 0.290P 0.295P 0.300Q 0.305Q 0.310Q
Horizontal TuneR

0.310

0.315

0.320

0.325
V

er
tic

al
 T

un
e

S

0.28T
Horizontal TuneU

0.31

H
or

iz
on

ta
l T

un
e

Long range collisionse
+ KEK triplet errorsd

0−5 σ
5−10 σ

(2,−5)\
(3,−6)]

(4,−7)X

(1
,−

1)^
o

(1,−4) W.P.
Y

(3,−9)a

(5
,−

8)Z
(6

,−
9)[

(1
0,

0)

(1
3,

0)

(2
3,

0)

Fig. 14. LHC tunefootprintswith head-on& long-rangecollisionsandtriplet errors.f�g
Reddots: hji
kmlon up to 5prqts u ; bluedots: hjivkrlon up to 10 prqts u . Top left: head-oncollisions

only; top right: head-onand long-rangecollisions; bottom left: head-onplus long-

rangecollisionsand triplet (magnet)errors; bottom right: long-rangecollisionsand

triplet errors,but no head-oncollision.



verticaloscillationamplitudedividedby w�x�y{zt| }�~ . In thesimulation,thediffusioncanbe

computedby calculatingthe changein the actionvarianceof a groupof particlesper

unit time.��� An exampleis displayedin Fig. 15 for variousconditions.Note that the

verticalaxishasa logarithmicscale.Whenever thelong-rangecollisionsareincluded,

the diffusion increasesby many ordersof magnitudeat amplitudeslarger thanabout�r�
. We call this thresholdaperturethe diffusive aperture.It is dueto the long-range

conditions.Outsideof thediffusiveapertureparticleswill belostwithin afew seconds.

Fig. 15. Changeof actionvarianceperturn asa functionof startingamplitudein units

of the rms beamsize, for the LHC. ��� Comparedaredifferentcombinationsof head-

on collisions, long-rangecollisions, triplet-field errors,tune modulation,andeven a

hypothetical‘Moebiustwist’, wherethehorizontalandverticalparticlecoordinatesare

exchangedon eachturn.

Figure15 presentsfurther simulationresults,illustrating the variationof the dif-

fusive aperturewith the bunchcharge. The right picturesummarizesthe dataon the

left-handside.Thesimulationconfirmsthat � varieswith thesquarerootof thebunch

population,consistentwith Eq.(17). Thisscalingbehavior wasfirst notedby J.Irwin. ���



Fig. 16. Dependenceof diffusiondueto long-rangecollisionson thebeamcurrent.���
Left: changeof actionvarianceperturnvs.bunchpopulation;right: approximatediffu-

siveaperturevs.bunchpopulation;verticalaxisdescribesthedistanceto theotherbeam

at theparasiticcollisionpointsin unitsof thermsbeamsize;asquareroot dependence

is alsoindicatedfor comparison(dashedline).

2.7 Minimum ���
A first limit on the IP betafunctionarisesfrom thehourglasseffect. In orderto avoid

luminosityloss,theIP betafunctionshouldbelargerthanthermsbunchlength

����t� �)���r��� (18)

sinceoneithersideof theIP thebetafunctionincreasesas

� �t� ��������� � ��t� ��� � �� ��t� � � (19)

where � denotesthedistanceto theIP.

A secondlimit is setby thelong-rangecollisions.Aswehavejustseen,thedynamic

aperturecausedby parasiticcollisionsis ¡!¢�£¥¤ ��¦¨§�©�ª �¬«®­ � where¦¨§�©�ª is theseparation

in unitsof thebeamsize.For theLHC theseparationis chosenas

¦¯§�©�ª �E°r±�²r� (20)

andthesimulationsindicatethat ­ ¤�³ � .



If wewantto limit theluminositylossdueto thecrossingangle,wemustdemand

´ µ�¶*·¯¸+¹,º »½¼t¾ ¿À�Á¼t¾ ¿®Â
Ã>Ä ¼
ÄrÅ{Æ (21)

CombiningEqs.(20)and(21),wefind that

À Á¼t¾ ¿)Ç
·¨¸�¹�º ÄrÅÃ ÈEÉ ÄrÅ�Ê (22)

which for the LHC yields
À Á¼t¾ ¿ÌË Í Æ

ÎmÏ
m to be comparedwith a designvalue 0.5

m. However, this maynot be the full story. Ongoingstudiessuggestthat, if onealso

includestheconstraintsfrom thehead-onbeam-beamtuneshift, it mightactuallyprove

advantageousto operatewith a crossingangleandanrmsbunchlengthexceedingthe

limits of Eq.(21)andacceptalossin geometricluminosity, in exchangefor adecreased

beam-beamtuneshift Ð .Ñ�Ò
Twoschemesarepresentlybeingexploredfor compensatingtheeffectsof thebeam-

beamcollision. Thefield of a pulsedelectricwire is similar to thebeamfield experi-

encedat a long-rangecollision point, andsuchwire can,therefore,beusedto exactly

compensatetheeffect of thelong-rangeencounters.This schemewasproposedby J.-

P. Koutchouk.Ñ3Ñ Simulationsconfirmthata compensatingwire is highly effective. An

exampleresultis shown in Fig. 17, wherethefield of thewire increasesthediffusive

apertureby about2 Ä , even if thebetatronphaseat thewire locationdiffersby a few

degreesfrom thatat thelong-rangecollisionpoints.

A complementaryapproachis theelectonlensbuilt andtestedat Fermilab.Ñ3Ó This

lensconsistsof alow-energyelectronbeam,whichis collidedwith theantiprotonbeam.

If betafunctionsandelectroncurrentarecorrectlyadjusted,the focusingfield of the

electronscompensatesthe focusingforce experiencedby the antiprotonsin the two

proton-antiprotoncollision points. In order to obtaina controllablecompensationin

bothtransverseplanes,two lensesat locationswith differentbetafunctionsareneeded.

If the electroncurrentis modulated,the centraltuneshift of eachbunchcanbe con-

trolled independently, therebyavoiding PACMAN bunches.Transverseshapingof the

electronbeamprofile shouldeven allow reducingthe beam-beamtunespreadinside

the bunch. The interactiontakesplacein a stronglongitudinal solenoid,in order to

suppresstransversetwo-streaminstabilities,which otherwisemight develop. During a

first beamtestin thespringof 2001,theelectronlenssuccessfullychangedthetuneof

theTevatronprotonbeamby about0.005,in accordancewith theprediction.



Fig. 17. Thediffusionin actionvarianceperturnasafunctionof thestartamplitude,il-

lustratingtheeffectof anelectricwire whichmimicslong-rangeencountersof opposite

charge.



2.8 Strong-StrongBeam-BeamEffectsat LHC

In additionto theeffectof astrongopposingbeamonasingleparticlein theotherbeam,

whichwehaveconsideredabove,therealsoexist strong-strongbeam-beameffects,i.e.,

effectswherea collective motion developsdueto the coherentinteractionof the two

beams.

In thecaseof two colliding bunchestwo coherentmodesareobserved: the Ô or 0

mode,for whichtheoscillationsof thetwo bunchesarein phase,andthe Õ mode,where

thebunchesoscillatein counter-phase.Thesetwo modesareillustratedfor a coupled

pendulumin Fig. 18. The oscillationfrequency of the Ô modeis equalto the unper-

turbedbetatrontune,whereasthe frequency of the Õ modeis shifteddownwards(in

LHC) by anamountÖ0×�ØEÙ.Ú . Theamountof thedownwardtuneshift is proportional

to the tune-shiftparameterÚ . The coefficient Ù , of the order1.2–1.3,is sometimes

calledtheYokoya factoror theMeller-Siemann-Yokoya factor.Û3Ü�Ý Û3Þ

π


σ


Fig. 18. SimpleModelof Õ and Ô modesfor asystemof two coupledoscillators.

For thefollowing we needto introducethenotionof Landau damping. This refers

to thephenomenonthataspreadof oscillationfrequenciesof individualparticlestends



to stabilizethe coherentbeammotion of the particleensembleagainstexcitation fre-

quencieswithin the frequency spread. An illustration employing threeswingswith

eitherequalor differentfrequencieson thesamesupportis shown in Fig. 19.

Fig. 19. Schematicof Landaudamping,from A. Hofmann.ß3à
Mathematically, thedrivenparticlemotionis describedby

áâäãæå ß âèç�é)ê�ëmìîí�ï<ð (23)

If theeigenfrequencieså of many particlesaredistributedaccordingto adensityñóò åõô ,
thecentroidresponseof theparticleensembleto theexternalperturbationé÷öùø¨ú ò,ûõü�ýÿþ ô
isß�� � â���ç é���å ê�ëmìîí�ï ��å ñóò åõôå û ý ûæü
	 (24)

where 	�� 
�� .

For LHC worriesomeis a predictionby Y. Alexahin,ß�� accordingto which theco-

herent� modein theLHC will notbeLandaudamped.His argumentis that,for bunch

intensitiesof thetwo beamswhich areequalto within 40%,thefrequency shift of the

coherent� modeis larger thanthe incoherentbeam-beamtunespread� . A possible

reasonwhy this lossof Landaudampingwasnot observed in the SPSor Tevatronis

that the antiprotonintensitiesin thesemachineswere alwaysmuch smallerthan the

protonintensities,ascanbeseenin Table6.

Table6. Comparisonof bunchintensityratiosin SPS,TeV-II andLHC.

SPS TeV-II LHC

intensityratio ������� ß 2 9 � 2 1



The original argument��� appliedto the head-oncollision only. It wasspeculated

that the long-rangecollisionsmay act either stabilizing or de-stabilizing. Extensive

simulationstudiesby M. Zorzano����� ��� supportY. Alexahin’s predictions,anddo show

thelossof Landaudamping.An examplesimulationresultis shown in Fig. 20. These

simulationsalsoindicatethat the long-rangecollisionswill not stabilizethe  mode.

Furtheranalyticalwork by Y. Alexahinhassinceconfirmedthis conclusion.
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Fig. 20. Simulationof coherentmodes(M. Zorzano):frequency spectrumof thebunch

centroidmotion; vertical axis is on a logarithmic scalewith arbitrary units, plotted

alongthehorizontalaxis is thenormalizedfrequency !#"%$'&)(+*-,/.10 . The  - and 2 -

oscillationmodesareclearlyvisible.����� ���
A possiblecuresuggestedby A. Hofmannis to separatethetunesin thetwo rings.

Simulationsfor separatedtunessuggestthatLandaudampingmayberestored,provided

that the betatrontunesplit betweenthe two rings is larger than the beam-beamtune

shift. However, at most or all of the alternative asymmetricworking points higher-

ordercoherentresonancesmaybeencountered.���
Both theoryandsimulationsrely on variousapproximationsandassumptions.Ex-

perimentalstudiesof the  modestability have beenperformedin LEP, wherethe  
modewasclearlyobserved,andareplannedat RHIC.



2.9 Single-BunchCollectiveEffects

Thereare a numberof single-bunch collective effects. They all are driven by the

impedanceof thevacuumchamber, i.e., by electro-magneticfieldsexcitedby thebeam

andactingbackonit. Herewedonotdiscusstheseeffectsin detail,but merelymention

themostimportantones.

Thecoherentsynchrotrontuneshift with intensity(thesynchrotrontunedescribes

thelongitudinaloscillationfrequency andis definedin analogyto thebetatrontunefor

thetransverseplane)maycausea lossof Landaudampingat high bunchintensity.3�4�5 3�6
A possiblecountermeasureis thecontrolledblow upof thelongitudinalemittance.For

a longerbunchthe synchrotronfrequency spreadincreasesdueto the nonlinearityof

thesinusoidalrf wave in therf cavities.

The predictedthresholdof the longitudinalmicrowave instability is far above the

nominalLHC parameters.Similarly, thecalculatedthresholdfor transversemodecou-

pling at injectionof 798;:=<?>A@)BDC1E 4�4 is safelyabove thedesigncurrent.

The transverseresistive wall instability is important,however. For the nominal

LHC parametersthegrowth time of thelowestmulti-bunchmodeis FG: 30 ms,which

correspondsto 300 turns; for twice the numberof bunchesand the ultimate bunch

population( CH>JI)BDC1EK4�4 ) it decreasesto FL: 10msor 100turns.

Thetuneshift variationfor apartiallyfilled ring dueto theacmagneticfield leakage

andafinite resistivewall is a smalleffect,asshown by J.Gareyte.3�3
Incoherenttuneshift dueto collectivefieldswasrecognizedasa potentialproblem

for theVLHC.3�M�5 3�N It mightalsobenoticableat theLHC. For thenominalLHC param-

etersat injection the incoherenttuneshift is OQP9RS:TE�>JE?U ; for higherintensityit may

approachOQP9RV:WE�>JE?I . This couldcausepotentialproblemssuchas(1) a reductionof

dynamicaperture,or (2) resonancecrossingsof thecoherentmulti-bunchmodes.

2.10 Dynamic Apertur e at Injection

Nonlinearfield errorscandestabilizeparticlemotionafter1000sof turns.Errorsources

includepersistentcurrents(eddycurrentsin thesuperconductor),thegeometryof the

superconductingcoil, andthecurrentredistributionduringacceleration.

The maximumstableareain phasespaceis calledthe dynamic aperture. Theap-

proachthatwastaken to guaranteea sufficiently large dynamicaperturefor the LHC

consistedof threeparts3�X : (1) computersimulationsof the particlemotion underthe

influenceof nonlinearfield errorswere performedover C1E�X turns, (2) the computer



simulationwerecalibratedagainstmeasurementsat theSPSandHERA,whichshowed

thatthesimulationandmeasurementsdeviateatmostby a factorof two, and(3) a12Y
dynamicaperturewasrequiredin thesimulation,soasto assurethattheactualaperture

will belargerthan Z�Y .

2.11 PersistentCurr ents

Thepersistentcurrentsdecayduringinjection.Thiswill causeachangein chromaticity[]\
by some300units,dueto achangein thesextupolefieldsgeneratedby thepersistent

currents. Here, the chromaticity is definedas the changein betatrontune ^ [ per

relativemomentumerror ^`_ba1_ . At thestartof accelerationtheeddycurrentsarerapidly

reinduced,within 100 s, andthe chromaticityaccordinglychangesbackto its initial

value. This is calledthe ‘snap-back’. A chromaticityof severalhundredunits would

imply a tunespreadof theorder1, clearlyunacceptable.In orderto maintaina good

beamlifetimeandlargedynamicaperture,thechromaticitymustbecontrolledto within

about5 units.

Thestrategy to copewith thedecayandsnap-backis twofold. First, it is important

that theaccelerationstartsslowly andreproducibly. Precisedigital controllersfor the

LHC main power convertershave beendesignedandbuilt to accomplishthis goal,c�d
andanoptimizedexcitationcurvehasbeencomputed.

Second,new diagnosticsenablinga fastmeasurementof chromaticityfor immedi-

atecorrectionwasdevelopedandhasalreadybeentestedat the CERN SPS.This is

discussednext.

2.12 Novel Diagnostics

Theconventionalwayof measuringthechromaticityis to detectthetunevariationwith

rf frequency. This techniqueis rathertimeconsuming.

A new methodinventedfor the LHC measuresthe changein the phaseof the be-

tatronoscillationat theheadandtail of a bunchfollowing a kick excitation,c�e asillus-

tratedin Fig. 21. If thechromaticityis zero,theheadandtail alwaysoscillatein phase.

If thechromaticityis nonzero,on theotherhand,a phaseshift builds up betweenhead

andtail dueto theintegratedenergy differencebetweenparticlespassingthesetwo lo-

cationsduringtheir slow oscillationsin thelongitudinalphasespace.Thelongitudinal

oscillationsare called synchrotronoscillations,and the associatedtune is called the



synchrotrontune fhg . Thevalueof fhg is muchsmallerthanthebetatrontunes.In the

LHC at injection,it is 0.006.

In thenew chromaticitymeasurement,thephasedifferencewhichemergesbetween

headandtail is proportionalto thechromaticity. It is maximumafterhalf asynchrotron

period,anddecreasesagainto zeroaftera full period.
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Fig. 21. Principleof chromaticitymeasurementvia head-tailphaseshift.¥�¦
Thechromaticityinferredat turn § afterthekick is

f]¨©pª «­¬ ®
¯Q°²± §´³µ·¶ ¯-¸¹±»º1¼?½p±»¾H¿ §¹fhg�³ÁÀÃÂ�³?Ä (25)

where
¯Q°´± §´³ is thehead-tailphasedifferencemeasuredat the § th turn,

¯`¸
thediffer-

encein arrival time betweenheadandtail, and ® theslippagefactor, anopticalparam-

eterthatcanbecalculatedanalytically(®ÆÅÃÇÉÈ ÀÊÂHË1Ì�Í is definedastherelativechange

in revolution time per relative momentumchange,and Ç�È is theso-calledmomentum

compactionfactor).

In principle,this techniquemight measurethechromaticityin about10 ms,which

is much shorterthan the time scaleof the snapback. A test measurementusing a

widebandpick upat theSPSis shown in Fig. 22.

Anotherdiagnosticswhichhasbeendevelopedin view of LHC is theprocessingof

datafrom multi-turn beam-positionmonitors(BPMs)takenafterdeflectinga bunchto



Fig. 22. Chromaticitymeasurementvia head-tailphaseshift in the SPS.Î�Ï Top: raw

oscillationdataof bunch headandbunch center, bottom left: individual phasesand

phasedifferenceÐQÑ (red), bottomright: inferredchromaticity. (CourtesyR. Jones,

2000)



a largeamplitude,soasto extract informationsaboutthenonlinearresonancesandto

localizenonlinearfield errorsall aroundthemachine.Ò�Ó
Thebasicideais to identify for eachline in thepositionFourierspectrumthecorre-

spondinghigher-orderresonance.Fromtherelativeheightof suchlines,theirvariation

with thekick amplitude,andtheir changefrom oneBPM to thenext, informationscan

beobtainedwhichmayallow identifyingproblematicregionsin thering andminimiza-

tion of theresidualnonlinearities,therebymaximizingthedynamicaperture.

2.13 Power Converters

The LHC power converterswerenewly developedto meetthe stringentdemandson

resolution,stability, andaccuracy. Thepowerconvertersfor themainbendingmagnets

andquadrupoleshave demonstrateda resolutionof 1 ppm.Ò�Ô Stability over a dayis of

theorderof 5 ppm.Ò�Ô

2.14 Heat Load inside the Cold Magnets

Four primarysourcesof heatloadhavebeenidentified,andrequirespecialremedies.

Thefirst arelost beamparticles.Thesecanbeparticleswhich arescatteredeither

off theotherbeamat thecollision point or off residualgasnuclei. Anotherpossibility

areparticleson unstabletrajectoriesdiffusingoutwards.

In orderto limit therateof particlelossesinsidethecoldmagnets,halocollimation

is performedin two straightsectionswhich accommodatewarm magnets.Comple-

mentarily, the cold magnetsare cooledby superfluidhelium at 1.9 K, which at this

temperaturehasa remarkableheatcapacity.

The secondsourceof heatload is synchrotronradiation. For a bunchintensityofÕ­Ö�×ÙØHÚJÛ-ÜÝØ1ÞKß�ß
, thesynchrotronradiationamountsto about0.27W/m. This radiation

doesnot directly shineontothe1.9-K cold bore,but it is interceptedby a beamscreen

at ahighertemperaturevaryingbetween4 and20 K.

A third sourcearebeamimagecurrentsin the resistive chamberwall. For theul-

timatebunchintensity
Õ­Ö�×àØHÚJÛSÜáØ1Þ ß�ß

, this contributesabout0.46W/m. Also here

thebeamscreenabsorbsmostof theheat.Thescreenis coatedwith a thin Cu layerto

improvethesurfaceconductivity.

A fourth sourceis the electroncloud, i.e., electrons,generatedby photoemission

from synchrotronradiationor by secondaryemission,whichareacceleratedin thefield

of the beam. The heatdepositedon the walls by theseelectronsshouldnot exceed



the residualcoolingcapacity, afteraccountingfor the image-chargeeffectsanddirect

synchrotronradiation. For â­ãåä æHçJèêé=æ1ë�ì�ì , the heatload dueto the electroncloud

muststaybelow 0.56W/m.

2.15 Thermodynamic Considerations

Heatcapacitiesí of the variousmagnetcomponentshave a stronginfluenceon the

quenchlimit. Theheatcapacityrelatesthetemperaturerise î`ï to theenergy deposition

îQð permassî`ñ via

î`ïÃò æ
í
îQð
î`ñ ç (26)

For copperat 1.9 K, theheatcapacityis only í]ó�ôêäõë�çJë?ö J/kg/K, which couldeasily

give rise to prematurequenches.To raisethe quenchlimit, in the LHC magnetsthe

s.c. cableis permeatedby superfluidhelium at 1.9 K, whoseheatcapacityis much

higherthanthatof copper, i.e., í´÷ùø]äÃú?ëûë?ë J/kg/K.ü�ý With a measuredheliumcontent

in thes.c.cableof þÿú�ç���� , theaverageheatcapacityis significantlyincreased.��� The

heliumabsorbsdepositedenergy andtransportsit away from themagnetcoils.

Anotherimportantpoint to recall is the refrigeration(Carnot)efficiency, which is

givenby
� ò ï	��
���


ï���������� (27)

and relatesthe optimum (minimum) power ��������� requiredat room temperaturefor

absorbingaheatinflux ����
���
 at a lower temperature:

��������� ò ����
���
� ò ï��������
ï���
���
 ����
���
�ç (28)

It is evident that the absorptionof heatat ï	��
���
+ò æ1ç�� K is not efficient. For this

reason,a beamscreenat highertemperature(4–20K) is installedinsidethemagnets,

which absorbsthe protonsynchrotronradiationpower aswell asthe energy from the

electroncloud.Two rowsof pumpingslotsoneitherside— i.e., horizontallyoutwards

or inwards— of thebeam-screencenterconnectthebeamvacuumwith thecold bore

of themagnets,which is heldat1.9K. Thisarrangementalsoenablesahighly efficient

cryopumping,wheredesorbedgasmoleculesdiffuse throughthe pumpingslots and

thenstick to thecoldpartof themagnet.



2.16 QuenchLimits and Collimation

If toomany protonsarelost in a superconductingmagnet,it will quench, whichmeans

it will becomenormalconducting.Thenthe machineprotectionsystemacts,andthe

beamwill be dumped. Recovery from a quenchis time consuming,andthe number

of quenchesshouldthereforebe minimized,ideally avoided. Taking into accountthe

contributionsto the heatcapacityfrom the superfluidhelium, the quenchlimit of an

LHC magnetcorrespondsto a local temperatureincreaseof 7 K at injectionand1 K at

topenergy.

A quenchcan be generatedby local proton losses. Protonloss mechanismsin-

clude��� (1) injection errors, where the lossesoccur within a few turns, (2) protons

outsideof the rf bucket which are lost at the start of the ramp in a ‘flash’, and (3)

continuouslossesin collision.

Table7 comparestheexpectedlosseswith thequenchlimit. In view of thesenum-

bers,adedicatedbeamcleaningsystemis consideredasindispensiblefor theLHC.

Table7. Expectedtotal lossesandquenchlimit. ���
process exp. total losses quenchlimit

injection �! #"%$'&)(�*,+-$/.0��1 �2 435"6$/.87 m9:�
ramping �! ;"=<,+>$/.?��1 �! @35"A(0&)*,+-$/.?��B m9:�
collision C D"FE,+>$/.87 s9:� C @35"FG,+>$/.'H m9:� s9:�

Thechosendesignis a 2-stagesystem,consistingof primaryandsecondarycolli-

mators.���
Theprimarycollimationcomprises3 betatroncollimatorsatanamplitudeof 6I and

1 energy collimator. Eachof theseis followedby a setof threesecondarycollimators

at an amplitudeof 7I . The collimation inefficiency sensitively dependson the ring

apertureJLK�M�NPO ;
If JQK�M�NPOR"TS0I , the efficiency is about U�V�W�X�XZY $/. 9�� , which meansthat from $�. �

protonsin thebeamhalo,all but oneareinterceptedby a collimator, beforehitting the

beampipe.

At the LHC the collimation mustbe in the working positionalreadyat injection,

andall throughtheacceleration.Thetoleranceon thedynamicclosedorbit stability is

ratherstringent,namely[=E�.]\ m ( $'^:$/.0I ), andmustbemetatall times.Thiscondition

assuresthatthesecondarycollimatorsarein theshadow of theprimarycollimators.



2.17 Machine Protection

Thetotal energy storedin theLHC magnetsis about11 GJ,andtheLHC beamenergy

is 0.7 GJ._�` Theseamountsof energy, if liberatedin anuncontrolledway, couldcause

a considerabledamageto themachinecomponents.Therefore,a reliablemachinepro-

tectionsystemis crucial._�`
Therearemany aspectsto theprotectionsystem.Wementiononly two.

In caseof amagnetquench,theensuingresistiveheatingfurtherincreasesthetem-

peratureandtherapidheatingcoulddestroy themagnet.In orderto avoid this,quench

heaterswill be fired, which induceadditionalquenchesin the adjacentmagnetsand

distribute the energy dissipationover a larger region. At the sametime, switchesare

activated,sothatthemaincurrentbypassestheregionof thequench.

However, theheartpieceof themachineprotectionis thebeamdump.Sincetherise

time of the extractionkickersis finite andlong, an adequatelylong gapin the stored

LHC beamis needed.The kickerscanonly be fired during this gap,sinceotherwise

severalbuncheswouldbedeflectedby therisingedgeof thekickerpulseto intermedate

amplitudeswithout beingextracted,andthesebuncheswould damagethecollimators

or somemagnets.

Theprotectionphilosophyis thatwheneveranerroris detected,e.g., thebeamdevi-

atestoomuchfrom its nominalorbit, thebeamis extractedfrom thering andsentonto

thedump,beforeit candestroy any machinecomponents.

Thedesignof thebeamextractionsystemis itself notsimple,sincethebeamdensity

is sohighthatit canalsodestroy thebeamdump.To preventthis,theextractionsystem

comprisesseveraldilution kickerswhichdeflectthebeamin bothtransverseplanesand

areactivatedatthesametimeastheextractionkickers._�a Differentbunchesaredeflectd

by differentamounts,suchthatthebunchimpactpointontheentrancefaceof thebeam

dumptracesa nearlycircularpathover the lengthof thebunchtrain. Thediameterof

the sweepprofile is about15 cm, which providesfor sufficient dilution of the beam

density._�a
Theextractionkickersconsistof many units. Themostseriousconceivablefailure

modein theLHC is theaccidentalspontaneousfiring of oneof thesekicker units. The

protectionsystemwill thenalsofire all otherkickermodules,in orderto sentthebeam

to thedump.However, in thiscasethekick is notsynchronizedwith thepositionof the

beamgap,andcomponentdamagedueto theimpactof severalbuncheson collimators

or septumcannotbeexcludedin thepresentdesign.



Table8 comparesthemeltingtemperature,themaximumtemperaturerise b�ced�f ex-

pectedin caseof a singlebunchimpact,aswell asthe front temperaturerise b	gih�j�kml of

thedump,if hit by the full LHC beamwithout dilution, for differentcandidatemate-

rials. The only materialfor which both b�ced�f and b	gih�j�kml aresmallerthan the melting

temperatureis carbon.Thus,carbonhasbeenselectedastheLHC dumpmaterial.n�o

Table8. Candidatematerialsfor theLHC beamdump.n�o
material b	c	prq�l b�ced�f b�gih�j�kml

[ s C] [ s C/bunch] [ s C/beam]

Be 1280 75 3520

C 4500 320 3520

Al 660 360 3390

Ti 1670 1800 3250

Fe 1540 2300 3120

Cu 1080 4000 2980

2.18 LHC Filling Pattern

The filling patternof bunchesaroundthe machinedeterminesthe time structureof

eventsseenby theexperiments.ThenominalLHC bunchspacingis 25ns,andthetotal

revolution time is 88.924t s. The25-nsspacingis interruptedby variousgaps,which

areneededfor injectionandextractionbetweenthedifferentinjectorstorageringsand

theLHC itself. A gapof 111missingbunchesis requiredfor extractionfrom theLHC,

gapsof 30 or 31 missingbunchescorrespondto the rise time of the LHC injection

kickers,andvariousgapsof 8 missingbunchesarerelatedto theinjectioninto theSPS.

The final nominal bunch patternis complicateddue to all thesegaps. It can be

expressedin mathematicalnotationasn�n
uvuwurx�yZz|{~}-�,z��8��z|����} ���Zz|�8��z�y��
}2uwurx�yZz|{~}-�,z��8��z|����} �:�4z|�8��z����
}2uwurx�yZz|{~}-�,z��8��z|����} ���Zz|�8��z����

}�����z��8�w�

where
�

refersto anemptyplaceand
{

to abunch.



Becauseof themany gapsdifferentbunchesin LHC experiencedifferentnumbers

of long-rangecollisionsaroundtheprimaryIPs.Eventhenumberof head-oncollisions

in IP 2 andIP 8 is not thesamefor all thebunches.Indeed,lessthanhalf of thebunches

arenominalones,andall theothersbelongto oneor anothertypeof PACMAN bunch.

Thismeansthatall thesebuncheswill havedifferentbetatrontunesanddifferentorbits.

Accordingto thenumberandtypesof opposingbunchesencountered,bunchequiv-

alenceclassescanbedefined.��� Theirnumberis almostcomparableto thetotalnumber

of bunches.���
Fortunately, careful analysisand simulationssuggestthat althoughdifferent, the

bunch orbits and tunesare still sufficiently similar that the lifetime and luminosity

shouldnotbemuchdegraded.���

2.19 LHC Injectors

Beforethe beamis injectedinto the LHC it mustbe producedandacceleratedin the

injectorsandpre-injectors.

Thesecomprise,in orderof decreasingenergy, theSuperProtonSynchrotron(SPS)

the ProtonSynchrotron(PS),and4 PSBoosterrings. In order to provide the high-

quality beamdemandedby the LHC a numberof upgradeswerenecessaryandnew

operationalproceduresandtechniquesof beammanipulationwereintroduced.

Historically, multiple bunchesweregeneratedin thePSby debunching(switching

off therf) andrecapturingin a higher-harmonicrf system.A schematicof phasespace

evolutionduringslow debunchingis shown in Fig. 23.

Theproblemwith thisschemeis thatduringthedebunchingprocessthemicrowave

instability thresholdis reached.Namely, while a bunchdebunches,thedensity �?�����?�
and the local energy spread�v���e� decreaseby the samefactor. The local instability

thresholdscalesas �?�
��� ��� �

� ������	�v  (29)

whichfollowsfrom theso-calledBoussardcriterion.Then,thebeambecomesunstable

assoonasits energyspread�v���e� is smallenoughthatthisthresholdconditionis reached.

Theunwantedresultsareanunequalfilling patternandthenon-reproducibilityof the

bunchintensities.

Thenew methoddevelopedfor theLHC is acontrolledbunchsplittingwithoutever

turningoff the rf.��¡ Instead,the relative amplitudesof variousrf systemsoperatingat

different frequenciesarevariedasa function of time in suchway that eachbunchis
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Fig. 23. Schematicof phasespaceevolutionduringslow debunching.

Table9. Statusof thePSfor theLHC nominalbeam.¢�£
achieved nominal

protonsperbunch ¤'¥¦¤�§>¤�¨?©�© ¤'¥ª¤«§-¤/¨?©�¬
hor. emittance­¯® ©±°² [ ³ m] 2.5 3

vert.emittance­~®P©±°´ [ ³ m] 2.5 3

long.emittance®¦µ °¶ [eVs] 0.35 0.35

total bunchlength ·¹¸ [ns] ºA» 4

momentumspread 2.2 2.2¼0½0¾À¿/Á
[ ¤/¨?Â�Ã ]

smoothlydivided into 2 or 3 bunches.The nominalschemefor producingthe LHC

beamnow startswith six high-intensitybunchesinjectedinto the PS.Eachof these

bunchesis split into three,which is laterfollowedby two furtherdoublesplittings.The

entireprocessthustransformstheoriginal 6 into 72bunches.

As anillustration,Fig.24showsasimulationof triple bunchsplittingin thePS.The

entireprocedurehasbeensuccessfullydemonstratedexperimentally, andsince2000is

routinelyusedto producetheLHC beamfor machinestudiesin theSPS.

Table9 demonstratesthatthePSalreadydeliversanLHC beamwhichmeetsall the

designparameters.¢�£
Work is alsoprogressingin theSPS.In thewintershutdown 2000/2001afew thou-

sandpumpingportswereshieldedin anattemptto reducethelongitudinalimpedance.



Fig. 24. Simulationof bunchsplitting in theCERNPSin preparationfor injectioninto

theLHC.Ä�Å Theverticalaxisis thetime. Theleft pictureshowstheamplitudesof three

rf systemsoperatingat differentfrequencies(harmonicnumberÆ ), which areusedfor

this process.(CourtesyR. Garoby, 1999)

As a resultof this effort, in 2001,bunchlengtheningandstrongimpedancesignalsat

400MHz areno longerobserved.Ä�Ç
Theevolutionof thetransverseimpedanceisalsomonitoredbymeasurementsof the

coherentbetatrontuneshift with currentandof thehead-tailgrowth ratesasa function

of chromaticity.Ä�È

2.20 LHC asHeavy Ion Collider

Parametersfor theLHC ion operationhave beencomparedwith theonly existing ion

collider, RHIC, in Table1. The main limitation for ion operationvarieswith the ion

mass.Å
Heavy ion operationis limited by the electromagneticprocessesoccurringin the

collision,namelyby eÉ eÊ pair productionandsubsequenteÊ capture.

Thecrosssectionof thisprocessis aboutË0Ì�Í6Î/Ï�Ï barnfor PbÇ�Ð�É -PbÇ�Ð�É collisions,

which correspondsto a rateof ÑÒ ÌÓÍ Î/Ï8Ô ions sÊ:Ð per sideof IP at a luminosity ofÕ Í6Î/Ï'Ö�× cmÊ Ö sÊ:Ð .
Thecrosssectionincreasesstronglywith theatomicnumberË0Ì�ØÚÙ × , whereasthe

energy depositionin amaterialonly increaseslinearly with Ù .

From the beam-opticspoint of view, for Pb ions a changein the ion charge by 1

unit is equivalent to a changein the relative momentumerror of Û!ÜRÝ Î'Þ)ß�à . Ions



with amomentumerrorof thismagnitudearelost in a regionof about1 m lengthat the

entranceto theLHC arcs,wheres.c.dipolemagnetsarelocated.Thepredictedlossrate

for thenominalLHC ion parametersis closeto thequenchlimit, thussettinga limit for

themaximumluminosity.

Potentialremediesmight be a dynamicsqueezeof the IP á function during the

store,soasto optimizetheintegratedluminosity, or theinstallationof localcollimators,

whichcouldreducethelossratein themagnetsof thedispersionsuppressor.

For light ions,thecrosssectionfor theaboveelectromagneticprocessis negligibe,

and,for theseions, the main limitation for luminosity operationis the growth of the

longitudinalemittancedueto intrabeamscattering(IBS). For nominalparametersthe

IBS growth time is 10 hours.It scalesas

â
ã/äæå�çéè

ê@ëPì�í
î ï (30)

where
î

is the ion massin units of the proton mass. Taking into accountthe two

limiting factorsfrom above, theprojectedinitial luminositiesare
â'ð)ñ!òFâ/ñ'ó�ô

cmõ ó sõ:ö
for Pb÷ óó�ø ÷ ions, ù ð ù òúâ/ñ8ó ÷ cmõ ó sõ:ö for Kr

í�û
÷�ü ions,and ý ðªâ�òþâ�ñ í ö cmõ ó sõ:ö for O÷ ö û ions.

2.21 Electron Cloud

In 1999,thebuild upof anelectroncloudwasobservedwith theLHC beamin theSPS,

andin 2000alsoin thePSandin thePS-SPStransferline.

Observationsin theSPSareillustratedin Fig. 25,whichshowsbeamlossin thelast

4 bunchesof a 72-bunchLHC batch,occuringabout5 ms after injection. The beam

lossonly occursabove thethresholdcurrentof multipacting,which manifestsitself by

a largevacuumpressureriseandby electronsignalsseenon dedicatedelectron-cloud

monitors.

Theelectroncloudin theSPSis generatedasfollows. A smallnumberof primary

electronsis generated,e.g., by gasionizationor beamloss.For thenarrow LHC bunch

spacingof 25 nsandtypical vacuum-chamberhalf aperturesof 2–3cm, thenumberof

electronsexponentiallyamplifiesduring the singlepassageof a 72-bunchtrain, by a

processcalledbeam-inducedmultipacting,alreadyobservedin theCERNISR almost

30 yearsago.ÿ�ö
In this section,we discussbuild up, saturation,anddecayof the electroncloud,

then the wake fields and instabilitiesinducedby the electrons,finally the heatload



Fig. 25. Intensityof 72-bunchLHC beamin SPSvs. time. Batchintensity(top) and

bunchintensityfor thefirst 4 bunchesandthelast4 bunches(wherelossesarevisible

afterabout5 ms)of thebatch(bottom).� � (CourtesyG. Arduini, 2001)



from theelectrons,whichis thelargestconcernfor theLHC, andthepresentlyforeseen

countermeasures.

We usethe variable
�

to denotethe electronline density; � is the time and � the

positionalongthebeamline. For abeamcurrentof 0.5–1A, theprocessescontributing

to the generationof electronsare (1) residualgas ionization, with a typical rate of�����	��

��� � � ����������������� e� m�
� s�
� ; (2) synchrotronradiationandphoto-emission,

with a typical rate
�����	��

��� � � ��� �!���"�����$# e� m�
� s�
� ; and(3) secondaryemission,

consistingof true secondariesandalsoof elasticallyreflectedor rediffusedelectrons.

If theaveragesecondaryemissionyield is larger than1, thesecondaryemissionleads

to anexponentialgrowth.

Indeed,thekey processof theelectron-cloudformationin theLHC is thesecondary

emission,andthe mostimportantparameterthe secondaryemissionyield. The latter

dependsontheenergy of theprimaryelectron.A parametrizationfor theLHC vacuum

chamber% � is shown in Fig. 26. The secondaryelectronsconsistof two components.

Thetruesecondariesareemittedat low energies,of theorderof a few eV. Their yield

reachesa maximumvalue &('*)�+ at a certainimpactenergy ,-'*)�+ , and the yield curve

is well approximatedby a universalfunction with only thesetwo free parameters.A

certainfractionof the incidentelectronsis elasticallyreflected.The lower theenergy

of the incidentelectron,the larger is the proportionof the reflectedelectrons.These

reflectedelectronsareresponsiblefor the fact that the total secondaryemissionyield

doesnot approachzeroif theenergy of theprimariesapproacheszero,but remainsat

a finite value. The contribution from elasticallyreflectedelectronsto the total yield

is alsoillustratedin Fig. 26. The nonzeroyield valuefor low energiesimplies that a

certainnumberof low-energeticelectronswill survivefor alongtimeinsidethevacuum

chamber, evenif thereis a largegapin thebunchtrain.

Thebuild upof theelectronclouddueto beam-inducedmultipactingdoesnotcon-

tinue indefinitely, but it saturates,roughly at the momentwhen the averagenumber

of electronsper unit length is equalto the averageline densityof beamprotonsor

positrons.In otherwords,theorderof magnitudeof thesaturatedelectronline density

canbeestimatedas ��. )�/0�
132
4 .$57698 (31)

where
132

is the bunch population,and
4 .$576

the bunch spacing. The corresponding

volumedensityis obtainedby dividing with thebeam-pipecrosssection.

In the SPSthe small numberof primary electronsproducedvia gasionization is



Fig. 26. Secondaryemissionyield for perpendicularincidencevs. theprimaryelectron

energy with andwithout elasticallyscatteredelectrons.The parametrizationis based

on measurementsfor coppersurfaces.:�;



amplifiedby multipactingsostronglythatsaturationis reachedalreadyafterabout30

bunches.In the LHC thenumberof primary photoelectronswill be muchlarger than

that of ionizationelectronsin the SPS.Figure27 shows a schematicof the electron-

cloudbuild up in theLHC beampipe.
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Fig.27. Schematicof electron-cloudbuild up in theLHC beampipe.(CourtesyF. Rug-

giero)

Theconditionfor propermultipactingisH�I
JLK*MON P QSRTU3V�WYX�Z9[$\7]_^a`cb (32)

whichdescribesthesituationthatthetravel timeof electronsacrossthechamberexactly

equalsthe time betweentwo bunches,andincludesthe assumptionthat the electrons

arecloseto the chamberwall when the buncharrives. However, it shouldbe noted

thatthecondition(32) is neithernecessarynorsufficient to observeelectronamplifica-

tion. If theparameterJ*K*MON is smallerthanone,low-energeticsecondaryelectronsare

producedbeforethe next buncharrives. They will move slowly throughthechamber

andareacceleratedonly whena bunchpassesby. On theotherhand,if J*KLMON is larger

than1, an electronwill interactwith more than1 bunch. In eithersituationelectron

amplificationcanstill occur. This is illustratedin Table10 which lists parametersfor

severalacceleratorswhereelectroncloudshave beenobservedor arepredictedto oc-

cur. Thevaluesof J*KLMON arealsolistedfor eachring. They extendoverseveralordersof

magnitudes.

Thus JLK*MON is not a reliableparameterto assessthe possibility of multipacting. In

orderto predicttheoccurrenceandmagnitudeof multipacting,detailedcomputersim-

ulationsarerequired.Figure28 illustratestheingredientsof suchsimulations.H�H Both

bunchesandinterbunchgapsaresplit into slices. For eachslice, the motion of elec-



Table 10. Comparisonof parametersrelatedto the electron-cloudbuild up for the

LHC beamin theCERNPS,SPS,andtheLHC with thoseof severalotherprotonand

positronstoragerings,in whichanelectroncloudis observedor expected.d�e
accelerator PEP-II KEKB PS SPS LHC PSR SNS

species ef ef p p p p p

populationgih [ j�kSl$m ] 10 3.3 10 10 10 5000 10000

spacingn9o$p7q [m] 2.5 2.4 7.5 7.5 7.5 (108) (248)

bunchlength rSs [m] 0.013 0.004 0.3 0.3 0.077 25 30

h. beamsize rSt [mm] 1.4 0.42 2.4 3 0.3 25 0.6

v. beamsize rSu [mm] 0.2 0.06 1.3 2.3 0.3 7.5 0.6

ch. lv size w�t [mm] 25 47 70 70 22 50 100

ch. lv size w�u [mm] 25 47 35 22.5 18 50 100

synchrotrontune xzy 0.03 0.015 0.004 0.006 0.002 0.0004 0.0007

circumf. { [km] 2.2 3.0 0.63 6.9 27 0.09 0.22

betafunction | 18 15 15 40 80 5 6

parameter}*~L�O� 1 10 0.58 0.24 0.15 0.0002 0.0001



tronsis computedundertheinfluenceof thebeamfield, externalmagneticfields,elec-

tron space-chargefield, andtheimageforcesinducedby bothbeamandelectrons.For

eachpassingbunchslice,a certainnumberof primaryelectronsis created.Whenever

an electronis lost to the wall, its charge stateis changedaccordingto the secondary

emissionyield computedfor its energy andimpactangle,andtheelectronis re-emitted

representingeithera truesecondaryor anelasticallyscatteredelectron.

�-�����0� �S�$�7�
�$� �$��� ������� �S�����

� ��� �S������� ��� ��� ��� ���� ����� �������

�������������������� ����� �������

�� ���� � �$�

��� � ���$�

Fig. 28. Schematicillustratingvariousingredientsof theelectron-cloudsimulations.

In theactualaccelerator, variousindicatorscansignaltheelectron-cloudbuild up,

suchas(1) a nonlinearpressurerisewith beamcurrent,(2) currentdatafrom electro-

staticpick upsor dedicatedelectronmonitors,(3) the measuredtuneshift along the

train, (4) the beam-sizeblow up alongthe train, andwhereapplicable,(5) a drop in

luminosity. All theseitemsentaildirectinformationsabouttheelectrondensity.

As anexample,wementiontwo estimatesof theelectron-clouddensityin theSPS.

Thefirst is basedon thepressurerise,andis dueto O. Gröbner.¡�¢ Theequationfor the

pressurebalancereads £
¤7¥§¦©¨
ª�«Y¬L­¯®0°²± (33)

where

£
¤7¥ denotesthepumpingspeedin volumepermeterpersecond,±²°"³µ´0¶·¹¸�º » ¨�´�¼

the total flux of moleculesperunit length( ³ is thedesorptionyield per electron,and



½	¾�¿ À
thenumberof electronshittngthechamberwall perunit lengthandperbunchtrain

passage)and Á Â ÃYÄLÅ¯ÆÈÇ�É , where ÆÈÇ�É is the numberof gasmoleculesper unit

volume,and Á thepressure.We inserttheexpressionfor Ê into Eq.(33),andsolve forË�½¹¾�¿ À Ç Ë�Ì3Í Å§Î$Ï7ÐÒÑ Ë0Ó½	¾�¿ À Ç Ë�Ì�Ô Ë�½	À
Ë�Ì Í Å*Õ À�Ö× ÃYÄ*Å

Ø Ï7Ù§ÁÛÚ (34)

whereÅ§Î$Ï7Ð is therevolutionperiod.

With anenhancedpressureof Á"ÂÝÜ�Þ�Þ nTorr, × Í ÞSß-Ü and
Ø Ï7Ù Íáà Þ l sâ
ã mâ
ã one

estimates Ë	½	À
Ë�Ì Í Ü�Þ ã$ä å æ åcçéèëêíì�îÒïðòñ îòç ó¯ô è�ê(õ ö îø÷ùåúè�å�ê ß (35)

Thesecondestimateis directly relatedto thesignalseenon thetransversedamperpick

up in theSPS,which indicatesthata few Ü�Þcû electronsperbunchpassagearedeposited

on the pick-up.ü�ý This numberamountsto Ü�Þëþ ô Ü�Þ ã$ä per train, or, for an effective

pick-uplengthof about10 cm,toü�ýË	½	À
Ë�Ì Í Ü�Þ ã$ä å æ åcçéèëêíì�îÒïðòñ îòç ó¯ô è�ê(õ ö îø÷ùåúè�å�ê ß (36)

Thetwo estimates,(35)and(36),areconsistent.

Figure29showstwodifferencesignalsmeasuredbetweentheplatesof two identical

electro-staticpick ups in the SPS.Without perturbationfrom the electroncloud, the

differencesignalshouldbeproportionalto thebeamoffset in thechamber. Oneof the

two signalsin Fig. 29 is processedat low frequencies,theotherin a higherfrequency

bandaround120 MHz. The shift in the baselineof the low-frequency signal,which

is seennearthecenterof the Ücß�ÿ -� s bunchtrain andpersistsin the
à Þ -� s gapwithout

beam,indicatesanetchargetransferbetweenthepick-upplates,dueto themultipacting

electrons.Thesamedistortionis not visible in thehigh-frequency signal,which may

suggestthatthefrequency spectrumof theelectroncloudcurrentbetweentheplatesof

thepick up doesnotextendup to 120MHz.

Figure30 displaysa simulationof theelectron-cloudbuild up for theSPSparame-

ters.Thesimulationcanreproducetheobservedsaturationof theelectron-cloudbuild

up at thecenterof thebunchtrain, providedthat theelasticallyreflectedelectronsare

includedin additionto thetruesecondaries.

In theSPSalsoa positive tuneshift is observedwhich startsbetweenthe10thand

20thbunchof thetrain andis of order �ùÊ Í ÞSß�Þ Ü . Thetuneshift permitsanindepen-

dentestimateof theelectrondensity, which is consistentwith theothertwo estimates

from above.



Fig. 29. Dif ferencesignalson damperpick-up during the passageof an LHC batch

in the SPS( ��� s/div); thesignalobservedat low frequency (greenline, shifteddueto

electroncloud)andthedownmixedsignalsampledat120MHz (blueline,withoutfinal

offset). (CourtesyW. Hofle,2000)

Fig. 30. Simulatedevolution of the electronline density in units of �����
	 m��� as a

function of time in s, for an SPSdipole chamber, with and without elasticelectron

reflection.
�




The electroncloud, oncegenerated,cangivesrise to wake fields and instability.

Namely, theelectronscouplethemotionof subsequentbunchesandcantherebycouple

the motion of successive bunches.They alsointroducecoherentandincoherenttune

shifts.However, in theSPSthemostharmfuleffect is asingle-bunchinstability, which

presumablyis of a similar natureasthoseobservedin thepositronringsof thePEP-II

andKEKB B factories.This instability appearsto betheanalogueof thestronghead-

tail instability causedby a conventionalwake field. (The stronghead-tailinstability

is alsocalledthetransverse-modecouplinginstability, abbreviatedasTMCI.) In addi-

tion, the electroncloud might excite the regular head-tailinstability, andalsoinduce

longitudinalelectricfields,albeitrecentanalysissuggeststhatthelattertwo effectsare

small.

We limit the following discussionto the TMCI-lik e instability. Several dedicated

computerprogrammeswerewritten, at KEK andCERN, which model this instabil-

ity. In the simulationboth the electronsanda bunchof the beamarerepresentedby

macroparticles.On eachturn the bunchinteractswith a freshuniform cloud of elec-

trons,assumedto begeneratedby theprecedingbunches.Theelectroncloudcanact

likeawake field andenhanceaninitial head-tailperturbationin thebeam.

During thebunchpassage,theelectronsoscillatein thebeampotential.Figure31

showsa snapshotof thesimulatedelectronphasespaceat theendof abunchpassage.

If theelectronsperformseveraltransverseoscillationsover thelengthof thebunch,

they maybeadiabaticallytrappedin thebeampotentialandremainat thecenterof the

chamberfor a long time.���
UsingtheWKB approximationtheadiabaticityconditionfor this trappingprocess

canbewrittenas � ����������� ��� �! #"!$&% ')( (37)

where ����� � is the vertical electronangularoscillationfreqency, and  +*-,�.0/1'��2.3.4. In-

sertingtheacceleratorparametersinto Eq. (37),we obtain

�65 '�7 for KEKB, PEP-II,

PS,SPS,andLHC. Hence,in all theseaccelerators,electronsmaybetrapped.

If simulationsareperformedwith the electroncloud asthe only perturbation,the

beamsizeincreasessmoothlybut signficantlywith time. If theposition-dependenttune

shift dueto theprotonspace-chargeforcein theSPSat 26 GeV/cis alsoincluded,the

simulatedinstability becomesmoreviolent.8�9 This is illustratedin Fig. 32.

Figure33 comparesthesimulatedemitancegrowth in bothtransverseplanes,com-

putedusing two differentmodelsof the beamfield, namelya soft-Gaussianapprox-

imation anda particle-in-cell(PIC) code.8;: The two resultsarecomparable.Either
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Fig. 31. Snapshotsof the horizontalandvertical electronphasespace(top) andtheir

projectionsontothepositionaxes(bottom).<�= (CourtesyG. Rumolo,2001)

simulationpredictsa rapidemittancegrowth within a few ms,which is consistentwith

thetimescaleof theobservedbeamloss.

Theeffective transversewake field of theelectroncloudcanbeobtainedfrom the

simulation,by displacingasliceof thebunchtransversely, andcomputingtheresulting

forceon thesubsequentbunchslices.A typical resultis shown in Fig. 34. Becauseof

theelectronaccumulationinsidethebunchduringits passageanddueto thenonlinear-

itiesof theforcesactingbetweenbeamandelectrons,thecomputedwakefieldsdepend

on thepositionof thedisplacedslice,asillustratedin this example.

Eitherusinga two-particlemodel,>�? or approximatingthesimulatedwake field by

a broadbandresonator,>�@ onecan estimatethe TMCI threshold. Table11 compares

theestimatedthresholdclouddensitywith theexpectedsaturationdensityfor various

accelerators.Thetabledemonstratesthatalmostall theacceleratorslistedmayoperate

above theelectron-cloudinstability threshold.

At the SPSdirect evidencefor the head-tailinstability comesfrom a wideband

pickup which measuresthe transverseposition every 0.5 ns, comparedwith a total

bunch lengthof 4 ns. In the vertical plane,significantmotion is detectedinside the

bunch. The oscillationsof subsequentbunchesareuncorrelated.The wave lengthof
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Fig. 34. Simulatedwake forcein V/m/C computedby displacingslice1 and40 (outof

100)of a Gaussianbunchwith rmslength0.3m, asa functionof longitudinalposition

alongthebunchin unitsof meter. Thebunchcenteris at fZg�h0i m andthebunchhead

on theright.j�k (CourtesyG. Rumolo,2001)

Table11. The numberof electronoscillationsduring a bunchpassage,the estimated

electron-cloudTMCI threshold,andtheratioof electronequilibriumdensityto thresh-

old density, for variousaccelerators.j�l
accelerator PEP-II KEKB PS SPS LHC PSR SNS

em osc./bunch 0.8 1.0 1 0.75 3 34 970npo�qsrutwv�x�y�z#{�|~}����
TMCI threshold 1 0.5 5 0.25 3 (0.6) (0.5)�Dx [ ��gJ�
� mmM� ]
densityratio 19 4 0.35 11 4 (92) (27)�Dx�� qs����{��Dx�� �s���
��q
�



thewakefield wasfitted from thedataby K. Cornelis,andit agreeswith thecalculated

wavelengthof electronoscillations.���
Simulationsincludingboththeelectroncloudand,in addition,a regularbroadband

impedanceshow that the instability canbe suppressedby a large positive chromatic-

ity, ��� in accordancewith observations.

The heatdepositedby electronson the beamscreenis a major concernfor the

LHC. Simulatedelectronimpactenergiesextendupto several100sof eV. This is much

largerthanthetypicalemissionenergy of secondariesof only a few eV. In otherwords,

the electroncloud extractsa significantenergy from the beam,andtransfersit to the

chamberwall.

Theimportanceof this issuefor theLHC is illustratedin Fig. 35,which shows the

simulatedarcheatload,averagedover dipoles,field-freeregionsandquadrupoles,as

a functionof bunchpopulationfor variousvaluesof themaximumsecondaryemission

yield ���p��� . Also indicatedis themaximumcoolingcapacityavailablefor theelectron

cloud. The figure demonstratesthat in order to reachthe designbunch intensity of�������4��� �¡��¢J£�£
thesecondaryemissionyield mustnotbemuchlargerthan1.1.

Fig. 35. Averagearcheatloadandcoolingcapacityasa functionof bunchpopulation���
, for variousvaluesof themaximumsecondaryemissionyield �¤�p��� .



Figure36showstheelectrondistributionsimulatedfor anLHC dipole.Thevertical

stripeswith enhancedelectrondensitycorrespondto theregionswith maximummul-

tipacting. If suchelectronstripeswould lie on top of thebeam-screenpumpingslots,

electronscouldpassdirectly to the1.9-K cold bore,insteadof beingabsorbedby the

beamscreen.The cooling capacityfor the cold bore is muchsmaller, anda quench

wouldbea likely consequence.
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Fig. 36. Snapshotof thetransverseelectrondistribution in anLHC dipolechamber, for

amaximumsecondaryemissionyield of ¥�¦p§�¨ª©G«�¬®­ .̄�¯
Threemaincountermeasuresagainsttheelectroncloudareforeseen,i.e.,

° to install a ‘sawtoothchamber’(with aheightof about35 ± m andaperiodof 200

± m), which reducesthephotonreflectionin thearcdipoles;

° to coatall warmsectionswith agettermaterialTiZr, thatexhibitsa low secondary

emissionyield;

° andto rely on surfaceconditioningduring thecommissioning,which shouldre-

ducethemaximumsecondaryemissionyield to a valueof 1.1; anelectrondose

of about10C/mm² is neededto reachthis targetvalue.¯;³
In 2001severalnovel electronclouddetectorswereinstalledin theSPSby G. Ar-

duini, J.M.Jimenez,etal.,whosepurposeis to serveasabenchmarkfor thesimulation

and to directly provide measurementsunderconditionsvery similar to thosein the

LHC.



The newly installedSPSelectron-clouddetectorsincludé�µ : (1) pick-upswhich

measurethe electroncharacteristics,in particular, the e¶ cloud build up and the e¶
energy distribution; they also allow for triggering on the batch; (2) monitorswhich

characterizethebehavior of theelectronsin adipolemagneticfield; 2 differentdesigns

weredevelopedfor this purpose,the first is a ‘strip detector’,the seconda so-called

‘triangle detector’;(3) anin-situ measurementof secondaryemissionyield, which can

verify theeffect of surfaceprocessing;(4) ion detectorsto excludeion-stimulateddes-

orptionasa sourceof thepressurerise;and(5) a so-calledWAM PAC Cu calorimeter

whichdirectly measurestheheatloadfrom theelectroncloud.

First observationswith thesedetectorsarepromising.Thestrip monitorclearlyre-

vealsthe horizontalpositionandwidth of themultipactingelectrons.Above a bunch

intensityof ·¹¸»º½¼�¾À¿;ÁJÂ
Ã protons,thesinglestripsplitsinto two, which for furtherin-

creasingbunchcurrentmove towardstheoutsideof thechamber. This behavior agrees

well with thesimulations.Preliminarymeasurementsusingabiasinggrid andthetrian-

gulardetectorsuggestaverageelectronenergiesof theorderof 75 eV. Thecalorimeter

measuresa power deposition,which, scaledto the LHC, might correspondto a heat

loadof theorderof 1 W/m, comparableto typicalpredictions.

Thein-situchangein thesecondaryemissionyield wasalsomeasured.After about

24-hoursof effective conditioningtime with an LHC beam,the maximumsecondary

emissionyield Ä¤ÅÇÆ�È haddecreasedfrom 2.3 to 1.8, which demonstratesthat surface

scrubbingis actingasforeseen.

3 Beyond LHC: LHC-II and VLHC

OncetheLHC is operating,theparticlephysicistswill pushfor higherluminosityand

higherenergy. A feasibility studyfor an‘LHC-II’ hasbeenlaunchedat CERN.́�É
The LHC luminosity canbe raisedby increasingthe numberof bunches,which

might imply alargercrossingangle.As anext step,onemightcontemplatemoreexotic

schemes,where,e.g., ‘crab’ cavitiesoneithersideof thecollisionpointdeflectthehead

andtail of thebunchestransverselyin oppositedirectionssuchthatthebunchescollide

effectively headon.

The availability of strongeror cheapermagnetswill facilitate the path towards

higherenergy andindicatethedirectionto follow.

Synchrotronradiationandemittancecontrolwill becomeanimportantissue,asthe

higher-energy machineswill operatein anew regime,wheretheeffectsof synchrotron
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Fig. 37. Schematicof SuperBunchesin aHigh-LuminosityCollider.Ë�Ì
radiationbecomemoreandmorenoticable,andwheretheradiationequilibriumemit-

tanceis muchsmallerthantheinjectedemittance.Theshrinkingof theemittancedur-

ing thestorecouldbea nuisance,sincethebeam-beamtuneshift increaseswith time

andthebeam-beamlimit maybereachedsoonafterinjection,potentiallyleadingto an

unstablesituation.On theotherhand,intrabeamscatteringis still significantfor these

energiesandemittances,andmaybalancetheradiationdamping.Thus,acarefulstudy

of emittancecontrolis clearlyanimportanttopic for thefuturehadronmachines.Ë
Í
Somecollective effectscanalsoprove moresevere. If thecircumferenceis large,

thecoupled-bunchresistivewall instability mayrequireseverallocal feedbacks.More

worriesomestill is theelectroncloud,whichmight introduceanultimatelimitation.

Also thedebrisfrom theIP, thequenchlimits andthequestionof asafebeamabort

will bemajorchallenges.

Lastly, thereis anoptionto collide continuousbeamsasin theISR. In reality these

would be rather‘quasi-continuousbeams’or ‘superbunches’,occupying only a small

fraction of the total circumferenceand being confinedby barrier rf buckets,Ë�Ì as il-

lustratedin Fig. 37. The barrierbucketsmay be generatedby inductionacceleration

modules.Ë�Ì
Suchcontinuousbeamsor superbunchesarebasedon thesuccessfulexperienceof

theISR andholdvariouspromises:

Î in conjunctionwith alternatingcrossingat two IPs superbunchescanprovide a

higherluminositywith acceptablebeam-beamtuneshift;

Î PACMAN bunchesareabsentandthebeamparticlesalmostidenticalto onean-



other, eachsamplingall longitudinalpositionswith respectto theopposingbeam;
Ï theelectron-cloudbuild up shouldbestronglysuppressed,sinceelectronscannot

gainany energy in theconstantbeampotential;
Ï superbunchesmightallow for stochasticcooling,whichis notanoptionfor bunched

beams.Ð
Ñ
A primaryreasonwhy coastingbeamswereabandoned,despiteof theISRsuccess,

wasthescarcityof antiprotons.This is nolongeraproblemfor proton-protoncolliders.

A large numberof questionsneedto be answered,however, beforea superbunch

schemecould be envisionedfor a future LHC upgrade.Ongoingwork at CERN in-

cludestheoptimizationof thebeamparameters,suchaslength,line density, andtotal

numberof superbunches,which would maximizethe luminosity, while maintaininga

tolerablebeam-beamtuneshift andan acceptableheatload, andobeying the timing

constraintsimposedby the(induction)rf system,thecapacityof theinjectors,thefill-

ing time,andthebeamabortsystem.

3.1 Prospectsfor Luminosity and Beam-BeamTuneShifts

Consideringroundbeams,i.e., ÒÔÓÕ×Ö ÒÔÓØ and Ù Õ×Ú Ù Ø , andincludingthehourglasseffect

anda horizontalcrossingangle Û�Ü , the luminosity for both normalandsuperbunches

canbeexpressedas

Ý Ö
Þ�ß�à�áâá�ãÇä¤ã Ñ ÒÔÓå4æ�ç Ñè

é~êìë0í~î�ï Ññð3ò;óô é êìë®í®õìöø÷
ù ò�ú
û

ûýüÿþ Ñ�� ��� � ÒÔÓ Ñ Û;ÑÜ � ç Ñè� þ Ñûýü þ Ñ
Þ	� þ�

�3þ

(38)

where Þ�� þ�
 Ö�������� ß�� (39)

for a superbunchwhoselength ������� ß�� is much larger than the effective lengthof the

detector������� , and Þ	� þ�
 Ö�� æ ç�� � � � � ÒÔÓ Ñ þ Ñç Ñ� ! (40)

for a regularGaussianbunchof rmslength
ç��

. Thecoefficients
ã ä

and
ã Ñ denote,for a

normalbunch,themaximumline density
ã Ö#"%$ � � � å4æýç��&
 , and,for asuperbunch,the

constantline density
ã Ö'"%$ � ���(��� ß�� .

Consideringa singlecollision point with horizontalcrossing,themaximumbeam-

beamtuneshifts,experiencedby aparticleat thecenterof thebunch,are

)+* Õ Ö � ã�,.-æ0/ éøî Ñô é î Ñ Ò Ó ü21 Ñ
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where L ? < G S 354�6 7 > < 9a 9b (42)

for aregularbunch,andL ? < G S K for asuperbunch,and T is the(maximum)line density

of theopposing,equalto either T�c or T 9 in the luminosity formula. Here,theelectro-

staticinteractionbetweenthetwo bunchesis assumedto occurbetween7ed F > and d F > .
Outsideof this rangethebeamsareeitherseparatedby a bendingmagnet,or shielded

from eachother. The distanced canbe muchlarger thanthe effective detectorlengthd�f�g�h .
Figure38 shows theluminosityandbeam-beamtheshiftsasa functionof crossing

angleascomputedfrom Eqs.(38) and(41) for the so-calledultimateLHC bunchin-

tensityof i@jlk KnmBoPp'K:q crc with regularGaussianbunchesof 7.7-cmrms length,and

consideringcollision-pointbetafunctionswhicharereducedfrom thenominalvalueof

0.5m to 0.25m. Thenumberof bunchesis unchangedcomparedwith thenominalsce-

nario. Assumingtwo interactionpointswith alternatingcrossing,the maximumtotal

beam-beamtuneshift is givenby thesum
NPO htsrh S ? NPO@u E N+ORQ G

. This total tuneshift

is alsoshown in thefigure. For crossinganglesof 300–400v rad,it is quitemoderate,

andmuchbelow thehighestvaluesachievedelsewhere(compareTable5).

Figure39 shows thecorrespondingcurvesfor a coastingbeamor for a superbunch

scheme.If theentirering is filled, with 40 A dc current,theluminosity is of theorder

of w pxKyq{zr| cm] 9 s] c . If only a 1/40thof thering is occupiedtheluminositycouldstill

Kyq zr} cm] 9 s] c with anaveragecurrentof 1 A. Theseparametershavenotyetbeenfully

optimized.

3.2 Crab Cavities

As shown in Fig. 38 theluminositydecreasesfor largercrossingangles.This luminos-

ity losscanbeavoidedby meansof ‘crabcrossing’,aschemewhichwasfirst proposed

for linearcolliders,~ z andwill be testedat theKEK B factory. Thebasicideaof crab



Fig. 38. Luminosity(top) andtotal beam-beamtuneshift (bottom)vs. crossingangle;

parameters:�%�����n�B�����y���r� , �D���'���B��� m, ���@�����B� cm, ������������� , �������'�����_��  m.



Fig. 39. Luminosity(top) andtotal beam-beamtuneshifts(bottom)vs.crossingangle,

for acontinuousbeamwith aline density¡£¢'¤�¥B¤�¦¨§y©�ªrª m«¬ª (40A current),­D®�¢'©�¥�¯_°
m, ±�²�³�´�¢µ§ m, ± ¢'¯_© m, and¶
·�¸�¢�¹�¥�º_°D» m.
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Fig.40. Applying adeflectionof oppositesignto theheadandtail of eachbunchavoids

luminositylossdueto thecrossingangle.

crossingis illustratedin Fig. 40. Thedifferentialdeflectionreceivedin thedipolecav-

ities alignsthebunchesat thecollision point, so that the luminosity is thesameasfor

head-oncollisions.

The crabcavities would be mostuseful if they would allow separatingthe beams

after the collision into two disjoint quadrupoles.Assumingthat thedistancebetween

thelastquadrupoleandtheIP remainsabout20m,andconsideringanouterquadrupole

radiusof 25 cm, a schemewith two separatefinal quadrupolesrequiresa minimum

crossingangleof Ë�Ì@ÍÏÎ�Ð mrad.Thecorrespondingtransversecrabdeflectingvoltage

is Ñ Ò¨Ó Ô:ÕUÖ&×�Ø Ë�ÌÚÙ_ÎÛ(Ü�ÝtÞ ßDàá ß�â Ýtãräá å (43)

where
Õ

is thebeamenergy, Ü�ÝæÞ theangularrf frequency, andß â Ýæãräá thebetafunctionat

thecavity.

Table12 comparesthecrab-cavity parametersrequiredfor suchtypeLHC upgrade

with thosedesignedfor theKEK B factory. TheLHC requiresabout100 timesmore

deflectingvoltage,primarily dueto the increasedbeamenergy. Note alsothat the rf

frequency of 1.3 GHz chosenwould be too high for the presentnominalLHC bunch

length.



Table12. Comparisonof crabcavitiesparametersfor KEKB with thosefor anadvanced

LHC upgrade.

variable symbol KEKB HER LHC

beamenergy ç 8.0GeV 7 TeV

RF frequency èyétê 508.9MHz 1.3GHz

half crossingangle ë�ì�í_î 11 mrad 12.5mrad

IP betafunction ïDðñ 0.33m 0.25m

cavity betafunction ï�ò éæórôñ 100m 2000m

requiredkick voltage õ�ö 1.44MV 144MV

3.3 StrongerMagnets

In orderto reacha higherenergy in theLEP/LHC tunnel,strongermagnetsareabso-

lutely needed.Thesestrongermagnetswould alsobe in line with the historial trend,

evidencedin Fig. 2. Thereexist s.c.magnetmaterialswhich cansustainmuchhigher

fieldsandcurrentdensititiesthanNbTi, thematerialusedsofar for all acceleratormag-

nets.A candidatematerialwhichcouldapproximatelydoublethemaximumfield of the

magnetsis Nb÷ Sn. Table13 summarizesthehistoricalevolution of thefield strengths

achieved in Nb÷ Snmagnets.Nb÷ Sn is morebrittle thanNbTi, which complicatesthe

cablefabricationandtheprocessingprocedures,but recentprogressbodeswell for the

future.

3.4 Emittance Evolution

Thesynchrotronradiationamplitudedampingtime isøæù
únû&ü�ûþý ÿ��������	��
 ÷� � � ÷�
 ��� �

�� � ç
�
î���� �

�������������
ç �"!$#	%'& � �(!)& �

�
î����

*,+
� +.- (44)

Thedampingdecrementis definedas

/ ý 0213�465 ú ñ87 9 � : -�;=< �?>A@.B ÷ çC�(!$#	%'& � � �"!)& �
÷* + (45)

wherewehaveassumed3�465 ý î interactionpoints.

Radiationdampingcouldimprovethebeam-beamlimit, ahypothesiswhich is sup-

portedby the muchhighertuneshifts achieved in electron-positroncollidersascom-



Table13. Evolutionof NbD SnMagnets.EGF
year group type field/gradient

1982 CERN quad 71 T/m

1983 CERN/Saclay dipole 5.3T

1985 LBL dipoleD10 8 T

1986 KEK dipole 4.5T

1988 BNL dipole 7.6T

1991 CERN-ELIN dipole 9.5T

1995 LBNL hybriddipoleD19H 8.5T

1995 UT-CERN dipoleMSUT 11.2T

1996 LBNL dipoleD20 13.3T

2001 LBNL commoncoil dipole 14.4T

paredwith hadroncolliders.Measurementsandsimulationshavebeenfitted byEGH
IKJ�LNMPORQ�STQ�Q�UWVXQYS�Q�Z�[]\_^a`�[�QAb F�ced�f g S (46)

Figure41illustratesthisdependence.SuperimposedonthecurverepresentingEq.(46)

aredatafrom hadroncollidersandfrom LEP. Thepointsfor thefuturehadroncolliders

werechosenon top of thepredictedcurve. The figuredemonstratesthateven for the

next and the next-to-next generationsof hadroncolliders, the dampingdecrementis

still too smallto noticablyenhancethemaximumbeam-beamtuneshift.

A more importantconsequenceof synchrotronradiation is the shrinkageof the

emittanceduring the store. As mentionedearlier the situationis still different from

electronstoragerings,asthedampingtimeis of theorderof hoursandnotmilliseconds.

Theequilibriumemittancedueto synchrotronradiationisEGg
hji_kl8m npo q�qr ZYs r tuwvx l

y Dz D {
|Z�}2~ D S

(47)

For bothLHC-II andVLHC, this 2–3orderssmallerthanthedesignemittance,imply-

ing thepossibilityof excessivebeam-beamforces,andthegenerationof beamhaloand

background.

However, anequilibriumemittanceof muchlargervaluewill bereachedmuchear-

lier, namelyatthetimewhentheradiationdampingis balancedby intrabeamscattering.



Fig. 41. Tuneshift parametervs. dampingdecrement.(LEP datacourtesyof R. Ass-

mann;LEPwasnotbeam-beamlimited)

Thebeamsizegrowth ratefrom intrabeamscatteringis�N��
�K�8� �6����� ���a��a����������Y��� ��8� �W� � � ��� ���¡ Y¢£ Y¤ (48)

where ��� �¦¥�§ . Asymptotically, for
�©¨ ��ª

, oneexpectsthat
��« � ¤ � �6��� � ��« ���8� �6��� and Y¤ � �­¬�® �ª � � «�¯ . �N� Equatingthe intrabeam-scatteringgrowth rateandthe radiation

dampingyieldsthefollowing expressionfor theequilibriumemittance�G° :
� �6����8� �p± ¯A² ®´³ �¶µ ®´¬���ª�� � ®´³

·¹¸�º¼»�½�¾¿º¼»
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®´³ Ã
¥�Ä ¯

µ ®´³ Å � � �$���� µ ®´¬ÇÆ
(49)

where
¸�º¼»

denotesthe rf frequency,
¾AºG»

the total rf voltage, � ± �´È8«�� � the asymptotic

emittanceratio asdeterminedby linearcouplingandspuriousverticaldispersion.

To give a concreteexample,we take theLHC-II parametersof Table3. Note that

theseassume� ± � , whichcanbeachievedby skew qudrupolesand/oraproperchoice

of betatrontunes.Figure42 shows the predictedemittancevariationasa function of

time, andFigs.43, 44, and45 thebunchpopulation,beam-beamtuneshift, andlumi-

nosity, respectively. Theresultis encouraging:the luminosity initially stayshigh and

almostconstant,while thebeam-beamtuneshift only slowly andmoderatelyincreases.



Fig. 42. Evolutionof transverseemittancevs.time in LHC-II at28TeV centre-of-mass

energy, for the parametersof Table3. The simulationincludessynchrotronradiation

damping,intrabeamscattering,andparticleconsumptionin thecollision.

Fig.43. Evolutionof beamcurrentvs.timein LHC-II at28TeV centre-of-massenergy,

for theparametersof Table3.



Fig. 44. Evolution of beam-beamtuneshift vs. time in LHC-II at 28 TeV centre-of-

massenergy, for theparametersof Table3.

Fig. 45. Evolution of luminosityvs. time in LHC-II at 28 TeV centre-of-massenergy,

for theparametersof Table3.



3.5 CollectiveEffects

Oneof the mostharmful collective effectsis the lossof Landaudampingfor higher-

orderlongitudinalmodes.If thebunchbecomestoo shortthefrequency spreaddueto

thenonlinearityof the rf decreases,andLandaudampingmaybe lost. The condition

for stability is

ÉYÊ)Ë ÌÍ�Î ÎÐÏÑ Ò�ÓjÔ�ÕGÖØ×aÙÚ ÏÕ¼Û�Ü Õ¼ÛÞÝNß à$á
â ÖØã

äæå´ç
è (50)

Figure 46showsthatin thecontemplatedscenariofor LHC-II Landaudampingwould

belost afterabout3 hours.LongitudinalnoiseexcitationéGê couldmaintaina minimum

bunchlengthandtherebystabilizethebeam,asis illustratedin Fig. 47.

Fig. 46. Evolutionof thermsbunchlengthduringastorein LHC-II, andtheinstability

thresholdsfor ÝNßìë à$áîí âðï ÖØãCñóò èeôöõ (asestimatedfor LHC), for 28TeV centre-of-mass

energy, andtheparametersof Table3.

As for the LHC, other collective effects that may occur are the longitudinal mi-

crowaveinstability, thetransversecoupled-bunchresistive-wall instability, andtheelec-

troncloud.

Figure48displaysthesimulatedarcheatloadin theLHC dueto theelectroncloud

asa functionof bunchspacing.For bunchspacingsshorterthanthenominal,theheat

load caneasily increaseby an orderof magnitude.Only whenthe spacingbecomes



Fig. 47. Evolutionof thermsbunchlengthduringastorein LHC-II, andtheinstability

thresholdsfor ÷Nø¶ù_ú¡û�ü�ýöþeÿ���� �����
	 (asestimatedfor LHC) whenafter3 hoursrf noise

is addedto maintainaconstantlongitudinalemittanceof � û
� ��������� eVs.



comparableto thebunchlength,andweapproachthelimit of acoastingbeam,doesthe

heatloadagaindecrease.

Fig. 48. AverageLHC arc heatload asa function of bunchspacing,for a maximum

secondaryemissionyield of ��������� ����� , a beamenergy of 7 TeV, andtwo different

bunchpopulations� � .

3.6 Total Curr ent and Synchrotron Radiation

Thetotalbeamcurrentcouldbelimited eitherbymagnetquenchesduetogasscattering,

or by themaximumtolerablesynchrotronradiationpower,

!#"�$ �
%'&�(*) �*��+,�.-%0/ �21,354�687�9:+,�.�*�<; (51)

where 1=3 denotesthe energy lossper turn, and
%'& �?>�@
ACBED5FGAIHKJLFG-NMPO�QSR?T��VUCU�W
X

��TZYI[�\
]^AC_a`cb Q (JLF is theprotonmass,and DGF theclassicalprotonradius).Using the

expressionsfor theluminosityandthebeam-beamtuneshift, Eq. (51) canberewritten

as\8d !e"�$ � W�@fDCQcghMFi B�- (kj l�#m l M
( QcghM5n,oqprs i tCuwvPu

%
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This implies the following scaling.y�z If the magneticfield is held constant,then{�|w}~| ���~�C�
andtheradiationpower increasesas �#��� �2���5� . Ontheotherhand,if the

magneticfield follows thehistoricalevolution, � ������� � , we obtain
{�|N}P|E���~��� �

and

thepowergrowsas �#��� �2�*� � �5� . In thenext generationof hadroncolliders,thepower

perunit lengthdepositedby synchrotronradiationis alreadyof theorderof 1 W/m, and

this scalingindicatesmuchhigherpower levelsfor themachineswhich follow.

It is not easyand ratherinefficient to absorbthis energy inside the magnetsat a

temperatureof a few Kelvin, even usinga beamscreen.For the VLHC, P. Baueret

al. have proposeda moreefficient scheme,which is basedon discretewarm photon-

stopsinsertedinto the beampipe.y � Suchphotonstopswould considerablyimprove

theefficiency andcouldreducethewall plugpower requiredfor coolingby anorderof

magnitude.However, thestopshave to beretractedat injectionandthey contributeto

thebeam-pipeimpedance.

3.7 The VLHC

TheVLHC designstudyhasmadegreatprogressrecently,y � andacompletereporthas

beenpublishedbeforeSnowmass2001.� TheVLHC circumferenceis almost10 times

that of LHC, andthe costsarekept low, by stagingthe project,andby economizing

the magnets.The first stageuses2-T magnets,whosedesigncomprisesa small 100-

kA superconductingtransmissionline surroundedby thebeampipeandby warmiron

yokes,which determinethe shapeof the field. The operatingmargin of several such

designshasbeenverifiedin a100-kA testloopat Fermilab.

A singletunnelcanhousethestage-1magnets,andat a later time thehigher-field

stage-2magnets,which will increasethecentre-of-massenergy to valuescloseto 200-

TeV.

A completesite layouthasbeenproposed,adjacentto theTevatron,thelatterserv-

ing asaninjector. Thelayoutforeseestwo collision points,bothcloseto theFermilab

site,andit includesabypassline for thelower-energy stage-1ring aroundthedetectors,

which is needed,oncethestage-2is operational.

4 Conclusions

Hadroncollidershave performedexceedinglywell in the past. The LHC will break

new territory. With 14TeV centre-of-massenergy, anda luminosityof
���P���

cm� � s� � , it



will surpassall previouscolliders. TheLHC designis basedon theexperiencegained

at the ISR, SPS,the Tevatron, HERA, RHIC, and other machines. The underlying

assumptionsareratherconservative.

Yet,theacceleratorphysicistsfacevariousexciting challenges,e.g., relatedto mag-

net design,cryogenics,long-rangebeam-beamcollisions, strong-strongbeam-beam

collisions, radiationdamping— which for the first time is strongerthan intrabeam

scattering—, andtheelectroncloud.

BeyondthenominalLHC, studieshave startedon LHC luminosityandenergy up-

grades.A moreambitious2-stageVeryLargeHadronColliderhasbeenproposedin the

US.Thesecondstageof theVLHC couldreachanenergy of 175TeV in thecentreof

mass.Theproblemsconfrontedby thesefutureprojectsincludethedevelopmentof new

magnetswith eitherhigherfield or muchreducedproductioncosts,thepossiblylarge

circumference,the increasedsynchrotronradiation,andagainthe electroncloud. A

furthernew developmentare‘quasi-continuous’beamsor superbunches.Thesemight

provide a pathtowardssignificantlyhigherluminosity. They mayalsoallow for a re-

ducedbeam-beamtuneshift, suppresstheelectron-cloudbuild upandavoid PACMAN

bunches,i.e., buncheswith unfavorablelong-rangecollisions.

In conclusion,profiting from enhancedsynchrotronradiation,the LHC upgrades

and the VLHC hold the promiseof further substantialadvancementsin energy and

luminosityat sustainablepower levelsandcosts.
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RECENT RESULTS FROM FOCUS
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RepresentingtheFOCUSCollaboration

ABSTRACT

Somerecentresultsfrom theFermiNationalAcceleratorLaboratory(Fer-
milab) fixedtargetexperimentFOCUSarepresented.In particularwedis-
cussa studyof thedecay

����� ���	��

andits implicationsfor mixing, a

searchfor directCPviolation andsomenew measurementsof charmpar-
ticle lifetimes.
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Fig. 1. Feynmandiagramsof theDCSandmixing processesfor ����� ���	���
1 Introduction

Precisemeasurementsof charmedparticledecayschallengeexisting theoreticalmeth-

odsof calculatingthe dynamicsof heavy quarkdecays.Additionally mixing andCP

violation areexpectedto besmall in this sectormakingit an idealplaceto searchfor

non-StandardModel physics. FOCUSis a photoproductionexperimentwhich took

dataduring the 1996-1997fixed target run at Fermilab. Bremsstrahlungof electrons

andpositronswith an endpointenergy of approximately300 GeV producesa photon

beam.Thesebeamphotonsinteractin asegmentedberyllium-oxidetargetandproduce

charmedparticles. The averagephotonenergy for eventswhich satisfyour trigger is� 180GeV. FOCUSusesanupgradedversionof theE687spectrometerwhich is de-

scribedin detailelsewhere.� Chargeddecayproductsaremomentumanalyzedby two

oppositelypolarizeddipolemagnets.Trackingis performedby asystemof siliconver-

tex detectorsin thetarget region andby multiwire proportionalchambersdownstream

of the interaction. Particle identification is performedby three thresholdČerenkov

counters,two electromagneticcalorimeters,anhadroniccalorimeter, andby a system

of muondetectors.

2 The decay  "!$# % &('*)
Thedecay� � � � � � � (throughoutthis articlethechargeconjugatemodeis implied

unlessotherwiseindicated)may occureitherasa doubly Cabibbosuppressed(DCS)

decayor throughmixing of the ��� into a +� � followedby the CabibboFavored(CF)

decay +� � � ���	�,� . Thereforethe wrong-sign(WS) decayrate -/.10 canhave con-

tributionsfrom both DCS andfrom mixing. The time-dependentratefor WS decays

relative to theCF processis:



0

2500

5000

7500

10000

12500

15000

17500

20000

0.14 0.15 0.16 0.17
∆m RS Tagged   GeV/c2

D
0  y

ie
ld

/(
1 

M
eV

/c2 )

0

50

100

150

200

250

300

350

0.14 0.15 0.16 0.17
∆
2

m WS Tagged   GeV/c2

D
0  y

ie
ld

/(
1 

M
eV

/c2 )

Data
Background Fit
Signal Fit

0

100

200

300

RS Close-upRS Close-upRS Close-upRS Close-upRS Close-up

Signal
Region←3

Fig. 2. RSandWSsignalsfor thedecay 45�687 9�:<;�=
>@?BADCFEHGI>/JLKNM/OQP >/JLKNMSRUTVAWO ?IXYT[Z\O]RUT[Z^C_ A Za`8b =dc

(1)

where
A

is in units of the
5 6

lifetime andwe have usedthe strongphase( e ) rotated

conventionof CLEO
Z

where
RUTYEfRhgjilk edm Xnkpo[q e and

XYT<ErXngjilk e O/R8kpo[q e . XsEut(vxwzy
and

R{E|t@y,wz}zy
aretheusualmixing parameters.UsingMonteCarlo(MC) generated

sampleof 45 6 7 9�:<;�=
decays,(with aninput lifetime of 413fs for the

5 6�~
), we can

calculatetheexpectednumberof WS eventsby re-weightingeachacceptedMC event

with aweightgivenby:

����E������ c ���� K�� >/JLKNM�O P >/JLKNMSR�T�A���O ?IXYT[Z�O]RUT[Z^C_ A Z�^���
(2)

where
A��

is the generatedpropertime for event � , and ����� c � ( ��� K ) is the numberof

acceptedRSeventsin thedata(MC).SummingEquation2 overall acceptedMC events

anddividing by �1��� c � weobtain:

>���M�Ef>/JLKNM�OrP >�JLKNMdR���AD�LO ?BXYT Z O$R�T Z C_ �BA Z ���
(3)

Theaverages
��AD�

and
��A�Z��

areobtainedfrom thegeneratedlifetime of theaccepted

MC events. We find
��AD��E��l� �l¡z¢¤£u¥�� ¥l¥z¢

and
��A Z ��E§¦¨�ª©¨�n£u¥¨�ª¥l¦

wherethe error is

a systematicobtainedby comparingthe reconstructedMC averagesto thoseobtained

in the data. We now have an expressionfor
>/�1M

, which is the quantitywe measure

experimentally, in termsof
>/JLKNM

andthemixing parameters
XYT

and
R�T

.



Fig. 3. «/¬L­N® vs. ¯U° . Contoursareplottedfor two valuesof ±Y° whichcover the95%CL

of theCLEO.II.V result.

We identify right sign(RS)andWS decaysby “tagging” thesoft pion in thedecay²´³�µ�¶ ²¸·º¹»¶ ¼¾½Y¿ÀµLÁ�¿Àµ
. In Figure2 weshow thesignalsobtained.TheWSsignalis

obtainedby fitting the
²�·

yield in binsof the
²´³�µ@ÂÃ²�·

massdifferenceandthefit is a

sumof a backgroundcontribution anda scaledsignalshapefrom theRS.We measure«/Ä1®�Å ¹�Æ¨ÇÉÈSÆzÈËÊÌÆ¨ÇªÆlÍSÎÏÊÐÆ�Ç ÆSÑzÎlÁÓÒ
with a WSyield of Ô ÈlÕÖÊÌ× Ô events.

In Figure3 we useour measuredvaluefor «/Ä1® to plot «�¬L­N® asa functionof ¯�° .
TheCLEO.II.V andFOCUSØ resultsarealsoincludedfor comparisonpurposes.The

FOCUSresultcomesfrom a measurementof ¯ usingthe lifetime differencebetween

CPevenandCPmixedfinal states.TheCLEO.II.V resultcomesfrom adirectmeasure-

mentof «/¬L­N® . Onecanonly comparetheFOCUSy valueto theothersby assuming

thatthestrongphaseÙ�Å Æ
.

If charmmixing is sufficiently small thenEquation3 tells us that «/Ä1®�ÚÛ«/¬L­N® .
In Table1 we list theexisting measurementsof this branchingratio undertheassump-

tion of no mixing or CPviolation. Our analysisof the decay
²�·�¶ ¼�µ	¿�½

hasbeen

publishedin Reference5.



Table1. Measurementsof Ü/ÝLÞNß assumingnocharmmixing or CPviolation.

Experiment Ü�ÝLÞNß (%) Events

CLEOà á�âäãlãÏåÌá�âäælçÏåÌá�âäælç èêé¨â[è
E791ë á�â ìlízîÓïpð ñóòô ïpð ñ�ñ åõá¨â álã öø÷
Alephù èzâäãlãøîÓïpð à ïô ïpð ú à åõá¨â ö�è æUèlâ ö
CLEO.II.V û á�â ölölæzîÓïpð ï à ñô ïpð ï à ú åÐá¨âªáz÷Sá ÷z÷Óâ í
ThisStudyú á�âª÷Sáø÷ËåÌá¨â ázíSçÏåÐá¨âªáSælç èj÷Sé
3 Search for Direct CP violation in the decays ü"ý þÿ���� ý and ü�ý þ ÿ��nÿ ý
CPis violatedwhenthedecayrateof a particlediffers from thatof its CPconjugate.�
In the Kobayashi-Maskawa ansatzthis arisesdue to the non-vanishingphasein the

Cabibbo-Kobayashi-Maskawamatrixwhenthedecayamplitudehascontributionsfrom

at leasttwo quarkdiagramswith differing weakphases.In additionfinal stateinterac-

tions(FSI)mustprovideastrongphaseshift. In theStandardModeldirectCPviolation

in thecharmmesonsystemis predictedto occurat the level of è á ô ñ or below. � ï The

mechanismusuallyconsideredis theinterferenceof thetreeandpenguinamplitudesin

singly-Cabibbosuppressed(SCS)decays.In thedecay� î�� 	 ß�
 î , (Thechargecon-

jugatestateis implied unlessstatedotherwise),theCabibbofavored(CF) anddoubly-

Cabibbosuppressed(DCS)amplitudescontributecoherentlywith, perhaps,a different

weakphase. In addition the isospincontentof the DCS amplitudediffers from that

of theCF casesowe canexpecta non-trivial strongphaseshift. Severalauthorshave

commentedon theeffect of 	 ï mixing on theCPasymmetryfor this decaymodeand

thepossibilityof usingit to searchfor new physics.����
�� û
Differencesin theweaktwo-bodynon-leptonicdecayamplitudesof charmedmesons

arealmostcertainlydueto FSI. Theseeffectstendto be large in thecharmedsystem

makingit anideallaboratoryfor their study.� ñ Theisospinamplitudesandphaseshifts

in � � 	�	 , � � 	 
 and � � 
�
 decayscanbe extractedfrom measurements

of thebranchingfractions.� ò For examplethemagnitudeof theI=3/2 amplitudecanbe

obtaineddirectly from the � î � �	 ï 
 î partialwidth.� ú
Previous studiesof � î � 	 ß�
 î and � î � 	 ß 	 î have concentratedon mea-

suringrelativebranchingratios.� à 
�� ë FOCUShasmadethefirst measurementof theCP

asymmetryfor thesedecays.



Table 2. Yields and relative efficienciesfor ����� ������� , ����� ������� and��� � � �!���"��� . Efficiency numbersare quoted relative to the averageof the���#� � �$���"�%� and �&��� ���'�(�!�(� efficiencies.We generateda very largeMonte

Carlosampleto renderthestatisticalerroron theefficienciesnegligible.
DecayMode ���)� ������� cuts ���)� ���*��� cuts

Yield Eff. Yield Eff.

� � � ����� � 5080 + 110 0.58 4487 + 96 0.51�&��� �����(� 5518 + 110 0.56 4770 + 96 0.50���&� ������� - - 495 + 38 0.26�&��� ����� � - - 454 + 42 0.25���&� � �!���"��� 84750 + 512 1.01 84750 + 512 1.01�&��� ���,�(�$�(� 91520 + 508 0.99 91520 + 508 0.99

To correctfor productioninducedasymmetrieswe make a doubleratio usinga CF

decaywherenoCPviolation is expectedto occur. Wemeasure

-/.!0)132/4 � ��5(6 274 � �,52/4 � � 5(6 274 � � 598 (4)

where(for example)

2;: � �,< 1 = 4 � � � ����� � 5= 4 � � � � � � � � � 5 (5)

i.e. theratio of theyieldsin eachdecaymodecorrectedfor efficiency andacceptance.

This lastquantityis equivelantto therelativebranchingratio for thedecayin question.

Theinvariantmasssignalsfor thedecays���#� ������� and ���#� ���*��� canbe

seenin Figures4 and5. Thereconstructionefficiencies,relative to thatof the � � �� �$���,��� normalizingmodearelisted,togetherwith theyields,in Table2.

In Table3 wepresentour relativebranchingratiomeasurementsandcomparethem

to the currentworld average.Finally in Table4 we show our
-/.!0

measurementsfor

the � � � ����� � and � � � ���*� � decaymodes.Thiswork hasnow beenpublished

in reference[18].



Fig. 4. >�?&@ A�B�C�? and >EDF@ A�B�C(D signals.

Table3. Relative branchingratio results.Thefirst error is statisticalandthesecondis

systematic.Weaccountfor thedecaychain GAIHJ@ A�BK@ C ? C D by multiplying our A�B
numbersby a factorof 2.91assumingthat LNMO> ? @ GAIHPC ?%QSR TVU LNMW> ? @ A�B�C ?�Q
; we thenquotetheseresultsin termsof GAIH .

Measurement Result PDG Average XY�Z\[%]9^I_`SaWbc]*dY�Z\[ ] ^e`gfhb ] b ] d MOi�jlknm�jpoqjlksr�meotjlkni T�Qvu MOi T kwjeoxrlkwj QvuY�Z\[ ] ^�_` a ` ] dY�Z\[ ] ^e` f b ] b ] d MOmlknj�reoqjlkni�ypotjlkni�j Qvu MOz{k\zpo T k T�QvuY�Z\[ ] ^�_` a ` ] dY�Z\[ ] ^I_` a b ] d M}|c~lkn~�mpo�|�k�|c~eotjlkn~�m Qvu M T mlkwieoti{k\y Qvu



Fig. 5. ����� ���*��� and �E�F� ���*� � signals.

Table4. CP asymmetrymeasurements.The first error is statisticalandthe secondis

systematic.

Measurement Result�/�!��� ����� �'� w.r.t. � � � � � � � � � �}�����n�e�����\�p�t�{�w� �v��/�!��� ������� � w.r.t. ���&� � �$���,��� �����l�n�e�t�l�n�e�����\� ����/�!��� ����� ��� w.r.t. � � � ����� � ���7�{���g�t�l���g�����\� ���



4 Charm Lifetimes

Precisemeasurementsof thelifetimesof charmedmesonsandbaryonsprovide anim-

portanttestof our theoreticalunderstandingof thedynamicsof heavy quarks.Heavy

Quark Effective theory relies on expansionsin the heavy quark mass,extensionsto

thecharmsectormaybecomplicatedby thelower massof thecharmquark.Lifetime

differencesbetweenmesonsandbaryonsin the beautysectortendto be significantly

scaleddown relativeto thoseof charm.Thusit hasbeensaidthat“the decaysof charm

hadronsactasnature’s microscopeinto thedecaysof beautyhadrons”.�W�
Historically, FOCUSis the only collaborationto have measuredall of theweakly

decayingcharmparticle lifetimes. Our excellent lifetime resolution(on the orderof

30fsfor somedecays),andhigh statisticsensurethatour new measurementswill once

againdominatetheworld average.Only with theadventof high statisticscharmanal-

ysesfrom the  c¡' £¢ factorieswill moreprecisemeasurementsbe forthcoming. In that

eventour precisionmeasurementswith tightly controlledsystematicsshouldserve as

a benchmarkby which to evaluateandcontrolsystematiceffectsuniqueto thecollider

regime.

Currentlywe have publishedresultsfor the ¤ ¡¥ andarein theprocessof finalizing

the ¦ ¡¥ , § ¡ , §�¨ , § ¡© , ¤S¨¥ and ªJ¨¥ lifetime analyses.

4.1 «­¬® Lifetime

We have measuredthe ¤ ¡¥ lifetime usingfive differentdecaymodeswhich occur in

eightdistinct topologies.In Figure6 we show thesignaldistributionsandthelifetime

fit is shown in Figure7. Our analysiswasbasedon a yield of ¯�°�±{²s³µ´q°�¶l²s³ events.We

measuredalifetime of ³�°�·'´F±�±"´�· fs wherethefirst erroris statisticalandthesecondis

systematic.In Figure8 wecomparethis resultto previousexperimentalmeasurements.

Theimprovementover previousresultsis obviousasis thefact that theworld average

for the ¤ ¡¥ lifetime will increase.Several authorş�¨O¹v¸�º predict that »�¼W¤ ¡¥¾½#¿ »%¼W¦ ¡¥%½
wheretheinequalityrepresentsa factorof about1.3. Usingthe ¦ ¡¥ lifetime averageof

PDG,CLEO andSELEX,º�À ¸ÂÁPÀ ¸�Ã ( ¶l²�Äc·lÄcÅ7´Æ¶l²w¶�¶�¯£³ ps)andthe ¤ ¡¥ lifetime reportedin

this paper, oneobtainsa ratio »�¼W¤ ¡¥¾½�Ç »%¼W¦ ¡¥�½gÈ ±{²\±£·p´q¶l²ÉÄÊ³ , which differssignificantly

from theprediction.Thiswork is now publishedin reference[26].
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Fig. 6. Signalsfor thefive differentdecaymodesusedin our determinationof the Ò�ÓÔ
lifetime. Thebottomright plot is thesumof all themodes.



Reduced Proper Time

10 2
Õ

10 3
Ö

10 4
×

0
Ø

0.5
Ø

1 1.5 2 2.5 3

ps

C
or

re
ct

ed
 E

ve
nt

s/
(4

0 
fs

)

τ= 0.439± 0.022± 0.009 ps

Fig. 7. Thecombinedlifetime fit to thebackgroundsubtracted,MonteCarlocorrected,

reducedpropertimedistributionobtainedfrom all thestudieddecaymodes.



FOCUS (532)
Ù
CLEO(250)
Ú
PDG 2k

E687(2) (56)
Û
E687(1) (30)
Û
NA32 (6)
Ü
E400 (102)

WA-62 (53)
Ý

0
Þ

0.1
Þ

0.2
Þ

0.3
Þ

0.4
Þ

0.5
Þ

0.6
Þ

0.7
Þ

0.8
Þ

Preliminary

Excluded in PDG2K fit

Preliminary
ß

Ξ
à

c
+ lifetimes (10-12s)á
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measurement.

4.2 åVæç Lifetime

We have alsomeasuredthe lifetime of the èJãä from the decaymode èéãäëê ì$í î!ï ã .
Wereconstructedð�ñ�ò�óõô öc÷�÷ eventsanddeterminedthelifetime to be ÷�ñ�ó!ønù¾ô�òløsóõôI÷{øwú
fs. This resulthasbeensubmittedfor publication.ûýü

We areanalysingtwo decaymodesfor the âSþä which occurin five separatetopolo-

gies.In Figure11 thesignalsusedin our preliminarydeterminationof this lifetime are

plotted.Using öcò�ÿpô�öcð{øwð eventswemeasurethelifetime to be ö ñ � ã��Wþî�� fs.

In additionto theseanalyseswearealsoworkingon thelifetime measurementsfor

the ��þ , ��ã and �Jþä .

5 Summary

We have presentedsomerecentresultsfrom FOCUSon mixing, direct CP violation

limits andcharmlifetimes.Many of theseanalysesaresoonto be,or havealreadybeen
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published.In additionwe areworking on a wide varietyof othertopicssuchasDalitz

analyses,���� production,semileptonicbranchingratiosand form factors,five-body

hadronicdecaysandthespectroscopy of excitedcharmmesons.
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