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We explore for the first time the possibilities to measure an intermediate-mass (mH = 115 – 140 GeV/c2)
Standard-Model Higgs boson in electromagnetic proton-lead (pPb) interactions at the CERN Large Hadron
Collider (LHC) via itsbb̄ decay. Using equivalent Weizsäcker-Williams photon fluxes and Higgs effective field
theory for the couplingγ γ → H, we obtain a leading-order cross section of the order of 0.3 pb for exclusive

Higgs production in elastic (pPb
γ γ−−→ p H Pb) and semielastic (pPb

γ γ−−→ X H Pb) processes at
√

sNN = 8.8
TeV. After applying various kinematics cuts to remove the main backgrounds (γ γ → bb̄ and misidentified
γ γ → qq̄ events), we find that a Higgs boson withmH = 120 GeV/c2 could be observed in thebb̄ channel with
a 3σ-significance integrating 300 pb−1 with an upgradedpA luminosity of 1031cm−2s−1. We also provide for
the first time semielastic Higgs cross sections, along with elastictt̄ cross sections, for electromagneticpp, pA
and AA collisions at the LHC .

PACS numbers: 14.80.Bn, 25.20.Lj

I. INTRODUCTION

The standard model (SM) of particle physics predicts the existence of a scalar Higgs particle (H) to explain the
breaking of the electroweak gauge symmetry observed in nature [1]. Direct searches for the Higgs boson at the LEP
collider have constrained its mass above 114.4 GeV/c2 at 95% confidence level (CL) [2], and global fits to precision
electroweak data excludemH > 154 GeV/c2 at 95% CL [3]. Yet, it turns out that the favored intermediate-mass
range above the LEP limit is the most difficult region for Higgs searches inpp collisions at the LHC. Indeed,
for mH < 135 GeV/c2, the dominant decay mode isH → bb̄ with a typical cross sectionσ(H → bb̄) ≈ 30 pb
at
√

s = 14 TeV [4], which is overwhelmed by the combinatorial background from QCDb-jets production with
σ(bb̄) ≈ 500µb. As a matter of fact, theH → bb̄ decay channel is now considered unaccessible1 at the LHC [7, 8],
and testing the expected mass-dependent Yukawa coupling of the Higgs boson to theb-quark seems to be left open
to study only at a nexte+e− linear collider. In the intermediate-mass range, standard Higgs searches need thus to
resort either to rare decay modes such asH → γ γ or to very stringent cuts on the final-state particles, which lead to
3–4 orders of magnitude reduction of the observed cross section.

In this context, the clean topologies ofexclusiveHiggs production in “peripheral”pp processes mediated by
colorless exchanges – such as two gluons in a color-singlet state (Pomerons) [9, 10] or two photons [9, 11] – are
attracting increasing interest [12, 13] despite their much smaller cross sections,O(10−4 − 10−5), compared to the
dominant gluon-fusion or vector-boson-fusion (VBF) Higgs production channels. Exclusive events are characterized
by wide rapidity gaps on both sides of the singly produced central system and the survival of both protons scattered
at very low angles with respect to the beam. The final-state is thus much cleaner with just the decaying prod-
ucts in the central detector, the signal/background is much more favorable than in parton-parton interactions, and
the event kinematics can be constrained measuring the final protons with near-beam detectors in the LHC tunnel [14].

In this work we consider Higgs production fromγ-γ collisions, also known as ultraperipheral collisions
(UPCs) [15], with proton and ion beams at the LHC. All charges accelerated at high energies generate electromag-
netic fields which, in the equivalent photon approximation (EPA) [16], can be considered as (quasireal) photon
beams2 [17]. A significant fraction of thepp [13, 14] and PbPb [18] collisions at the LHC will involve for the
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1 There are however recent developments [5, 6] that give some hope in theW H(bb̄) andZ H(bb̄) associated production modes.
2 The emitted photons are almost on mass shell, with virtuality−Q2 < 1/R2, whereR is the radius of the charge, i.e.Q ≈ 0.28 GeV for protons
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first time γ-induced interactions at TeV energies with effective photon luminosities never reached before. The
highest available photon energies are of the order of the inverse Lorentz contracted radiusR of the source charge,
ωmax ≈ γ/R. The photon spectrum is thus harder for smaller charges, which favors proton over nuclear beams in
the production of heavy particles. However, since the photon flux scales as the squared charge of the beam,Z2,
two-photon cross sections are extremely enhanced for ion beams (Z4

Pb = 5·107 for lead-lead). Particle production in
two-photon interactions at hadronic colliders has been studied at RHIC by PHENIX [19] and STAR [20, 21], and
at the Tevatron by CDF [22–24]. They are also part of the ALICE[25, 26], ATLAS [27, 28], CMS [29, 30] and
LHCb [31, 32] physics programmes with proton and/or nuclear beams. Two-photon fusion favors the production of
spinless resonances (γ γ → vector is forbidden by the Landau-Yang theorem). In this work, we propose to exploit
the photon fluxes generated by both the proton and Pb ions at the LHC to study the possible production of the
SM Higgs boson. Higgs photon-fusion production in proton ornucleus collisions at TeV energies is not a new
idea (see e.g. [33] for references). Pioneering calculations for pp [34] and PbPb [35–37] collisions, updated more
recently [9, 38–40], predict cross sections of a SM Higgs boson with mH = 120 GeV/c2 in theσpp→γ γ→H = 0.1 fb
andσPbPb→γ γ→H = 10 pb ranges respectively. Unfortunately, the small value of the pp cross section and the large
event pileup3 in ppcollisions on the one hand, and the very low design luminosities expected for PbPb, on the other,
preclude any real measurement of the Higgs boson in those channels.

Our proposal to studyγ γ → H in pA collisions presents advantages with respect to both ultraperipheral AA and
pp collisions. First, compared to AA, one benefits from (i) beamluminosities more than 4 orders of magnitude
larger: LpPb ∼ 1031 cm−2s−1versusLPbPb ∼ 1027 cm−2s−1, (ii) higher beam-beam c.m. energies:

√
sNN = 8.8

TeV compared to 5.5 TeV, (iii) higherγ γ c.m. energies (harder proton photon spectrum and smaller distance of
approach between the centers of the radiating charges), and(v) easy removal of other photoproduction backgrounds
characterized in the AA case by additional photon exchangeswhich lead to forward neutron(s) emission. The net
result is that one can reach higher masses and yields for any centrally produced systemH. The advantage with
respect topp UPCs is threefold: (i) aZ2 increase in one of the photon fluxes, and the possibilities (ii) to trigger
on and carry out the measurement with almost no pileup, and (iii) to remove most of the exclusive diffractive
backgrounds – since the nucleus is a fragile object, Pomeron-mediated interactions inpA will, at variance withpp,
almost always lead to the emission of a few nucleons detectable in the zero degree calorimeters.

In the following, we present a detailed generator-level study for the exclusivepPb
γ γ
−−→ p H Pb (elastic) and

pPb
γ γ
−−→ X H Pb (semielastic) processes (Fig. 1), obtained with themadgraph code supplemented with nuclear equiv-

alent photon spectra. We compute the tree-level SM cross sections for the signal – in the Higgs effective field theory
(HEFT) approximation – and for the expected backgrounds. Wedetermine the expected yields in 1-year run taking
into account the maximum attainablepPb luminosities. We then discuss the reconstruction of theH → bb̄ decay for
a Higgs boson withmH = 120 GeV/c2, including the trigger and analysis cuts needed to minimizethe backgrounds.
After accounting for basic detector reconstruction effects (b-jet misidentification,bb̄-jets invariant mass resolution),
we determine the expected statistical significance of the measurement. Our results are promising in various fronts.
First, they indicate that the study of the difficult H–b-quark coupling could be accessible in this production mode
at the LHC. Second, the observation of theγ γ → H process provides an independent measurement of the Higgs-γ
coupling (likely measured previously in the traditionalH → γ γ discovery channel). Theγ γ-Higgs cross section is
generated at the one-loop level by all heavy charged particles (W and top-quark in the SM) and is thus sensitive to
possible contributions of new charged particles with masses beyond the energy covered directly by the collider: e.g.
via chargino and top-squark loops in supersymmetric (SUSY)extensions of the SM.

II. CROSS SECTION EVALUATION

The cross section for a two quasireal photon process in hadronic collisions to produce a final stateH at center-of-
mass (c.m.) energyWγ γ (e.g. a particleH with massmH , see Fig. 1), factorizes into the product of the elementary

(R≈ 0.7 fm) andQ < 0.06 GeV for nuclei (RA ≈ 1.2A1/3 fm) with mass numberA > 16.
3 Pile-up refers to the overlapping events occurring in the same bunch-crossing at high luminosityL. For the nominalpp running at
L = 1034 cm−2s−1 one expects about 25 simultaneous collisions at the LHC.
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FIG. 1: Feynman diagrams for two-photon collisions with proton and nucleus beams producing a Higgs boson decaying into
H → bb̄. (a) Elastic production (both photons are emitted coherently and the proton and nucleus survive). (b) Semielastic
production (the photon from the proton is emitted by a quark,the proton subsequently breaks up).

cross section forγ γ→ H convoluted with the equivalent photon spectra from the two colliding beams:

σ(A B
γ γ
−−→ A H B) =

∫
dω1dω2

fγ/A(ω1)

ω1

fγ/B(ω2)

ω2
σ(γγ→ H(Wγ γ)), (1)

whereω1 andω2 are the two photon energies, andfA,B(ω) are the photon fluxes at energyω emitted by the hadrons
A andB. The photon energies determine the c.m. energyWγ γ =

√
sγ γ =

√
4ω1ω2 and the rapidityy of the produced

system:

ω1,2 =
Wγ γ

2
e±y, and y = 0.5 ln(ω1/ω2). (2)

For symmetric systems, the maximum effective two-photon energyWmax
γ γ occurs at y = 0, when

ωmax
1 = ωmax

2 ≈ γ/bmin whereγ =
√

sNN/(2mN) is the Lorentz relativistic factor4 and bmin ≈ 2RA the mini-
mum separation between the two charges of radiusRA. Note that these “maximum” photon energies do not have
to be interpreted as a hard cut-off but as an indication of the energy (ω > γ β/b) from which the photon flux is
exponentially suppressed.

Table I summarizes the most relevant parameters for ultraperipheralpp, pA, and AA collisions at the LHC [18,
41]. It has to be noted that whereas proton-proton and nucleus-nucleus collisions are obviously part of the approved
baseline physics programme of the LHC, proton-nucleus collisions are still considered as an upgrade of the heavy-
ion programme [41, 42]. Detailed studies [42] have nonetheless shown that is a perfectly feasible mode of operation
of the collider, and its physics possibilities have been discussed vastly in the literature as a crucial baseline for the
interpretation of the AA data [41, 43, 44]. At the LHC, protons and ions have to travel in the same magnetic lattice5

i.e. the two beams have to have the same charge-to-mass ratioZ/A. This limits the beam momentum of a given
species top = 7 TeVZ/A for the nominal 8.3 T dipole bending field. Thus, the energy inthe nucleon-nucleon
center-of-mass is

√
sNN = 14 TeV

√
(ZAZB)/(A B). In the case ofAB collisions with asymmetric beam energies

the rapidity of the c.m. system shifts relative to the laboratory by ∆yc.m. = 0.5 ln [(ZA B)/(ZB A)]. Thus, for pA
collisions the rapidity shifts span a range of∆yc.m. = 0.35 – 0.47 for ions from oxygen to lead. Forγ γ processes
in ultraperipheralpA collisions, the average rapidity shift is even larger due to the harder EPA spectrum from the
proton (e.g.〈∆y〉 ≈ 1.7 for the case of 120 GeV/c2 Higgs boson, see Section IV). The quotedpA luminosities have
to be considered as unofficial but plausible values (see Section III C). The Table indicates that the “maximum”γ γ
c.m. energies attainable range from

√
smax
γ γ ≈ 160 GeV for PbPb to 4.5 TeV forpp (obtained takingRp = 0.7 fm).

Two-photon fusion collisions inpPb have
√

smax
γ γ ≈ 260 GeV, i.e. more than twice the most probable mass of the

SM Higgs boson.

4 mN = 0.9315 GeV/c2 for nuclei, andmp = 0.9383 GeV/c2 for protons.
5 The magnetic rigidity is defined asp/Z = B r for an ion with momentump and chargeZ that would have a bending radiusr in a magnetic field

B.
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TABLE I: Relevant parameters for photon-induced processesin A Bcollisions at the LHC: (i) beam luminosity,LAB, (ii) nucleon-
nucleon c.m. energy,

√
sNN, (iii) beam energies,Ebeam, (iv) Lorentz factor,γ =

√
sNN/(2mN), (v) effective radius (of the largest

species),RA, (vi) photon “cutoff energy” in the c.m. frame,ωmax, (vii) “maximum” photon-nucleon c.m. energy,
√

smax
γN
=√

2ωmaxmN, (viii) “maximum” photon-photon c.m. energy,
√

smax
γ γ , and (ix) hadronic cross section,σinel (theppvalue is from [45],

the pA and AA geometric cross sections are obtained with a Glaubermodel withσinel,NN ≈ 80 mb [46]).

System
√

sNN LAB Ebeam1+ Ebeam2 γ RA ωmax
√

smax
γN

√
smax
γ γ σinel

(TeV) (cm−2s−1) (TeV) (fm) (GeV) (GeV) (GeV) (mb)

pp 14 1034 7. + 7. 7455 0.7 2450 8400 4500 110

pO 9.9 2.7 · 1030 7. + 3.5 5270 3.0 340 2600 690 480

pAr 9.4 1.5 · 1030 7. + 3.15 5000 4.1 240 2130 480 830

pPb 8.8 1.5 · 1029 7. + 2.76 4690 7.1 130 1500 260 2160

OO 7.0 2. · 1029 3.5+3.5 3730 3.0 240 1850 490 1500

ArAr 6.3 0.6 · 1029 3.15+ 3.15 3360 4.1 160 1430 320 2800

PbPb 5.5 5 · 1026 2.76+ 2.76 2930 7.1 80 950 160 7700

A. Equivalent photon fluxes

In the Weizsäcker-Williams approximation [16], the flux ofequivalent photons from a relativistic particle of charge
Z is determined from the Fourier transform of its electromagnetic field. For an extended charge with form-factor
F(Q2), such as a proton or a nucleus, the energy spectrumfγ/A(x) = dnγ/dx, wherex = ω/E is the fraction of the
beam energy carried by the photon, can be calculated from [47]:

fγ/A(x) =
αZ2

π

1− x+ 1/2x2

x

∫ ∞

Q2
min

Q2 − Q2
min

Q4
|F(Q2)|2dQ2 , (3)

whereα = 1/137, andQ2 is the 4-momentum transfer squared from the charge. The minimum momentum transfer
squared,Q2

min ≈ (xmA)2/(1− x), is a function ofx and the massmA of the projectile.

For UPCs involving ions it is more appropriate to calculate the spectrum of equivalent photons as a function of
impact parameter [48, 49]. The photon energy spectrum produced by a chargeZ sweeping past a target, integrated
on the impact parameterb from bmin to infinity, is a textbook analytical result [50]:

fγ/A(x) =
αZ2

π

1
x

[
2xiK0(xi)K1(xi) − x2

i (K2
1(xi) − K2

0(xi))
]
, (4)

wherexi = x mN bmin, andK0, K1 are the modified Bessel functions of the second kind of zero and first order, related
respectively to the emission of longitudinally and transversely polarized photons. The transverse polarization
dominates for ultrarelativistic particles (γ ≫ 1). Although this approach treats the nucleus as an idealistic hard
sphere, the use of more realistic Woods-Saxon profiles giveseffectiveγ γ luminosities only about 5% lower [51]
than the hard-sphere approximation in the range of c.m. energies Wγ γ ≈ 0.5Wmax

γγ dominant in the exclusive
production of an intermediate-mass Higgs boson.

The figure of merit forγ γ processes in UPCs isLeff
γ γ ≡ LAB dLγ γ/dWγ γ whereLAB is the collider luminosity for

a givenA B system anddLγ γ/dWγ γ is the photon-photon luminosity as a function of theγ γ c.m. energy obtained
integrating the two photon fluxes over all rapiditiesy, d2Lγ γ/dWγ γdy = (2/Wγγ) fγ/A(Wγ γ/2ey) fγ/B(Wγ γ/2e−y).
For illustration, in Fig. 2 we showLeff

γ γ obtained from the parametrization of ref. [48] ofdLγ γ/dWγ γ for ion-ion
collisions and using theLAB luminosities quoted6 in Table I. The curves are computed for the elasticγ γ fluxes.

6 We note, as pointed out in [52], that theLeff
γ γ plot (Fig. 3) of [18], does not use correct (updated) values forLpp at the LHC.
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Inclusion of the semielastic fluxes would yield luminosities twice higher, as we discuss later. For comparison, we
also plot the effectiveγ γ luminosities ine+e− collisions at the ILC (Le+e− = 2·1034 cm−2s−1) for

√
s= 250 GeV and

500 GeV [52].

The elasticpPb two-photon luminosities at the LHC are similar to those for PbPb for lowγ γ center of mass
energy,Wγ γ, and become higher forWγ γ > 50 GeV due to the largerpPb beam energies. For energies of interest
for an intermediate-mass Higgs (dotted vertical line in Fig. 2), bothγ γ luminosities are still almost two order of
magnitude lower than that in proton-proton collisions. However, as we discuss in Section III C, there are seemingly
no technical reasons that would prevent one to increase the instantaneous proton-nucleus luminosity by up to a factor
O(60) (third curve in Fig. 2). We remark that our study, based onmadgraph, does not make direct use of the effective
two-photon luminosities plotted in Fig. 2, although it gives similar results for the fluxes as we explain below.
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FIG. 2: Effective elastic two-photon luminositiesLAB(dLγγ/dWγ γ) for pp, pPb and PbPb collisions at the LHC based on the
beam luminosities quoted in Table I. ForpPb we show also the curve corresponding to a×60 luminosity upgrade (Sect. III C).
The effectiveγ γ luminosities ine+e− collisions at the ILC are also shown for

√
s= 250 GeV and 500 GeV (thin dashed lines) [52].

1. Elastic production (p A
γ γ−−→ p H A):

In the case of high-energy protons, the equivalent photon spectrum can be obtained from its elastic form factors in
the dipole approximation,FM = G2

M andFE = (4m2
pG

2
E + Q2G2

M)/(4m2
p + Q2) with G2

E = G2
M/µ

2
p = (1+ Q2/Q2

0)−4,
whereQ2

0 ≈ 0.71 GeV2 andµ2
p ≈ 7.78, and reads [47]:

fγ/p(x) =
dnγ
dx
=
α

π

1− x
x

[
ϕ(x,Q2

max/Q
2
0) − ϕ(x,Q2

min/Q
2
0)
]
,where (5)

ϕ(x,Q) = (1+ a y)
[
− ln 1+Q

Q +

3∑

k=1

1
k (1+Q)k

]
+

(1−b) y
4Q(1+Q)3 + c

(
1+ y

4

) [
ln (1+Q)−b

1+Q +

3∑

k=1

bk

k(1+Q)k

]
(6)
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with y = x2/(1−x). The parametersa, b andc are given bya = (1+µ2
p)/4+4m2

p/Q
2
0 ≈ 7.16,b = 1−4m2

p/Q
2
0 ≈ -3.96,

andc = (µ2
p − 1)/b4 ≈ 0.028. This flux7, with Q2

max ≈ µ2
F , is implemented in the standard version ofmadgraph

v.4 [53]. The use of more rigorous expressions e.g. including the magnetic dipole moment of the proton [54] results
only on small differences in the final EPA fluxes [55].

In UPCs involving nuclei one could imagine, starting from Eq. (4), to compute the two photons flux by simple
multiplication and identifyingbmin with the radii of the two nucleiA andB for each for photon flux. However, we
would then miss geometrical constraints in order to have thetwo photons produced at the same point, outside the
nuclei while the nuclear “halos” do not overlap. In aABcollision this implies requiring not onlyb1 > RA, b2 > RB,
but also|~b1− ~b2| > RA +RB. The latter condition, which excludes any overlapping configurations, prevents to derive
a factorized formula for theγ γ flux in terms of the momentum fractionx1 andx2 carried by each photon from their
parents nuclei in Eq. (4). Photon fluxes are encoded inmadgraph in the same way as any parton distribution and one
has to use factorized expressions. One option to overcome those complications, as proposed by Cahn [56], would
be to imposeb1 > RA + RB, b2 > RA + RB which together always exclude overlaps. However, this leads to quite
pessimistic estimates of the joint flux [48] since it prevents configurations where the two nucleus are very close and
produce very energeticγ γ collisions. An alternative is simply not to exclude overlaps and to imposeb1 > RA and
b2 > RB alone, i.e. to use Eq. (4) for both fluxes. As discussed in [48], in such a case, the deviation from an exact
evaluation of the flux basically depends on the ratio of the invariant mass of theγ γ system over the c.m. energy. For
the production of a Higgs withmH = 120 GeV/c2 in PbPb collisions at the LHC, one expects a deviation of a factor
of 2. This is by far the most extreme case since the Pb nuclei are large and the available energy is reduced forcing
theγ γ creation point to be very near the nuclei, including overlapping configurations. For ArAr and OO collisions,
the corrections are already much smaller [48]. A comparisonof the cross sections which we obtain with factorized
fluxes without full non-overlap condition (see later Table II, third column) with the results for those systems using
the exact non-overlap condition [40] confirms the small impact of the approximations used here.

In the pA case, using Eq. (4) withb2 > RA and Eq. (5) is in fact not problematic since (i) the availableenergy
is higher than in AA UPCs, (ii) the overlap between the protonand the nucleusA is reduced by the small size of
the proton (Rp ≈ 0.7 fm)8, and (iii) on average, the photon radiated by the proton (forwhich bmin ≃ 0.7 fm) is
much more energetic9. As a consequence, theγ γ production point is typically far from the nucleus surface and the
proton cannot overlap with the latter. Quantitatively, we have found that the photon momentum fraction from a Pb
nucleus in apPb collisions is typically below 0.015, corresponding tob2 & 2RPb. Therefore, in our calculations, we
have used the equivalent photon spectrum given by Eq. (5) forprotons and by Eq. (4) for ions with the requirement
bmin = RA, where the effective nuclear radii are obtained in the standard way from their mass numberA via
RA =r0 A1/3 with r0 = 1.2 fm. As discussed above, in practice this condition, along with the proton flux, ensures that
the final state is producedexclusivelyand outside of the colliding systempA, i.e. it avoids the hadronic overlap and
breakup of the colliding beams. The fact that ourγ γ cross sections agree well with other recent calculations [9, 40]
(see later) lends support to our approximations.

2. Semielastic production (p A
γ γ−−→ X H A):

In semielastic production, Fig. 1(b), the proton does not radiate coherently. The photon flux is generated by its
quarks and is followed by the proton breakup. As found previously [59–61] for two-photon fusion processes inpp
collisions, we expect in thepAcase a comparable magnitude of the incoherent photon flux (∝ A = 1) emitted by the
quarks compared to the flux from coherent elastic emission (∝ Z2 = 1). The same is not true for UPCs involving two
nuclei where the elastic contribution clearly dominates over the semielastic one (either from the constituent protons

or quarks of the nuclei) due to the largeZ2 factor in both coherent fluxes. For semielasticp A
γ γ
−−→ X H A collisions,

one can consider the proton flux as a partonic distributionγp(x,Q2), the photon being the parton, wherex denotes

7 The precise value ofQ2
max does not actually matter since the flux is already negligiblefor Q2 larger than 2 GeV2.

8 Of course, the proton is not a sphere and its radius is not a well defined quantity. Effectively, electron-proton scattering fits yield a charge
rms-radiusRp = 0.89± 0.2 fm [57], and diffractive results at HERA indicate an effective proton transverse sizeRp = 0.65± 0.2 fm [58].

9 Hence the larger shift in the rapidity distribution of a particle X in p A
γ γ
−−→ X compared to hadronicp A → X collisions (see later).
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the momentum fraction of the “inelastic” photon in the proton andQ2 the resolution scale at which the proton is
probed. It can be approximated by [59, 60, 62]

γp(x,Q2) =
α

2π
log

Q2

Q2
0

∑

q

∫ 1

x

dy
y

Pγq(x/y)
[
q(y,Q2) + q̄(y,Q2)

]
(7)

with Pγq(z) = e2
q (1 + (1 − z)2)/z, Q2

0 an energy cut-off, andq(x,Q2) the quark PDFs in the proton. An improved
expression was further discussed in [63]. In our work, we shall take advantage ofmadgraph features and generate
the semielastic contribution by considering the partonic processesqγ → q H → q bb̄ (whereq = u, ū, d, d̄, s, s̄ are
all possible radiating light-quarks) convoluted with the quark PDFs in the proton10 and the photon flux from the
nucleusA. The contributions from all the light quarks but theu are found to amount to 1/3 of theu-quark alone,
since they are comparatively suppressed by their smaller PDFs in the proton and/or by their lower quark-charge.

Obviously, one has to introduce an effective mass for the quark otherwise the cross section would be logarith-
mically divergent as Eq. (7) is ifQ2

0 is set to 0. We take this effective mass to bêmq = 300 MeV. In order to
limit the off-shellness of the quasireal photon, we have also found reasonable to bound the maximum transverse
momentum of the outgoing quark topq′

T,max = 5 GeV/c. This provides us at the same time with a natural value for

the factorization scale entering the PDF for the incoming quark,Q2 = (pq′

T,max)
2.

In the semielastic class of events, hadrons from the fragmentation of the radiating quark and from the proton
remnants spray in the proton-direction hemisphere, while apureγ beam, unaccompanied by hadronic activity, is
generated by the nucleus in the opposite hemisphere. To guarantee a wide enough rapidity-gap as expected in
exclusive production, we exclude events where the jet initiated by the radiating quarkq′ ends up in the central
region. All our semielastic cross sections are thus computed with the condition|yq′ | > 2.5.

B. γ γ→ H coupling (Higgs Effective field theory)

The coupling of the scalar Higgs to photons is mostly mediated by W- and top-quark loops. The Higgs effective
field theory (HEFT) model [65], where the Higgs boson couplesdirectly to photons, can be used as an approximation
of the Standard Model. For a not too heavy (mH < 2mt) and not very energetic (pT < 2mt) Higgs, it is a good
approximation to take the mass of the heavy quark in the loop to infinity. In the limit of small Higgs masses –
below aboutmH = 150 GeV/c2 which satisfiesm2

H/(4m2
W) . 1 – the loop induced interaction can be approximately

described by the Lagrangian

Leff
γ γH = −

1
4

g Fµν Fµν H , (8)

whereFµν = ∂µAν − ∂νAµ is the photon field strength tensor. Due to the Abelian natureof QED there is only one
effective vertexg between photons and Higgs bosons. The value for the couplingconstant in the HEFT model as
implemented inmadgraph is given by

g = − α
πv

47
18

(
1+

66
235
τw +

228
1645

τ2w +
696
8225

τ3w +
5248
90475

τ4w +
1280
29939

τ5w +
54528

1646645
τ6w −

56
705
τt −

32
987
τ2t
)
,

whereτt = m2
H/(4m2

t ) andτw = m2
H/(4m2

W). Higher orderτt andτw terms have been neglected.

III. RESULTS I: CROSS SECTIONS AND RATES

We employ themadgraph v.4 Monte Carlo [53] with the elastic and semielastic protonphoton fluxes discussed
in the previous Section together with the nucleus photon fluxEq. (4) and the HEFT model for the Higgs-photon

10 We have used CTEQ6L.1 [64].
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coupling, Eq. (8), to compute the Higgs boson cross sectionsin two-photon fusion processes for the systems of
Table I. The Higgs decay branching ratio tobb̄ is obtained inmadgraph with hdecay [66], e.g. BR(H → bb̄) ≈ 72%
for mH = 120 GeV/c2. We compute also the SM cross sections for the exclusive production of bb̄ and (possibly
misidentified)cc̄ and light-quark (u, d, s) pairs, which constitute the most important physical background for the
measurement of theH → bb̄ channel.

A. Signal cross sections:γ γ → H

Table II lists the cross sections for Higgs (mH = 120 GeV/c2) production in photon-photon collisions for the
systems tabulated in Table I. In Figure 3 we show our predictions for the SM Higgs production cross sections as a
function ofmH for the same systems. FormH = 120 GeV/c2, the cross sections span a range from 0.18 fb forppup to
18 pb for PbPb. Compared topPb collisions, the ratios of the Higgs cross section betweenthe different systems are
roughlypp : pO : pAr : pPb : PbPb= 1/900 : 1/50 : 1/13 : 1 : 100. It is thus apparent that the large photon flux of
the lead ion (Z2) largely compensates for the higher projectile energies ofthe proton or light-ion beams, as well as the
largest photon energies attainable with the smaller species. However, when one takes into account the much smaller
maximum luminosities at reach in the PbPb running mode, suchan advantage completely disappears (see Sect. III C).

TABLE II: Production cross sections for a SM Higgs boson withmH = 120 GeV/c2 (total and for theH → bb̄ decay) in elastic

(A B
γ γ
−−→ A H B) ultraperipheral collisions for the LHC colliding systemslisted in Table I. Forpp andpA UPCs, we also quote

the semielastic (A B
γ γ
−−→ X H B) cross sections (with the kinematical cuts|yq′ | > 2.5 andpq′

T < 5 GeV/c for the radiating quark).

System
√

sNN σ(γ γ → H) elastic (pb) σ(γ γ→ H) semielastic (pb)

[mH = 120 GeV/c2] [mH = 120 GeV/c2]
(TeV) H total H → bb̄ H total H → bb̄

pp 14 0.18·10−3 0.13·10−3 0.59·10−3 0.45·10−3

pO 9.9 3.5·10−3 2.5·10−3 4.9·10−3 3.5·10−3

pAr 9.4 1.3·10−2 9.7·10−3 1.7·10−2 1.4·10−2

pPb 8.8 0.17 0.12 0.16 0.12

OO 7.0 3.7·10−2 2.6·10−2 – –

ArAr 6.3 0.37 0.26 – –

PbPb 5.5 18 13 – –

The values we have obtained for the elastic exclusive Higgs cross sections forpp and AA (those forpA
are published in this work for the first time) agree well with those found in the recent literature [9, 40] ex-
cept for the PbPb case where we overpredict the cross sectionby a factor two compared to [40] due to the
absence of the exact non-overlap condition in the convolution of fluxes as discussed previously. Forpp,
the calculation of Khozeet al. [9] makes use of the standard formula for a narrowγ γ resonance of spinJ:
σ(γγ → H) = 8π2(2J + 1)Γ(H → γ γ)/m3

H δ(1 − m2/m2
H), which yieldsσ(γγ → H) ≃ 0.12 fb, for

mH = 120 GeV/c2 with width Γ(H → γγ) ≃ 7.9 keV/c2 [66]. This result takes into account an effectiveγ γ
luminosity of 1.1 · 10−3 and a gap survival factor of̂S2 = 0.9, encoding the probability to produce fully exclusively
the Higgs without any other hadronic activity from soft rescatterings between the protons.

The signal cross sections are enhanced by a factor of two by allowing for semielastic configurations where only
the nucleus remains intact but the proton breaks apart afterthe photon emission from one of its quarks (see right
columns of Table II). This is the first time, as far as we can tell, that semielastic UPC Higgs cross sections appear
in the literature. As a cross-check, we have compared the semielastic cross sections for high-mass dileptons inpp
UPCs obtained with ourmadgraph prescription (see Sect. II A 2) with the results of [61] finding a good agreement.
Note that in theppcase the cross sections are multiplied by a factor of two since there are two possibilities (one for
each proton) to emit the photon and fragment. ForpPb, we find a Higgs cross sections for semielasticγ γ production,
where the photon is radiated directly from the quarks of the proton, ofσ(p Pb→ γγ→ X H Pb) ≈ 0.16 fb, i.e. very
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FIG. 3: Cross sections for the exclusive production of the SMHiggs versus its massmH in elastic ultraperipheral nucleus-nucleus,
proton-nucleus and proton-proton collisions at the LHC (systems listed in Table I).

similar to that of coherent exclusive production. We do not quote the semielastic cross-sections for nucleus-nucleus
UPCs since in these cases the photon flux, emitted either fromtheir constituent protons or quarks, is much smaller
than the coherent one.

B. Background cross sections:γ γ→ bb̄, cc̄,qq̄

The main background to theH → bb̄ process is the continuum production ofbb̄ and misidentifiedcc̄ andqq̄ (q =
u, d, s) dijets. Table III quotes the exclusiveQQ̄ andqq̄ cross sections in the range of invariant massesminv = 100 –
140 GeV/c2 relevant for a Higgs peak at 120 GeV/c2 expected to be smeared by theb-jet reconstruction resolution
(see Section IV D). Without any kinematical cut the combinedbb̄ continuum cross sections over∆m= 40 GeV/c2

is about 25 times larger (e.g.σbb̄ = 8 pb for pPb) than the Higgs cross section at 120 GeV/c2 (see Table II) for all
systems.

As we will see below, such irreducible background can be safely reduced with a few kinematics cuts. Thecc̄
(qq̄) cross sections over the same mass window are a factor of 600 (resp. 1600) larger than the Higgs signal but
the probability of misidentifying bothc-jets (resp.q(q̄)-jets) asb-jets is only of 0.25% (resp. 2· 10−4), and both
backgrounds can be further reduced with the same selection criteria applied to remove thebb̄ continuum. Note that,
in agreement with our leading-order (LO) calculations for the signal, we do not consider the Next-to-Leading-Order
(NLO) production of a heavy-quark dijet accompanied by an additional gluon radiated. This process is effectively
eliminated by our experimental requirement of two single jets in the event.

Table III lists also the elastic top-antitop continuum inclusive cross section (for allmtt̄) which would be an
interesting measurement in its own right, although as a potential H → bb̄ background it can be easily removed given
the presence of two extraW decays (tt̄ → bb̄ W+W−) in those events. These cross sections should be taken with a
grain of salt since the very largeγ γ c.m. energies required (mtt̄ ≈ 340 GeV/c2) are at the limit of applicability of
our photon flux approximation.

We obtain a semielastic cross section of continuumb-quark dijets slightly larger (by a factor of∼30%) than the
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TABLE III: Production cross sections for exclusive production of bb̄, cc̄ andqq̄ (q = u, d, s) with minv = 100 – 140 GeV/c2 and

for tt̄ (all masses) in elastic (A B
γ γ
−−→ A qq̄ B) ultraperipheral collisions for the LHC colliding systemslisted in Table I. Forpp

andpA UPCs, we also quote the semielastic (A B
γ γ
−−→ X bb̄ B, with |yq′ | > 2.5 andpq′

T < 5 GeV/c for the photon-emitting quark)
cross sections.

System
√

sNN σ(γ γ → bb̄) (pb) σ(γ γ→ cc̄) (pb) σ(γ γ → qq̄) (pb) σ(γ γ→ tt̄) (pb)

[mbb̄=100–140 GeV/c2] [mcc̄=100–140 GeV/c2] [mqq̄=100–140 GeV/c2] [all mtt̄]

(TeV) elastic semielastic elastic elastic elastic

pp 14 3.4·10−3 1.1·10−2 7.9·10−2 0.2 0.36·10−3

pO 9.9 6.8·10−2 9.5·10−2 1.6 3.9 2.7·10−3

pAr 9.4 0.27 0.36 6.1 15.8 8.1·10−3

pPb 8.8 3.4 4.5 78. 200. 6.2·10−2

OO 7.0 0.75 – 17 39. 3.9·10−2

ArAr 6.3 7.6 – 170 400. 1.0·10−2

PbPb 5.5 420 – 9.4·103 2.5·104 1.8·10−2

elastic ones. We do not quote the correspondingcc̄ andqq̄ semielastic cross sections which, for our signal over
background studies (Sect. IV D), we take also as a factor of 1.3 larger than the corresponding elastic values.

C. Event rates andpA luminosity considerations

1. p A luminosities

Taken at face value, the results of Fig. 3 indicate that theγ γ → H cross section is maximum for lead-lead
collisions and thus that this system should be the best suited to carry out such a measurement. Nevertheless, the
PbPb luminosity at the LHC is severely limited mostly due to two electromagnetic processes with huge cross
sections that affect both Pb beams [67]: (i) electron-positron production followed bye− capture by one of the nucleus

(bound-free pair production, BFPP), Pb82+ Pb82+ γ γ−−→Pb82+ Pb81+ e+, with a cross section ofσbfpp = 280 b [68], and

(ii) Coulomb dissociation of one or both nuclei due to mutualsoft photon exchange(s),208Pb 208Pb
γ
−→ 208Pb 207Pbn

with a cross section ofσemd= 215 b [69]. Both these processes create ions with a magnetic rigidity different than
the nominal one for208Pb82+ ions, leading to beam losses and a reduction of the beam lifetime. In addition, the first
process poses a danger of LHC magnet quenching due to the large amount ofPb81+ ions straying from the nominal
beam orbit, impinging on and heating the superconducting dipoles. Although other technical reasons limit the
maximum luminosities attainable with ions (see below), BFPP effects effectively reduce the maximum luminosity
in PbPb collisions to theO(1027 cm−2s−1) range, i.e. seven order of magnitude below the toppp LHC luminosity,
O(1034 cm−2s−1).

In pA collisions, the upper theoretical luminosity could be naively taken as the geometric mean of the maximum
individual proton and ion beam luminosities, e.g. forpPb,Lmax

pPb =
√
Lmax

Pb · Lmax
p = 3 · 1030 cm−2s−1. However, in

principle the Pb-beam luminosities inpPb could be significantly improved compared to PbPb since theγ γ → e+e−

cross section isZ2 = 6700 times smaller and thus the quench-limit due to BFPP could be naively raised by aO(7000)
factor of up toLmax

pPb =
√

6700· Lmax
Pb · Lmax

p = 2 · 1032 cm−2s−1. This is, however, only an idealistic estimate for
several reasons. The beam-beam luminosity in a genericABcollision,LAB, is given by the standard formula

LAB =
Nb,A Nb,B kb f0 γ

4π ǫn β∗
F(θc, σ

∗, σz) , (9)

where Nb is number of particles (protons or ions) per bunch in each beam, kb is the number of bunches per
beam, f0 = 11.246 kHz is the revolution frequency (given by the LHC radius), γ is the Lorentz factor (the
geometric mean of theγ-factors of each beam for asymmetric systems),ǫn =

√
γ2 − 1 σ2

x,y/β
∗ is the transverse
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normalized emittance related to the beam sizeσ∗, and β∗ the optical function at the interaction point (IP).
F(θc, σ∗, σz) is a small reduction factor from the half-crossing angle,θc, and bunch lengthσz, which we neglect
in this discussion. In Table IV we list the beam parameters relevant for thepA running mode [41, 42]. We note
that, as mentioned in the discussion of Table I, the values quoted are for now only unofficial (but plausible) estimates.

TABLE IV: Basic beam parameters for protons and ions forpA runs at the LHC: particles/bunchNb, number of buncheskb,
normalized beam emittanceǫn, opticsβ∗, and associated luminosityLAB. Possible upgraded settings (see text) may lead to a
factor of 60 improvement of the luminosities (last column).

nominal settings upgraded settings

System Nb kb ǫn (µm) β∗ (m) LAB LAB

proton ion proton ion proton ion proton ion (cm−2s−1) (cm−2s−1)

pO (9.9 TeV) 1.15·1010 1·109 2808 592 3.75 1.5 0.5 0.5 2.7 · 1030 1.6 · 1032

pAr (9.4 TeV) 1.15·1010 5.5·108 2808 592 3.75 1.5 0.5 0.5 1.5 · 1030 1 · 1032

pPb (8.8 TeV)1.15·1010 7·107 2808 592 3.75 1.5 0.5 0.5 1.5 · 1029 1 · 1031

Using these nominal beam parameters11 and Eq. (9), we obtain thepA luminosities listed in the before-last
column of Table IV. The obtained defaultpPb luminosity is smaller compared to the simpleO(1030−1032 cm−2s−1)
estimates given above mainly because, conservatively, theproton intensity is reduced to 10% of its standard
value in pp collisions [42]. Note that the number of ions/bunchNb are significantly lower than the proton ones,
mainly because of space charge effects in the SPS, and intra-beam scattering limits at injection in both SPS and LHC.

There are three potential paths to improve thepA luminosity: (i) increase the proton bunch intensityNb to its
standard (10-times higher) value, (ii) increment the number of Pb buncheskb (which would be possible with the
proposed new cryogenic collimators [70]) by a factor of 2–3,and (iii) carry out IP upgrades which should eventually
allow factors of two smallerβ∗ at ATLAS and CMS. All such improvements are not unrealistic given that the
time-scale expected for a first proton-nucleus run at the LHCis at least 4–5 years after the firstpp operation. By
then, the knowledge of the collider and the upgrades relatedto future LHC projects will be well advanced. The
combined effect of such upgrades would optimistically allow one to increase thepA luminosities by a factor of 60
(last column of Table IV).

2. Higgs event rates

The expected number of Higgs bosons expected per year in ultraperipheralpA collisions at the LHC can be
obtained, from its production cross section (sum of elasticand inelastic channels) and the time-integrated luminosity,
with the standard formulaN = σH · LAB · ∆t. The nominal LHC running time with protons (resp. ions) is 8 months
(resp. 1 month) which, with 50% efficiency, corresponds to a run time of∆t ≈ 107 (resp. 106) s. Using the nominal
luminosities quoted in Table IV, we obtain the corresponding expected Higgs events for each one of the systems
listed in Table V.

With the default settings and running times, the statisticsare marginal for all systems involving nuclei. For the
nominal runs, the possibility to carry out a measurement of the Higgs boson in photon-photon collisions at the LHC
is virtually null, except maybe forpp if one could work out a trigger – e.g. using forward proton spectrometers [14] –
that can deal with the 20 inelastic proton-proton pileup collisions overlapping with the UPC event. A straightforward
way to increase the expected yields by a factor of 10 would be to dedicate a full LHC year (107 s) to apA run. This
plus the upgraded luminosity settings mentioned above would readily buy one a factor of 600 increase in the expected

11 For kb andǫn one uses the smallest of the proton or nucleus values.
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TABLE V: Expected Higgs boson (mH = 120 GeV/c2) production rates per yearNHiggs (in parenthesis those in thebb̄ channel) in
elastic+semielastic ultraperipheral proton-proton, proton-nucleus and elastic nucleus-nucleus collisions at the LHC, for two run
scenarios (see text). For each system, we quote the corresponding luminosityLAB, the running time∆t, and the average number
of overlapping pileup collisions,

〈
Npileup

〉
.

System nominal runs upgradedpA scenario

LAB ∆t
〈
Npileup

〉
NHiggs LAB ∆t

〈
Npileup

〉
NHiggs

(cm−2s−1) (s) total (H → bb̄) (cm−2s−1) (s) total (H → bb̄)

pp (14 TeV) 1034 107 25 77. (55.) 1034 107 25 77. (55.)

pO (9.9 TeV) 2.7·1030 106 0.20 0.022 (0.016) 1.6·1032 107 3.9 13. (10.)

pAr (9.4 TeV) 1.5·1030 106 0.18 0.045 (0.032) 1·1032 107 3.6 30. (22.)

pPb (8.8 TeV) 1.5·1029 106 0.05 0.050 (0.035) 1·1031 107 1 34. (25.)

PbPb (5.5 TeV) 5·1026 106 5·10−4 0.009 (0.007) 5·1026 107 5·10−4 0.15 (0.1)

integrated luminosity (100 pb−1) and, thus, of the number of Higgs counts per year (last column of V). Unavoidably,
the proposed improvements of the Pb-beam intensity andβ⋆ optics imply an enhanced probability of having various
collisions within the same bunch crossing. The occurrence of event pileup is particularly harmful in the case of UPCs
since it eliminates the advantages given by the clean topologies of this type of collisions. The number of overlap
collisions can be obtained from the product of the (inelastic12) reaction cross section (last column of Table I), the
beam luminosity (last column of Table IV) and the mean bunch distance:

〈
Npileup

〉
= σAB × LAB × 〈∆tbunch〉, the

latter parameter depends on the revolution frequency of thebeam and the number of bunches:〈∆tbunch〉 = 1/( f0 kb).
In the case of proton-nucleus, running with ions with the nominal bunch filling scheme, the crossing frequency is
not well defined as not all encounters will occur at integer multiples of the 100-ns RF frequency [70]. ForpPb with
L = 1.5·1029 cm−2s−1, one has

〈
Npileup

〉
∼ 0.05, increasing to∼1 if we consider the luminosity upgrades discussed

above. Clearly, thepPb system provides the best combination of signal counting rates over pileup probability.

IV. RESULTS II: H → bb̄ MEASUREMENT

In the last section of the paper we consider in detail the possibility to measure a 120 GeV/c2 Higgs boson
produced in ultraperipheralpPb collisions at

√
sNN = 8.8 TeV detected in the dominantbb̄ decay channel

(BR = 72%) for this mass. Our analysis is entirely based on the ATLAS/CMS detectors (trackers, calorimeters),
needed to reconstruct theb-jets and confirm the presence of a rapidity-gap, at central rapidities (|η | < 2.5). No
additional instrumentation is needed in principle except zero-degree calorimeters to help reduce possible diffractive
proton-nucleus interactions (see below). The generator-level rapidity (y) differential distributions for theH → bb̄
signal (histogram) and decayb-jets (dashed histogram) are shown in Fig. 4 (the semielastic distribution, not shown,
is very similar). In our calculations we take the direction of the proton-beam coming from negative rapidities. We
note that theγ γ → H(120 GeV/c2) production is peaked forward, aty = 1.7 with an r.m.s of±1 units of rapidity.
On top of the∆yc.m. = 0.47 shift due to the asymmetricp and Pb beam energies, the proton EPAγ spectrum is
harder than the Pb one and boosts the production to even larger rapidities. The distribution of the two decayb-jets is
centered at the parent Higgs rapidity but it is wider (r.m.s.of ±1.4).

The discussion presented hereafter will focus on the ATLAS and CMS experiments which featureb-jet re-
construction capabilities in the range needed to carry out the measurement (shaded yellow area in Fig. 4). The
ALICE [25] acceptance forb-jet reconstruction is unfortunately limited to a narrow region |η | < 0.7 and there are
luminosity limitations,O(1031 cm−2s−1), linked to the latency of the Time-Projection-Chamber. Wedo not consider
here either the LHCb detector [31], although it features good b-jet identification capabilities at forward rapidities

12 We do not care here about the “harmless” elastic interactions without particle production.
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FIG. 4: Rapidity-differential cross section for a Higgs boson (mH = 120 GeV/c2, dashed histogram) and its decaybb̄ jets (his-

togram) produced inpPb
γ γ
−−→ p H Pb withH → bb̄. The (shaded) yellow area indicates the acceptance of ATLAS/CMS detectors

for b-jets. The dashed lines indicate the full acceptance for allother type jets.

(η ≈ 2–5) and covers a fraction of the Higgs decay acceptance inpPb collisions (provided that the proton beam
direction points in the same direction of the apparatus).

In order to obtain realistic estimates of the detectable number of Higgs in thebb̄ channel, we have to consider
the potential signal losses due to (i) the trigger efficiency (Sect. IV A), (ii) the geometric acceptance of the de-
tectors (Sect. IV B 1), (ii) the inefficiencies introduced by the finite-resolution and limitations of the experimental
reconstruction (Sect. IV B 2), and (iii) the event selectioncuts aiming at removing as much as possible backgrounds
(Sects. IV C). We consider in detail these issues in the next subsections

A. Triggering

There exist detailed trigger studies for ultraperipheral AA collisions at the LHC [18, 30]. The main character-
istics of (elastic) exclusive two-photonpA events is the production of a single central particle accompanied by
large rapidity gaps on both sides of it, and the survival of the interacting proton and nucleus. At variance with
ultraperipheral AA collisions, one cannot make use of the Zero Degree Calorimeters (ZDC) [71] to tag the presence
of a nucleus radiating a photon in ultraperipheralpA collisions. In AA UPCs, mutual Coulomb excitation of the
incoming nuclei due to additional soft photon exchange(s) in the interaction, produce forward neutrons from the
decay of the excited nuclear Giant-Dipole-Resonance (GDR)[72]. The GDR excitation probability is proportional
to the charge squared of the incoming projectile, which is a factor ofZ2 ≈ 6700 smaller for a proton than for a lead
beam, and very fewpPb collisions will be accompanied by forward neutron emission.

For most of the expectedpPb beam luminosities where no significant event pileup is expected – i.e.
〈
Npileup

〉
. 1

proton-nucleus collision per bunch crossing – one can easily record ultraperipheral Higgs events with virtually
zero signal loss with a level-1 (L1) trigger based e.g. on (i)two back-to-back jets, with at least one of them with
pT > 40 GeV/c in the central detector (|η | < 2.5), accompanied with an exclusivity condition given by (ii) a large
rapidity gap∆η & 2.5 without hadronic activity along the direction of the ionemitting the exchanged photon (whose
energy is softer than the proton one). The rates of all signaland possible backgrounds with such signatures are well
below a few Hz, easily allocatable without any prescale within the available L1 bandwidth.

In the semielastic case, only the nucleus survives and the rapidity gap is narrower along the proton direction
due to the presence of forward hadrons from the fragmentation of the radiating quark and proton spectator partons.
Yet, as discussed previously, our semielastic cross sections have been computed with the requirement of no activity
within |η | < 2.5 other than the centrally produced system. In addition, since only the proton dissociates the rapidity
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gap in the Pb direction is unpolluted by any hadronic activity. The event topology of ourH → bb̄ semielastic events
is basically identical to the pure elastic production and will identically pass the L1 trigger defined above.

For the maximum luminosities,O(1031) cm−2s−1, considered in the “upgradedpA scenario” one has to account
for the possibility of one concurrentpPb collision in the same bunch crossing as theγ γ interaction (see Table V).
In that case the rapidity-gap condition is not necessarily fulfilled since the exclusive event is overlapped by a normal
(hadronic) proton-nucleus interaction. One can still use very-forward-proton detectors – like TOTEM [73] and
ALFA [74] Roman Pots or the proposed FP420 spectrometer [14]– to tag at the level-2 (L2) trigger, at least, the
surviving proton in elasticγ γ collisions. The nucleus cannot be tagged similarly since its momentum transfer and
energy loss are too small to leave the nominal LHC beam envelope. One-side tagging is a standard procedure for
triggering on semielastic two-photon events inpp collisions [13]. One can still count on recording UPC events
overlapping with a hadronic collision with dedicated level-1 high-pT b-jet triggers, plus a level-2 single-tagging
of a leading proton, and separate offline the two interaction vertices (which is perfectly feasible since ATLAS and
CMS can isolate the vertices of 25 overlapping collisions atthe highestpp luminosities). In the semielastic case,
instead of the leading-proton one can tag the jet issuing from the fragmentation of the radiating quark in the forward
calorimeters (FCAL in ATLAS, and HF/CASTOR in CMS). All in all, such a scenario is less straightforward than
the one considered for lower luminosities and would deservea dedicated study beyond the scope of this exploratory
paper. For the purpose of this study we will consider that L1 and L2 triggers can be defined inpPb collisions which
are fully efficient with respect to the signal with counting rates in the Hzrange that do not require any prescale factor.

B. Experimental cuts

Ideally, a complete MC simulation including parton showering and hadronization, full jet reconstruction and
geant-based detector response, would give fully realistic results for our study. This is, however, beyond the scope
of this paper. We can, however, already obtain valid estimates of the feasibility of the measurement taking into
account the known basic detector performances, and the kinematical properties of the signal and backgrounds at the
generator-level.

1. b-jet acceptance:

Full jet reconstruction in ATLAS and CMS is possible within|η | < 5 (or within |η | < 6.6 in CMS if one includes
the CASTOR calorimeter [75]). Jetb-tagging requires however tens of micrometers vertex resolutions to identify
the secondary vertex of the decay of the leadingB-meson of the jet. Such capabilities are present only withinthe
|η | < 2.5 central tracking coverage of the detectors13 (see Fig. 4). A realistic ATLAS/CMS cut of the type

• bothb-jets within |η | < 2.5,

has an acceptance of 55% (i.e. it leads to a loss of 45% of the signal) for both the elastic and semielastic components.
The acceptance for the dominant photon-photonqq̄ continuum background (which has a wider distribution, see later)
is fortunately smaller (23%). One could in addition displace the vertex of thepPb interaction point along the beam
z-axis by up to about 0.5 m by adjusting the optics in all experiments without much loss in the luminosity [70].
Such an offset in the proton direction would represent a gain of∆η = 0.2 units of pseudorapidity forb-jets, and a
corresponding increased geometric acceptance of 60% forH → bb̄.

2. b-jet tagging efficiency:

Standardb-jet reconstruction in ATLAS and CMS [7, 8] can be tuned to enhance either theb-tagging efficiency
or the purity. On the one hand, due to the large charmγ γ background – with cross sectionse4

c/e
4
b = 16 times larger

thanbb̄ – excellentb-tagging (i.e. increased purity) is required. On the other,one needs high tagging efficiency since

13 The combination of the CMS forward HF calorimeters and the TOTEM T1 trackers [73] could potentially help to further extend the coverage
for b-jets in “particle-flow”-type analyses.
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thebb̄ reconstruction squares any singleb-jet efficiency loss. Studying the ratio (S/B) ∝ ε2b−tag · σH→bb̄/[ε
2
c−mistag ·

σcc̄ + ε
2
q−mistag · σqq̄] for various (correlated) (mis)tagging efficiencies from [7, 8], leads us to choose a working

point of 70%b-jet tagging efficiency and a mis-tag rate of 5% forc-quarks and 1.5% for light-quark and gluon jets.
Thec-quark mistagging factor is a bit optimistic but it is likelyat reach with multivariate-type analyses [76] after
a few years of experience with previouspp data. Jet tagging efficiencies are slightly worst in the rapidities beyond
|η | ≈ 1.5 (for both signal and background jets), however the low particle multiplicities in two-photon events, likely
compensate for such performance losses. In our analysis, wehave therefore considered the followingη-independent
b-jet reconstruction performances:

• b-jet tagging efficiency: 70% for a singleb-jet,

• b-jet mistagging probabilities: 5% for ac-quark, and 1.5% for a light-quark,

which, for ourdouble b-jet events of interest, lead to a∼50% efficiency for the signal and a total reduction of thecc̄
andqq̄ continuum backgrounds by factors of∼400 and∼4·105 respectively.

C. Background rejection

Our ultimate goal is to have a number of Higgs events collected and a signal over background (S/B) which is
significant enough to observe theH → bb̄ channel at least at theS/

√
B = 3σ level. We discuss in this section

the procedure to remove in an offline analysis any remaining heavy-quark background that could have passed the
triggers and experimental cuts discussed above.

1. Hadronic background:

There may be peripheral (but still hadronic) grazingpPb collisions with heavy-quark dijet production and wide
η ranges without hadronic production (above experimental thresholds) which potentially pass our trigger selection
criteria. The very low particle multiplicity and the very small transverse momentum of the centrally produced
system (pT ≈ 0 at leading-order but smeared by the experimental resolution) expected for the very low virtuality
of the exchanged photons in UPCs can be successfully used to distinguish them from standard peripheral hadronic
interactions:

• Jet multiplicity,N jet = 2: Requiring just twob-jets within |η | < 2.5 selects with 100% efficiency “clean” ex-
clusive events and removes almost completely any hadronic interaction. This eliminates also possible genuine
γ γ → H events where an additional jet from hard gluon emission is emitted, but this is consistent with the
tree-level cross sections presented in the paper.

• Exclusivity: Absence of hadronic activity (above detectorbackgrounds) outside the reconstructed jets, within
|η| < 2.5 for tracks and neutral particles. For neutrals, one can extend the rapidity gap condition in the Pb
direction up to|η | < 5 (or |η | < 6.6 if one includes the CASTOR calorimeter in CMS), while still saving the
semielastic signal.

• Very low transverse momentum of the dijet system:ppair
T . 5 GeV/c. Any photon-photon central system is

expected to be produced almost at rest. Selecting events whose netpT is below a few GeV/c, to account for
the experimental reconstruction of a pair of twob-jets, eliminates any hadronic collision and still saves the
semielastic Higgs component (withpH

T < 5 GeV/c, see Sect. II A 2).

The application, at the offline analysis level, of such cuts removes virtually any remaining peripheral hadronicpPb
which could have been recorded at the trigger-level, with zero loss of the elastic and semielastic Higgs signals. In
addition, if needed, one can also take into account the fact that the hadronicpPb production ofbb̄ jets is peaked at
y ≈ 0.47 (see Sect. II) whereas the two-photon fusion events aremostly centered aty ≈ 1.7 (Fig. 4).

2. Diffractive and photoproduction backgrounds:

The experimental signatures of central diffractive (Pomeron-Pomeron or Pomeron-photon) interactions –
exclusive central object and two rapidity gaps – are very similar to two-photon fusion processes [77]. Central
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exclusive production ofbb̄ jets abovepT ≈ 40 GeV/c (IPIP → bb̄) is a typical background for exclusive Higgs
production (IPIP → H → bb̄) with cross sections of the same order as the Higgs signal itself [14]. Likewise,
photoproduction of high-pT heavy-quarks – in photon-gluon fusion via at- or u-channelqq̄ pair (γg→ bb̄) [78, 79]
or photon-Pomeron [79, 80] processes (γIP → bb̄) – have event topologies (survival of the nucleus, one rapidity
gap) similar to semielasticγ γ production, and cross sections inpPb collisions of order of a few nb forb-jets above
pT ≈ 40 GeV/c, the purely diffractive contribution being∼10% of it [79, 81].

Though both type of events have cross sections two to three orders of magnitude larger than our signal and they can
potentially pass the trigger cuts and contaminate our signal sample, there are various features that separateγ γ-events
from IP-induced andγ-gluon,γ-IP events:

• Photon-induced interactions are less central (i.e. take place at larger impact parameters) than Pomeron-induced
ones and, thus, the corresponding gap survival probabilities for massesO(100 GeV/c2) are much larger. The
gap survival factor for Higgs production inpp collisions at the LHC iŝS2

γ γ = 0.9 in photon-fusion compared
to Ŝ2

IPIP = 0.03 in Pomeron-fusion [9]. In the case of proton-nucleus collisions, the situation is comparably
much more favorable for electromagnetic Higgs production:Ŝ2

γ γ = 0.85 versuŝS2
IPIP = 8 · 10−4 [82].

• Since the nucleus is a fragile object – the binding energy of anucleon is just 8 MeV – even the softest Pomeron-
mediated interactions will result in the emission of a few nucleons from the ion, detectable in the zero degree
calorimeters. On the contrary, in purely electromagneticpA interactions both hadrons remain intact after the
interaction and no other forward particles are emitted.

• The netpT of elasticγ γ final states is zero at LO. In the semielastic case, the typical pT of the produced Higgs
is peaked below 1 GeV/c. In both cases, the total netpT is thus smaller than for comparableγ-nucleus or
γ-proton interactions and thus is also an effective tool for separating the two classes of interactions [51].

• Due to the larger nucleus flux, heavy-quark photoproductionin pPb is dominated by collisions of photons
emitted by the lead nucleus with a gluon (γPb gp) or Pomeron (γPb IPp) that carry a larger fraction of the 7-
TeV proton beam energy. The produced particles will be thus more forward boosted than our signal which
comes fromγPbγp collisions.

In short, inclusive high-pT heavy-quark photon- and Pomeron-induced production will partially fill one or both
rapidity-gaps and/or be accompanied by zero-degree neutrons, and the purely exclusive production for both
processes has a gap-survival probability below 10−3. Thus, already before any kinematics cuts, both backgrounds
are (much) smaller than our signal.

High-pT heavy-quark production can also take place via single (or double) resolved processes with very energetic
photons which interact via their partonic content [83] in collisions where the proton and the nucleus come very close
together. We disregard this contribution in this analysis for various reasons. First, although the effective two-photon
luminosity has indeed a large tail (Fig. 2), the photon fluxesare exponentially decreasing and the contributions to the
cross sections in the high-Wγγ region relevant for such resolved processes are very small.Second, the much more
energetic photon flux of the proton could be potentially resolved but at the price of an interaction so close (with
an impact parameterb likely smaller thanRp + RPb) that the nucleus would break apart after the interaction. Our
requirement for an intact nucleus implicitly sets a limit onthe probability to resolve the photon. Last but not least,
any potential resolved photon contribution, would not onlycontribute to the heavy-quark background but also to the
Higgs signal itself [84].

3. Photon-photon continuum backgrounds:

The only physical backgrounds toH → bb̄ in electromagneticpPb collisions are the (elastic and semielastic)
exclusiveγ γ→ QQ̄, qq̄ processes with the cross-sections14 quoted in Table III. Other two-photon fusion processes,
such asγ γ → τ+τ− or γ γ → tt̄ (see Table III), have final-states (e.g. particle multiplicities) different than Higgs

14 The semielasticcc̄ andqq̄ continuum are taken to be 1.3 times the corresponding elastic cross sections as found in thebb̄ case.
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decay into twob-jets. Although important (see Fig. 5), the irreducible heavy-quark dijet backgrounds can be
suppressed with various kinematics cuts.
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FIG. 5: Invariant mass distribution of pairs ofb-jets from: (i) H → bb̄ events and (ii)γ γ → bb̄ andcc̄ (misidentified with
0.25% probability) continuum, in ultraperipheralpPb collisions at 8.8 TeV. The Higgs peak is plotted with an (arbitrary)
∆mH = 1 GeV/c2 width.

First, the continuum can be reduced if we require theb-jet transverse momentum to be bigger than a significant
fraction of thebb̄ invariant mass. In Fig. 6 (left), we compare thepT distribution of the signal and background
before cuts. The background is dominated by one jet with lowpT (but largepL), whereas the signal peaks at
pT ≈ mH/2 = 60 GeV/c. Selecting events where there is at least one jet withpT = 52 – 60 GeV/c removes 96%
(97%) of thebb̄ (cc̄) background while killing only 49% of the signal. Second, whereas the two Higgs decayb-jets
are emitted isotropically, the continuum – whose relevant Feynman diagrams have quarks propagating in thet- or
u- channel – is peaked in the forward and backward directions (Fig. 7). Cutting on the angleθ between theb-jet
(boosted to the rest frame of the pair15) and the direction of the pair (helicity frame16), removes an important fraction
of the background. Theb-jets from the continuum are clearly peaked at| cosθ | ≈ 1, i.e. emitted either roughly in
the same direction as the pair or opposite to it. With a ratherstrict | cosθ | < 0.45 cut, 82% of the continuum is
suppressed for a 55% signal loss.

Other cuts were tested, based e.g. on the rapidity separation |yb − yb̄| between jets, without further background
suppression power. The final set of cuts applied in our analysis is thus:

• Transverse momentum: at least one jet withp jet
T betweenmH/2.3 = 52 GeV/c and the kinematical limit at

mH/2= 60 GeV/c.

• Acollinearity: | cosθ | < 0.45, whereθ is the helicity-frame angle (between theb-jet, boosted to the rest frame
of the pair, and the direction of the pair).

• Mass window: Invariant mass of theb-jet pairs around the Higgs mass:mpair = 100 – 140 GeV/c2 (the range
given by 2 or 3 times the width of experimental mass resolution).

15 Theb̄-jet is atπ rads from it.
16 One can use alternatively the Gottfried-Jackson frame, which uses the direction of the beam. The results are unchanged.
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FIG. 6: Transverse momentum distribution of singleb-jets fromH → bb̄ andγ γ→ bb̄ continuum events in ultraperipheralpPb
collisions at 8.8 TeV, before (pure MC-level, left) and after (right) applying all the experimental cuts discussed in the text.
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FIG. 7: Distribution of cos(θ) for b-jets in the helicity frame from: (i)γ γ → bb̄ continuum (top histograms) and (ii)H → bb̄
signal (bottom histograms) in ultraperipheralpPb collisions at 8.8 TeV, before (pure MC-level, left) and after (right) applying all
the experimental cuts discussed in the text.

We note that for a given event, these selection criteria (as well as the previous acceptance andb-tagging efficiency
cuts) do not necessarily factorize.

D. Signal significance

The combined application of all experimental and background suppression cuts discussed in the previous section
leads to a loss of about 80% of the Higgs events and an important reduction of thebb̄, cc̄ and qq̄ continuum
backgrounds by factors of 60, 5000 and 4·105 respectively. In one year (107 s) with the upgraded 1031 cm−2s−1pA
luminosity scenario (i.e. integrating 100 pb−1 of luminosity) this corresponds to a collection ofN = 5 Higgs and
N = 10 bb̄ continuum events within 100 – 140 GeV/c2 with small cc̄ (N = 0.16) and negligibleqq̄ contributions.
These values include both elastic and semielastic processes for the signal and backgrounds. The continuum
decreases exponentially in this mass range whereas the Higgs signal peaks atmH = 120 GeV/c2.
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FIG. 8: Expected invariant mass distribution after 3-yearsof pPb running at
√

sNN = 8.8 TeV (300 pb−1) for a H → bb̄ signal
and residualγ γ → bb̄ continuum (histogram) after analysis cuts, fitted to a Gaussian+Exponential distribution (solid line). The
data points are the sum of signal+background. The error bars are just statistical. The dashedline shows an exponential fit of the
continuum alone.

In order to determine the significance of ourH → bb̄ signal, we generate event samples consisting of the appro-
priate number of events after cuts in 3 years (3·107 s) of data-taking, i.e. 300 pb−1 of integrated luminosity, with a
fast Monte Carlo. We assume abb̄ dijet invariant mass resolution of 7 GeV/c2. Such a value is beyond the current
performances forb-jets in the rangepT = 50 – 60 GeV/c, but may be achieved, in our underlying-event-free envi-
ronment, with particle-flow reconstruction techniques anda good data-based knowledge of theb-jet pT resolution
and energy scale after a few years of LHC running. We then perform a log-likelihood fit to the pseudo-data with
two curves: (i) one assuming that there is a signal+continuum in the region 100≤ mH ≤ 140 GeV/c2, and (ii) one
assuming that there is just continuum. The significance,S, is then given by

S =
√
∆χ2 (10)

where∆χ2 is the difference of theχ2 of the fits for the signal and null hypotheses. We fit the peak region using a
Gaussian fixed atmH = 120 GeV/c2 (the Higgs mass, if any, will be already known by the time thismeasurement
can be carried out) with width∆mH = 7 GeV/c2 to match the assumed experimental mass resolution. We consider
that the shape of the background will be known, since it can bemeasured with high statistics by simply removing
the kinematics cuts applied to enhance the Higgs signal. According to our simulations, the exclusive continuum
after cuts can be well reproduced by an exponential distribution with inverse slope [28 GeV/c2]−1, which we also fix
in our fit. The normalisation of the signal and background areleft as the only two free fit parameters. We repeat this
method for 500 pseudo-data sets to obtain the average significance of the fits. An example of a typical pseudo-data
set and fits is shown in Fig. 8. The error bars correspond to

√
N statistical errors. For a total integrated luminos-

ity of 300 pb−1, we reach a signal-to-background ratio ofSH→bb̄/Bγγ→bb̄ ≈ 1.5 and a statistical significance ofS ≈ 3.

The main motivation for such a measurement is the unique observation of the SMH → bb̄ decay which seems
otherwise unaccessible at the LHC. In addition, the observation of theγ γ → H process will provide an independent
measurement of the Higgs-γ coupling, likely measured before in theH → γ γ discovery channel. Theγ γ-Higgs
cross section is generated at the one-loop level by all heavycharged particles (W and top-quark in the SM) and it is
thus sensitive to possible contributions of charged particles predicted in various extensions of the SM: e.g. chargino
and top-squark loops in SUSY models, and/or charged Higgs bosons in general 2-Higgs doublet models (2HDMs).
Last but not least, in the minimal SUSY extension of the SM – which predicts three neutral Higgs bosons: the light
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CP-evenh, the heavy CP-evenH, and the CP-oddA – the properties of the ofh boson for largeA masses, are similar
to the SM Higgs boson and it could be detected in thebb̄ decay mode as described in this work too. A dedicated
study will be carried out to check the feasibility of such a measurement.

V. SUMMARY

We have presented a detailed study of the exclusive production of the SM Higgs boson in electromagnetic
(ultraperipheral) proton-nucleus collisions at the LHC. We have evaluated the production cross sections and the

corresponding yields via two-photon fusion processes in elastic (pPb
γ γ
−−→ p H Pb) and semielastic (pPb

γ γ
−−→ X H Pb)

reactions, the latter being characterized by the breaking of the proton in the very forward region. Such a measure-
ment can be used to study, on the one hand, theH − b coupling which is otherwise not accessible to measurement
at the LHC and, on the other, the photon-photon coupling to the Higgs, i.e. provides an independent check of the
previously measuredH → γ γ decay.

First, we have computed the Higgs boson cross sections in ultraperipheralpp, pA and PbPb collisions at LHC
energies with themadgraph Monte Carlo supplemented with equivalent photon spectra, and demonstrated thatpPb
collisions at

√
sNN = 8.8 TeV give the best potential for such studies when realistic reachable luminosities and event

pile-up issues are considered. In such a case, the total cross section of a Higgs boson ofmH = 120 GeV/c2 is about
0.15 pb for both elastic and semielastic cases. The irreducible background due to the exclusive heavy-quark (and
possibly misidentified light-quark) pair continuum,γ γ → qq̄, qq̄ has been also computed, along with the elastictt̄
production cross section, for electromagneticpAr, pO andpPb collisions.

In order to determine the feasibility of theH → bb̄ measurement, we have proceeded to a detailed evaluation of
the trigger setup needed, as well as the acceptances and efficiencies for the signal and continuum, and determined the
best set of kinematical cuts needed to maximize the signal over background ratio. With reachableb-jet experimental
reconstruction performances, we have found that a Higgs boson withmH = 120 GeV/c2 could be observed in thebb̄
channel with a 3σ-significance integrating 300 pb−1 with an upgradedpA luminosity of 1031 cm−2s−1.

To conclude, while such a study will be rather demanding in terms of luminosity, we have shown that it offers
a unique complementary potential to the standard Higgs production mechanisms with regards to the study of its
couplings tob-quarks and photons at the LHC. Both measurements are key to constrain the Standard Model and any
of its possible extensions.
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