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Heavy Flavor Production

We are interested in processes of the following type:

A+B — H(Qm)+ X

where:
e A, B - Initial state particlese™e™, p,p, etc.,
e H - Heavy flavored hadron (for example-meson),
e O - heavy quark{ or ¢) with massm.

We are also interested in measuring certain properties eofptbbduced
hadronH:

e Transverse momentum,
e Energy distribution, etc.

Example:B-production ine™e ™, p, p, top-decay, etc.
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The processes of this kind are characterized by two scales:
e () - hard scale,
e m - quark mass.

with m >> A. For example, fob, ¢ quarksm; . ~ O(10)A.

For the present presentation we will consider processestmh:
Q>>m

This assumption is:
|. experimentally relevant for colliders where (typically)> m.
ll. guarantees the factorization of long- and short-distamgsips,

lll. makes perturbative treatment possible since-> A is a natural cut-
off for collinear radiation.

V. The hadronH is produced at a scale ~ m from the fragmentation
of the heavy quarlQ:
Q(+q) — H
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What happens if the assumptigh>> m is not quite applicable ?

Example is the transverse momentum distribution of hadrorthat process
the hard scale 1§ ~ pr (for largepr).

e One has to account for power correctionsraf

e In this formalism one can consistently treat the asymptagme
@ >> m and can extend it to include power corrections from FO
calculations if needed.

Such study was successfully applied at NLO + NLL for b-prdaurcat
the Tevatron (Cacciari et al. hep-ph/0312132).
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In the asymptotic regim€ >> m one applies the Factorization Th. to the
proceséA + B — H + X:

dO-H — (fA—>afB—>b> X dUab—>Q &) DE&H(Z)

where:

e dopy - hadronic observable{, E-distribution),

e doo - partonic "observable”,

e D", (2) - Non-Perturbative fragmentation function,
e 2 - energy or momentum fraction;< z < 1.

Note: The presence of pdf’s is irrelevant for our discussion.
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Note: D™ 4/ (2) is:
e a universal, process-independéniit not unambiguougjuantity ,
e extracted from experimental data (much like pdf’s),

e its extraction from one process (typicakly e~) must be consistent
with its application to another process.

Examples:

e energy spectrumK; = zFEo):

dopg  dog—o
— an
dz dz “ Q%H(Z)

e pr-distribution pr z = zpr.0):

dUH do_ab—>Q n
= R D&Y (2
dpr dpr o—1(?)

However.Since what we measureds i then D" -P- is scheme dependent
because it depends on the treatment of the perturbativie part
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Perturbative part

Let’s turn our attention tdo,, .o (Q,m, 2) :

Sincem > 0, do,,—o IS finite. However that function contains large

quasi-collinear logs:
2
o™ In* (%) ; k<n
to all orders ino,.
The presence of those logs indicates the breakdown of pattan series

In the asymptotic regimé& >> m. One has to resum (classes of) such
logs.

How do we resum?

Step one:Factorization— Evolution This is well known;..» emerge

and from:

iObservable =0,

dpp
we get the DGLAP equation.
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Physical interpretation off -production:

1) we first produce parton "a” at large scdbewith p; >> m,; the parton
behaves as massless.

2) The parton "a” radiateg down to scaleor ~ m and perturbatively
fragments into massive quagk.

3) Non-perturbative hadronizatiod — H at a scale set by:.

Therefore we write:

doo(Q,m, z) Zdaa Q, 1, 2) @ Dy o(pt,m, 2)

where:

o C/l;a - usual coefficient function for producing partanThe collinear
divergences are subtracted in & scheme:

doa(Q,€,2) = Dop(e, 1) ® doy(Q, 1, 2)
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o c/lc\fa contains all process dependence. Insensitive to low energy
e D, .o(u,m,z) - Perturbative Fragmentation Function (PFF).

e PFF is a process independent solution of the DGLAP equaliah t
describes the transition:

a(p) — Q(m)
The PFF can be decomposed as:
DaﬁQ(M? m, Z) — Eab(ﬂ, MO, Z) ® D;)IiQ(:u()a m, Z)
with E., (1o, o, 2) = 6apd(1 — 2).
Note: Given D'™(y) one can completely specify the PFF !

Step two:Evolution=—- Resummation
Let us chooseu ~ @Q ; g ~ m. Then:
o do(Q, ) and D™ (g, m) cannot contain large logs,

e Can be computed perturbatively.
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This way, all large logs are absorbed in the functian (u, 10, z) and are
resumed with the DGLAP equation to all ordersipg.

Thereforeo achieve resummation up to logarithmic ordeone needs the
Initial condition to ordem and the splitting functions to the same order.

111

2
a—>Q(/’L07 m Z) — 5@Q(5(1 ) -+ —d(1> (27_‘_) d(2> 8 4+ ...
= LL + NLL + NNLL +...

e dM) - computed by Mele and Nason (1991).

e We have evaluateaf_))Q fora = Q, 9, q,q, gluon.

Collect all pieces:

dUH — (f)®C/l;a(Q7:U‘)®Eab(:u7:u())®DlljriQ(:u07 )®DQ—>H+O(m/Q)p
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At present,D™P- has been extracted with NLO+NLL accuracy.

The Aleph data (hep-ex/0106051):
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... and the result from the NLO+NLL extraction (M. Cacciari, Gar€ella
and A.M.; hep-ph/0209204):

3_

1/T dI'/dxg
[aV]

e Solid line power law~ z%(1 — ).
e DashesKartvelishvili et al.

e Dots Peterson.
Note: the above figure represents the convolutioP®&f- with the pertur-

bative part for top decay.

03/21/2005
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CanD™P- be extracted at NNLO + NNLL at present fragtie™ ?
e The missing ingredient are the NNLO time-like splitting @tiions.
e The coefficient function is known,
e DM js available,

e Note that our result foD™! at ordera? can be used to extract con-
stants needed to promote the soft-gluon resummatid@df(for large
z) with NNLL accuracy.

Other options:
e The largest uncertainty is from the fits to the existing LERada

e A run of ILC in GigaZ regime is expected to improve the LEP data
(and particularly the one ainfragmentation) 2-3 times.
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IS NNLO+NNLL needed?
e Reduced scale dependence,
e Improvedz — 1 behavior,
e Extraction ofD™P- with smaller sensitivity to non-perturbative physics.

However one must also apply such result to other procesatarth evalu-
ated with NNLL+NNLO.

Feasible in view of the present advances in NNLO calculation
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Example:A non-trivial application is thé-spectrum in top decay at NNLO+NNLL.
Presently known at NLO+NLL.

Another excellent exampl@ecent analysis af-production at the Tevatron
(Cacciari, Nason,...).

ObservationConsistent treatment ey /dp as above with:
e NLL resummation,
e NLL+NLO for low pr,
e Consistent extraction adb™P-,

leads to dramatic shift in the theoretical prediction.
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Applications of the Perturbative Fragmentation Function:
F.O. results

A parton level result is of the form:
doo(Q,m) = do,(Q, 1t) ® Eup(p, pto) ® D™ o (110, m) + O(m?/Q?)

Let us ignore all terms that are beyond given Fixed Ordby (formally)
settingu = ug above (i.e.E,, = 1). We get:

dol™ (Qum) = 32 85,(Qu ) ® DI opsm) + O(m?/Q?)

e D™ js process independent> one can compute spectra of massive par-
ticles from pure massless calculations. Great simplificatieyond NLO.

e D™ (similarly to its time-like counterpart) relates massI&ES subtrac-
tions to massive calculations.

Recall:that relation was used to first derive™ at NLO.
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Example:electron spectrum ip-decay (QED):

dczf — .. (cQ(ze) In? (mu> + c1(z¢) In (mﬂ> + co(ze) + O(mg/mi)>

e The constants, andc; are known (they are fixed from the NLO result
and from the evolution equation).

e D™ together with a calculation of that process with mass|esstien
at ordera? are sufficient to determine the constagtz).
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Applications of the Perturbative Fragmentation Function:
All order resummations with NNLL
Consider ,say-quark production:
dO‘b o C/Z(;a

o0 _ B0 g pPPE, 4 O(m?/Q?)

At present done at NLO + NLL.

Note: at largez — 1 additional large logs- In"(1 — z) /(1 — z) appear.

e They need to be resummed too. Those logs appear both in tke coe
cient function and in the initial condition.

e The resummation of those soft logs lead to improvement inafge
z part of the spectrum.

Example:The effect of the soft-gluon resummation at larg@r b-energy
spectrum in top decay:
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b-quark spectrum for differentz (M. Cacciari, G. Corcella,
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e Three different values qi p = 2m;, ms, m; /2.

e Other scalesy = m; andugr = g = my.

AM.)
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A process independent derivation Bf*!
e Previously applied to NLO by Keller and Laenen; Cacciari @adani.

e Based on the factorization of short- and long-distance ipBys an arbi-
trary hard scattering process:

The momenta - 3 are collineari.eq; + ¢ + g3 = p+ O(qr)
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We work in physical gaugd*n, = 0. In such case no contribution from
Interference diagram#s a resulthe collinear splitting effectively decou-
ples from the rest of the process.

One also uses the factorization of both matrix elements aadgspace in
the collinear limit :

|M(n+3) (kla SR knv d1,42, Q3)|2 — ’M(n+1) (kla SRR knap)|2w(q17 q2; q3)
and

APS ) (ky. . ks g1y g2, q3) = APSTTD (kL K, p) dBN (go, g3)

The functionsD*** can now be obtained by integrating the factrover
the momenta of the unobserved collinear partonsdide®! (¢,, ¢3).
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Evaluation of the functio*™*.

e We have modified significantly the original method; the newrfola-
tion is suitable for evaluation beyond NLO and for inclusairthe virtual
diagrams.

e As a result we have to evaluate "processes” like:

q1 q1
0-loop }—¢2 q1
q3 q2

e ... and then to project out the fragmentation component (amplyower
counting arguments in the collinear limit).

A. Mitov LCWSO05 03/21/2005



Various components to PFF and the participating sub-pseseat tree-

level:

| ini

Q—Q -

e O—0O+g+y,
e O —9+q+q,
e Q- Q0+ 09+0.

ini .
I pini

e - Q+9+0.
. Do
e ¢(q) = 2+ Q+q(1).

ini
V. Dini o

e g—>Q0+Q+g.
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Evaluation of the integrals

We evaluate the integrals using the IBP identities,

Algebraically reduce the contributions from all diagrams-t20 Mas-

ter Integrals, containing single scale) and a single variable|,

We use light cone gauge: no particular problems at one @ljrtaop

Interesting contributions from the gluon initiated compot Con-
tains terms behaving as — 2z| that we have interpreted as threshold

production of a heavy pair. They originate from the diagram:
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Properties o™ at orderO(a?%):

e The result satisfy the fermion number conservation comdlitby con-

struction):

1
/0 dz ( 0/0(2) — DSI/Q) = 1.
The Non-Singlet termv n, coinsides with the known result in the
large Gy-limit (Cacciari and Gardi).

e Thelimitz — 1: our result reproduces the NLL "soft-loga® In" (1—

2)/(1 —z) for k = 3, 2,1 from the known result for the soft-gluon re-
sumed initial condition (Cacciari and Catani). Also fronr easult
one can extract the constaft?) that is needed to promote the soft-
resummation to NNLL accuracy.
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Conclusions:

We have calculated all components of the initial conditionthe per-
turbative fragmentation function at ordef (NNLO), thus extending
the PFF formalism to NNLL level

We followed a process independent approach for the computat
D™ that exploits the universal behavior of the collinear réidia

To evaluate the two-loop integrals we apply powerful teghes for
multi-loop calculations: IBP, reduction to MI's and theirlaag.

| discussed the general properties of our result as well@asltlecks
with partial results existing in the literature.

| discussed some of the many possible applications of oultrdi&e:
Fixed order spectra for heavy particles from masslesstsgsul

Resummations of quasi-collinear logs with NNLL accuracg ancu-
rate extraction of non-perturbative fragmentation fumctirom data.
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