PROCEEDINGS

OF SCIENCE

Towards the understanding of jet substructures and
cross sections in heavy ion collisions using soft
collinear effective theory

Yang-Ting Chien*
Theoretical Division, T-2, Los Alamos National Laboratory, Los Alamos, NM 87545
E-mail: yt chi en@ anl . gov

The jet quenching phenomenon in heavy ion collisions pew strong evidence of the modifi-
cation of parton shower in the quark-gluon plasma (QGPsulestructure observables can probe
various aspects of the jet formation mechanism. They comntseful information about the QGP
and allow us to study the medium properties in great detadilsre we present theoretical cal-
culations of jet shapes and cross sections in proton-prananlead-lead collisions at the LHC
using soft-collinear effective theory, with Glauber gluateractions in the medium. We find that
resumming large logarithms in the jet substructure catmnas necessary for precise theoretical
predictions. The resummation is performed using renomatdin group evolution between char-
acteristic jet scales. We also find that the medium inducagpoorrections to jet shapes due to
the Landau-Pomeranchuk-Migdal effect. In the end we ptebercomparison between our cal-
culations with the recent measurements at the LHC with vendgagreement. Our calculations
help initiate precise jet modification studies in heavy ioiilisions.
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1. Introduction

The strong suppression of hadron and jet production crast#ore in heavy ion collisions
at the Relativistic Heavy lon Collider (RHIC) and the Largadion Collider (LHC) has long
been observed which establishes the phenomenon of jet ljugrand the creation of the quark-
gluon plasma (QGP). Although the suppression of cross@ectiould be described quite well by
several models exploiting the parton energy loss picttifggs been clear that more differential and
correlated measurements are needed in order to distingaighus jet formation mechanisms.

Jet substructure observables can resolve jets at differemgy scales. They are more sensitive
to the final-state, jet-medium interaction which allowsaseparate the initial-state effects that can
directly affect the production cross sections. The interiee between jets and the medium makes
jet physics in heavy ion collisions an even more complicatedti-scale problem. To this end,
effective field theory techniques are extremely useful pasating physics at multiple characteristic
scales. In this talk | will present the precise calculatibthe jet shape [1] in both proton-proton [2]
and lead-lead [3] collisions using soft-collinear effeettheory (SCET) [4-9], with Glauber gluon
interactions in the medium [10, 11]. The same framework lastzeen successfully applied in the
calculation of jet fragmentation functions [12].

2. Thefactorization theorem of the jet shapein SCET

The jet shape [1] probes the transverse energy distribin&de a reconstructed jet with radius
R. It is defined as the fraction of the transverse ené&gwf the jet within a subcone of size

B
Wi (r) = 2= T - (2.1)
Zri<RET
This quantity is averaged over all jets and the derivatiy® describes how the transverse energy
is differentially distributed irr.
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The infrared structure of QCD induces Sudakov logarithmthefformallog™r /R (m < 2n) in
the perturbative calculation of the jet shape. The fixedrocdiulation breaks down at smaland
the large logarithms need to be resummed.

Effective field theory techniques are useful whenever tie@ear scale separation. SCET
separates the physical degrees of freedom in QCD by a syttegrpansion in power counting. In
events with the production of energetic and collimated jits power counting parameter is small
and the leading-power contribution in SCET is a very good@xmation of the full QCD result.
We first match SCET to QCD at the hard scale by integrating leeicontributions from the hard
modes. We then integrate out the off-shell modes which gie#limear Wilson lines describing the
collinear radiation. The soft sector is described by sofs@¥i lines along the jet directions. SCET
factorizes a complicated, multi-scale problem into migtigimpler, single-scale problefnwhich
allows us to calculate the contribution to the physical seection from each sector separately.

IThe soft function of exclusive observables may still be irstaled and need to be refactorized [13-15]
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The factorization theorem for the differential cross smctof the production oN jets with
transverse momentar, and rapidityy;, the energyE; inside the cone of sizein one jet, and an
energy cutoffA outside all the jets is the following,

do

m:H(DTin,H)Jf&(Er,IJ)JSQ(U)---JﬁN(H)SLz,...N(/\,H)- (2.3)

H(pr,Yi, 1) is the hard function describing the hard scattering proaekgh energyJ®(E;, i) is
the jet function which is the probability of having the engkj inside a subcone of sizen the jet
with energyw = 2E;. All the other jet functiong®(ut) are unmeasured jet functions [13] without
radiation is constrained in measurements. The factooizatieorem simplifies dramatically and
has a product form. The averaged energy inside the coneeaxf Bizet 1 is the following,

JOEE qeae  H(priv I (B2 (1) So (A ) I ()

Eoven = ey Ay IP W) S (A W) I

(2.4)

andJg, (u) = [ dEE; J°(E, u) is referred to as the jet energy function. Note the huge datice
between the hard, unmeasured jet and soft functions. Tipkdsthat the jet shape is insensitive to
the underlying hard scattering process as well as the otireopthe event. The integral jet shape
is weighted with the jet production cross sections with prqghase space cuts pa andy,

1 do' AW ()
W(r) Z /Psdedydedyle(r) , WhereW,(r) = Ter) A~ Jer()

N atotal |:q.g
The jet shape is a collinear observable and is relativelgrisigive to the soft radiation.

(2.5)

3. Scale hierarchy and renormalization-group evolution

The renormalization-group evolution of the jet energy tiort allows us to resum the jet
shape. It satisfies the following RG equation ,

dJg (r’R7“) w?tart B
E.drlfu = | —Cg MNcusd0s) In — 7 2 —2ym(as) | B, (nR ), (3.1)

for quark jets (for gluon jets with the color factGg), andl ¢yspis the cusp anomalous dimension.
Note that the integral jet shapé, is renormalization group invariant,

_ Jer (M) _ Jer (Kj,)
JEr)  Jr(HjR)

The scaleu;, = wtans ~ E; x r can be identified [2] which eliminates the large logarithmshie
fixed-order calculation of the jet energy functida, (u;, ). The hierarchy betweenandRinduces
two hierarchical jet scaleg;, and uj,, andU;(u;,, 4js) is the RG evolution kernel which resums
the logarithms of the ratio between, andp;, (logu;, /Hj, = logr/R).

We compare our calculations with the CMS measurements .#&TeV [16] and 7 TeV
LHC [17] (FIG.1). The resummed NLL calculation agrees mueltdr with data than the fixed-
order result. Bands are theoretical uncertainties estichby varying the jet scalgs;, and ;.

Yo

Us(Kj, s Hig) - (3.2)
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Figure 1. Left: The differential jet shape for antirkets withR= 0.3, pr > 100 GeV and B < |y| < 2

in proton-proton collisions at the 2.76 TeV LHC. The blacksare the data from CMS. The shaded blue
boxes are the LO (light) and NLL (dark) calculations, white shaded green boxes are the NLL calculation
for cone jets. Right: The differential jet shape for antijts withR= 0.7 at the 7 TeV LHC.

in the resummed expressions. The shape difference forgetmstructed using the ark- and
the cone algorithms is significant. In the regios: R, higher fixed-order calculations and power
corrections become more prominent.

4. Multiple scattering and SCETwith Glauber gluons

Coherent multiple scattering and the induced bremssinghde the qualitatively new features
of the in-medium parton shower evolution. The Debye scregscaleu sets the range of inter-
action, and the parton mean free patldetermines the significance of multiple scattering in the
medium. The radiation formation timesets the scale where the jet and the medium can be re-
solved. Parton splitting and induced bremsstrahlungfeteiin the jet formation, and the interplay
among these characteristic scales can result in diffenéetféerence patterns.

We identify the Glauber gluon as the relevant mode desgitie momentum transfer trans-
verse to the jet direction between the jet and the medium,tiaedxtended effective theory is
dubbed SCEE [10,11]. The Glauber gluons are generated from the colagelsan the medium.
Given a medium model, we can consistently couple the mediujt$ using SCEd. From ther-
mal field theory and lattice QCD calculations, an ensemblgueii particles with Debye screened
potential and thermal masses is a reasonably valid paramaten of the medium properties. We
adopt this medium model with the Bjorken-expanded hydradyie evolution [18].

The large angle bremsstrahlung takes away energy, rasitiftithe jet energy loss and the
modification of the jet shape. The key ingredients which retiie calculations of the medium
modification of the jet shape are the medium-induced smijttiinctions [19,20]. The jet shape can
be calculated using the collinear parton splitting funt$ioAt leading order,

vac dNmed

. dnNvee C
i _ i—jk i— jk

The jet shape in heavy ion collisions gets modified througitlodification of jet energy functions,

LIRS W) gRg + I

W(r) = =
JER+ PR JER+ITR

(4.2)




Jet substructure and cross section in heavy ion collisions using SCET Yang-Ting Chien

1.6

L4rvsw =2.76Tev ucnm =0 Gevj Vs =276 Tev CNM only
12f R=0371<2 Henm = 0.18 Geyy 14 R=0.3,0.%] 5 /<7 CNM+Ran
: =0.35Ge
centrality 0-10% Henm = 0. pr > 100 GeV All effects
) 9=20=02 | 12F centrality 0-10%
bPb
i p )P
Ran %° rofs=te==__ Jrmrmmmes ? ***************
0.6F ] p (PP
b ' o8] : :
SO |
ALICE
02f ATLAS 1 o8p CMs
CMS
0.0 . 0.4
50 100 150 200 250 300 350 0.00 0.0 0.10 0.15 0.20 0.25 0.3¢
pr r

Figure 2: Left: Nuclear modification factoRaa for antikr jets withR= 0.3, |n| < 2 as a function ofr

in central lead-lead collisions gtSyny = 2.76 TeV, with different cold nuclear matter effects implenezh
Right: The ratio of the jet shapes in pp and PbPb collisiorith the CNM effect (blue), plus the cross
section suppression (red), plus the jet-by-jet shape noadiidin (green).

Herngﬁd(r) contributes as a power correction without large logarithifikere is no extra soft-
collinear divergence and the RG evolution of the jet eneug¢fion is the same as in vacuum. The
jet shape is then averaged with the jet cross section whislkgisficantly suppressed due to the
jet energy loss in heavy ion collisions [3]. Note that glunitiated jets are quenched more than
guark-initiated jets therefore the quark jet fraction isréased.

We present the theoretical calculations of the nuclear fizadiion factorRaa for jet cross sec-
tions as well as the ratio of the differential jet shapes adlead versus proton-proton collisions at
VSNN = 2.76 TeV (FIG.2). The left plot shows the results with differ@NM effects implemented
in the calculations, and we compare with the measuremeonts ALICE [21], ATLAS [22] and
CMS [23]. The theoretical uncertainty is estimated by vagyihe jet-medium coupling. We
see that the jet cross section is quite sensitive to the CNttef The right plot shows the jet
shape calculation and studies its sensitivity to the CNMaffthe quark/gluon jet fraction and the
jet-by-jet shape modification. The shaded boxes reprekengdale uncertainty. We see that the
non-trivial jet shape modification pattern observed at Ci¥G s due to both the increase of the
quark jet fraction, which tends to make the jet shape namoaswell as the broadening of the
jet-by-jet shape, and it is insensitive to the CNM effect. &l examine the dependenceRaf
on centrality, the jet rapidity and the jet radius [22, 24§ anake predictions for the jet shape and
cross section of inclusive and photon-tagged jets at the RHE 2 [3].

5. Conclusions

The jet shape and cross section in proton and heavy ioniookisare calculated using the
SCET extended with Glauber gluon interactions. The jet sHagpesummed at NLL accuracy
using renormalization-group techniques, and the basehlimilation is established. The medium
modification to the jet shape is calculated using the medndueed splitting functions. We find
good agreement between our calculations. The physics stadeing is that the non-trivial jet
shape modification pattern is due to the combination of tbescsection suppression and the jet-
by-jet broadening. The precise jet substructure studiégavy ion collisions have been initiated
and we are entering the golden age.
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