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Abstract
The jet shape is a classic jet substructure observable tbaeg the average transverse energy profile inside a

reconstructed jet. The studies of jet shapes in protoreprobllisions have served as precision tests of perturba-
tive Quantum Chromodynamics (QCD). They have also recér@tome the baseline for studying the in-medium
modification of parton showers in ultra relativistic nu@deuucleus collisions. The jet shape is a function of two
angular parameter® andr which can be at hierarchical scales. Its calculation ssiffierm large logarithms of the
ratio between the two scales, and these phase space logaadn conveniently be resummed in the framework of
soft-collinear effective theory (SCET). We find that, up taw@r corrections, the integral jet shape can be expressed
In a factorized form which involves only the ratio betweem @t energy functions. Resummation is performed at
next-to-leading logarithmic (NLL) order using renormailiion-group evolution techniques. The modification of jet
shapes in heavy ion collisions is calculated at leadingrardepacity using SCET with Glauber gluon interactions
In the medium. Comparisons to the jet shape measuremerits BHC are presented to verify the dominant role
of the collinear parton shower and to identify the kinemaégion in which power-suppressed soft modes and
non-perturbative effects may play a role.

Introduction

The jet shape probes the transverse energy distributioteir@sjet and is very different for quark-
Initiated and gluon-initiated jets. It is useful in quark:gn discrimination which is important in new
physics searches. On the other hand, in heavy ion physiasadadgication of jet shapes provides
unique information about the properties of the hot, densdiumethat is produced in ultra-relativistic
nuclear collisions which is referred to as the quark-gluasma (QGP).

Given a jet with an axig, its integral jet shap@ ;(r) is defined as follows,

_ ZZ, dm<7“ ECZF
Zi, dm<R ECZF
which is the fraction of the transverse energy of the jet widn angler from the jet axis. Heregf;

IS the Euclidean distance between the two directions albagth particle and the jet axig on the
rapidity-azimuthal angle planet;;,> = (y; — yjet)? + (¢i — ¢jet)*. In experiment, we measure the

averagedntegral jet shapey(r) = N%] Zf}fil VU ;(r). The differential jet shape is then defined to be

its derivative,)(r) = d\fl@. The jet shape was introduced and calculated in QCD at Iganhder

in [2]. Large logarithms of the formm /R were later resummed using the modified leading logarith-
mic approximation [3], including the contributions fromtial state radiation and non-perturbative
effects. To go beyond these approximations and addressdhssion of the jet shape calculations in
a systematically improvable way, we will use effective figddory techniques in SCET [4].

W (r) (1)

Soft-Collinear Effective Theory

SCET Is an effective field theory of QCD with a systematic
power counting. In events with highly collimated jets, tlusver
counting parameter is small and the leading power contabut
calculated in SCET is a very good approximation of the full
QCD result. SCET separates physics at different energgscal
and the factorization of thbard collinearand soft sectors is
more transparent. The hard, jet and soft functions invoined

the factorization theorem of a physical cross section, at we
as their anomalous dimensions, can be calculated order-by o
der at each characteristic scale. Large logarithms of the ra
between hierarchical energy scales are resummed throegh t
renormalization-group evolution of these functions. Imahe
lon collisions with the creation of the QGP, SCET Is extended
to include the Glauber gluon interaction with the medium [5]

Figure 1: Factorization in SCET

Factorized Expression for the Jet Shape

For concreteness, let us consider the shapes of jets fromed con-
figuration ine*e™ collisions without loss of generality. Jets are recon-
structed using a jet algorithm with a paramef&that is parametrically
small. An energy cutoff\ outside the jets is iImposed to ensure the
N-jet configuration. We also measure the eneFgjyinside a cone of
sizer in one jet (labeled by 1), as well as the transverse momesnta
and rapidityy, of all the jets. The differential cross section &tjet
production with the measurement Bf and the energy cutoft is,

1 do
sidErdprdy H(pr, Yis 1) Juor (Ery 1) Juo, (1) - - JwNw)sm,,,nN(A(;)

Figure 2: ~ Schematic +O(A) + O(R). Here, H(py,y;, 1) is the hard function which con-
event topology ofV-jet Y . . : . .
oroduction tains the information about th&/-jet production at the hard scale.

Ju(Er, ) = 3 x (0[Xw(0)[ Xe)(Xelxw(0)|0)d(Er — E="(Xe)) Is a
newly defined jet function, which is the probability of measg an energyF), inside the subcone
of sizer. Hereyy, is the collinear jet field in SCET, and the operafof” returns the energy of the
collinear particlesX, inside ther cone. All the other jet functions without the jet energy meas
ments are the unmeasured jet functions [6]. After integgadiut the collinear modes we are left with
a soft sector which is described by soft Wilson lines aloreyj#t directions. The soft function is,

Sny..nn(N\, @) = ZXS<O|OE(O)]XS><XS|OS(O)]O>@(A — EZR(X)), whereO,(0) consists ofV soft
Wilson lines along the:; _ y directions intersecting at the origin 0. The operator’ returns the

energy of the soft particleX; outside all/V jets. Note that the factorized expression is a simpleg

product of the hard, jet and soft functions. Tdneerage@nergy inside the cone of sizan jet 1 is
1 d
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Jf?“(u) = [dE.E, J,(Ey, ) is referred to as the jet energy function. The integral jeipghneeds
another average over the jet production cross sections praper phase space cutsenandy,

_ 1 do’ iy oy (B L)/ Ju(k) T ()
qj(T) N Ttotal izq;g /PS dedydedy\Dw( ) o qu( ) N <ER>w B JwER<,U>/Jw<,u> N JMER(,LO |
(4)

which is the ratio between two jet energy functions. As we & the jet shape is insensitive to the
hard process and the soft radiation, and it depends onlyegpetionic origin and the energy of the jet.
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Renormalization-Group Evolution and Resummation

The renormalization-group equation satisfied by the jetggne

T X H - R function is the following,
Pjp == Lvg X 73 i -
4705 10 w2 tanQB - '
dwll”l/(L > — —C@'Fcusp<045> In Iu2 £ — 2/7Z(049> JZ:JET(M) !

(5)
wherel'.ysp IS the cusp anomalous dimension. The equation
can be solved and the jet energy function can be evolved from
its natural scalg.; to the renormalization scale. The re-

summed integral jet shape is therefore

I[Ljr ~7 EJ X r

Figure 3: RG evolution of the jet
energy function
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where: = ¢, g with C; = C'r andCy = C 4 the Casimir operators of the fundamental and adjoint

representations in QCD. Hefv, i) = — fjé‘;) dozp%l?oof;)‘) Jow) ;(—g/,), Ai(v, ) = — fO?(%) da%&)

and Ap(v, 1) = — fjé‘;) dar(g?)of?) are the renormalization-group evolution kernels in SCET.

Medium Modification of the Jet Shape

oL

In heavy ion collisions, jets are produced and subsequently
guenched as they propagate through the medium. The medium in
duced splitting [7] causes the jet shape to be modified,

L,
qj(m - Jf,vac_F Jf?,med - Jf?,vac JR vac . J;E,med
- ;E.wac E.med  ;Evac ;E. vac E.med E.vac E.med *

Because of the Landau-Pomeranchuk-Migdal effect the noadidin

IS a power correction, and there are no large IogarithnﬁElﬁWd at
first order in opacity. For illustration, in the small x lintite medium
Induced splitting function for the — qg channel is

Figure 4. Parton splitting
Induced by Glauber gluons
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and we use the effective cross sect My ~ T @ +mp In the simple model of the static QGP.

There Is no extra soft-collinear divergence when integgativer the final state phase space, and the
renormalization-group evolution of the jet energy funitis the same as in vacuum.

Results and Conclusions

Here we present the comparison of our jet shape calculatitrtie CMS measurements of differen-
tial jet shapes in proton-proton and lead-lead collisiorts wucleon-nucleon center of mass energy
at.,/syy = 2.76 TeV [8]. Jets are reconstructed using the antialgorithm with R = 0.3, and the

Cu'[SpJTet > 100 GeV, and0.3 < |¢°!] < 2 are imposed. The theoretical uncertainties are estimated
by varying the jet scales in the resummed expressions, shewime colored boxes in the plots. For
medium calculations we use the following parameters of Q@& gluon mean free patky, = 1 fm,

the size of QGH. = 3 fm, and the inverse range of the glauber gluon interactica 0.75 GeV.
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Figure 5: (Left) The differential jet shape for antir jets atleading ordeandnext-to-leading logarithmieccuracy, as
well as - The NLL results agree much better with the data than the ISOlt® The resummation and the
algorithm dependence of the jet shape are important. (RMatium modification of jet shapes in lead-lead collisions
with centrality O - 10%. It is sensitive to the QGP parametengch will allow us to probe the properties of the medium
more precisely. The attenuation at midnd the enhancement at the periphery of the jet agree witthaaevery well.

We find very good agreement between our calculations anddtae do conclude, the jet shape is
resummed at NLL accuracy using the renormalization-greapriiques in SCET. The baseline calcu-
lation in proton-proton collisions has been establishatiaran be systematically improved to higher
precisions. The LO calculation can not describe the dathamel the resummation is essential. The
effect of medium modification is captured by the Glauber gludgeractions, which is an important
power correction. The precision measurements of the QGpepties will be possible in the future.
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