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The jet quenching phenomenon in heavy ion collisions provides a strong evidence of the modifi-

cation of parton shower in the quark-gluon plasma (QGP). Jetsubstructure observables can probe

various aspects of the jet formation mechanism. They contain useful information about the QGP

and allow us to study the medium properties in great details.Here we present theoretical cal-

culations of jet shapes and cross sections in proton-protonand lead-lead collisions at the LHC

using soft-collinear effective theory, with Glauber gluoninteractions in the medium. We find that

resumming large logarithms in the jet substructure calculation is necessary for precise theoretical

predictions. The resummation is performed using renormalization group evolution between char-

acteristic jet scales. We also find that the medium induces power corrections to jet shapes due to

the Landau-Pomeranchuk-Migdal effect. In the end we present the comparison between our cal-

culations with the recent measurements at the LHC with very good agreement. Our calculations

help initiate precise jet modification studies in heavy ion collisions.
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1. Introduction

The strong suppression of hadron and jet production cross sections in heavy ion collisions
at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) has long
been observed which establishes the phenomenon of jet quenching and the creation of the quark-
gluon plasma (QGP). Although the suppression of cross sections could be described quite well by
several models exploiting the parton energy loss picture, it has been clear that more differential and
correlated measurements are needed in order to distinguishvarious jet formation mechanisms.

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

2. The factorization theorem of the jet shape in SCET

The jet shape [1] probes the transverse energy distributioninside a reconstructed jet with radius
R. It is defined as the fraction of the transverse energyET of the jet within a subcone of sizer,

ΨJ(r) =
∑ri<r E i

T

∑ri<R E i
T

. (2.1)

This quantity is averaged over all jets and the derivativeρ(r) describes how the transverse energy
is differentially distributed inr.

Ψ(r) =
1

NJ

NJ

∑
J=1

ΨJ(r), ρ(r) =
d
dr

Ψ(r) . (2.2)

The infrared structure of QCD induces Sudakov logarithms ofthe formαn
s logm r/R (m ≤ 2n) in

the perturbative calculation of the jet shape. The fixed order calculation breaks down at smallr and
the large logarithms need to be resummed.

Effective field theory techniques are useful whenever thereis clear scale separation. SCET
separates the physical degrees of freedom in QCD by a systematic expansion in power counting. In
events with the production of energetic and collimated jets, the power counting parameter is small
and the leading-power contribution in SCET is a very good approximation of the full QCD result.
We first match SCET to QCD at the hard scale by integrating out the contributions from the hard
modes. We then integrate out the off-shell modes which givescollinear Wilson lines describing the
collinear radiation. The soft sector is described by soft Wilson lines along the jet directions. SCET
factorizes a complicated, multi-scale problem into multiple simpler, single-scale problem1, which
allows us to calculate the contribution to the physical cross section from each sector separately.

1The soft function of exclusive observables may still be multi-scaled and need to be refactorized [13–15]
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The factorization theorem for the differential cross section of the production ofN jets with
transverse momentapTi and rapidityyi, the energyEr inside the cone of sizer in one jet, and an
energy cutoffΛ outside all the jets is the following,

dσ
d pTi dyidEr

= H(pTi ,yi,µ)Jω1
1 (Er,µ)Jω2

2 (µ) . . .JωN
N (µ)S1,2,...N(Λ,µ). (2.3)

H(pTi ,yi,µ) is the hard function describing the hard scattering processat high energy.Jω(Er,µ) is
the jet function which is the probability of having the energy Er inside a subcone of sizer in the jet
with energyω = 2EJ. All the other jet functionsJω(µ) are unmeasured jet functions [13] without
measuring the substructure of the jet.S1,2,...N(Λ,µ) is the soft function and it describes how soft
radiation is constrained in measurements. The factorization theorem simplifies dramatically and
has a product form. The averaged energy inside the cone of size r in jet 1 is the following,

〈Er〉ω1 =

∫

dErEr
dσ

dpTi dyidEr

dσ
dpTi dyi

=
H(pT i,yi,µ)Jω1

E,r1
(µ)Jω2

2 (µ) . . .S1,2,...(Λ,µ)
H(pT i,yi,µ)Jω1

1 (µ)Jω2
2 (µ) . . .S1,2,...(Λ,µ)

=
Jω1

E,r1
(µ)

Jω1
1 (µ)

, (2.4)

andJω
E,r(µ) =

∫

dErEr Jω(Er,µ) is referred to as the jet energy function. Note the huge cancelation
between the hard, unmeasured jet and soft functions. This implies that the jet shape is insensitive to
the underlying hard scattering process as well as the other part of the event. The integral jet shape
is weighted with the jet production cross sections with proper phase space cuts onpT andy,

Ψ(r) =
1

σtotal
∑

i=q,g

∫

PS
d pT dy

dσ i

d pT dy
Ψi

ω(r) , whereΨω(r) =
JE,r(µ)/J(µ)
JE,R(µ)/J(µ)

=
JE,r(µ)
JE,R(µ)

. (2.5)

The jet shape is a collinear observable and is relatively insensitive to the soft radiation.

3. Scale hierarchy and renormalization-group evolution

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

dJq
E,r(r,R,µ)

d ln µ
=

[

−CF Γcusp(αs) ln
ω2 tan2 R

2

µ2 −2γJq(αs)

]

Jq
E,r(r,R,µ) , (3.1)

for quark jets (for gluon jets with the color factorCA), andΓcusp is the cusp anomalous dimension.
Note that the integral jet shapeΨω is renormalization group invariant,

Ψω =
JE,r(µ)
JE,R(µ)

=
JE,r(µ jr )

JE,R(µ jR)
UJ(µ jr ,µ jR) . (3.2)

The scaleµ jr = ω tan r
2 ≈ EJ × r can be identified [2] which eliminates the large logarithms in the

fixed-order calculation of the jet energy functionJE,r(µ jr ). The hierarchy betweenr andR induces
two hierarchical jet scalesµ jr andµ jR , andUJ(µ jr ,µ jR) is the RG evolution kernel which resums
the logarithms of the ratio betweenµ jr andµ jR (logµ jr/µ jR = logr/R).

We compare our calculations with the CMS measurements at the2.76 TeV [16] and 7 TeV
LHC [17] (FIG.1). The resummed NLL calculation agrees much better with data than the fixed-
order result. Bands are theoretical uncertainties estimated by varying the jet scalesµ jr and µ jR
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Figure 1: Left: The differential jet shape for anti-kT jets with R = 0.3, pT > 100 GeV and 0.3 < |y| < 2
in proton-proton collisions at the 2.76 TeV LHC. The black dots are the data from CMS. The shaded blue
boxes are the LO (light) and NLL (dark) calculations, while the shaded green boxes are the NLL calculation
for cone jets. Right: The differential jet shape for anti-kT jets withR = 0.7 at the 7 TeV LHC.

in the resummed expressions. The shape difference for jets reconstructed using the anti-kT and
the cone algorithms is significant. In the regionr ≈ R, higher fixed-order calculations and power
corrections become more prominent.

4. Multiple scattering and SCETwith Glauber gluons

Coherent multiple scattering and the induced bremsstrahlung are the qualitatively new features
of the in-medium parton shower evolution. The Debye screening scaleµ sets the range of inter-
action, and the parton mean free pathλ determines the significance of multiple scattering in the
medium. The radiation formation timeτ sets the scale where the jet and the medium can be re-
solved. Parton splitting and induced bremsstrahlung interfere in the jet formation, and the interplay
among these characteristic scales can result in different interference patterns.

We identify the Glauber gluon as the relevant mode describing the momentum transfer trans-
verse to the jet direction between the jet and the medium, andthe extended effective theory is
dubbed SCETG [10,11]. The Glauber gluons are generated from the color charges in the medium.
Given a medium model, we can consistently couple the medium to jets using SCETG. From ther-
mal field theory and lattice QCD calculations, an ensemble ofquasi particles with Debye screened
potential and thermal masses is a reasonably valid parameterization of the medium properties. We
adopt this medium model with the Bjorken-expanded hydrodynamic evolution [18].

The large angle bremsstrahlung takes away energy, resulting in the jet energy loss and the
modification of the jet shape. The key ingredients which enter the calculations of the medium
modification of the jet shape are the medium-induced splitting functions [19,20]. The jet shape can
be calculated using the collinear parton splitting functions. At leading order,

Ji
E,r(µ) = ∑

j,k

∫

PS
dxdk⊥

[ dNvac
i→ jk

dxd2k⊥
+

dNmed
i→ jk

dxd2k⊥

]

Er(x,k⊥) . (4.1)

The jet shape in heavy ion collisions gets modified through the modification of jet energy functions,

Ψ(r) =
Jvac

E,r + Jmed
E,r

Jvac
E,R + Jmed

E,R

=
Ψvac(r)Jvac

E,R + Jmed
E,r

Jvac
E,R + Jmed

E,R

. (4.2)

3



P
o
S
(
I
C
H
E
P
2
0
1
6
)
3
7
9

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

ALICE
ATLAS

CMS

sNN = 2.76 TeV
R = 0.3, È Η È < 2

centrality 0-10%

50 100 150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

pT

RAA

g= 2.0H±0.2L
ΜCNM = 0.35 GeV
ΜCNM = 0.18 GeV
ΜCNM = 0 GeV

CMS

sNN = 2.76 TeV
R = 0.3, 0.3<È Η È<2

pT > 100 GeV
centrality 0-10%

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.4

0.6

0.8

1.0

1.2

1.4

1.6

r

Ρ HrLPbPb

Ρ HrLpp

All effects
CNM+RAA

CNM only

Figure 2: Left: Nuclear modification factorRAA for anti-kT jets withR = 0.3, |η | < 2 as a function ofpT

in central lead-lead collisions at
√

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

HereJmed
E,r (r) contributes as a power correction without large logarithms. There is no extra soft-

collinear divergence and the RG evolution of the jet energy function is the same as in vacuum. The
jet shape is then averaged with the jet cross section which issignificantly suppressed due to the
jet energy loss in heavy ion collisions [3]. Note that gluon-initiated jets are quenched more than
quark-initiated jets therefore the quark jet fraction is increased.

We present the theoretical calculations of the nuclear modification factorRAA for jet cross sec-
tions as well as the ratio of the differential jet shapes in lead-lead versus proton-proton collisions at√

sNN = 2.76 TeV (FIG.2). The left plot shows the results with different CNM effects implemented
in the calculations, and we compare with the measurements from ALICE [21], ATLAS [22] and
CMS [23]. The theoretical uncertainty is estimated by varying the jet-medium couplingg. We
see that the jet cross section is quite sensitive to the CNM effect. The right plot shows the jet
shape calculation and studies its sensitivity to the CNM effect, the quark/gluon jet fraction and the
jet-by-jet shape modification. The shaded boxes represent the scale uncertainty. We see that the
non-trivial jet shape modification pattern observed at CMS [16] is due to both the increase of the
quark jet fraction, which tends to make the jet shape narrower, as well as the broadening of the
jet-by-jet shape, and it is insensitive to the CNM effect. Wealso examine the dependence ofRAA

on centrality, the jet rapidity and the jet radius [22, 24] and make predictions for the jet shape and
cross section of inclusive and photon-tagged jets at the LHCRun 2 [3].

5. Conclusions

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