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ATLAS Jet Quenching in LHC Run 1

• Broad program of jet suppression and modification 
➡ how do we best make progress in Run 2?
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ATLAS Inner Detector
|η| < 2.5

Forward Calorimeters
3.2 < |η| < 4.9

EMCal+HCal system
|η| < 4.9

Pb

+ Minimum Bias Detectors
+ High Level Trigger system

Pb
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ATLAS inclusive jet RAA 
slowly increases from 

50-400 GeV
➡ quenching for TeV-

scale jets in Run 2?

Extreme kinematic reach: jets

Single Jet Observables: Rapidity Dependence
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Figure 4: Left panel: comparison of theoretical calculations for the nuclear modification factor
RAA of inclusive jets as a function of the jet transverse momentum to experimental data in

√
sNN =

2.76 TeV Pb+Pb collisions at the LHC, with different collision centralities. Two centrality classes, 0
- 10% and 30 - 40%, are considered. The bands corresponds to the variation of the coupling g = 2±
0.2 between the jet and the medium in the calculations, and small CNM effects (µ = 0.18 GeV) are
implemented. The data is from ATLAS [13] with R = 0.4. Right panel: comparison of theoretical
calculations for the ratios of jet RAA’s within different pseudo-rapidity bins as a function of the
jet transverse momentum to the ATLAS experimental data [13] in central Pb+Pb collisions. The
blue band corresponds to the ratio RAA(0.0 < |η| < 0.8)/RAA(0.0 < |η| < 2.0), and the red band
corresponds to the ratio RAA(0.8 < |η| < 2.0)/RAA(0.0 < |η| < 2.0). The derived data corresponds
to RAA(0.3 < |η| < 0.8)/RAA(0.0 < |η| < 2.1) and RAA(1.2 < |η| < 2.1)/RAA(0.0 < |η| < 2.1).

suppression of the cross section. The jet radius dependence of RAA is indeed observed by

the ATLAS collaboration [12] and shown in the right panel of Fig. 5. More specifically, the

center to peripheral ratio RCP of jet cross sections as a function of pT , defined as

RR
CP (pT ) = ⟨Nper

bin ⟩
dσcen

AA(pT , R)

dηd2pT

/

⟨N cen
bin ⟩

dσper
AA(pT , R)

dηd2pT
=

Rcen
AA(pT , R)

Rper
AA(pT , R)

. (3.3)

is compared to the one for R = 0.2. In Eq. (3.3) ⟨N cen.
bin ⟩ and ⟨Nper.

bin ⟩ are the mean of the

number of binary nucleon-nucleon scattering in central and peripheral Pb+Pb collisions.

The calculation predicts qualitatively the transverse momentum dependence of the RCP

ratios and provides a quantitative description of this observable when the two radii are

sufficiently different. For small radii the calculation over-predicts the difference in the

quenching patterns of inclusive jets. Such discrepancy may be caused by the fact that we

only evaluate the medium-induced splitting functions at the lowest non-trivial order, or

that we neglect further dissipation of the jet energy through collisional processes in the

medium [127]. The resummation of logR for small-R jet cross section can also play a

role [70, 71]. New experimental measurements will be very useful to further examine this

jet radius dependence.

The jet shape can give complimentary information of the in-medium parton shower

beyond the study of the jet cross section. Since the differential jet shape is normalized

by
∫ R
0 ρ(r)dr = 1, we expect any enhancement (attenuation) at r ≈ R to be correlated

with the attenuation (enhancement) at small/intermediate values of r. This behavior

was qualitatively seen in the attempt to calculate the jet shape modification using the

– 13 –

Chien and Vitev, arXiv:1509.07257

- pT, centrality and y dependence of RAA well described by recent calculations 

- RAA larger at forward rapidity ⇒ increasing quark fraction wins out over 
increasing steepness of  spectrum 

Only modest rapidity-
dependence for <300 GeV 

jets within |y| < 2.1 
➡ expand to larger pT / y ?

Chien, Vitev,                   
hep-ph/1509.07257

pT
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Jet suppression in Run 2

Within uncertainties, RAA ~ 0.6 from 
0.2-1 TeV 
➡ constant spectral shape 
➡ in a fraction “shift” picture, ~1 TeV 

jets losing 100 GeV(!) 
➡ will be very interesting to dissect 

pT > 500 GeV jet events…

ATLAS-CONF-2017-009
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➡ qualitatively consistent with Jet RAA 
➡ no indication that quenching “turns off” at some large E scale 

➡ important: check CNM effects in data…
7



RAA(|y|) / RAA(|y|<0.3), measured out to |y| = ±2.7 
➡ visible y-dependence for pT > 300 GeV jets 
➡ interplay of (1) path length, (2) spectral shape, (3) flavor?
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Figure 4: (a) On top: Rapidity difference between the jets ∆η before and after the jets pass through
the medium. The red histogram represents the ∆η of the jet before passing the medium. The light
green histogram represents the ∆η spectrum of a jet quenched by the medium with transport coefficient
K = 1 (7). The blue histogram represents the ∆η spectrum of a jet quenched by the medium with
transport coefficient K = 2. On bottom: ratios of the histograms. (b) On top: Azimuthal angle between
the jets ∆φ before and after the jets pass through the medium. The red histogram represents the ∆φ
of the jet without passing the medium. The dark green histogram represents the ∆φ spectrum of a
jet quenched by the medium with K = 1. The green histogram represents the ∆φ spectrum of a jet
quenched by the medium with K = 2. On bottom: ratios of the histograms.
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➡ proposal for central + 
forward dijet corr.

Deak, Kutak, Tywoniuk, 
 hep-ph/1706.08434
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balance

Full (“2-D”) unfolding to 
generator-level 
➡ uncovers non-obvious 

features from reco. 
distributions 

➡direct comparisons to 
theory, other expts (w/o 
addtl’ modeling) 

➡ surprising pT evolution…
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Jet longitudinal 
momentum structure
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Comprehensive measurement, vs. 
kinematics / centrality / √s 
➡ 2.76 TeV: EPJC 77 (2017) 379 
➡ 5.02 TeV: ATLAS-CONF-2017-005 
➡ will summarize salient features
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Modifications seemingly 
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➡   large-z enhancement 
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At fixed jet pT, hint of a rapidity dependence
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… but jets lose more 
and more energy
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D(z; pTjet) in A+A
D(z; pTjet) in p+p

after quenching are some jets quenched 
so strongly they leave 
their final-state pT bin?
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Fig. 5 Ratios of D(z) distributions for six bins in collision centrality
to those in peripheral (60–80 %) collisions, D(z)|cent/D(z)|60−80, mea-
sured by ATLAS for R = 0.4 jets [12] (black markers) are compared to

the analytic calculation (red line) and MC calculation (blue histogram)
of the same quantity in the fractional energy loss model. The analytic
calculation uses the power law parameterization of jet pT spectra

where Dq(z) and Dg(z) are the quark and gluon D(z) distri-
butions, respectively, and f int

q is the modified quark fraction

integrated over a given pjet
T range.

The ATLAS jet fragmentation measurements were
obtained for pjet

T > 100 GeV. Applying Eq. 14 over this
pjet

T range and using the sq parameters obtained from fits to
the jet RAA, we calculated the ratio of modified D(z) distri-
butions in different centrality bins to the distribution in the
60–80 % centrality bin for comparison with the ATLAS data.
The results are shown along with the data in Fig. 5. The figure
shows that our simple model for the medium modifications of
the inclusive jet fragmentation function can reproduce some
of the qualitative features in the data, namely the suppres-
sion of the fragmentation function at intermediate z and an
enhancement in the fragmentation function at large z. This
latter is statistically marginal in the data given the (combined)
error bars, but the enhancement at large z in the model is an
automatic result of the increased quark content of the jet
spectrum. Our model does not show as deep a suppression
in the D(z) ratio near 0.1 which may indicate that additional
physics contributes there.

One feature in the data that cannot be explained by the
model is the enhancement at low z. Our simple model also

explains the centrality dependence of the data, except for the
50–60 % centrality bin, given the fits to the single-jet sup-
pression. Based on the results shown in Fig. 5 we argue that
it is plausible that the modifications observed at intermedi-
ate and large z in the jet fragmentation function result from
quenching-driven changes in the jet quark fraction while the
enhancement at low z reflects a contribution of extra parti-
cles in the jet either from radiative emission within the jet or
recoil of particles in the medium.

We have performed a separate Monte-Carlo evaluation of
the single-jet suppression to check and improve on the results
of the above analytic calculations which are necessarily lim-
ited by assumptions regarding the shapes of the jet spectra. To
simulate the single-jet suppression, we sample jets from the
PYTHIA8-simulated events, apply the shift as in Eq. 6 with
chosen Sq and Sg for quark and gluon jets, respectively, and
then build the resulting spectra of quenched jets. The simu-
lated RAA is obtained from the ratio of the quenched spec-
trum to the original spectrum of PYTHIA8 jets. The results
are shown with the blue histograms in Fig. 4. The agree-
ment with the analytic results is poor, suggesting that the
power-law parameterization of the jet spectra is inadequate
for the simulation of the single-jet suppression. In fact, the

123

Cole, Spousta 
EPJC 76 (2016) 50
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a general feature of inclusive 
measurements…



no balancing jet!

high-energy jet

X.
beams going into/

out of the page
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Pb+Pb 2.76 TeV 
LHC Run 1

see for example:  
Milhano, Zapp  

hep-ph/1512.08107



balancing 
jet?
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high-energy 
photon

Run: 286834
Event: 124877733
2015-11-28 01:15:42 CEST
Pb+Pb √sNN = 5.02 TeV
photon + multijet event
ΣETFCal = 4.06 TeV

HCal

EMCal

Pb+Pb 5.02 TeV 
LHC Run 2
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photon 1. What is the (absolute) 
amount of energy lost in cone?
➡ photon+jet pT-balance 

2. How is the parton shower in 
cone modified by medium?
➡ photon-tagged frag. 

function (w.r.t. jet) 

3. Where does the lost energy 
end up?
➡ photon-hadron corr. broadly 

in angle / momentum

jet (AA)
jet (pp)

photon

jet jet 
particles

photon
jet

quenched 
energy



ATLAS
Preliminary 5.02 TeV

-1Pb+Pb, 0.49 nb
-1, 26 pbpp Data

Simulation

pp 50-80% Pb+Pb 30-50% Pb+Pb 20-30% Pb+Pb 10-20% Pb+Pb 0-10% Pb+Pb

0 1 2
γJx 0 1 2

γJx 0 1 2
γJx 0 1 2

γJx 0 1 2
γJx 0 1 2

γJx
0

1

0

1

0

1

0

1

) γJx
/d

N
)(d γJ

N
(1

/
) γJx

/d
N

)(d γJ
N

(1
/

) γJx
/d

N
)(d γJ

N
(1

/
) γJx

/d
N

)(d γJ
N

(1
/ <

 8
0 

G
eV

γ Tp
60

 <
 

 <
 1

00
 G

eV
γ Tp

80
 <

 
 <

 1
50

 G
eV

γ Tp
10

0 
< 

 <
 2

00
 G

eV
γ Tp

15
0 

< 

21

vary system size
va

ry
 in

iti
al

 E
 b

ef
or

e 
qu

en
ch

in
g

ATLAS-
CONF-2016-110

xJɣ = pTjet / pTɣ



Photon+multijet event
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Figure 8: Measured cross sections for isolated-photon plus two-jet production (dots) as functions of (a) E�T, (b)
pjet2

T , (c) ����jet2 and (d) ��jet1�jet2. The NLO QCD predictions from Blackhat corrected for hadronisation and
underlying-event e↵ects and using the CT10 PDF set (solid lines) are also shown. These predictions include only
the direct contribution (D). The bottom part of each figure shows the ratio of the NLO QCD prediction to the
measured cross section. The inner (outer) error bars represent the statistical uncertainties (the statistical and sys-
tematic uncertainties added in quadrature) and the shaded band represents the theoretical uncertainty. For most of
the points, the inner error bars are smaller than the marker size and, thus, not visible.
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Figure 13: Measured cross sections for isolated-photon plus three-jet production (dots) as functions of (a) E�T, (b)
pjet3

T , (c) ����jet3, (d) ��jet1�jet3 and (e) ��jet2�jet3. The NLO QCD predictions from Blackhat corrected for had-
ronisation and underlying-event e↵ects and using the CT10 PDF set (solid lines) are also shown. These predictions
include only the direct contribution (D). The bottom part of each figure shows the ratio of the NLO QCD prediction
to the measured cross section. The inner (outer) error bars represent the statistical uncertainties (the statistical and
systematic uncertainties added in quadrature) and the shaded band represents the theoretical uncertainty. For most
of the points, the inner error bars are smaller than the marker size and, thus, not visible.
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Sensitivity to analysis choices…
1. Photon + inclusive jets 

➡ experimentally easy, but 
can’t extract per-jet <Eloss> 

2. Photon + leading jet 

➡ better-defined “leading 
quark” probe 

3. Photon + ΣpT of high-pT jets 

➡ E-loss of entire recoiling 
hadronic system

23



Photon-tagged 
fragmentation functions 

• Separately with respect to the jet and the photon 
➡ flavor dependence of parton shower modification 
➡ ɣ-tag: clean sample of jets at lower pT (e.g. w/o fake jet 

rejection) 
➡ avoid “artificial” features due to final-state selection                      

(e.g. change in q/g mixture, Spousta, Cole hep-ph/1504.05169 )

hadrons from 0:5< pT < 7:0 GeV=c are used in combi-
nation with a single 5< p!

T < 9 GeV=c photon bin.
Figure 1 shows azimuthal pair angle distributions for the

extracted direct !-h correlations in 0%–40% central
Auþ Au collisions as well as comparison with the direct
!-h correlations in pþ p. The systematic uncertainties
arise from the absolute normalization procedure, v2 esti-
mation, and R!. The estimated uncertainty from higher

flow moments is shown separately and is only significant
for the highest " pairs.

Unlike on the away side, on the trigger side (j!#j<
$=2) the direct !-h correlations in Auþ Au show an
integrated yield consistent with zero when considering
systematic uncertainties, which are dominated by the low-
est !# point, indicating that the statistical subtraction
method indeed yields direct photons and that the yield of
fragmentation photons in Auþ Au is negligible within
uncertainties.

On the away side the associated particle yield is visible,
and there is significant variation when comparing the
correlations in Auþ Au to pþ p. To further quantify
this variation, the yields are integrated over !# for
j$"!#j< $=2, as a function of ", to obtain the effective
fragmentation function. Figure 2(a) shows the integrated
away-side yields in Auþ Au and pþ p as circles and
squares, respectively. The statistical error bars include

the point-to-point uncorrelated systematic uncertainty
from the background subtraction, while the boxes around
the points show the correlated uncertainties. For reference,
the dependence on zT is also indicated as the upper scale
axis label.
To study medium modification of the jet fragmentation

function, we take a ratio of the " distribution inAuþ Au to
pþ p. This ratio, known as IAA, is shown in Fig. 2(b) and
can be written as IAA ¼ YAuþAu=Ypþp. Much of the global
scale uncertainty cancels in this ratio, but there is a remain-
ing 6% uncertainty. In the absence of modification, IAA
would equal 1. The data instead indicate suppression at low
" and enhancement at higher ". Including all systematic
uncertainties the %2=DOF value for the highest four points
compared to the hypothesis that IAA ¼ 1 is 17:6=4, corre-
sponding to a probability that IAA is 1.0 for "> 0:8 of less
than 0.1%.
The dashed curve in Fig. 2(b) shows IAA calculated at

Ejet ¼ 7 GeV using the BW-MLLA model in medium and

in vacuum. The vacuum calculation agrees well with the
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Figure 9. Predictions of our hybrid model, with strongly coupled energy loss for the partons in a PYTHIA

shower, as well as our two control models for the partonic fragmentation function ratios (fragmentation
function for jets in Pb-Pb collisions over that for jets in p-p collisions) for jets produced in association with
an isolated photon (upper panels) or a Z-boson (lower panels) in Pb-Pb collisions at

p
s = 5.02 ATeV at two

centralities (left and right panels). The fragmentation functions are constructed with respect to the variable
zJ = p

parton

k /p

jet

k .

hard fragments, which leads to the increase in the hard part of the fragmentation function. For
all models there is also a depletion in the Pb-Pb fragmentation function at intermediate zJ . This
is the expected result from quenching, which tends to reduce the energy of the fragments that
propagate in plasma. Remarkably, for the energy range of bosons and jets explored in those figures,
and with our current uncertainties, the pattern of fragmentation at large and intermediate zJ is
indistinguishable among the three models we explore, despite their very different path length and
energy dependences. We comment further on this below. At smaller values of zJ , the hybrid model
with its strongly coupled energy loss suppresses soft fragments more than the control models.
However, this separation between models occurs in a regime where the fragments have momenta
smaller than 2 GeV, meaning that our calculations of fragmentation functions are not reliable there.
Adding in the contributions from a medium that has picked up momentum from the jet passing
through it, meaning that it is not completely removed by the background subtraction, would push
the Pb-Pb fragmentation functions up in this soft region by an amount that our model does not
permit us to estimate at present.

In Fig. 10 we reanalyze the fragmentation function ratios, this time using the boson momentum
zB to define the scaling variable according to zB ⌘ �p

parton

T p

B
T /(pT

B
)

2, with p

B
T the transverse

– 29 –

Yacine Mehtar-Tani                                                      /28                                                Quark Matter 2015

Coherent limit in pQCD

18

r� � �jetL

Q � �jetE

jet transverse size 

r�
Q�1

s

MC prescription (for unresolved jets): medium t-evolution then collinear Q-evolution 

[Casalderrey-Solana, MT, Salgado, Tywoniuk (2013)]

Unmodified 
intrajet 

structure 

Large angle 
energy flow 
from total 

charge

• When the transverse size       of the jet is smaller than medium 
resolution scale            the medium interacts “effectively” with 
the total charge of the jet (primary parton)

Casalderrey-Solana, Gulhan, Milhano, 
Pablos, Rajagopal, hep-ph/1508.00815

Casalderray-Solana, Mehtar-Tani, 
Salgado, Tywoniuk, hep-ph/1210.7765 PRL 111          

(2013) 032301



Photons + heavy 
flavor quarks

• Absolute energy loss & mod. fragmentation for c, b? 
➡ since Q is not incoming parton, lose back-to-back 

photon + “leading quark” picture 
➡ but still pick out consistent initial kinematics in pp & AA?

See also: 
➡ Stavreva, Arleo, Schienben, hep-ph/1211.6744 
➡ Huang, Kang, Vitev, Xing hep-ph/1505.03517
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FIG. 6: Top panels: predictions for the γ-triggered fragmentation functions D(zT ), where the solid lines are for p+p collisions
and the dashed lines are for central Pb+Pb collisions at

√
SNN = 2.76 TeV. Bottom panels: predictions for the nuclear

modification factor IAA(zT ), where the solid lines are for B-meson, the dashed lines are for D-meson, and the dash-dotted
lines are for charged hadrons. We have integrated the photon and hadron rapidities over [−2, 2]. For the left plot, the photon
momentum is integrated over [10, 20] GeV, while for the right plot, it has been integrated over [25, 50] GeV.

(dot-dashed), D-mesons (dashed) and B-mesons (solid), respectively. They exhibit very different behavior. For light
hadrons, one expects IγhAA < 1 due to jet quenching, as explained above. The magnitude of this suppression arrises
mainly from the steepness of the light hadron fragmentation function Dh/c(z). On the other hand, according to

Eq. (8), for the γ-triggered heavy meson case IγHAA really depends on the whole z-integration of the heavy meson
fragmentation function DH/Q(z). If the integral is dominated by the small-z region, where DH/Q(z) grows with
increasing z, jet quenching in Eq. (20) means sampling relatively larger-z and thus larger DH/Q(z). Consequently,

one will then have IγHAA > 1. On the other hand, if the integral is dominated by the large-z region, where DH/Q(z)

decreases with increasing z, sampling relatively higher-z means smaller DH/Q(z). One thus has IγHAA < 1.
One keeps in mind that we have three-particle final state, thus zT = pTH/pTγ is not the same as the momentum

fraction z in heavy meson decay probability DH/Q(z) according to Eq. (8). Nevertheless, we find that the average ⟨z⟩
in the collision does increase as zT increases. Thus, at high zT where the z-integral in IγHAA is dominated by the large
z region, one should expect that both B and D-mesons are suppressed due to jet quenching. The magnitude of the

suppression should follow IγBAA > IγDAA > Iγh
±

AA if the heavy quark loses less energy than the light quark, as predicted
by perturbative QCD calculations. On the other hand, in the low zT region, according to our calculation, we find
that IγDAA > 1 for D-meson, consistent with our naive expectation, that is the low z region dominates the z integral in
Eq. (8).
However, for γ-triggered B-mesons IγBAA < 1 for the whole zT region for the kinematics we have chosen at RHIC.

This is due to the fact that our B-meson fragmentation function is even harder than the D-meson fragmentation
function. It drops very fast at high z while increases only slowly at low z. Thus the nuclear modification from
high z (suppression) wins over that from low z (enhancement) for the kinematic region we have chosen. Combining
the analysis for both the low and the high zT ends, one immediately finds that the nuclear modification IγHAA for
γ-triggered B-meson fragmentation function is flatter than that for D-meson case. Another important reason for this
flatter behavior and the smaller size of the nuclear modification is the smaller energy loss of b-quark in comparison
to c-quark. Thus, the shape of the nuclear modification for the γ-triggered fragmentation functions can cary valuable
information about the properties of medium-induced gluon bremsstrahlung.
In Fig. 6 we give predictions for the γ-triggered light and heavy meson production in both p+p and central Pb+Pb

collisions at
√
SNN = 2.76 TeV at the LHC. We integrate over both the photon and hadron rapidities from -2 to

Kang, Vitev                        
hep-ph/1106.1493

3

for nucleon-nucleon collisions and a similar Dγh
AA(zT ) per binary scattering for A+A collisions. The denominator

defines the normalization and is given by

dσγ
NN

dyγdpTγ

=
∑

h

∫

dyhdpTh

dσγh
NN

dyγdyhdpTγdpTh

, (6)

which is just the cross section for direct photon production. To quantify the modification of γ-triggered fragmentation
function in A+A collisions relative to that in nucleon-nucleon collisions due to the jet quenching, one introduces the
nuclear modification factor,

IγhAA(zT ) =
Dγh

AA(zT )

Dγh
NN (zT )

. (7)

Note that, in spite of their suggestive name, γ-triggered fragmentation functions are derived from the observed away-
side meson distribution and thus reflect all input in a pQCD calculation - the parton distributions, the hard scattering
cross sections, the medium-induced radiative correction (or parton energy loss) and the parton decay probabilities -
not only the fragmentation process itself.
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retained throughout the calculation. The other approach is called a variable-flavor-number scheme (VFNS) [33–35]
and describes the heavy quark as a massless parton of density fQ/N (x, µ2) in the nucleon, with the boundary condition
fQ/N (x, µ2) = 0 for µ ≤ m. Thus, the heavy quark mass m is set to zero in the short-distant partonic cross section1.
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FIG. 6. RpPb for inclusive jet production in p+Pb collisions at
√
s = 5.02 TeV in central (left) and minimum bias (right)

events. Five different rapidity intervals (−0.3 < y < 0.3, 0.3 < y < 0.8, 0.8 < y < 1.2, 1.2 < y < 2.1 and 2.1 < y < 2.8) are
presented. Data is from ATLAS collaboration at the LHC [4].

As we have argued, cold nuclear matter energy loss leads to suppression of the jet production cross section. This
attenuation becomes stronger in the most central collisions due to the increase in the effective path length L, as
shown in Eq. (2). Our numerical calculations give a reasonable description of the PHENIX data for Rcp. However, as
shown in Fig. 3, it fails to describe the nuclear modification factor RdAu for non-central collisions. In particular the
enhancement in the peripheral collisions at 40− 80% centrality class is not described in this picture.

With the same set of gluon scattering length λg and in-medium momentum transfers ξ in cold nuclear matter,
we summarize our theoretical calculations of Rcp in p+Pb collisions at LHC

√
s = 5.02 TeV as a function of pT in

Figs. 4 and 5, where the peripheral class is taken to be 60− 90% centrality. The experimental data are from ATLAS
collaboration at the LHC [4]. Seven rapidity intervals, −0.3 < y < 0.3, 0.3 < y < 0.8, 0.8 < y < 1.2, 1.2 < y < 2.1,

pTjet 1 TeV

R p
Pb

|y| < 0.3

Kang, Vitev, Xing,  
1507.05987

|y|

|<
0.

3)
y(|

AA
R

|)/y(|
AA

R 0.6

0.8

1

1.2
 < 200 GeV

T
p158 < 

|y|
0.6

0.8

1

1.2
 < 251 GeV

T
p200 < 

|y|
0.6

0.8

1

1.2
 < 316 GeV

T
p251 < 

|y|
0 0.5 1 1.5 2 2.50.6

0.8

1

1.2
 < 562 GeV

T
p316 < 

 PreliminaryATLAS
 = 5.02 TeVNNs = 0.4 jets, R tkanti-

0 - 10 %

-12015 Pb+Pb data, 0.49 nb
-1 data, 25 pbpp2015 



 [GeV]
T
µp

50 100 150
1

10

210

310

410

| < 2.4µη|

 [GeV]
T
ep

50 100 150

En
tri

es
 / 

G
eV

1

10

210

310

410
PreliminaryATLAS 

-1=8.16 TeV 33 nbNNs+Pb p

| < 2.47eη| < 1.37, 1.52 < |eη|

EW bosons in p+Pb…

29

Tremendous           
ɣ/W±/Z yields 

➡ 8 TeV comparison 
data readily available 

➡ analyses in progress

 [GeV]γ

T
p

0 5 10 15 20 25 30 35 40 45 50

Tr
ig

ge
r E

ffi
ci

en
cy

0

0.2

0.4

0.6

0.8

1
 PreliminaryATLAS

+Pb, 8.16 TeV, 47/nbp
| < 1.37γη|

| < 2.37γη1.56 < |

L1EM20
g33_etcut
g35_loose

L1EM20
g33_etcut
g35_loose

 [GeV]=0.3R iso,
TE

0 5 10 15 20
0

2000

4000

6000

8000

10000  PreliminaryATLAS
+Pbp

-1 = 8.16 TeV, 11 nbNNs

| < 1.37γη       |

 [GeV]=0.3R iso,
TE

0 5 10 15 20
0

2000

4000

6000

8000

10000

| < 2.37γη1.52 < |

 > 35 GeVγ

T
p

 = 0.3R
Tight

Non-tight

 

 
En

tri
es

 / 
1 

G
eV

forward photon trigger photon isolation

Single e± and μ± spectra



Saturation physics?

Di-photon event

p+Pb

p
s

NN

= 8.16 TeV

p�
T,1

= 36.7 GeV, ⌘
1

= 0.96, �
1

= 0.21

p�
T,2

= 34.2 GeV, ⌘
2

= 1.68, �
2

= -2.91

P
EPb

T

= 19.9 GeV

CHAPTER
2.

HIGH-ENERGY
NUCLEAR

COLLISIONS

7

Figure 2.1: Diagrams corresponding to the three terms in the QCD L
int .

and thus the quantity  ̄
f D

µ 
f is gauge invariant. Since a mass term

for the gauge bosons

(m 2
g A µ

C A C
µ ) would violate gauge invariance, the gluons are massless.

This is true for the U(1)

theory of QED
as well and is reflected in the fact that photons are massless. (It would be true for

the full SU(2)⇥U(1) electroweak Lagrangian as well, but for the presence of the Higgs field and the

resulting spontaneous symmetry breaking at low temperatures, which gives masses to the W ±
and

Z
bosons.)However, it is the non-abelian nature of the SU(3) gauge group that will prove to have important

consequences for the theory and distinguish it from
the U(1) theory of QED

in a number of ways,

as we will see when renormalizing the theory in Section 2.1.1.

Writing out the terms in Equation 2.1, we can decompose L
QCD = L

0 + L
int , where the free

field Lagrangian is

L
0 = X

f
 ̄
f (i� µ

@
µ �m

f ) 
f � 1

2
X

C
(@
µA C

⌫ )(@ µ
A ⌫
C )� (@

µA C
⌫ )(@ ⌫

A µ
C )

(2.9)

where the first term
gives rise to the N

f =
6 fermion propagators and the second term

gives

rise to the N 2
C � 1 = 8 gluon propagators. The interaction Lagrangian is

L
int = X

f
gA C

µ  ̄
f � µ

t C
 
f � gfABCA µ

B A ⌫
C

�

@
µA A

⌫
�

� 1
4 g 2 �

f ABC
A µ
B A ⌫

C
�

�

fADEA D
µ A E

⌫
�

(2.10)

where the first gA ̄ term
is a fermion-gauge boson vertex, the second gAA@A

term
is appar-

ently a three gauge boson vertex and the third g 2
AAAA

term
is a four gauge boson vertex. The

Feynman diagrams for these are shown in Figure 2.1.

Actually, there is one more term
which must be introduced into the Lagrangian as a consequence

of gauge fixing. Since the path integral formulation does not implicitly know
about SU(3) gauge
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Figure 7: Differential cross sections for central-forward dijet production as functions of az-
imuthal distance between the jets ∆φ (top) or rapidities of the jets (bottom) for the case of p-p
and p-Pb collisions and three different cuts on jets’ pt.

to the correlated production that we can predict with our framework. As we see in Fig. 6, the
suppression pattern of the away-side peak of the dihadron spectra from d-Au collisions at RHIC
is correctly reproduced by our calculation which shows that our theoretical framework captures
the essential physics of this class of processes.

We move now to the central-forward dijet production in the p-Pb collisions at the LHC. In the
top row of Fig. 7 we show the differential cross section for the central-forward dijet production as
a function of the azimuthal distance between the jets for the p-p and p-Pb collisions. To obtain
those results we employed the linear and nonlinear versions of the evolution equation (3.1) for
the proton and the evolution equation (5.2) for Pb. We used selection similar to that form the
previous section except for the pt cut which we now vary from 15, through 25, to 35 GeV and the
rapidity which is restricted to positive values. The latter corresponds to the fact that, contrary
to the p-p case, the p-Pb collision is asymmetric and, as follows from Eq. (2.3), one probes the
gluon density in Pb at low x only by measuring the forward jets going into the region of positive
rapidity.

First observation from Fig. 7 is that the non-linear evolution leads to a significant suppres-
sion of the ∆φ and rapidity distributions already for the proton case. This alone is a clear
manifestation of saturation. Then we see that the ∆φ cross section near the peak region is
suppressed further by the factor of about two for the case of the p-Pb collision and the effect
extends to lower values of ∆φ as we lower the pt threshold (going from right to left plot). This
is precisely the consequence of gluon saturation which is stronger in the Pb nucleus then in the
proton and therefore the unintegrated gluon distribution in the region of small and medium kt
is suppressed in Pb compared to the proton case as shown in Fig. 4 (right). It is this region of
gluon’s kt that is probed by the dijet configurations with ∆φ ∼ π and that is what leads to the
lower cross section in the area of the peak.

11

Low-pT central + 
forward dijet corr. 
➡ 5.02 TeV p+Pb     
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➡ analysis in progress 
Di-photon production Kutak, Sapeta, hep-ph/1205.5035 
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high-pT near-side 
ridge in <1% p+Pb
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Energy loss in 
small systems? 

➡ Search for energy loss-like signatures with intra-event 
momentum correlations… 
➡ guidance from peripheral Pb+Pb data and theory?
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➡ see also Morsch, Loizides 
nucl-ex/1705.08856
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Figure 13: Display of an event with large rapidity gap taken with the ZDC XOR trigger, firing on more
than one spectator neutrons on one side and no neutrons on the other side. Rapidity gap is on the side
with no neutrons in the ZDC.
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single sided ZDC triggers select photonuclear events:  
unwanted background to “normal” HI events…

Photon+multijet event

p+Pb

p
s

NN

= 8.16 TeV,

P
EPb

T

= 33.1 GeV

photon: p
T

= 154 GeV, ⌘ = -2.07, � = 2.96

jet 1: p
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= 214 GeV, ⌘ = 0.63, � = 0.58

jet 2: p
T

= 110 GeV, ⌘ = -0.54, � = -2.05

jet 3: p
T

= 48 GeV, ⌘ = -0.72, � = -1.58

ɣ+jet in 
Pb+Pb

ɣ+jet in 
p+Pb

dijet in UPC 
(ɣ+A)
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Thank 
you!

dijet in 
Pb+Pb

 ⇒ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults

