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HEAVY ION COLLISIONS

« Heavy ion collisions provide a glimpse of the early universe
* hot, dense matter known as the quark-gluon plasma (QGP)
« strongly interacting, deconfined medium of free quarks/gluons

« QGP exhibits interesting phenomena
« jet quenching - medium-induced jet energy loss

« Study and extract properties of GQP
« initial state effects: proton - lead (pPb) SRS CMS Experiment at LHE, CERN
. Data recorded: Sun Nov 14 19:31:39 2010 CEST
« medium effects: lead - lead (PbPb) Run/Event: 161076 1228620

T Lumi section: 249

Dijet: 200 GeV / 70 GeV

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

.| CMS Experiment at the LHC, CEN
| Data recorded: 2018-Nov-12 08:36:52°866126
Run / Event / LS: 326586 / 24911377 8 2 ¥
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INITIAL STATE EFFECTS

« Quarks behave differently inside bound nucleons vs. free nucleons
« described by nuclear PDFs

« Measurements of electroweak boson cross sections provide input for nPDF calculations
« probe nPDFs at high Q2, 103 < x< 101
« past measurements have helped to constrain nPDF sets
« CMS dijet/Z,W measurements included in EPPS16
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W BOSON MEASUREMENT IN PPB

« W boson yield increased by factor of ~10 compared to 2013 data
e dominant production mode: ud = W+, du = W-
e interactions between valence and sea quarks
e probe quark nPDFs

. . ARXIV 1905.01486
« Signature: decay muon + missing momentum 1
- muon isolation suppresses multi-jet background pr 173. 4. nb IIIIIII ISy = 8 16 TeV
. veto Z = K e\{ents 400E W_ —u Vu CMS
« remaining dominant backgrounds 350F > 25 GeVle
« muons from QCD jet a0oF. -0-20 =, <0.00 ¢ Data

e Z — Ul with 1 missing muon
250
e Signal extraction
« fit missing pt distribution in bins of ncwm
« signal, electroweak background:
« templates from simulations
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W BOSON PRODUCTION CROSS SECTIONS

« ncm<0 (large xppb): results agree with both PDF and nPDF calculations
e ncwm >0 (small xpp): results favour nPDF calculations

« 2 probabilities: <0.01% (CT14) / 96% (CT14+EPPS16) / 79% (CT14+nCTEQ15)
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W BOSON FORWARD/BACKWARD ASYMMETRY
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« Cancel uncertainties fully correlated in ncwm
« experimental uncertainties smaller than nPDF uncertainties
« excludes free PDFs at 70

. x2 probabilities: <0.01% (CT14) / 95% (CT14+EPPS16) / 83% (CT14+nCTEQ15)
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ELECTROWEAK BOSONS IN PBPB COLLISIONS

« Electroweak bosons are good probes of the medium
« colourless - not subject to medium-induced energy loss through the strong interaction
e good proxy of the initial energy of the partons produced in the hard scattering
e production processes constrain quark/gluon fraction of recoil parton
« statistics: photons > Z bosons; background: photons > Z bosons

Photons (isolated photons) emw
. background mostly from boosted neutral meson decays 160¢ —=— PbPb 3
. . 14 - o\ N\ H -
«  subtracted using a template fit method 1285_ ﬁgg‘kﬂmun i ]
« signal template is extracted from simulated events % 1005 :
« background is modelled using sideband region of data = : Cent. 50 - 100%
C 80;' Purity: 0.82
PbPb s, = 5.02 TeV L] 60;‘ E
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MOMENTUM IMBALANCE IN PBPB COLLISIONS

« |solated-photon/Z-boson + jet correlations in PbPb @ 5.02 TeV

« clear evidence for in-medium jet energy loss PLB 785 (2018) 14

CMS antik;jetR=0.3, pj:t > 30 GeV/c, W®l < 1.6, 'l < 1.44, p; > 60 GeV/c, Aq>jY > 7—8“ \'Syy = 502 TeV, PbPb 404 ub™, pp 27.4 pb™

L @1PbPb  Cent. 50 - 100% "~ Cent. 30 - 50% ' Cent.10-30%}  Cent.0-10%
““1 [0 pp (smeared) 1 1
1 : :
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— ety _ et Y _ Aet, Y et Y
Xy = pJT /pT Xiy = pT /pT Xy = pT /pT Xy = pT /pT

 Models with different descriptions of the energy loss mechanisms are able to predict the
results within the experimental uncertainties

 Results give a crude picture of jet quenching
« more detailed measurements required for a complete description
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JET SUBSTRUCTURE IN PBPB COLLISIONS (INCLUSIVE JETS)
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« Differentiate between different mechanisms by measurements of jet substructure

e previous measurements with inclusive jets show some modification
PRC 90 (2014) 024908

- CMS E§ i e PbPb $100 < plet < 300 GeV/ci
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JET SUBSTRUCTURE IN PBPB COLLISIONS (INCLUSIVE JETS)
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« Differentiate between different mechanisms by measurements of jet substructure
e previous measurements with inclusive jets show some modification
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« Modifications to jet shape are interesting
« may be because of kinematics and/or quark/gluon fractions
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PHOTON-TAGGED JET FRAGMENTATION FUNCTION

- Enhancement of low-pT particles, depletion of high-pT particles PRL 121 (2018) 242301
sy = 5.02 TeV p* > 1 GeV/c, antik jet R = 0.3 jet |2
PbPb 404 b’ e e jet P
i pJT > 30 GeV/c, || < 1.6 g] — In .
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PHOTON-TAGGED JET FRAGMENTATION FUNCTION

« Enhancement of low-pT particles, depletion of high-pT particles PRL 121 (2018) 242301
sy = 5.02 TeV p* > 1 GeV/c, antik jet R = 0.3
PbPb 404 b’ pJTe‘ > 30 GeV/c, 7% < 1.6
pp 27.4 pb” pL > 60 GeV/c, I'| < 1.44, A0, > %
4[CMS Cent.30-100%] " Cent. 0 -30%| trk
- Supplementary 1 ]
o 3 - '@ PbPb 1 ] E
= o -~ 10" pp (smeared) T 0 R P00 0 .o e e e =~ L g R P S o S o
% %P : - 1 ﬂ ] trl<projected to jet axis
~ oF ISR C ki RCRECN ) [
~— [O) 3 1 ]
1
1.8
o 1.6}
2 14
3 :
2 1.2 E
O 1¢
% 08
0.6}

0.4

20 March 2019 LHCP 2019: Electroweak boson measurements in pPb and PbPb collisions with CMS




PHOTON-TAGGED JET FRAGMENTATION FUNCTION
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« Enhancement of low-pT particles, depletion of high-pT particles PRL 121 (2018) 242301
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MODEL PREDICTIONS (FRAGMENTATION FUNCTION)

»  Stronger modification for &} than for &¢t PRL 121 (2018) 242301

« jet energy quenched {Suy = 5.02 TeV pi* > 1 GeV/c, antik_ jet R = 0.3
PbPb 404 ub™ P > 30 GeV/e, || < 1.6
T
pp 27.4 pb! p! > 60 GeV/c, In| < 1.4, A¢, > %
_ _ 'CMS Cent.10-30% 7 __ . __  Cent.0-10%
- Models describe data to different extents o [ Supplementary FESCET, i

| — CoLBT-hydro

«  both SCETgand CoLBT-hydro models g | mDaa | Hybrid |
. [ w/o back reaction
describe trend of both observables B 15| + | = W/ back reaction
. hybrid model does not do well, but the addition % ' 1 +
of back reaction improves agreement with data o (ES W TN P
« enhancement at large & (low-pt particles) :
underestimated by all models L
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PHOTON-TAGGED JET SHAPE

« Distribution of jet energy in transverse direction with respect to jet axis
« complementary information to jet fragmentation function

PRL 122 (2019) 152001
YSpn = 502 TeV pl > 60 GeVrc, 'l < 1.4, ptTrk >1 GeV/c

PbPb 404 ub™, pp 27.4 pb™ anti-k; jet R = 0.3, p > 30 GeV/c, [/ <1.6, ag > 7—8“
'CMS Cent.50-100%f  Cent.30-50%F  Cent.10-30%F  Cent.0-10%]
[ Supplementary 1 1 1 ]
10 W PbPb T E e
= ; ® wpp f ® 1 @ 1 ® :
< ¢ I @ 1 ® | ) . ]
| —Q@— 1 @ 1 e 1 i
1 . S 2 s 4]
? 81 o O 1
25F : 1 s :
% i I 1 1 :
< 2f T + T .
s | | i ¥ |
s b ! o o el
1_"*'"""*'"+"+"'+_;;".'"""l'". """" ___"""i".' """"" EN D ]
0-5 - PR S R N T S SR ST S R T S T -"- PR S ST SR I T TR ST SR R T S T _"- PR R ST S I TN SR ST TR R S S S _"- PR S SR TR R SR T T T RN S SR T -.
0 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.3
r r r r

H I
20 March 2019 LHCP 2019: Electroweak boson measurements in pPb and PbPb collisions with CMS 15 I I I I I



PHOTON-TAGGED JET SHAPE

PbPb / pp

Comparison to inclusive jet shapes
« no depletion at intermediate r

e inc

reased quark/gluon ratio

* lower jet pr threshold - jets lose more energy

pYr > 60 GeV/c

pr' > 30 GeVic p > 100 GeV/c
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PHOTON-TAGGED JET SHAPE

« Comparison to inclusive jet shapes « Comparison to models

« no depletion at intermediate r « both SCETs/LBT both describe trend
* increased quark/gluon ratio
* lower jet pr threshold - jets lose more energy
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SUMMARY

« Electroweak bosons probe initial state effects and medium interactions

« W boson production measurements in pPb collisions help to constrain nuclear PDFs
 boson-tagged jet measurements constrain recoil parton momentum and quark/gluon fractions

« Nuclear modification of quark PDFs observed with high significance

« experimental uncertainties are smaller than PDF uncertainties
« good agreement between data and EPPS16 nPDF sets

« In-medium jet energy loss and modification of jet fragmentation functions and jet shape

« relatively unmodified jet core
e suppression of intermediate pr particles
« enhancement of low pr particles away from the jet axis

ARXIV 1905.01486 PRL 122 (2019) 152001
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W BOSON CHARGE ASYMMETRY
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W BOSON CHI2 VALUES
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W BOSON CHI2 VALUES
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Table 2: Results of the x? statistical test between the measurements and the nPDF calculations
from the CT14 PDFE CT14+EPPS16 nPDF, and CT14+nCTEQ15 nPDF sets. The value of the
x?, the number of degrees of freedom (dof) and the x? probability (Prob.), are presented for
the W* boson differential cross sections, the muon charge asymmetries, the charged muon
forward-backward ratios, and the forward-backward ratios of all muons, respectively.

Observabl CT14 CT14+EPPS16 CT14+nCTEQI5
Servabie x> dof Prob.[%] x2 dof Prob.[%] x> dof Prob. [%]
doW = ve(yly) /dnby 135 48 3x10° 32 48 96 40 48 79
(Nf =N;)/(Nf+N;) 23 24 54 18 24 80 29 24 23
NE(+n8) /NE(—nby) 98 20 3x101 11 20 95 14 20 83
Nu(+7E)/Nu(—1Ey) 87 10 2x102 3 10 99 5 10 90

N
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W BOSON MEASUREMENT UNCERTAINTIES
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Table 1: Maximum uncertainty in the measured observables among the 7, bins determined
for each source. The uncertainties in the cross sections are relative, whereas those for the asym-
metries are absolute. The global integrated luminosity uncertainty of +-3.5% is not included in
the total systematic uncertainty in the cross sections.

Source W 2 [%] W* 2 [%] W~ Res W' Rpp W Rep g%
Boson pr reweighing 0.5 0.4 0.001 0.001 0.001  0.001
EW background 0.4 0.3 0.002 0.001 0.001  0.000
POWHEG EW correction 0.9 0.5 0.007 0.004 0.006  0.003
Efficiency 3.0 3.2 0.026 0.037 0.030  0.011
Event activity reweighing 0.6 0.4 0.002 0.002 0.001  0.002
piss template binning 0.1 0.1 0.002 0.001 0.001  0.001
QCD background 1.2 0.7 0.016 0.007 0.009  0.006
Hadronic recoil correction 0.2 0.3 0.002 0.004 0.002  0.002
Total systematic uncertainty 3.3 3.3 0.030 0.038 0.031 0.013
Statistical uncertainty 24 2.0 0.026 0.029 0.019 0.015

H I
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QUARK/GLUON FRACTIONS
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BACKGROUND-JET SUBTRACTION IN PBPB COLLISIONS

Large underlying event in PbPb collisions
« also large fluctuations in the underlying event
« upward fluctuations create ‘fake’ jets

Mixed-event background subtraction technique
used for boson-jet correlation measurements

« assume jets from the underlying event are
uncorrelated with the signal

 “embed” electroweak boson into minimum bias
(MB) events with similar characteristics

e subtract correlations of the embedded boson with
jets from the MB events

isolated-photon+jet event MB event
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[-JET MOMENTUM IMBALANCE & Z/PHOTON-JET COMPARISON
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HADRON PT AND XI
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PHOTON-TAGGED JET FRAGMENTATION FUNCTIONS
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ATLAS PHOTON-TAGGED JET FRAGMENTATION FUNCTIONS
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