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Introduction

The goal: study the properties of the quark-gluon plasma (QGP)

Different Final states provide insight into various stages of heavy-ion (HI) collisions
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Hard probes: \
@ Colourless objects : EW bosons — standard candles in the
QGP, nPDFs .
@ Colour objects : jets, hadrons — partonic energy loss in PbPb, pPb, pp collisions
the QGP; quarkonia — Debye screening effect } XeXe * new from 2017
Bulk production:
@ |nitial geometry, initial conditions, collective behavior )
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Compact Muon Solenoid
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Electroweak bosons
Hard probes:  Top quark

Quarkonia & HF

42 CMS Experiment at the LHC, CERN
4| Data recorded: 2016-Nov-19 06:44:18.053352 GMT
Run / Event / LS: 285517 / 2067670785 / 1459 /




Nuclear PDFs with W boson CMS-PAS-HIN-17-007

The measurements of EW boson production in p-A and AA collisions provide constraints to nuclear
modifications of the parton distribution functions (PDFs).

Forward-backward asymmetries for the positive and negative muons:
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Nuclear modification of the quark PDF needed to describe the data

Small experimental uncertainties — a significant reduction of the current uncertainties of
the quark and antiquark nPDFs in the range 1073 < ¢ < 107!

Inna Kucher QGPF20181]2/07/2018 5



Nuclear PDFs with top quark

PRL 119 (2017) 242001

In p-A collisions, the top quark is a novel and theoretically precise probe of the nuclear gluon density at
high virtualities Q? ~ m; inthe unexplored high Bjorken-x region: x = 2m;/\/syn =~ 0.5

pp, 19.6 fb™", (/=8 TeV) CcT10 CMS
I no.nnis (816 TeV) NNLO+NNLL Top++
Data scaled by A - T ncosnnee (8 T€V) CT14
|+jets EPJC 77 (2017) 15 —a—t NNLO+NNLL Top++
el JHEP 1608 (2016) 029 .
Pb, 174 nb™, (|/s,,=8.16 TeV) | CT10+EPS09
P ( NN ) (NLQ h.:ICFM ) *Kynco.nm (TOP++)
CT14+EPPS16
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e 3—
Th. unc.: pdf pdf ®scales
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Measured cross section is consistent with the expectations from scaled pp data as well as

Inna Kucher

QGPF20181]2/07/2018

perturbative QCD calculations.



Charmonia

arXiv:1712.08959
arXiv:1805.02248

Nuclear modification factor ( /R 4 4 ) of prompt J/w and w(2S) in PbPb and pPb collisions :

8- -8
Pb Pk
PbPb 368 (<30%) / 464 (>30%) ub™, pp 28.0 pb™ (5.02 TeV)
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The effects of nPDFs or coherent energy loss are
expected to affect the prompt J/w and w(2S) by
a similar amount.

Different nuclear effects in the production of the two states.
Effects beyond shadowing and energy loss in pPb?
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W(2S) are more strongly suppressed than the
J/w mesons
Inna Kucher

QGPF20181]2/07/2018



Bottomonia

R 44 of Y(1S), Y(2S), and Y(3S) in PbPb collisions :

x10° PbPb 368 ub™ (5.02 TeV) PbPb 368/464 ub™', pp 28.0 pb™' (5.02 TeV)
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Limits were put on the minimal Yields of three states are significantly
suppression of Y(3S) suppressed.

Compatible with a sequential ordering of the suppression:
RAA(T(ls)) > RAA(T(QS)> > RAA(T(3S))
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J/w inside jets in pp collisions ,_9_4_?__'ié?__t'_'__'ijﬁ__‘_’__?_%__
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Prompt J/w is less isolated in
data — Pythia underestimates the
jet activity

Fraction of J/y in jets under-predicted

This Fact might have an impact on the interpretation of J/y
suppression results in PbPb collisions
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CMS-PAS-HIN-16-016

Beauty suppression via non-prompt D ixivi712.0805

First measurement of non-prompt (from b hadron) DO R4 4

CMS Preliminary 5.02 TeV pp + PbPb CMS Preliminary 5.02 TeV pp + PbPb
1 g0 D° from b hadrons || CUJET 6k e D from b hadrons |yl<1
E yl<t EPOS2+MC@sHQ - 0 ¢ B lyl<24
e B R TAMU 1.4~ = promptD”y|<1 J/y from b hadrons:
- s - charged hadrons mj<1 & 1.8<Jy| <24
1'237/./././././././m ....... 1'2;_ global £ |y| <24
S| HEL R S e A e e Lncetaintye s e e s o b
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5<pT <15 GeV : Non-prompt DO and J/y less suppressed than prompt DO and charged hadrons
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Stra nge B mesons CMS-PAS-HIN-17-008

First probe of recombination between beauty and strange quarks

351 ub™' (PbPb 5.02 TeV) ! 528 pb”" (pp) + 351 ub™ (PbPb) 5.02 TeV
" CMS 7<p.<50GeVic T CMS 0
- Preliminary " yl<24 " Preliminary M B:R,.
_25r —e Data ot
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S - ----Combinatorial 1.5 —¢—
o Significance = 4.0 f): i
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E Yield = 20 { e S s e . .
2 .
o T
>
5 05— +
LMM.I.I.I-I-. 0||||||||||||||||||||||||||
5 52 54 56 5.8 6 10 20 30 40 50
M,k (GEVICY) p, (GeV/c)

Hint for enhancement of Bs with respect to B+
Effect of recombination due to strangeness enhancement in QGP?
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Charged hadrons
Jels

Hard probes:




XeXe: charged hadron Raa CMS-PAS-HIN-18-004

. @ XeXe : Mid-size collision system 1 dNAA/dp
s . .. T
Test of the suppressions vs system size : aa(pr) = Tan doPP/dpy

Raa for centrality ranges
with similar values of N,

Raa vs Npart

27.4 pb™ {5 02 TeV pp) + 3.42 ub™ (5 44 TeV XeXe)

| 5274 pb (pp) 404 pb” (Pbe) 3.42 pb’ (XeXe) 160
. _l | I I | | | I I | | | | 1 I I_ . T T T L 'I'[ T T T T 11 Il
- ggﬁz_nary e 5.44 TeV XeXe R'n - s ab Prg:ma e CMS544TeVXeXe -
1 [0 ]5.02TeVPbPbR,, - Y CMS 5.02 TeV PbP -
i i 1 oF —e— .02 TeV PbPb ]
i ml <1 ] & -
0.8 — Normalization uncertainty i
< - 6.4 <p_<7.2GeV ] < 1*.HI..E...1. ................................................................................. -
o j ] oC T .
4 . = = 0.8 O]
N § 0 6: H i « é N E n
o i - C 0.6 .
041 g ] -
B ' ] 04 ]
B 0 5 > :
0.2_ * ‘ 0 o | 02_ k) —
} | | | B o XeXe: 0-5% Pbe 10-30% -

% 100 200 300 400 1 10°

part pT (GBV)
Similar scaling in XeXe and PbPb R 44 are consistent within the

uncertainties
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Photon-tagged jet fragmentation arXiv:1801.04895

Fragmentation functions of jets associated with isolated photons : initial parton energy constralned by

photon pT.
Quark enriched jet sample: flavor dependence of jet quenching

VSyn = 5-02 TeV pr* > 1 GeV/c, anti-k_ jet R =0.3

/'\\ PbPb 404 pb” P > 30 GeVic, ™| < 1.6

y — Pp 27.4 pb’ P > 60 GeVic, f| < 1.44, A, > 78_’t
FELE, G s e '

“Cent. 0-10%

- CMS Cent 10 30% -
| Supplementar. ]
o g 4 T~ CoLBT-hydro
o 2= el T Hybrid
jecti i + /o back reacti
Projection of the trackspTon bty
photon pT axis : = |
O ]
_pl|? T | —_ —
CW’ — In Pt . T T =
T trk .7 - e
pT pT — ' ' I 1 i 4 !

Central PbPb collisions : a depletion of high-pT particles
(sensitive to hard parton shower) and enhancement of low-pT particles (recoil)
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Jet shapes : light quarks vs gluons PLB 730 (2014) 243

Jet shape (JS) measurements made with inclusive jet or dijet samples.

+ High statistics
-- No control over kinematics before quenching

trk Inclusive: Quark/Gluon mixture
Pt
11 trk€[ra,m,)
p(r) = SN e (5| M8 PobY, 3, 276 eV
’ T - [Ldt=150 ub’
- anti-k; jets: R=0.3 '
g | —e—
-‘é~_ i
o L. . . JE-.. ]
% e e
5 .
=8 jet
P, > 100 GeV/ic
_ 0.3 < <2
0.5 0-10% p'T"“‘ >1 GeVic -
| T SR SN TR N SR TR SR SR SN SN SR SR N
0 0.1 0.2 0.3

Redistribution of the jet energy: a depletion of jet transverse momentum fraction at
intermediate radii, 0.1 <r < 0.2, and an excess at large radii, r > 0.2.
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Jet shapes : light quarks vs gluons CMS-PAS-HIN-18-006

JS made with isolated-photon-tagged jets in PbPb and pp collisions.

Motivation : understand QCD properties of the medium via modification of parton shower
in transverse direction

ptrk Photon-jet: Quark dominated
T
o(r) = 11 trkelrar) Sy = 5.02 TeV
- . jet -1 R
Ot Niet iets P]Te Pp 27.4 pb”", PbPb 404 pb

‘'CMS  Cent.0-10% -
3 Preliminary -

- p: > 60 GeV/c "
| anti-k; jet R =0.3

I pi;" > 30 GeV/c
n

: Aq]i"r}? * +

y+jet compared to inclusive jet: Larger enhancement at large r.
Increased quark fraction (70-80%)? Lower jet pT threshold (higher fraction of quenched jets)?
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arXiv:1803.00042

Jet shapes: light vs heavy CMS-PAS-HIN-18-006

CMS-PAS-HIN-18-007

D-jet: Heavy flavor dominated
27.4pb (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

Inclusive: Quark/Gluon mixture

T L L I LI L I L
anti- =0. 0 .

o [ p™*>2GeV pr; 1t:=~-1.T‘20 GeV = D" + jet i
.--—-..ﬂ_ = e o 2.5 jet =]
S , |. D > 4 GeV = 1P > 60 Gevie :
= ] o Ml <1.6 R
2 g ° '

%2 515 + -
- 2 - -
? it
05 0-100% -
0 [ 1 1 I 1 1 1 I ] 1 1 I 1 1 L I [ 1 1 G Ly I L I o | s | e I-
0O 02 04 06 0.8 1 0 0.1 0.2 : 0.3 0.4 0.5
Ar

pT < 2 GeV: enhancement Possible hint of DO mesons with

pT > 4 GeV: depletion pT>4 GeV appearing at large angle
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Jet su bstructu re arXiv:1805.05145

-
= S

i" ..“‘I
Jet grooming: removes soft divergences and isolates the hard  Anti-k_Jet ‘e ¢ °:
structure — can be used as a proxy to the hard splitting. recuster . @ @
with /A “Te=eet
One of the methods : SoftDrop (SD) J Soft Drop e .
. 5 Groomed @
mm(pTﬂ-, PT,j) (ARI]) Jet 5 /
Zg - > Zcut .
pri + P1, Ro
%0':‘|'_""|""I""""""I""I""""I""IlIII
) p,, = (1-2)p, : :
- AR =00 E
12 .
pT2 = ZpT 0 I A . R —
04 — (0.1, 0.0) B
SD settings (z_cut, B) : 0515
0.3 —

(0.1, 0.0) :
Ignore angular separation 0.2

. : Groomed part —
Insensitive to high order QCD i :

01 :
(0.5, 1.5) : Groomed part | :
1 H H H I]IIIIIIJI|IIIl|IlIIIIIIlIIIIIllIII!IIIIIIJIl_
Stronger rejection for large angle radiation opueiuiie b oo b e ool
Focus on jet core AR
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Jet substructure: groomed jet mass arXiv:1805.05145

Observable : groomed jet mass divided by the ungroomed jet transverse momentum

(0.1, 0.0) (0.5, 1.5)
PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™ (5.02 TeV)
- anti-k; R=0.4,In_| <13 ] 15]- anti-k, R = 0.4, m_l|<13_—
- CMS Soft Drop z =0 1 [3 0.0 CMS Soft Drop z = 0.5!9[3 =15 -
i AR;, > 0.1 B AR, >0.1 ]
20~ === Data Centrality: 0-10% - === Data Centrality: 0-10% -
- —— Jewel (Recoil off) i 10— — Jewel (Recoil off) —
. Jewel (Recoil on) i e Jewel ‘(RECDH on) i
a | 140<p. <160GeV . Zp o [ 140 < P < 160 Gev N
=) B T.jet . It ] Q. s N b = I s I —
oo 1%'; I % o s B
SlE T Fa 2|8 5f T
e I 160<p  <180GeV 7 . E 160<p,  <180GeV " -
SO = - e P n 0
Q== — T 3
1U|__ A 5__ .
i 180<p  <200GeV e ] N 180<p <200GeV .~ -
Q- — a E
10— = - P
i 200<p, <300 GeV . - 200<p, , <300 GeV A
_ ''''' .-. _m! E ’_I : e “"“I“ H 1 ||_|—I I_ﬂ |
Q- = = % 0.1 0.2
' /
Mg / IDT,jet Mg pT.jet
No significant modification in jet core - Models predict large modification at
Modifications happen for less balanced large mass. Modification weakens
and large angle hard splittings ? with increasing pT
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Chiral magnetic effect

New physics : Light-by-light scattering




Chiral magnetic effect Phys. Rev. C, 97, 044912

ob——————
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Light-by-light scattering

Ultraperipheral PbPb collisions : Pure quantum mechanical process in the QED (coupling a),
via virtual box diagrams containing charged particles

PbPb 390 b (5.02 TeV)

[\l
4]

Ph PH® D [t Daw CMS
O [ I ylyy-yy(MC) Preliminary
y 2 20~ [ JQEDYyy—e'e (MC)
J_I.‘J' = I [ ] CEP(gg— y7) + other bkg

7 . , , 8 15
First time s
Y A - L|>J 10:
R - observed in CMS -

[)l) 1‘}],(*)

7\\\‘\\\‘\\ ||
00 2 4 6 8 10 12 14 16 18 20

Diphoton Invariant Mass (GeV)

14 candidates — significance = 4.10 (4.40) observed (expected)
0iqg = 122 £ 46 (stat) £4 (theo) nb

consistent with Standard Model : ofiq = 138 £ 14 nb
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Summary

@ Many new results from CMSin 2018 :

» First results from Xe+Xe run at 5.44 TeV in October 2017
» Important findings also in pp and pPb data

@ Parton shower modifications in various aspects:

» jet fragmentation functions
» jet shapes

» groomed jet substructure
» flavor dependence

@ Important results in Quarkonia:

» sequential melting of Y(1S), Y(2S), and Y(3S) in PbPb
» possible different nuclear effects in prompt J/w and y(2S) production

@ Looking for new physics effects with CME and light-by-light scattering

. Loading...
@ New PbPb data-taking : November 2018 ... i
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Thank you!

CMS Experiment at the LHC, CERN \
Data recorded: 2017-Oct-12 20:44:56.751360 GMT
Run / Event / LS: 304899 / 8743361 / 90 \




Collective effects

Collective interaction
pressure

Coordinate space:
initial asymmetry

Py
‘«14‘
B

Momentum space:
final asymmetry



F I.OW In XeXe CMS-PAS-HIN-18-001

—_ CMS Preliminary 0.3 < p_ < 3 GeV/c
i : n=2 | n=3 | A
0.1F = ¢y . Charged hadrons %
% o.osf— Bﬁa B _ _ ® XeXe |Sy,=5.44 TeV
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Difference between PbPb and XeXe might be explained
by quadrupole deformation of Xe ion
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Collectivity in small systems CMS-PAS-HIN-18-015

Suppressing non-flow contamination in low multiplicity events using subevents

Goal: understand onset of collective behaviour

x10¢ PPb8.16 TeV  CMS Preliminary
1 I I 1 I I

Standard (no sub-evt

0.3 <p_<3GeVic ]

High multiplicity
(Ntrk > 80):

all methods
consistent —
non-flow negligible

o

2 sub-evt

%o Voo o o.c0 O

SC(2,3)

3 sub-evt o no subevent

e 2-subevent
m 3-subevent
+ 4-subevent

| 1 I |
_30 100

1 I 1 1 I L
200 300
N::Jfﬂine
rk
Low multiplicity (Ntrk > 80): non-flow suppressed using subevents . v2 and
v3 anti-correlated down to Ntrk =50 in pPb collisions
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arXiv:1804.09767,

Strange and charm v2 in pPb CMS.PAS-HIN-18.010

New results of charm (D0, J/W) and strange flow in pPb

| pEb 8|.1 GTE‘IJ

0.10 —

Q |

C 005 f E% ﬁo v |

= Y O +. o D‘ o

B i i
>

0.00

ffline

185 < N, ™ < 250 o

0 1

2
KE./n, (GeV)

Charm v2 observed in pPb collisions. Weaker than for light quarks
Less collectivity for charm quarks in pPb?
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CMS-PAS-HIN-17-004

Higher harmonics

First v3 {4} measurement in pPb collisions

CMS Preliminary pPb 8.16 TeV PbPb 5.02 TeV
1.5
" 0.3<p_<3.0GeV/c - Charged hadrons
- hl<24 ’
I e oy | s PbPb
1k i
o P =
[ 7 Bg - =I=l= 5 =Q=[=
== -=zag E
r-_d_H N “* ----- é E %D * * ¥ XX
| h X
~ 0.5+ -
-~ & {4} /e {2} pPb 5.02 TeV (1 v {4}/ v (2} 1Ani>2)
-- g,{4} /e,{2} pPb 5.02 TeV X vg{d} /v P2} 1an>2)
oo b v b v v b v v b b o b b gy
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PbPb: vn{4}/vn{2} larger For v2 than v3 — global geometry dominant for v2

pPb: vn{4}/vn{2} similar for v2 and v3 — initial-state fluctuations dominant
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