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CMS is a nice heavy-ion experiment

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

ege
Overall diameter :15.0 m Pixel (100x150 um) ~1m? ~66M channels * Slllco n T raCker
Overalllength  :28.7m ' Microstrips (80x180 ym) ~200m? ~9.6M channels
o

Magnetic field Skl < 2 4
SUPERCONDUCTING SOLENOID n L4
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

<+ Electromagnetic
Endeaps 40 Cathode S, 576 Resistive Pl Chambers Calorimeter
i In| <3.0
Do s mmans 9 Hadron Calorimeter

;. = - barrel and endcap

vy = m| < 3.0
) with HF-calorimeter up to

n| <5.2

¥ Muon Chambers
| <2.4

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

+ CASTOR detector
-5.2<1n<-6.6

+ Zero-degree calorimeter
Magnetic field: 3.8 Tesla + TOTEM

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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CMS heavy-ion physics results

[P

129 published/submitted
Heavy-ion Physics CMS papers:

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIN/index.html

...and also > 100
Heavy-ion Physics CMS preliminary results (PAS):

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN/index.html
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* Global picture of heavy-ion collisions
- multiplicity,

- energy,

- flow, .. Pb+PDb collisions

2010-11:2.76 TeV 0.16/nb
* Hard probes 2015-18:5.02 TeV 1.7nb i
- jets 2023-?:536 TeV .. I

- dimuons (quarkonia)

- charged hadrons R, ...

* ptp, p+Pb, Xe+Xe
- correlations
ptp 2.76,5.02,7,8, 13 TeV
. p+Pb 5.02,8.16 TeV
T JeS, o XetXe  5.44 TeV
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Correlations: “RIDGE” is everywhere...

Long-range (2 < |An| <4), near-side (A¢p = 0)
angular correlations were observed in high multiplicity p+p and p+Pb
collisions (as well as in Pb+Pb)

e T e p+Pb 5.02 TeV
CMS pPb \{S_m: 5.02 TeV, N;ﬂm > 110
1<p, <3 GeVic

Pb+Pb 2.76 A TeV, 0-5%

3) cMs JLdt=3.1ub’1

(d) N>110, 1.OGeWc<pT<3.UGeWc
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JHEP 09 (2010) 091 PLB 718 (2013) 795 JHEP 07 (2011) 076
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vp interactions within ultra-peripheral
p+Pb collisions

vp enhance
CcMsS 2 <Ny, < 35, sy = 8.16 TeV (68.8 nb™) 103 CMS VSuy = 8.16 TeV (68.8 nb™)
0.3 <p, =3.0GeVic i ._ © 025 T 7% 7 S G L (L T R
.......... < E =V, 03<p <3.0GeVic ]
g 006f 2 o024F..y T E
g o =
P [ —— %> 023" Var
_g 0.051 ’ =) 0225 — Fourier Fit
~ | ““E e CMSpPD
Z 0044
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% 017k : = M 3
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AR Aé (radians)
Minimum-bias
cMS 2 <N, <35, |5, =8.16 TeV (68.8 nb™ 10> CMS Sy = 8.16 TeV (68.8 nb™
0.3 <p_=<3.0GeVic s e e Tty T B T Gl R
- g "t -Va 03<p <3.0GeVic
<] i ,_é--.. - Vgﬁ
P i T
2 0.0321 ey f AL,
<1 .- o | — Fourier Fit
2 goadeee 0.1461~ o cMs pPb
g ] : IIIIIIIIIIIIIIII
NZ 1 0.144p
% 0.0281 .
= 4 0.142}
%o'- 0.14k 2<N, <35
PLB 844 (2023) 137905 % TN VTN
An Aé (radians)

The single particle flow coefficient v (p,) is larger for yp-enhanced events than

for minimum-bias collisions. But we don't see “ridge” here!
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Reaction
plane

(contains the
impact parameter)

participants

=x* defines ¥r

Non-central Pb+Pb “screen shots” from CMS Event Monitor:
Electromagnetic, Hadronic Energy and chs nwwl particles tracks

~ _—— ".r-
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The cumulants of the elliptic flow
v_12k} in Pb+Pb collisions

CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
0-14:_ 0.5<pT<3.0GeV/c . ©® & g
- @
~ 2.4 g
012: |n|< s 2 - e FOR m -
0.1 T o =
—_— L @ adn
X — _
9'&0'08: R °v,(2)
Z0.06F o ™ o v,{4})
- ® v,{6)
0.04 > v, {8}
- v,{10}
0.02—
B P T NN TR T NN TR A T TN WO SR (NN T MO ST SN NN SR S SR NN NN SO S N
0 10 20 30 40 50 60

Centrality (%) CMS-PAS-HIN-21-010
vi2}>v {4} = v {6} 2 v {8} = v {10} (v {10} is the first time ever)

The subtle differences in the higher order harmonics allow for a precise
determination of the underlying hydrodynamics and what condition prevail before
the onset of hydrodynamics.

@
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v, Xe+Xe vs. Pb+Pb

PRC 100 (2019) 044902

CMS 1.0 <p*' <3.0 GeV/c

< 0622 " Centrality: 0-5% 5-10%f 10-15%F 15-20%
] =
< o4 I ; UE; 3 *e g
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< ﬁ =N 5

of . .
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N 02p 0%y =L 3 o o [ ®XeXe \s =544TeV 3:; 131,90
AN r s
=015F UEE 3 “sm 0! Eﬂﬂugg :
< o4f = - - 2 PbPb \s,, = 5.02 TeV
o005 -
N ;

0 2 8§ 0 2 4 6 8 0 2 4 6 8 0 2 4 & ° 8

pT?GeV?c) P, (GeV/c) P, (GeV/c) pTZ(tGeV(/Sc)
The magnitude of the v, coefficients for Xe+Xe collisions are larger than
those found in Pb+PDb collisions for the most central collisions. This is

attributed to a larger fluctuation component in the lighter colliding system.
Lomonosov 2023 Sergey Petrushanko (CMS Collaboration) Heavy-lons Physics 11




v, Xe+Xe vs. Pb+Pb

PRC 100 (2019) 044902

CMS 1.0 <p*' <3.0 GeV/c
'. Centrality: 0-5%§: 5-10% 10-15% 15-20%
. GG N
AR F 8 s 3 “e 2
?ﬁﬁma ®eos afd : ; T ok ]
I See next talk by Danila Myagkov
''#| on comparison with HYDJET++ model
: ey T ool | g 'e . ”.” @ XeXe \Sy =544 TeV
= e : sl
f °% o “8 e ? - L SPOPb |5y, =502 TeV
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 46 s
P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c)

131,30
KCEHOH

The magnitude of the v, coefficients for Xe+Xe collisions are larger than

those found in Pb+Pb collisions for the most central collisions. This is
attributed to a larger fluctuation component in the lighter colliding system.
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Net-charge fluctuation in Pb-Pb collisions
CMS-PAS-HIN-22-005

CMIS. ﬁf.e/llf.n./fﬁf{. ~ah(BR) 0.607 (252) nb, H3:52TeV) CMS Preliminary __PbPb (pp) 0.607 (252) b’ (5.02 TeV)
- A 1 1 LR
- PbPb B HYDJET | _
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part

Net-charge fluctuations differ between QGP and hadron gas phase
We see the signature of QGP
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Hard Probes for Quark-Gluon Plasma

/'Y/ A Electroweak Bosons

¥ Lomonosov 2023 Sergey Petrushanko (CMS Collaboration) Heavy-Ions Physics 14



Hard Probes for Quark-Gluon Plasma

'Y/Z Flartrnweaal Rncnng

PbPb measurements

pp reference

#of NN y
scatterings ° 0
P 1
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J/y suppression in Pb+Pb

EPJ C 78 (2018) 509

PbPb 368 ub™ (5.02 TeV) PbPb 368 ub™, pp 28.0 pb™ (5.02 TeV)
_I T 11 | TT 1T | T T 11 | T T 11 | T T 11 I T T 11 | T T 11 | T T 11 | T 11 |_ < _I T | TTTT | TTTT I TTTT I TTTT | TTTT | TTTT | TTTT | TTTT I TTTT
1400F 15 <1y™| <24 cMms 1 £ 14 Prompt J/y CMS
[ 45 <p " <55GeVic i L |yl <2.4 |
~"1200E .t 0-100% p 1.2 Cent. 0-100% .
S i ] i i
3 10001, pagg ] 1t -
O - — Total fit . - m \[s,,,=5.02TeV =
L - — Prompt J/y ] B NN 7
S 800_-.-.qu1 from b hadrons _ 0.8 o \[Syy = 2.76 TeV ]
o - 1 Background . - NN -
= 600} . 0.6]- ; -
2 400} R 1 o4f H@%ﬁ; -
: L] f | _
200 B 0.2F -
O_I — l o | L | S | L | S l S | S l — I_ O:I | | 1111 | 1111 | L 111 | 1111 | L 111 | 1111 | 1111 | 1111 | 1 11 I:

26 27 28 29 3 3.1 32 33 34 35 0 5 10 15 20 25 30 35 40 45 50

m,., (GeV/c?) pT (GeV/c)

J/\ mesons are observed to be suppressed
(similarly in 2.76 and 5.02 TeV)
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J/y and y(2S) suppression in Pb+Pb

EPJ C 78 (2018) 509

PbPb 368 pb™, pp 28.0 pb™ (5.02 TeV) PbPb 368 ub™, pp 28.0 pb™' (5.02 TeV)
:E _'F')"|"t'J'/|""|""I""l""_ Z:E L L L L B
oc 1.4 FromptJiy CMS 7 o© 1.4 Cent. 0-100% CMS
L ly| <2.4 i - lyl<1.6 i
1.2 7 12F .
1‘ D — 1: |
- e Cent. 0-10% ] - .
0.g[ * Cent 10-30% h B = PromptJiy -
°F & Cent. 30-100% | P 0.8 ° Prompt y(25) ~
0.4 . - | 5
E W * : 0.4: :
0.2__ -] 0 2__ ]

0 ) 10 15 20 25 30 00 5 10 15 20 30

P, (GeVic) p. (GeV/c)

* Increasing suppression for increasing centrality

*(2S) is more suppressed than the J/\y meson
| @ Lomonosov 2023  Sergey Petrushanko (CMS Collaboration) Heavy-lons Physics 17
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Upsilon suppression in Pb+Pb

arXiv:2303.17026

2<I1 IOI3 T 1 T 1T T 1 IplpISIOIOI pIbl-.ll (I5I.O|2I -!-eI\I/Z ><I1 IOI3 I I T T T | T 1 IPblplt)l 1I .I61| II‘]bl-1l (I5.|0I2 I-I-Ie\I/)
200;—Y(1g) CMS ~ 10LCMS p.<30GeV/ic ¢ Data |
1801 Supplementary [ Y(IS)yl <24 — Totalfit il
— C ] = i Centrality 0-90% -+~ Signal |
% 160 p. <30 GeV/c ] © gl 3 == Background _
> - vl <24 TS Pl S [V
> 140 ' ® Data ] O i o | ' i
= - — Total fi = = i 3 22 ]
"‘,\) 120E .t t : = 6 : % 2 i -
— 100 (25) o Signal 4 = I 10 1
- C Y -.= Background - \ - » 1.8 .
£ 80p 1L 4r V2S5 | e
q> - - - . R froeeeeeees froeeee e -
z 601 3 9 e D70 10.2 104 106 -
400 i 41w - = m,, (GeV/c?) -
- ® i ] 2r Y(3S) .
20 i - i .
O_J--l--i-ll“ixl ‘---'l‘:::-']"f’-' TSI T TTRI ST R NI O i d L..I..n-l“.:. I J:“:O:.]“"b"fn I R SR N B A R B R |
8 9 10 11 12 13 14 8 9 10 11 12 13 14
m,,, (GeV/c?) m,,. (GeV/c?)
* Observation of sequential suppression of Y family in Pb+Pb.
* First observation of Y(3S) in heavy-ion collisions! (¢ > 5)
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Upsilon suppression Pb+Pb

arXiv:2303.17026

T T T T1 |P|t|)I?P| 1 |6|1| |n|b|-‘:, |F|)p| |3|0|(|) |p|b|--: §E|)|O|2| |-r|e|\|/) PbPb 1.61 nb-1’ PP 300 pb-1 (502 TeV)

| 1 i B T T T T | T T T T | T T T T l T T T T | T T T T I T T T T |
1.2 p.<30GeV/c CMS T 1120 <24 CMS
[ <24 T ] ~ Cent. 0-90% i

Y(1S) (2015 PbPb/pp) Y(1S) (2015 PbPb/pp)

T Cent i
1 _ """"""""""""""""""""""""""""" S R e =
0.8 —:— - 0.8k _
< | (%] Y(2S) | < i (%] Y(2S) i
c 1 _ __ ]
0.6 Y(39) ] 1 Tosf Y(3S) )
['H ] ] - ;
0.4 L) +TH 1 o4apEElt ¢ N
- % [@] [@] o 1 :+ i
oz ¥, T oe -
: | Im " | E.]I IE!;:I | * | N | I i * ] = ‘ : : ]

| 1 111 1 111 1 111 | | 1 11 1 | | 1 111 | | I | | I N | | 11 1 1 | L1 1 | | | I | | | |
%50 100 150 200 250 300 350 400 % 5 10 15 20 25 30

(Npan) p. (GeVic)

« R  is decreasing with numbers of participants of Pb+Pb collision.
o Slightly increasing with p_?
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Upsilon suppression in p+Pb

PLB 835 (2022) 137397

x10° pp 28.0 pb™' (5.02 TeV) %10° PPb 34.6 nb™" (5.02 TeV)
: L | L | L | L | L | LI : - L | L I L | L I L I L :
8F Y(lS)# pi¥ < 30 GeVie CMS - 1.81 pi* < 30 GeVic CMS -
- [ |y <1.93 - - G ™ <1.93 E
© - p" >4 GeVl/c E O 14F p" >4 GeVlc -
s - ow ! 310 T :
8 5:_ n' | <24 E 8 1.2;_ $ I <24 _
;; 4 E_ + pp data _E é 1 * ¢ pPb data -
‘% 3 Y (2S)  Totalfit :_'g 0.8F + .~. —;otakl fit d E
— ~ n S2YQ2S) ackgroun ’
E - Y(3S).... Background . L% 0'6:_ ; ( ) E
2 . — R . -
. : 0.4 : =
1+ T - 0. 2Let® .
0 B I I Ny ‘l‘l"l L Il\Jl‘_..J‘}I:\ J“I 1 | | I I | | 1 1 | I L1 1 | : 0 I I | | 11 1 | I L1 1 | | I | I I I | I 11 1 | :
8 9 10 11 1 22 13 14 38 9 10 11 12 13 14
My (GeVic?) m,-, (GeV/c?)
All Y states are found to be suppressed in p+Pb collisions
| compared to p+p collisions.
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Upsilon suppression in p+Pb and Pb+Pb

arXiv:2303.17026

PbPb, pPb, pp (5.02 TeV)

L e Ry by, [ < 193 CMS - Ordered in binding energy

- OER,, [ <24 Supplementary {  RpPb Y(1S) > RpPb Y(2S) > RpPb Y(3S)

- p_ <30 Gevie ]

_ ‘ _ Largest suppression is in Pb+Pb

y § - Rpprb > Rpbpro

- :

: | B | " New result for Y(3S)
Y(1S) Y (2S) Y(3S)
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v, of J/y in Pb+Pb collisions

arXiv:2305.16928

015|||||||| """"""""""""

-Cent. 10-60% PromptJ/y  Nonprompt Jhp—; 6.5<p, <350 GEWC CMS
O16<ly|<24 016<|y|<24 ] lyI<24

0.1 olyl<24  4lyl<24

S 0.05§$¢M:+:i * - T # E+] $

Pbe 1 61 nb (5 02 TeV)

_....I....I....I....l., |||1]“PIT)|':]I/|\I|’||I||||I||||I ||||||||
0 10 20 30 40 500 50 100 150 200 250 300 350 400
o (GeV/c) (Npart>

- Large v_ of J/y up to p_ =350 GeV/c
v (b — J/y) < v (prompt J/y)
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v, of J/y in Pb+Pb collisions

arXiv:2305.16928

- Prompt J/y CMS -
oL P Jw 1 g

=" 0.05F -+ .

070720 30 20 500 50 100 150 200 250 300 350 400
p, (GeV/c) (N_ )

- First measurement of v_ for prompt and non-prompt J/\y separately

- no significant non-zero v_ (J/y)

| i Lomonosov 2023 Sergey Petrushanko (CMS Collaboration) Heavy-lons Physics 23
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v.and v, of w(2S) in Pb+Pb collisions

arXiv:2305.16928
Prompt y(2S
p\II( ) Pbe161nb(502TeV)
041  Cent. 10-60% PromptJ/y  Prompt w(2S) T 6.5 < p, <50 GeV/c CMS E
03—_ O16<|y|<241116<ly|<2.4F V<24 B
- ®lyl<24 ®lyl<24 + ]
0.2F i ES E
N C I ]
> o + Ed E
e S I+ ** 7 - :
OF — - == m oo -
~0.1F + :
L B e }E}H::{HH}::::{::::{::::I::H}::::{H::E
0.3 EY g
0.2f - :
o O + :
> 1 5
Op ="~ r E Ao = U
o + | | -
-0.1F + E
N = - ST
0 10 20 30 40 500 50 100 150 200 250 300 350 400
p, (GeV/c) (Npart>

. First measurements for prompt y(2S) !
n o v is non-zeroin p_ =4 -350 GeV/c, v_is close to zero
| 288 Lomonosov 2023 Sergey Petrushanko (CMS Collaboration) Heavy-Ions Physics 24
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v, of Y(1S) in Pb+Pb collisions

PbPb 1.7 nb™"(5.02 TeV)

0.2 I i
[ p.>3.5GeVic CMS
- Cent. 5-60 %
0.15—
I Y(1S) Inclusive J/y
. @ |y|<24 M 2.5<y<4(ALICE)

0.1 O 25<y <4 (ALICE)

E"'J .

I|IIIIIIIIIlIIIIlIIllIIllI

> -
0.05—
" $
. C
A | .

: Q

0.05
B |

0-3 3-6 6-15
PLB 813 (2021) 136036 p,.1Gevic)

In contrast to the J/yv mesons,

no azimuthal anisotropy is observed for the Y(1S) in Pb+Pb...
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v, of Y(1S) in p+Pb collisions

CMS Preliminary pPb 186 nb™ (8.16 TeV)

0.15_|||[ilI|I||I]I||I|||]III|II|||_
Y (18),0<ly,_| <24

70 < NI < 300 (Nfrf:"”e < 50 sub.)

0.1

005

]

—-0.05 =

0 5 10 15 20 25 30 0-30
p. (GeV/c)

CMS-PAS-HIN-21-001

... and also no azimuthal anisotropy for the Y(1S) in p+Pb !
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First evidence of X(3872) in Pb+Pb

PRL 128 (2022) 032001

1.7 nb™ (PbPb 5.02 TeV)

—~400F. CMS 15 <p_<50 GeVic I Comparison to y(2S)
§ E Inclusive ly| < 1.6 1.7 nb” (PbPb 5.02 TeV)
® 350E Cent. 0-90% 52 1.8¢
= + 1 - - CMS
— - TR K B PbPb (5.02 TeV)
2 250F R } o X(3872) —1 s E 1_4:— ] < 1.6, 0-90%
%P wes) o IRep
" 150E S e f 0
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(SJ 60;— brenriched (by > 0.1 mm) — —total fit 2 2”20.8_— M pp (7 TeV)
§ 50;_ - - - -background 1 o 0,6:— ly| < 1.2 (CMS)
© 40F 03 EL; ' ® pp (8 TeV)
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£\ X@872) Result provides a unique experimental input to
‘ V(R8) . . .
s { 7 the theory, towards elucidating the production
s \(\) I mechanism and the nature of the X(3872).
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Jet quenching in Pb+Pb

PRC 84 (2011) 024906
PLB 712 (2012) 176

PP e S CMS,/ | cMs Experiment at LHC, CERN
~ Data

E, (GeV)

g
-’-
< i
.

Leading jet
pr:205.1 GeVic

100 -
80 -

Subleading jet
£ pr:70.0 GeVic

pp

« Asymmetric dijets observed more
frequently in PbPDb collisions

* The stopping power (dE/dx) of the Quark
Soup is Incredibly Strong
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Jet radius scan

JHEP 05 (2021) 284

CMS 0-10% PbPb 404 ub, pp 27.4 pb .
300 <p™<400GeV T 400 < p® <500 GeV > Sensitive to balance
: T 1 T | between increasing
1.5¢ T 1 radiative sources and
: I 1 recovering re-distributed
1+ energy
S 0 5:_ 1 1 ¢ Enables simultaneous
Il . .
« - | VSxn =5.02Tev =~ 1 = comparisons of model
~ 500« 'pj'et'<' 1000 GeV T antick. m '| .o | calculations across jet
< T T Mgy g
T - j radi1
1.5 1 ]
[ T 1 e First time at CMS: no
B N SR L T -#CMSO0-10% 7 : :
1: Fi—5 T T = rvauen : radius c}eper.ldence 0{ jet
- I PYQUEN w/wide anglerag| CTICT8Y 10SS 1n centra
050 T~ JEWEL 1 Pb+Pb collisions for 400
[ | ny —JEIWEL wl/o recoill | ] GeV < P, jet. (AISO for
02 04 06 08 102 04 06 08 1 400 < ijet <500 GeV)

Jet R
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Azimuthal anisotropy of di-jets in Pb+Pb

JHEP 07 (2023) 139

0.08 . N . i _ N -
- |® | Dijet v, ¢ | Dijetv, ant-ky R=0.4  t [%] Dijet v, CMS
0.06 ¥ CMS charged hadron v, - |njet| <13 i
: Py >20 GeV, jn <1 : p, >120GeV [ PbPb ysy =5.02 TeV, 1.69 nb’
0.04f x ® p., >50GeV [
> A e [ Ap. | > 2L [
@ 002 @& - AP, > l
a +
Y S o S S S I SO
e \ ¢ +
002k Factorization region: - i
I 0.7 < Hadron P, < 3 GeV [
—0.04 ! ! - ! ! - ! !
0-10% 10-30% 30-50% 0-10% 10-30% 30-50%  0-10% 10-30% 30-50%
Centrality Centrality Centrality

v, V. and v, of the di-jets in Pb+Pb were measured for the first time
e Di-jets v_is compatible with v_of high p_hadrons

« Di-jets v, and v _are consistent with zero

@
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CMS Summary for Heavy-Ions

* Many interesting heavy-ion physics results with the CMS
detector in p+p, p+Pb, Pb+Pb and Xe+Xe...

* Future heavy-ion program at the LHC (Run 3 and 4) with
the upgraded CMS detector will provide more exciting
opportunities! Stay tuned!
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CMS Experiment at the LHC, CERN
' : Data recorded: 2022-Nov-18 15:50:14.858368 GMT

Run / Event / LS: 362293 / 24480852 / 27

One of the first Pb-Pb collisions during Run 3 in CMS detector.

™ Lead beams traveled for 3 days (17-19 November 2022) in the LHC !
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