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Recent results from

Camelia Mironov

relatvistic heavy ion collisions | yp

at the LHC

A ‘teaser’ talk with very few (though recent) results I




LHC Heavy-lon (HI) Program

Collision systems
P p P
Pb Pb Pb

Center of mass colliding energy (TeV)

2.76 (2011, 2013) — 2.76 (2010, 2011)
5.02 (2015) 5.02 (2013) 5.02 (2015)
7,13



Characterize HI collisions
A — — A

4 Binary
Collisions

/

5 Participant

= ‘Event-activity’ characteristics (Data, Monte Carlo)

v/ central collisions: ~ small impact parameter collision (high-multiplicity
events, large energy deposited in calorimeters, etc)

v/ peripheral collision: large impact parameter collision
= At a certain colliding energy, for a certain impact parameter b

v/ <Npart>— number of incoming nucleons participating in the collision

v/ <Ncoll> — number of equivalent nucleon-nucleon collisions
- Glauber MC calculation



Characterize HI collisions

particle P,

n=-08@5) N=0 n = 0.88 (45°)

= Particle production
/' transverse momentum: component perpendicular on the beam axis
- pr=p cosO
v/ pseudorapidity: angular position in detector
n = —Inftan(0/2)]




LHC VS RHIC

PRL 116 (2016)

N _IIII| [ [ IIIIII| [ [ IIIIII| [ [ IIIIII| |
Q: ; pp(pp), INEL AA, central ]
S 12‘_D ALICE u ALICE N
% o CMS ¢ CMS _
~ - vV UA5 e ATLAS .
Al A ISR A PHENIX .
< 7 v BRAHMS a& o 01554
8— pA(dA), NSD % STAR —
i ALICE x NA5Q ]
6_ + PHOBOS .
; & ]
B @ﬁ ]
4_ .* . |
Y % S E]‘j 80103( ):
2_— A'A"Eé ....... ]
- X Inl <0.5 1
O_Illll | | IIIIII| | | IIIIII| | | IIIIII| I_

10 10 10° 10*
\' Sy (GeV)

= The charged particle multiplicity per colliding nucleon pair measured at
LHC for the most central collisions is

v/ ~2x that measured at RHIC, where the collision energy is factor 14 lower

v/ ~2x that measured at LHC in pp or pPb collisions at similar collision energy

5



Analyzing HI collisions: 2-particle correlations

Trigger particle
thrig,ntrig’ (ptrlg

offline

CMS pp \'s = 13 TeV, N <

1< p.< 3 GeV/c

35 (a)

Back-to-back jet

, . contribution
Associated particle

sssoc YnadssSocC dSSOC
P1sssoc, 3O % Single jet

contribution

v

= FEvent-by-event

An — ntrig _ nassoc
AD = (Ptrig _ (passoc



1
1

NP
N,;; dAn dA¢

1

Collective motion: 2-particle correlations

< p'T"g <3 GeV/c
<p;°<3GeV/c

N
®

o
>

.v/

Cd
//

-

Back-to-back jet

contribution

Single jet
contribution

-

RIDGE: “collective effect”

2 particles with very different n
are “connected”

JHEP 09 (2010) |7




Collective motion: 2-particle correlations

CMS PbPb |s, = 2.76 TeV, 220 < No\""

1< p'Trlsl <3 GeV/c
1<p7** <3 GeV/c

PN
N'trig dAT] qu)

.-//

o
>

1

.v/

Back-to-back jet
contribution

-

-

//

RIDGE Also in pPb high-
multiplicity events

Single jet
contribution

-

RIDGE: “collective effect”

2 particles with very different n

are “connected”

JHEP 09 (2010) |8

(b) CMS pPb |5, = 5.02 TeV, 220 < NCT"

1< ptTrig <3 GeV/c

1 < p:ssoc < 3 GeV/c

1

dszalr
Ntrig dAn dA¢

PLB 718 (2013)

ffline




PLB 718 (2013) C ()116 CthC IH()UOHZ pr PLB 719 (2013)

_ 2<p_. <4GeVic -Pb |'s,, = 5.02 TeV
_ ffline Tirig P n
CMS pPb \/sy, =5.02 TeV, N}, "™ = 110 1<p__ <2GeVic 0-20%
AL :“‘ BN "
LK

ATLAS ., . (, LHCb (new!)

1
Event class 0-3%

1.04{"
] $2.15 3
S 1 L 214
3 /5>
O %2.05"

_______ 24

4 _ .%0 Z
A

9 1 ’ arXiv:1512.00439

arXiv:1606.08170




Collective motion everywhere!

CMS PbPb |s, =2.76 TeV, 220 < NJ7' " < 260
A

1< p‘Trlg <3 GeV/c
1<p7** <3 GeV/c

PN
Ntrig dAT] qu)

A
p'a
b~

N
>

1

Back-to-back jet Single jet

contribution contribution

-

RIDGE: “collective effect”
2 particles with very different n
are “connected”
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1< ptTrig <3 GeV/c

1 < p:ssoc < 3 GeV/c

©
N

w W w
R SR
1

1

dszalr
Ntrig dAn dA¢

/] \
/ N

200090

JHEP 09 (2010)
CMS-PAS-FSQ-15-002 | &
ATLAS-CONF-2016-026




LHC: PbPb @ 2.76, 5.02TeV

inclusive jet /
identified-jet

inclusive jet inclusive jet/
h/D/B identified-jet

A) Individual hadrons B) Reconstructed jets C) Quarkonia

= Questions one addresses with these measurements

v/ Is there a difference in how the light partons and heavy (charm and
beauty) quarks interact with the medium?

v/ What are the properties of the medium created?
1



Analyzing HI collisions: Raa

4,0 ~e-d+Au FTPC-Au 0-20% -
m?

& d+Au Minimum Bias

Yield(A + A)

0 0 L L L l L A L l L A L l ' A 1 l A L

0 2 4 6 8 0
= Nuclear modification factor:
v if =1 no medium effects

v/ if <1 suppression (e.g. energy loss in the medium)

v/ if > 1 enhancement (e.g. kT broadening in the incoming nuclei)
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/. boson: in-situ reference

PRL 110 (2013) JHEP 03 (2015
;I llllllll IIIIII"I'IIIIIIII__II[IIIIIIllllllllIIIIIII_<2-5||II|IIII|IIII|IIII|IIII|IIII|IIII|IIII
3 ATLAS o | CMS s, =276 TeV ]
O) - Pb+Pb s =2.76 TeV T ‘ - e Z—|llyl<1.44,p_>0GeVic
— - Data2011 L =0.15 nb’ T y 2‘_ —o— Z — II, 0-100% centrality N
_g i 1 ] - I pp luminosity uncertainty
~ 100k Z—ee | Z-uu - i
e e Opposite sign: 772 | e 1223 | g 2
O o Same sign: 42 | o 14 | 1.51 __

| OSimulation | - -
1_ m rh m |£| m Iﬂ i

a m H ]

0.5 -

il | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 111 I_

fi IR O SO Ssh an S Ml X% : s B N 0
70 80 90 100 110 70 80 90 100 110 0 50 100 150 200 250 300 350 40
M. [GeV] m,, [GeV] O

= 7 boson measured for the first time in HI collisions

v/ confirm the Ncoll scaling: Raa =1
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Charged hadrons (gluons & u/d/s quarks)

| CMS-PAS-HIN-15-015

25.8 pb™’ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

1.6
- CMS [ e ] CMS 5.02 TeV
1.4 . o CMS 2.76 TeV
Preliminary v ATLAS 2.76 TeV
190 o ALICE 2.76 TeV

Taa @nd lumi. uncertainty

1

< 0.8
0.6
0.4 B \,:',f“f‘fﬁ ®
0.2
O_Ill | | IIIIII| | | IIIIII| | |
1 10 10°
P, (GeV)

= Agreement between experiments at 2.76TeV

= And same suppression at 2.76TeV and 5TeV
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JHEP 09 (2012)

1000pe2<p <3 GeVic
¢ D' 5K x

and charga oon|

acof-¢

Emriez /12 MaV/c”

e 4
Pb-Pb, jz,, = 276 T2V
Centrality: 0-20%
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ALC

200 = 12534 0.008 Gavi’
@ = 0,017+ D.00G GaYi”
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Primary
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I

D? decay

vertex

220
200
180
160
140
120
100

80

60

D mesons (charm quarks)

CMS Preliminary

CMS-PAS-HIN-16-001

PbPb |'s,, = 5.02 TeV

Centrality 0-100%

40 ¥
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.
.
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- Data

" D°D° Signal
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—
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Charm vs Light

JHEP 03 (2016 CMS-PAS-HIN-16-001
( 2) 2.76 TeV 5.02 TeV CMS-PAS-HIN-15-015
B LI [ L ] L l L l L ] LR [ LR [ LI |
< ALICE : " CMS
@ 48 0-10% Pb-Pb, |/syy = 2.76 TeV — 1.45 preiminary | ™ | Raa D°
:_ e Average D°, D*, D**, |y|<0.5 - :
L '62 o with pp p_-extrapolated reference ] 1 .2__ _ RAA charged hadrons
1.4 m Charged particles, n|<0.8 — L Tan and_ lumi.
- e Charged pions, n|<0.8 - 1__ LUNCE I Y .
1 '2;_ E :E i Centrality 0-100% +_+_
| m - C 0.8 lyl <1 | Lot
- 4 O L —
i 10 f AL
0'8:.+ 7 06__ E a+;$r
0.6 - I ‘
- g 0.4 * , %ﬁr
0.4 +— . i e ; :i"-
= ] — Er
0.29 ,#Lﬁﬂﬁ*— H - 0.2
O:l | 1 | l 1 1 11 l 1 111 I 1111 I 1 111 l | S . l I 111 l | I . lt :l || | | | L1 || | | | L1 || | |
0 5 10 15 20 25 30 35 40 0 5
P, (GeV/c) 1 10 10

P (GeV/c)

= At high-pT (~4-5GeV /c) light partons (quarks and gluons) and
charm quarks “products’ have same Raa
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B(J/1X) mesons (beauty quark)

ASOOO III|IIII|IIII|IIII| IIIIIIIIIIIIIIIIIII
S [
S - CMS Preliminary
[ = N, :8525+ 177
(3 2500 PbPb \[s\\, =2.76 TeV " sc . 1 Mevic?
QA L
o [ L, =150 ub™ ';;;data
o = %44 total fit
~ 2000lyl<2.4 ’ )
~ - 6.5<p. <30 GeVic % blgd + non-prompt
n T = = = background
c - Cent. 0-100%
® 1500
I

1000

500

6 27 28 29 3.1
2
m,, (GeV/c?)

PRL 116 (2016)
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200

i ¢
o)
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o
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B4R Iylabl <24
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=
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Jig
\/ K*
”
+ B* Decay
Vertex

%B

CMS-PAS-HIN-

12-014

:IIII|IIII|IIII|IIII|IIII
- CMS Preliminary

PbPb \/s\\ =2.76 TeV
L. =150 ub’'ge

lyl<2.4

int

Cent. 0-100%
® data

%444 total fit

=== background

6.5<p, <30 GeV/c

<> bkgd + non-prompt

= [irst b-quark products measurement

v B—=J]/yY+X

§_| . | LL. E
-1 -0.5 0 0.5 1 1.5 2
ldhp (mm) m
J /)
Lypp = Lgy——

pPT

= First exclusive B reconstructed in pA collisions

v/ B /P+K




Beauty vs Charm VS nght

JHEP 11 (2015) §1 4
Pb Pb, \sNN - 2.76 TeV

T T 1 T T 1
|1||11|

12 A 7 (ALICE) 8<p <16 GeV/c, |y|<0.8
' ®m D mesons (ALICE) 8<p_<16 GeVic, |y|<0.5
@ Non-prompt J/y (CMS) 6 5<p <30 GeV/e, |y|<2.4
1 JHEP 05 (2012) 063
" (empty) filled boxes: (un)correlated syst. uncert. |
0.8

| L

0.6

E 0-20%

llIIlII[llIllllllI

0.4 080/"$f| F + Bel/lp
0 2: 20- 14(905/00@0 40% (1S
' 20 30%
| nt* shifted by +10 in (N W 10-20% 04’(;% D, h
O s iho. Ba5- 380" 505550400

O <

= Smaller measured suppression between the b-quark products and
charm or gluon/light-quarks products
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Fully reconstructed jets

C CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
< Run/Event: 151076 / 1328520

X Lumi section: 249

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

. in the kinematic regions where we can

19



CMS-PAS-HIN-15-013

/+]et: in-situ reference
©

ISy = 5.02 TeV PbPb 404 b, pp 25.8 pb” VS = 5.02 TeV .> PbPb 404 ub™", pp 25.8 pb’
1.4_III|III|III|III|I |III|III|III|III|III_ 11IIII|IIII|IIII|I—|_|_I|IIII|IIII|IIII|IIII_
- CMS pZ > 60 GeVic ] 105 CMS B PbPb, 0-30 % 1
1.21= Preliminary 70 <M' < 110 GeV/c? ] Preliminary ©smearedpp ]
~ BIPbPb, 0-30 % P} >10GeVic, | <24 ] 1 E
1™ |6 smeared pp ps* > 20 GeV/c, ™| < 2.5 — 0.95 70 < M' < 110 GeV/c? _—
i anti-k; Jet R=0.3 - ' anti-k; Jet R=0.3 -
N 0.8 p2! > 30 GeV/c _ 0.9 p; > 30 GeVic 3
Z'|x" [ e < 1 6 - e <1.6 1
olo L ] 0.85[ Ao > In
A £ - 0,>3g" A
1—|ZNO 6 (I) g n ] E 8 E
I i 0.8 -
0.4/ o ' 0.75F + =
i i T 0.65]—
A TR [T qﬁ|o_ ]e : | | | | | | | ]
0 02 04 06 08 1 12 14 16 1.8 2 090 50 60 70 80 90 100 110 120
Jet/nZ Z
X, =Py GeV/c
iz =PI 7P; P ( )

= Central PbPb xjz distributions shifted to lower values wrt pp at all
Z-pt: the back-parton suffers energy loss in the medium

v/ theoretical models: energy loss directly related to the medium density

20



Beauty vs Light

CMS-PAS-HIN-16-005

Jet1 b-Jet 1
. e 25 8 pb™' (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb) 25.8 pb™' (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb) RV S
‘. ° ° " | T T 17T | T T TT | T T 17T | T T TT | T T 17T | T T 17T | T T TT | T T I _I I | L | rrTi | FTTT | rrTi | FTTT | FTTT | FTTT | L I_
0.74 - cMs - 074F CMS -
0.72 :_ pp Preliminary _ 0.72 :_ pp Preliminary _:
- -100° - - 30-100% .
0.7 50-100% - 07F o =
- 0 10-30% - s 10-30% .
0.68 - - 0-10%_~ 0.68 — 0-10%_
- ® = - ]
0.66 [ “ o~ 066 ? o 2
- - X - .
0.64 |- . - 064 .
0.62 - - 062 . -
C Inclusive dijets N - Dbdijets 1 . .
0.6 — — 0.6 B ] ~'. 0!
n e Data - - ® Data 14 H
. _ 0.58 — — .o
0.58 - O  pp-based reference - ] 0 pp-based reference -
0.56 |- - 056 SOOI OTSNTINT . b-Jet 2
Do lvoan b b bvna b b v b = . IS N NS N N T N N
0O 50 100 150 200 250 300 350 4( 100 150 200 250 300 350 400

w ( part>( - -welghted) 0 w ( part> (N -welghted) ‘)

Pt > 40GeV/c
pg}‘f“ > 100GeV /¢

= Blue: Inclusive-dijets imbalance increases from peripheral to central PbPb collisions

= Red: Imbalance of b-dijets measured for the first time
v/ similar to that of inclusive jets (red vs blue)
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LHC: the full picture

IIIIIIIIIIIIIIIIIIIIIIllllllllllllll

ALICE
0-10% Pb-Pb, |5\ = 2.76 TeV

e Average D°, D*, D**, |y|<0.5
o with pp pT-extrapoIated reference
s Charged particles, n|<0.8

e Charged pions, n|<0.8

|III|IIT_

Illlllllllllllllllll

T 1T TP

o 5p?

O—lIIlIlIIlIllllIllllIIlIllllIllIlIllIlllr

0O 5 10

mw,h,D

P, (GeV/c)

15 20 25 30 35 40

nM

1.5

5 I | UL I | UL I LI LI I | UL

—a— *Z (0-100%) lyl <2

s W (0-100%) p: > 25 GeV/c, In'l <2.1
—~— Isolated photon (0-10%) Inl <1.44
E=—e— Charged particles (0-5%) Inl <1
=== *B— Jiy (0-100%) lyl <2.4

....IN..I....

| CMS *PRELIMINARY PbPbys,,, = 2.76 TeV
i fL dt = 7-150 ub™”

[— E==—= ‘Inclusive jet (0-5%) Inl <2
—w— *b-jet (0-10%) Ml <2

300

0.5 L
el 1 I
O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 20 40 60 80 100 100 150 200 250
p, (M) [GeV] p, [GeV]

h, B—=J/y

= Probes ‘blind’ to the medium: photons, Z, W

= Probes affected by the medium:
v/ low-pT: different suppression pattern for b-quark vs ¢/q/gluon products

b-jet

v/ high-pT: similar suppression pattern no matter the color of the pattern
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(Juarkonia

T\ 1/(r) [fm1]

Y(1S)

% (1P)

J/(1S) Y'(2S)

% (2P) Y'(3S)
x(1P)  w'(25s)

A. Mocsy
Eur.Phys.J.C61,2008

= Onia in a deconfined partonic medium: color screening at
different medium temperatures for different states (depending on

binding energy)

v/ sequential melting / destruction of the states

= Onia: thermometer of the medium
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Sequenual melting: Y(15, 25, 35)

PRL109(2012) (T T T[T T T T[T T T T[T T T[T T T[T T[T T [TTTT]
rI1.4_— CMS PbPb \ s, = 2.76 TeV -
. = Y(1S) Loy > =150 ub™
1'2:_ ° Y(2S) 1P =230 nb" |1
B + ] Y(3S), 95% upper limit
’
i 30-40%
0.8 40-50% 20-30% ]
i + 1 [o-100% T 1/(r-> [fm1]
| 50-100% } EN —
0.6/ " + 10207 5-10% 0-5% + }
) o ) _
0.4_— + +—_ -
i H &] - _
a8 .
i ] |@ :
O_I L 11 | L1 11 | L1 11 | L1 11 | L1 11 |$I | | | I$I | L 11 I_ |I Xb'(zp) Y'“(35)
0 (ji) 100 150 200 250 300 350 400 %(1P)
Ny ©

A. Mocsy
Eur.Phys.J.C61,2008

RaaY(®) >R Y > Ry, YOS

= Sequential melting (proposed as key proof for existence of a QGP),

first experimental proof of color screening picture
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JHEP 05 (2016) |
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Puts back some QQbar

uarkonium phenomena: J /1

CMS-PAS-HIN-12-014

E:E_IA__' 'C'I\'/Iélplruelli#nlinla'rgll||||||||||,,||
" PbPb\ sy, = 2.76 TeV

1.2

1I
0.8 Prompt JAp
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Parton/jet fragmentation and en loss

Destroys and/ or shifts the kinematics
via partonic/hadronic interactions

= Experimental confirmation of (old) theoretical ideas



PP- pr Pbe

- O T TTI I T TTTIT I T TTTT I T 1]
@) n | | .
g 0.45F PP S\ =276TeV  pPb s, =502TeV PbPb s, =276TeV]
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Track Multiplicity Track Multiplicity

= Sequential patterns also in pp & pP’b

JHEP 04 (2014)

v/ not clear whether it was the “medium” affecting the states (as in PbPb),
or the state affecting the “medium”
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pp@7leV

CMS-PAS-BPH-14-009

CMS Preliminary 4.8 b’ (7 TeV)
H) i Y(2S)/Y(1S)
Z 0.5+ e 0spSEV O3 D5 < pr< 50 GeV/c
E B ],j : ~m 5=p<7GeV(1.9fb7)
%) S E) 3 s 7=p <9GeV
\%04_— i [(? —¥— 9=p <11 GeV
e i ¥ i E% 11=p <13 GeV
. & % [ﬂ —+— 13=p <18 GeV
- (1 —o— 18=p <25GeV
03: L 5 + 25sst50GeV
) % 0<pr<5GeV/c
0.21-
0.1 B Y(ZS)
—_— 1<1.2 I
: y(uu)l< Y(1 S)
O i ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]
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tracks
Low High
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= Decrease of the excited / ground state ratio confirmed at 7TeV

= The ratio decreases strongly at lower pr

v in PAS: stronger indications that it is not 2’t;1e state affecting the “medium”



LHC heavy-ions: Summary

= Precision, Diversity and Surprises

v/ Precision:
- charged hadrons measured up to 400GeV /¢

- separate measurements of charm & beauty quarks products

v Diversity
- identified hadrons AND fully reconstructed jets

v/ Surprises:
- collectivity also in pPb and pp collisions

- ’sequential” pattern for onia also observed in pp and pPb collisions

28



Extra stuff
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[.LHC: ... collective motion
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