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] Quark Gluon Plasma (QGP) produced and probed in
heavy ion collisions

1 Signatures of QGP: collective expansion (radial flow, elliptic
flow, ...), jet quenching, etc.

QGP Pb

Study plasma properties:

« particle azimuthal distribution
- using v, Fourier coefficients

* two/multi - particle correlations

, ~dN
Singles: @~ 1+ ; 2upco8[n(¢ — D))

dN "
Pairs:  Jag x 1+ Z 20200 cos[n(Ag)]

v, — elliptic flow
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The ridge in Pb+Pb, p+Pb and pp collisions

Pb-.%ﬂ-Pb p-‘»é;Pb p—eep
ATLAS p+Pb ATLAS 0.5<p2"<5.0 GeV
N

ATLAS Pb-Pb bf\"“"““f-m&z_sg:, P2 <3 GeV © \S=5.02TeV, L, =28nb’ > \s=13 TeV
VSNN=2'76 TeV & - - T 1 < p:'b < 3 Gev T
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1 Two-particle correlations show long-range correlation structure
along A n at A ® =0 - the near-side ridge

1 What is the origin of ridge structures in small systems? Is it the same
mechanism as in Pb+Pb? Is it single-particle azimuthal anisotropy?

] Detailed ridge studies are performed:
2 p;, n. N, energy dependence, single-particle v,
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ATLAS detector and datasets

ATLAS pp 2.76 TeV data - ATLAS p+Pb 5.02 TeV data
)'D'LL \’/'// , F p: 4 TeV

ATLAS pp 13 TeV data Pb: 1.57 TeV/N

= -1 s‘[’/.
Lin’r 14 nb /T/(//{\/ ~ /’/V
"égz;/ Wit ~= ‘ i $\®\ '"' a
Inner Detector (ID) £ == SN/ \\\\
|n| <25 S Wiy,

1 Both analyses used charged
particles measured in ' Forward Calorimeter
Inner Detector (ID) with tracking (FCal)

coverage | 7 | <2.5and p; > 0.4 GeV 32<|n|<4.9

1 Forward Calorimeter (FCal) is used to define “event activity”
of p+Pb collisions
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Event activity in p+Pb and pp collisions

3 | Wi ATLAS piPb fs,=s02TeV [Lotun’ - J Eve.n’r ac:.hvﬂy in p+Pb collisions is
< f0° . ~. _ 1 definedintwo ways:
2 200 e R 1 E;P®: Total fransverse energy
= S in the FCal on Pb-going side
- .
001~ 238 " - N '®¢: number of charged
_ particles with p;> 0.4 GeV in
e | ‘central’ ID
0% 50 100 150
‘peripheral’ TE?® [GeV]
] For pp collisions only
S N..'ec intervals are
A PP .
g used to characterize
event activity
ands anss —l High multiplicity events
of Lo =4pb 24 no in pp:
10_ I T/ - 50 100 150 200 2°76 Tev 9 Nchrec > 50

¥ 13TeV > NS¢ > 60
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Two-partficle correlation (2PC) function
S(Am A@/a The same event pairs Ad = ¢* — ¢b

C(An, A¢) =
B (Am A¢) Mixed event pairs Ay = ¢ — nb
Pb+Pb example: I (background) =1 "

Correlation Functio

S (a0,am)

1 S is constructed using all pairs of charged particles in
the same event

1 B obtained from “mixed events”, measures distribution of
uncorrelated pairs

1 Both S and B are corrected for tracking inefficiencies -
detector acceptance effects largely cancel in the §/B ratio
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Z E.T.b>80 GeV

4 Central

p+Pb |s,,=5.02 TeV

[L=~1up" 0.5<p*°<a Gev

ATLAS
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2PC analysis — p+Pb collisions

Peripheral J ATLAS 4 Central

o0 p+Pb \s,,=5.02 TeV AN\ ,
LE; <20 GeV 1 ab A | N ZEL">80 GeV
. L=1ub’ 0.5<p <4 GeV ~ 4. X T

dljets, eoe -[ u pT .‘..,-'-- o . .‘..

1.1; :

C(Ad,An)

jets,...

Long range correlation 2<|Amn| <5
concave-up Ridge develops in
- no ridge observed central events
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2PC analysis — pp collisions

low-multiplicity high-multiplicity
ATLAS o.5<pj’b<5.o GeV  ATLAS 0.5<p>°<5.0 GeV
\s=13 TeV m \s=13 TeV
dijefs, ..
= 1.1 = 1.
2 .05 2 102
S 3
@) @)
0.95 0.98!
4
-4 -4
jets,...
. 2<|An|<5 _ :
Long range correlation Ridge develops in
concave-up high-multiplicity
- no ridge observed events
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Per-Trigger Yields: p+Pb

JY(A ¢)is used to measure the strength of the long-range

component Ne - total number of trigger particles

B(A¢)dA . .
Y(A¢) = (f C(L ¢>A ¢) C(AQ) — bzyam b,yam — Pedestal arising from
N f dA uncorrelated pairs
S [TAnas pied yo,m02TeV. JL-1ub" ] ] Compared central and peripheral PTY
> | 05<p<4GeV, 2<]An|<5 (c) for2<|An| <5
0.6 -
- O ZE80 GV byy,,=14.3 ] U Peripheral events show ‘away-side’ peak
ol H-rEP06ey by=32 o | S dijets contribution
al o i .
. | L) Central events feature the ridge (near-
ool © o - 0] side peak) and excess on away-side
- O O . . .
i - A | ) Excess on near-side and away-side
00'_9_9_9@4_5 o. L 5,- independent on event activity, E;fP
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Per-Trigger Yields: p+Pb

JY(A ¢)is used to measure the strength of the long-range

component Ne - total number of trigger particles

B(Ag¢p)dA .
Y(A¢) = (f C(L ¢>A ¢) C(AQ) — bzyam b,yam — Pedestal arising from
N f dA uncorrelated pairs
S [Aras pie8 yaymsoz el [L-1uot ] ] Compared central and peripheral PTY
> | 05<p<4GeV, 2<]An|<5 (c) - for2<|An| <5
0.6 -
O ZEP0 GV by, i43 .| U Peripheral events show ‘away-side’ peak
ol H-rEP206eV by=32 o S dijets contribution
T o | i
" | [ Central events feature the ridge (near-
ool © o . o] side peak) and excess on away-side
L O D s ° °
A | ) Excess on near-side and away-side
s O 5 R ° ° °
dewsoned. " L independent on event activity, E;fP
o — 1 2 3
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Per-Trigger Yields: p+Pb

JY(A ¢)is used to measure the strength of the long-range

component Ne - total number of trigger particles

B(A¢)dA .
Y(A¢) = (f C(L ¢>A ¢) C(AQ) — bzyam b,yam — Pedestal arising from
N f dA uncorrelated pairs
S [Aras pie8 yaymsoz el [L-1uot ] ] Compared central and peripheral PTY
> | 05<p<4GeV, 2<]An|<5 (c) - for2<|An| <5
0.6 .
O ZEP0 GV by, i43 .| U Peripheral events show ‘away-side’ peak
ol H-rEP206eV by=32 o S dijets contribution
T o ] .
" | [ Central events feature the ridge (near-
ool © o . o] side peak) and excess on away-side
= O O 7 ° °
A | ) Excess on near-side and away-side
s O 5 R ° ° °
dewsoned. " L independent on event activity, E;fP
o — 1 2

A0
YU (Ag) = Y (Ag) — aYll (Ag)

peri

1+ Z Q@COS(nAgb)]
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Per-Trigger Yields: pp

2 570 am1ae | ee | ] B(Ag)dA
2 o= (T ) oo By

Ne¢ - total number of trigger particles

5.6/~ ab
- O.5<pT’ <5.0 GeV

I 2.0<|An|<5.0

1ZYAM assumes that number of
correlated pairs is zero at
minimum

5.5

Ad
1 The minimum of Y(A ¢ ) may be modulated due to long-range

correlations

1 Only near-side long range correlation can be exiracted
- away-side Y(A ¢ ) dominated by dijets

1 No information about full A ¢ dependence = new template
fitting method
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Template fitting method - pp

§ 735 f\;zﬁgievl 0.5|<pi’b<5.0| GeV l | E JY(A @) are assumed to
E 2.0<JAn|<5.0 1 result from a
7 o5 N, =120 . e
e () 1 superposition of a
72F © G+FYag) - — ‘peripheral
7.15%— o ;tejp;(jfe)ﬁph(o) o Oé YreriPh(A @), scaled by
- < | multiplicative factor, F,
83 ey and an elliptic flow-like
705 S Foey ¥ e - | modulation with an
e | amPlitudeva,
-1 0 1 2 3 4 > 0 < Ng}fc < 20

Ao

Y’rempl(A ¢) — FYperiph(A ¢) + Yridge(A ¢)
Yidoe(A ) =G (1 +2v,,cos(2A ¢))
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Single-parficle anisotropies v, in pp & p+Pb

1 If ridge in pp and p+Pb collisions also results from modulation of
the single particle ¢ -distribution, measured v, , should factorize:

v2,2(PF, pF) = v2(pF)v2(pf) W) v2(pf) = 02,2(]?%,2?%)/\/02,2(1931729%)

13 TeV T

\s=

N oot
=> | ATLASpp _ 14 1
. ©-05<p’<1GeV
J pT
i 1 o | 1@ 1<p’<2GeV
B R Ao T =0 - Y = ® SPp=eme
0.05 | | i &:" 1 1= 2<p°<3Gev
i OO.5<p$<5.0 GeV - " 1F 3<p$<4GeV
[ 2.0</An|<5.0 00.5<p’<1.0 GeV | 0.9F 5
i 0.5<pT<5.0 GeV 2_0<p:>_<3_0 GeV | 0- . 10 ]
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
.20 40 60 80 100 120rec p? [GeV]

Nch

-l v,,depends on both, a and b, particles but v, (p;?) should be
independent of reference p;°

1 Factorization works fine for both, pp & p+Pb, systems
- global anisotropy
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Vv, (P7) and event acftivity dependence in p+Pb

T T T T | T T T T |
_ [ATLAS p+Pb 220 <N <260
> [\ Sy = 5-02 TeV 1<p2 <3GeV, jAn|>2 | >N0-1" -V2 T T | | -V3 o
0.15 Lin~28 nb” ®— n=2 — | ~e- v, mapped from N'*° bins | | - v, mapped from N*° bins
o —&— n=3 ] - o {  0.04 o .
° O . ¢ n=4 | I gg,gﬁ,a Qe . i + |
"' .“ —=— n=5 — - . ab 4 3 +
I . » | | 0.4<p " <3GeV o™ ¢+ +
; CMS, 220<N7, <260 0.05 %
0.1- e ” — o 2<|An <5 QQ
L H (] V2, N;’r’:<20 sub. | r 1 0.02r W —
. @ © o | : ATLAS p+Pb : i ]
@ © — Vg Ny <20 sub. | . \Su =502TeV | _
- ¢ o©® ' i L, ~28nb’ I ]
0.05 — R T R T R
N 1 % 100 200 % 100 200
P et % 1 EP [GeV] EP° [GeV]
R | L]
0 | 1 1 | | 1 1
0 5 10 .
p? [GeV] 1 v,is dependent on event

-l v, decreases with increasingn | ctivity

D ° ° ° e . .
Rapid rise reaching maximum 1 v, increases with EPb

at p;~3GeV 1 v, saturates for central events

-l v, decreases at higher p, while v, continues rising
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V,Iinfegrated over p; in pp and p+Pb

[a\] T T T T

0.1~ ATLAS PP

| 15 @ o0 OO 0D o o 0

o

Vo

** 04<p™<3GeV
i i | oos- & AL AN
0.05 ° 2<|An[<5
ATLAS p+Pb
T 2.0</An|<5.0 \5,y = 5.02 TeV
T 0.5<p’°<5.0 GeV L, ~28nb"
| I S TR R I TR S S N T SR S N SR SR Ly v by v v by v v by v v by 1y 0 P S S S S S RS S ——
20 40 60 80 20 40 60 80 100 120 0 100 200 300
rec rec rec
Nch Nch NCh

1 In pp system v, shows very weak dependence on energy
and track multiplicity
1 In p+Pb multiplicity dependence is stronger

> Vv, grows with N_, ¢
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N.€¢ and p; dependence of v, in pp and p+Pb

, ———— ——T T o LATLAS piPb | 220 <N <260
0.1~ ATLAS 50<N Zz]c<60 _ \s=13TeV o >  [\sw=502Tev 1<p)<3GeV, jAn>2 |
1 1 o015 Ly=28nb" —@— n=2 -
—o—n=3
== 8 S B
.:' . —&— n=5
N T 01k ..-" CMS, 220<N (<260 |
0.05F — ] ot ¢ ® .y, N<20sub. |
: - ; rec i o © — V3 N'<20 sub. |
- 0 \s=2.76 TeV 040<N ;<50 . ] .0 6 3 N ]
‘ ] - e :
e 2.0</An|<5.0 © \s=13TeV 070<N7°<80 | 0.5 , % ¢ % -
X ]
0.5<pT<5.0 GeV * NLT1°21 00 ¢¢ % + ﬂ 1
PR SN SN [N T TN TR S N N TN TN TN (ST SR SN SO N N T T S | IR R R B S B
0 1 2 3 4 4 ol gt SR S
a a
P [GeV] P; [GeV] p* [GeV]

v, in pp system behaves similar as v, in Pb+Pb and p+Pb:
Increase with p; up to ~3 GeV
I Decreases at higher p;

v, (p;) shows very weak dependence on energy and track

multiplicity (in pp)
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] Ridge was observed in high-multiplicity pp collisions
at 2.76 and 13 TeV as well as in p+Pb collisions at 5.02 TeV

1 ZYAM and template fitting methods were applied to exiract
long range correlations v, , modulated by cos(2A ¢) in p+Pb
and pp systems respectively

- v, , exhibits factorization into single particle v,

! Elliptic flow, v,, was measured for both systems
- higher harmonics measured in p+Pb

1 The shape of v,(p;) distribution in pp and p+Pb is similar to the
shape of v,(p;) distribution in Pb+Pb

- This suggests that the ridge in pp, p+Pb and Pb+Pb
collisions arises from similar dynamics ?
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High Multiplicity Triggers in pp collisions

1 Dedicated triggers (HMT) implemented using ATLAS L1 &
HLT systems to increase high multiplicity events

1 The structures in the distributions result from the different
HMT trigger thresholds

1 High multiplicity events: 2.76 TeV -> N_, < > 30
> N_ ¢ > 60

PP

T

ATLAS
\s=13 TeV

Events / 3

ATLAS
\s=2.76 TeV
Lint = 4 b

Lini = 14 nb°!

c
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Events

Events

High multiplicity triggers in p+Pb

I T I T T T T I T T T ? ..(Q l T I T T T T
w/o weighting 38 w/o weighting
10° 3 @ 1%,
5 5L s
10 2 10 . :
7 .
10* 4 10
10° 10°
10? 3 10?
1 0 10 " '.:—"'.
y, il 9 @
o (o o [0
1 1 il | 8 e
o | T T T
C
10°® re-weighted -4 2 10°F - re-weighted —
C 13 C ]
10 (b) ATLAS p+Pb - 10° (d) ATLAS p+Pb -
®
- \s\y=5.02TeV ? \syw=5.02TeV
-1 | -1
10° > NiLT>225, B 565 GeV Lin ~ 28 nb - 10°F _ Lim =28 b -
[~© Nji'>200, E' >65 GeV 7 C .
41 1 41 _
10" F—=-NA7>180, E' 550 GeV ] 107F ]
F-=- NfLT> 150, EX' 550 GeV E - E
1021 1 10°F -
F—-N"T5130, X' 510 GeV . - T
trk T
L 0 - o
[~ Ni">100, EX' >10 GeV y i %
trk ’
L = A B . .ﬂgl = L | .
0 100 200 300 0 100 200
rec Pb
Nen E [GeV]
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) Six pairs of HMT

thresholds

Enhancement from
individual HMT (top)

Reweighted by MB
+HMT distribution
(bottom)

Reweighting
procedure comprise
probability for a given
event to be accepted
by MB or HMT,
prescale and trigger
effiviency
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Event activity in p+Pb collisions

> - L L T T T - =1 S L B L
3 - M 104 ATLAS p+Pb |s),=5.02 TeV,I L=1pb" - S LF ATLAS p+Pb \s,=5.02TeV, I L=1ub? 3
B - 7 o = E!
> LR ; I IO Central
g.'_ 200_— 10° ] '{LL," 1073 | [ ] Peripheral _|
£ @ - 18 F
03 i | $10%E =
Q5 B 7] Z = =
= - 4 ° - .
100 . == — 107 & =
=i [0} — pum
L 5 Z - =
i ‘ q o =100 E
gt central’; - -
L= - L | L 1 L L ! L I 1 L | T I e

. .0 , 50 100 150 0 50 100 150

peripheral TE™ [GeV] YEY [GeV]

] Event activity in p+Pb collisions is defined in two ways:
- N '*¢: number of charged particles with p;> 0.4 GeV in ID
1 E;PP: Total transverse energy on the FCal on Pb-going side

1 E;PP distribution is divided into 12 intervals

! For pp collisions only N_, "¢ intervals are used to characterize
event activity
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Per-Trigger Yields: p+Pb

Jet & dijets peaks are estimated from the peripheral collisions
and subtracted from Y(A ¢)

ATLAS p+Pb
5 _ £ 0.14
% \Syn = 9-02 T1eV % 012
> Lint =~ 28 nb > o1

YA = Y(Ag) — a¥ T (Ag)

A ¢ -symmetric double
ridge - almost
independent of A 7.
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V. (p;) scaling between the p+Pb and Pb+Pb

- Compqre Vn(pT)p+Pb
0.15- with v,(p;/1.25)p4,.p,,

ot OOO,-"’ ¢ "o gp"“‘%u ¢ . (Teaney et al. arXiv:
cost S o e it e “ed 1312.6770[nucli-th])

C T T JF T T ]
~ 0.2F F®= p+Pb220<N'<260 3£ B Pb+Pb Centrality 55-60%, V,(p, /1.25)x0.66 -
E OO —©- Pb+Pb Centrality 55-60% J ]

05_ ................................... ATLAS oo AE e W ATEAS . E
0 5 ' '&;ov‘ o 5 '(1._;0\/'
. ey &CY ) The shape after
= o1 &= o 220sNG'<260 I == Pb+Pb Centrality 55-60%, Vo(p, /1.25) ] . . . e .
S | S | scaling is similar in
005k §f3‘ ©0 *¢ I &** o ’ 1 both systems
f @ 1t j
o_‘? ............................... ATLAS . 1 ; ________________________________ ATLAS +_ 0 lues diff |
| . R B v, values differ only
N 5= by ascale factor
NI p+Pb220sNGT<260 ][ =B Pb+Pb Centrality 55-60%, V,(p. /1.25)x0.66 ]
> 0.06F ¢<:> + ~©- Pb+Pb Centrality 55-60% _| [ ' P! h between 'I'he fWO
oof % _
B O
o)

0.04F __ = i ; systems
XN +% it ﬁﬁa{-w z

0.02 O 1r ] ° ° °
Eéi-" ATLAS i f ATLag 1 [ This suggest similar
e e Y E— origins of long range

p, [GeV] p, [GeV] .
correlations
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2PC funcition and Y(A @) in p+Pb

ATLAS  p+Pb |5, =502 TeV
[L=1ub" 05p*°<a Gev

YE<20 GeV | \ZE-80 Gev

1.1 1.
5 z
21 4
O 1O

S | ATLAS pPD y5=5.02TeV, [L=Tub >:§ [ ATLAS p+Pb 5, =5.02TeV, [ L= 1ub"
> | 05<p™<4GeV, 2<]An|<5 (c) 1 - 0.5<p <4 GeV, 2<|An|<5 (d) -
0.6 ' 7] 0.6 NearT Ad|</3 ]
- O XEf%80 GeV by, =14.3 . ~@- Near: [A¢|
- . P O -l Away: |A¢|>2r/3 v
| - XE;<20GeV  b,,=32 o e Difference - [ | .
0.4 -4 04 - .
I O i ! - n .
° 4 o ol | 'k : o0 ‘. |
0.2F 05 golgee® ¢t e, -
M °
L O D . L .
i g ] I o ® |
o) o0 B | I o
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