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What is the nature of the QCD system formed
in pp or p+A collisions?

ATLAS, PRL 110 (2013) 182302
ATLAS  p+Pb \s,=5.02 TeV
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Collective behavior in small systems

superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5%

*data for vs=13 TeV
**v,, subtracted

ATLAS, Nch=60+ +—@— ATLAS, Ncp=110-140 —@—i
ATLAS*, Nch=60+ +—@— CMS, N¢x=120-150 3
CMS**, N¢re=110-150 —3— [1] ®

Broadly successful description of vih in p+A and even high-
multiplicity pp systems within AA-like hydrodynamic framework!



Corroborative evidence for hydrodynamic paradigm

* Projectile scan at RHIC - vo & v3
respond to changes in €2 and €3
and thus originate from final-
state interactions

 Mass-ordering as expected from
common fluid velocity

* Other evidence (multi-particle
correlations, etc.)
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Goal: push measurements of collectivity in
small systems into new regimes

 Many possible signatures of collective behavior - focus here on azimuthal
anisotropies

* Delineate the boundaries of where we observe collective effects - can we get
azimuthal anisotropies to “turn off” in some regime?

 What do our observations imply about the underlying physics mechanisms?



1. Behavior of high-pr i
particles in p+Pb collisions

ATLAS, Eur. Phys. J C80 (2020) 73



What to expect in the hard sector?  romatschie Eruc

78 (2018) 636

p+Pb Vs=5.02 TeV, 0-5%, massless partons (Th)

Final-state interactions should 0.14
result in flow & jet
modification simultaneously...
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0.1

& 0.08
Same QGP fluid in p+A, =
but calculate vn under
many-scatterings — 0.04 |
and
few-scatterings

expansions

0.06




High-pT v2 In early LHC p+Pb data
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In 2013 p+Pb data, large v- In AA systems, high-pr (> 5-10 GeV) v2
@ pr ~ 10 GeV in 0-1% D+PDb understood as energy loss (diff. energy

loss in vs. out of plane)

Using 2016 p+Pb data, push much farther in centrality and pr!



Two-particle correlations for high-pt particles
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Two-particle Ad correlation analysis with [An| > 2, with “template fit” to
subtract low-multiplicity-like non-flow component

Use jet-triggered events for a large high-pt particle yield (far above
what would be obtained in minimum-bias collisions)

Further reduce non-flow by requiring associated particles to be
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Two-particle correlations for high-pr particles

S

0.625—

0.62

0.615

0.61

[

| p+Pb |s, =8.16 TeV, 165 nb™

o1 I I | I I I I |

IIIII|IIII|IIII|IIII|IIII|III

| ATLAS

. t

— Fit

nam Y2

b G+ FYy™

v22x103—182 0.28
Va3 x 10°=0.46 + 0.28

AR > 1

ridge

ridge
Y,

+ FY ™" (0)
+ FY™'(0)

11 < p <16 GeV
XZ/NDF =0.60

L 4
<
*
&
*
L4
L4
)
-

O

|

O

| | | | | | | | | | | | | |

|

1

|

g
*
»
°
N
ol

ll|lll|

I|IIII|IIII|IIII|IIII|IIII|II

ll|lll|ll

1

0

1

2

3

4

Ad

LT

= 1T T 1 | I 1T T 1 | 1T T 1 | 1T T 1 | 1T T 1 | T 1
2 - ATLAS 16<p <100 GeV -
>~ - p+Pb \/ =8.16 TeV, 165 nb’’ XZ/NDF — 2 01 i
064_ i Ycent . Y2ridge I__Yperi(o) + —
- —Fit Y 1 FY o) :
. ¢ G+ FY™ i
0-635_—v22x103_1 .89 = 0.23 o
_V33x10 -0.21+0.23 ]
0.63/— ]
0.6252 ?
062 ﬁ-"““ + * * . —
B [ I | I I I | I I | I | I I I | I I I | I I I [ I—
—_ T | [T T 1 | [T 1T 1 | [T T 1 | [T T 1 | [T T 1 | 1T 1]
3 B _
=~ 0.005— + —
P B |
L B . i
(5 1-“ 5 * + !
S 4t ¢ ¢
3—0 005_— ]
>~ 1 | I I | 11 1 | I I | I I | I I | [ 1 I
1 0 1 2 3 4 Ag

bottom panels show
modulation after non-
flow subtraction

Two high-pT selections shown here - visible near-side enhancement!
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V2 and V3 results
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In >100 GeV jet events, v2 ~ 2-3%
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More difficult to measure v3, but

Notice different pt dependence in minimum-
bias triggered vs.

it's ~1-2% for pch = 10 GeV



~ 0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0

-0.02

Robustness of signal
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Evidence for non-zero vz at high-pr
In a significant fraction of p+Pb

events (not just top 1%!)
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Results pass “factorization test” -
Interpret as a single-particle v»



Process-dependence to azimuthal anisotropy?
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Decompose particles into ones

produced by “soft” processes

(azimuthally ~independent) and
*hard” processes (aligned with jets)

In 3-9 GeV region, particles in jet
events are more likely to come from
*hard” processes (compared to 3-9

GeV particles in MB events) — lower v2
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Comparison to Pb+Pb
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Magnitude of v2 and v3 agrees with
calculation by Zhang & Liao...

Interpretation In energy-loss models
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... but measurements of Rpa rule out
the predicted suppression
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What could jet quenching in p+A look like?

ALICE, PLB 783 2018 95
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Traditional approaches based on centrality-integrated Rpa (left) or intra-event
correlations (right) have placed limits on “out of cone” energy loss

For small E-loss, biggest effect could be in softening of (in cone) fragmentation...



What could jet quenching Iin p+A look like?

Some limits from centrality-
integrated jet mass (top)

and fragmentation
functions (bottom)

but need more systematic
control and statistics
(for central event selection)

Theory guidance for jet
modification in p+Pb?
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Sanghoon Lim
Qipeng Hu

2. Charm and bottom
quarks in pp collisions

ATLAS, Phys. Rev. Lett. 124 (2020) 082301
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Heavy flavor modlflcatlon In Au+Au ALICE, nucl-ex/

2005.11131

[ ]Syst. from data
Syst. from B feed-down

(a)  0-10% central — — Armesto et al. (1)

van Hees et al. (ll)
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Substantial E-loss and flow of
HF electrons at RHIC — one
motivation for n/s = 1/4mt bound!

Thermalized charm “feels the shape”
of the QGP region at the LHC
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Heavy f dification(?) inp+A  #%4%
eavy flavor modification(?) in p+ e e,
RERRN RN RN AR RERE BN R R
CMS, PRL 121 0: - ALICE p Pb, \[s\=5-02 TeV -
(2018) 082301 1.6 - ~
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- ¥ ° : -
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i @y * _ i "/ == FONLL with EPPS16 nPDF -
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0.0} | | . . | . . . | . . . | . é """""" Kang et al.: incoherent multiple scattering E
0 2 p4(GeV) 6 8 B T R T T
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Similar v2 magnitude for charm Good constraints on Rppb for charm
hadrons in (very high multiplicity) p+Pb hadrons in minimum-bias collisions

What about charm and bottom in pp collisions?
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Selecting heavy flavor muons in pp
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Heavy flavor decay muons separated from Decay muons from charm and
In-flight decays, punch-throughs, etc. via bottom hadrons separated via

iInner tracker - muon spectrometer p match transverse impact parameter
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Two-particle correlation analysis
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Rapidity-separated two-particle A correlations with template fit to remove non-flow

Performed in selections with different (genuine muon, background) and (charm, bottom)
fractions, extrapolated to v2 for pure charm and pure bottom



Charm and bottom v2 in pp collisions

o\ L L L B T B B
> 0.15 —
Large v2 values for muons s TeV. 150 b :
from c-hadrons in high- 0  4<p <6GeV | -
multiplicity pp collisions - 1.5<lAni<5
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( 0-7% pp) 0.05~©° b—u . —
OEH ------------------------------------------ N <
on the other hand, v2 ~ O - -
for b-hadrons _0.051 -
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Charm and bottom v2 in pp collisions

pTt-dependence of charm vs
matches light hadrons
(but remember decay
Kinematics!)

Possible to have bottom v2 at
lower pT, where physics

mechanisms change?
(ot > 4 GeV similar to prb-hadron = 6 GeV)

> 0.15

0.1

0.05

-0.05
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ALICE, PRL 123

Importance of b-quarks in Pb+Pb

ATLAS ATLAS, PLB 807 (2019) 192301
Pb+Pb {5, =5.02TeV | (2020) 135595 % o ALICEPo-PE Sy = 5.02 TeV
o 0.25: | l()niills nb’ | & 0.15:_ 1 T T T T - _: ' E 2<p_<15GeVic B Inclusive J/y
0.2;— ¢ charm muon — E 10-20% E 0 1‘_ eo <y <4 ® Y(1S) B
0.155_ O bottom muon _ 0'15_ _ | i . (]
: ] - O i = !
oit [OleL 8 10-20% .05 LG [) o7 oo * -
3 ¢ ¢? o : : O —8—_& : I
005-_ ¢ ¢ I — O—_-I;tt______ - __I___(’L)__I___—- —
- 00 oo %—*— : : === T : i ¢
OfF-------------------- ECU_?L— _0.05F ] O:" """"" ® 1 1 ]
5 6 7 8910 20 e - E *
p_ [GeV] 4 5 6 7 8910 , [(23|OeV] 0,05 -
T - | |
, . 5-60% 5-20% 20-60%
Mass effect also important  Sizable v3 for muons from Centrality
in Pb+Pb: vo for muons from c¢-hadrons in Pb+Pb, but tr Upsil = Pb+Pb
c-hadron vs. b-hadron ~0 for b-hadrons! V2 Tor Upslions In Fo+

also compatible with zero...
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Zhang et al., PRD 102, 034010 (2020)

Interpretation (for p+A)

0.30 [ | | | | | | | | | | | | | | | | | | | ]
) 0 .
Xu, Ke, Bass, RHIC-AGS AUM 2018 (| @ OMS, prompt D7 meson
| O CMS, D° from B
2.0 - 0.20 - - D meson, KKKS FF -
¢  D,ALICE 0-20% —— D,0-5%, |y|<0.8 0.20 | o quark. me — 1.2 ~ 1.3 GeV .
¥ D, ALICE 20-40% 0.15 - —— D, 5-10%, |y|<0.8 — I B mesons, KKSS FF |
1.5 - t | D, ALICE 40-60% ] - )
’ b k = 4.2 ~ 4.5 GeV -
{ —~ 010 - pPb@ 5.02 TeV = i dtare me € ]
< 0. ' 0.10 - - ——— =3
O 1 O | y E-l @ B ’ \ B
————— > 0.05 - - ‘ I ==
0.5 pPb@ 5.02 TeV 0.00 - 0.00 (=" o
I l l _0.05 ' ' ' ] | | | | I | | | L4 | | | | | I | | | | |
0 20 40 60 0 10 20 30 0 ) 4 6 8
GeV GeV
prl ] Pr [ ] kL (G eV)

Langevin approach W|th parameters
from Bayesian analysis of Pb+Pb data -
difficult to reconcile observed Rpa

CGC calculation w/ interesting
other predictions

What do these look like in pp (smaller system,
no A1/3 saturation enhancement)?



3. Searching for collective phenomena
In photo-nuclear collisions

Blair Seidlitz

Preliminary result ATLAS-CONF-2019-022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-022/

Limiting conditions for collectivity?

* |n a final-state interaction picture, non-zero v, values arise from an intrinsic
transverse geometry, not “just” a large multiplicity

= without a “long-range” geometry - one persisting across large rapidity
range - particle rescattering cannot generate a vz (or vs, va...)
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Model as a single
string stretched
between two
receding quarks
with E = mz/2

AMPT model of ete- (— 2)— qq

—(0.4

g -

2030 v,
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o |

> 0.1 N\ g’

o 7 )
-o.1f— N4

-0.2—

-0.3

_O - L 1 1 I I | I I | I I | I I | I I | I I | I I |
'—1).4 -03 -02 -01 O 01 02 03 04
X Coordinate [fm]

Snapshot of partons with
momentum vectors Iin
transverse plane
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Nagle, Belmont, Hill, Orjuela Koop,
Perepelitsa, Yin (CU) + Lin (ECU)
PRC 97 (2018) 024909

] e e e
. AMPT e* +e — g+ § [One String] (a)

i p(TA) > 0.5 GeV/c; p(TB) > 0.5 GeV/c

0.021— —
B Case 1: With Interactions 7

C(A9)

Case 2: Without Interactions

0.0205

[ Case 1: ¢, = (3.70 + 0.02)E-3
- Case 2: ¢, =(3.80 = 0.02)E-3

0.02

0.0195— —

Parton rescatterings in the final
state are happening - but no
“preferred” final direction - no

long-range ridge!



Consider ficitious
case with two
parallel strings

AMPT two-string example

Y Coordinate [fm]
o o o
= (o] o
I | [T 1 | [T 1

O
N
rT T

s

0.2

0.4

0.6

_0 B 11 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1
'—80.8 -06 -04 -02 O 0.2 04 06 0.8
X Coordinate [fm]

Same total energy, same total
multiplicity — but now there Is
a long-range geometry
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Nagle, Belmont, Hill, Orjuela Koop,
Perepelitsa, Yin (CU) + Lin (ECU)
PRC 97 (2018) 024909

0.0215_' 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 |_
_ AMPT [Two Strings] (@) |

i p(TA) > 0.5 GeV/c; p(TB) > 0.5 GeV/c
0.021

C(A9)

Case 1: With Interactions

Case 2: Without Interactions

0.0205
- Case 1:¢,=(12.3 = 0.01)E-3
| Case 2:¢, =(3.30 = 0.01)E-3

0.02

0.0195

Parton rescatterings now
generate a long-range
azimuthal correlation



Studies in archived data Abt et al. (ZEUS),

JHEP 04 (2020) 070

e*e — hadrons, ¥s=91 GeV US
Badea,etal- 10_III|IIII|IIII|IIII|IIII|IIII|II.II|IIII|III_ O_5<pT<5_OGeV ZE
PRL 123, - ALEPH Archived Data - {s = 318 GeV 2 <N, <10
| —— Thrust coordinates _ 2 2
212002 (201 9) 1 = —— Lab coordinates (shifted right) S 0" >5 GeV
o 10 ;— Scaled CMS Result 95% —;
fo - ® pp7TeV =
> - + pPb5.02 TeV .
D 02k PbPb 2.76 TeV 2% PR
= - 95% ~
© + 959 = $ ]
01073 ¢ s ¥ E
8 - o 95% )
) N ]
4| ]
<10 95%95% I -
- 96.0% -

96.3%  99.97%

10_5§— I
106_11II\LIII\I/II\I/IIIIIIIIII I I I ]

5 10 15 20 25 30 35 40 45 50

(N
Strong limits on possible magnitude DIS ep collisions - structures
of v2 - as expected in FSI picture w/ dominated by multijet production, not
no long-range geometry! compatible with collective effects...

What about a system “between” pp/pA and ee/ep?
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l

* Photo-nuclear (y+A) interactions: quasireal photon from one nuclear interacts
with the other (which may generally break up)

* |dentifiable by characteristically asymmetric topology

e “Clean” environment - photoproduction limit of DIS on nuclei (like at EIC!)
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Photo-nuclear event selection

n=-4.9 % d N=+4.9 8 [T T 100
- | ' — Z 140 ATLAS Preliminary —
\ 5,AN,,=a+b+oc Pb+Pb 2018, 1.73 nb”" - .
| 120 Sy =5.02 TeV, 0nXn  — |88 10
| MB trigger _
o ' 100 -
Gt o | Bl _
: ]
: 80
ﬂ ¢ ' BY C
I o :
Xn|* | ) SR on 60
| C b a B
PR ; | 40¢
2a/ | ]
gap | 20F
o ATLAS calorimeter and tracker T N
. 0
Event Selection: ZAAI]gap <3 ZyAngap > 2.5

|dentify events via large “sum of
gaps’ In calorimeter+tracker plus
ZDGC veto on one side

Select events with large photon-
side sum-of-gaps
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Photo-nuclear event properties

§% E I I I I I I I I I | I I I | I I I | I I I | E E :I I | I I I I | I I I I | I I I I | I I rlecl | I I:
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<. 0-2 ; VS =5.02TeV, OnXn  ° g 0.6 sy =5.02Tev,0nXn 410 = N5’ <15 —
ZCD - 'E' ® . 2,An>2.5, ZAAT]<3 115 < N(r:ehC <20 ]
= 107 = Q£O5;_ o 20 <N>° <25
107 Z° 0ama_ e 25 <N*° <30 -
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3 B & & _
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0 20 40 o0 80 100 120 -2 ~1 0 1 2
N "
Steeply falling multiplicity distribution Asymmetric dN/dn

for y+A events - specialized trigger

as in p+A collisions
used to collect large statistics! P
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Two-particle correlations

ATLAS Preliminary

Pb+Pb 2018, 1.73 nb" A
VSNN =5.02 TeV, OnXn L |

2 An>2.5, ZAAY]<‘:‘3”””_,,_.- e t(“!’ A
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A \/
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30< N’ <37

ch —

0.521", (AR
0.5{ /BTN

C(A¢p, An)

0.5< pi <5.0 GeV
0.5< p_t; <5.0 GeV

Similar structures in 2-D
correlation function as In
hadronic collisions!
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Near-side enhancement in HM

events - voo signal extracted via
template fit (hon-flow subtraction)




v2 In photo-nuclear events
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p_[GeV]

Similar pt dependence from
0.5-2 GeV, but larger

uncertainties



Initial or final state? A A

r 1. 1 | I r 1.1 1 1 1 T T 1T T T ] T T T 1 Y p
® UPC, ATLAS - TN O
|- -- CGQC, p** =5 GeV )
| --- CGC, pT™ =4 GeV )
010 et - . .
vy ~[0.035,0.04] 7T L - Vector Meson Dominance picture -
i _ e Pl j these interactions proceed as,
- LT * - e.g. p+A collisions
0.05 |- ’7:‘,»' O -
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Shu et al., At ditv b t et
hep-ph/2008.03569 p1 (GeV) correlation, rapidity boost, etc.

CGC based calculation - use y+A
as benchmark for signal in EIC!
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What can stop the flow?

» Azimuthal anisotropy signatures:

= persist for pt ~ 50 particles in a wide range of p+Pb events! If this arises
from final-state interactions, where is the accompanying jet modification?

= show a clear mass effect for heavy flavor quarks in pp collisions - can we
use future charm and bottom studies to separate physics mechanisms?

= are in photo-nuclear events! Is this a testbed for collectivity at the EIC, or is
there a final-state interaction picture with an underlying geometry?

ATLAS, Eur. Phys. J C80 (2020) 73
ATLAS, Phys. Rev. Lett. 124 (2020) 082301 @
Preliminary result ATLAS-CONF-2019-022 7

Thank you!
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