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Neutron inelastic scattering and reactions in natural Pb as a background in
neutrinoless double-#-decay experiments
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student in 2007 with the Weak

. . Inelastic neutron scattering and reactions on Pb isotopes can result in y rays near the signature end-point energy

I n 't e r a Ct I O n S Te a m I n P _ 2 3 ' in a number of BB isotopes. In particular, there are y-ray transitions in 296207-28ph that might produce energy
u deposits at the °Ge Qgg in Ge detectors used for OvBB searches. The levels that produce these y rays can be

excited by (n, n'y) or (n, xny) reactions, but the cross sections are small and previously unmeasured. This work
uses the pulsed neutron beam at the Los Alamos Neutron Science Center to directly measure reactions of interest
to BB-decay experiments. The cross section on "*Pb to produce the 2041-keV y ray from 2*°Pb is measured to
be 3.6 £ 0.7 (stat.) &= 0.3 (syst.) mb at 9.6 MeV. The cross section on "™Pb to produce the 3061,3062-keV y
rays from 2°’Pb and 28Pb is measured to be 3.9 4 0.8 (stat.) & 0.4 (syst.) mb at the same energy. We report

cross sections or place upper limits on the cross sections for exciting some other levels in Pb that have transition
energies corresponding to Qgg in other B8 isotopes.
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ATLAS Experiment o -

| 25m “\\\ !

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detecto

Toroid magnets

Muon chambers Solenoid mqgnet Transition radiation tracker
- Semiconductor tracker

LAr electromagnetic calorimeters

Inside the Large Hadron Specialized detectors for measuring:
Collider tunnel charged hadrons, photons,
neutral hadrons, muons



nucleus-nucleus (AA) collisions
99.99999% the speed of light

trilllon-degree-Kelvin quark-gluon
plasma fireball expands toward detectors
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First observation
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ion collisions
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: Ultra-Cold Heli Wat Quark-Gluon
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Temperature (K)

Big surprise: the QGP is so strongly coupled, it behaves as an
almost perfect fluid

= eXxpansion governed by relativistic hydrodynamics
= [owest specific viscosity (n/s) of any known material



Fluid motion in the QGP (1/3)

... particles are pushed out
along directions of larger
pressure gradients

“Almond-shaped” Quark
Gluon Plasma region...



Fluid motion in the QGP (2/3)

1 1 | 1 1 1 | | -
- Event 1 ATLAS Pb+Pb -
- centrality: 20-25%  |s,=2.76 TeV _

14000} p >0.5 GeV,Inl<2.5 -
&
§13000-
: |
12000_
Particles are pushed out ... measuring particle pairs
along directions of larger as a function of A¢ results In

pressure gradients... peaks at O and !



Fluid motlon in the QGP (3/3)

| | | | 1Tl | | | | | |
ATLAS Pb+Pb, 22 ub” on=2

| Event 1 ATLAS Pb+Pb - o 0.3 o E
- centrality: 20-25%  |s,,=2.76 TeV R - M <205 Sy = 9:02 TeV an=3 =
14000} p_>0.5 GeV,l<2.5 - > 0'255 20-30 7% =4 =
) ' 0.2F =5 -
.\E. E = N=6 E
< - 0.15 =/ —
< 13000 - -
\_% i 01;_ _ _Z
Z 0.05 AAA—'A‘AA e, -
_ ] B O @@ _
0.5 1 2 3456 10 20 30 60
p_[GeV]
T

Measuring particle pairs as a Characterize the strength of

function of A results in the anisotropy with Fourier
peaks at 0 and ... coefficients “vn" (for n=2, etc.)



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

Pb
i b A\ YE.>80 GeV
L=1ub’ 0.5<p”"<4 GeV _~ ST 80 Ge
u . \
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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=60+ +—@—
CMS**, Nt;x=110-150 —3—

ATLAS, Ncy=110-140 —@—
CMS, Nire=120-150 —3—

lse

0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
Pt (GeV) pr (GeV)

Similar vn values observed in p+A and even high-multiplicity pp!

Broadly successful description of phenomena in all systems
within AA-like hydrodynamic framework!
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Corroborative evidence for hydrodynamic paradigm

NATURE PHYSICS LETTERS

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

y (fm)

y (fm)
| 1 | | 1 | |
ORARMNODNDNPA~AOO ORADMNMNODMNMDMNPA~PO OB NDODNPA~MNO

 Mass-ordering as expected from
common fluid velocity

0.25p+Au at \s,, =200 GeV 0-5% (a) | d+Au at |s,, =200 GeV 0-5% (b) T °He+Au at \'Syy = 200 GeV 0-5% (c) -

- —a— x4+ Data

0_2'_ —e— p+p Data 1 T )i
[ = n*+x superSONIC ! 1 d"_A u i

i p+p superSONIC
~n0.15F
> A

* Other evidence (multi-particle
correlations, etc.)

0.1

0.05}




Are small collision systems creating “mini’-QGPs?

ATLAS, PLB 748 (2015) 392

< | ATLAS  anti-k, R =0.4 jets, |Sy, = 5.02 TeV ||' 5 - | o
T e ; s -0.3<y*<+0.3 -
| b | ol UOS<Y - )

3K +jﬂjﬂ %;M + |
. :EIEEEE N |
S e
ERLInS .

Kag ‘ a2 w|4 ‘ + ; i

OBk L . } P -ane
isn R oo 04l ¢ Pp+Pb, 0-90%

2015 data: Pb+Pb 0.49 nb™, pp 25 pb™  [£12% - 3975 - —— EPSO09 calculation
(T ) anld luminosity uncer. 60 - 70% - ——
40 60 100 200 300 500 900 40 100 1000
p. [GeV] p_ [GeV]
Partons lose energy as they move through ... No (obvious) “jet
the QGP — significant decrease in the rate quenching” in the small

of emerging of high-pt jets and hadrons collision systems
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Goal: push measurements of collective
“flow” In small systems to the Iimits

* Flow for very high-pTt hadrons, for high-mass quarks, and in “exotic”
small systems — challenge the hydro paradigm!

 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?

14



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

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

- ,..*’
- ‘Y ..'
X

Kurt Hill
(Ph.D. 2020)
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High-pT particles in AA collisions...

Partons lose more
energy going this way...

—_~ T 1 T T T T ' -
O 0.3F ATLAS Pb+Pb, 22 ub” =2 —
w—; E ml <2.5 \/87NN =5.02 TeV An=3 E
> 0.25 — 20-30 % Hn=4 -
0.2 :
0.15- E
0.1 E
= .

005 : ... than

o il - this way
L L1 -

0.5 1 2 3 456 10 2IO 3IO I 60
p_ [GeV]
In AA systems, high-pt (> 5-10 GeV) v»
understood as arising from energy loss j.e. also arises from AA collision geometry,
(different E-loss in vs. out of plane) but for different physical reason

16




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 result in flow & jet o1
modification 0.12
simultaneously...

0.1

= 0.08

Same QGP fluid in p+A, =

but calculate vn under 0.06

many-scatterings — 004 |
and

few-scatterings

expansions 0

0.02




High-pT v2 In early LHC p+Pb data

———t———
- [ (a) N> > 260 [ (b) 220 < N° < 260 :
>o.1 5 1<p’<3GeV,2<Anl<5 [ CMS, 220<N ¢} <260 _
' ®" g Rfé _ === V,, N”'<20 sub. -
- @ ¢ —4-n=2 : * == V5, N[/<20 sub. - In 2013 p+PDb data, large v2
‘T e $ 7 @ pr ~ 10 GeV in 0-1% p+Pb...
® QQ¢ O #
® 5 1 ¢ -
005_—‘ ®) + 1[ 4
: tt ¢ O O
C Sed
O_—‘ ............. ’ .......... \ AR s D ............................. .. ... _
I S S R AR R R
0 5 10 0 5 10

p2 [GeV] p? [GeV]

Using 2016 p+Pb data, push much farther in centrality and pr!
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Y(A9)

2.9

2.5:

Two-particle correlations for high-pt particles

Traditional two-particle A correlation analysis results in huge away-

side peak from non-flow effects! (even with [An| > 2)

Reduce non-flow by requiring associated particles to be separated
from any calorimeter jets in the event...

2.7+

2,61

A 7JLAS

|IIII|IIII

_p+PbF 8.16 TeV, 165 nb
byt ey FYP(0)
- — Fit Y. 9 + FYP(0)
— G+ FY™

- v,, x 10°=5.01x0.13

LV, x 10° =243 +0.13
2.8

L)
lllll

I|IIII|III

1T 1
35<p’T*<4.O GeV
+2/NDF = 3.36

-------
..........
.....
]
Tag,

Require
At > 1
>

0.61
- p+Pb \/ =8.16 TeV, 165 nb
’ Ycent . nm deg +FY
0605__—F|t stg + FY
- b G+FY™
—v22><10 5.33 + 044
IAr]le > 1
0.595|
0.59)— &
0'585_1 1 | 1 | 1 |

Use “template fit” to subtract low-multiplicity-like non-flow component

|
| ATLAS

I|IIII|IIII

I|IIII|III

T 1
35<p$<4.0 GeV
+2/NDF = 1.27




v2 and vs3 results

(q\| | 11 | | | ™ | 1T | | |
- ATLAS p+Pb F 8. 16 TeV 165 nb_ ~ ATLAS p+Pb F 8. 16 TeV 165 nb_
0.15 0.15
- .m 0-5% central - = 0-5% central -
- 2 I. _ - —
I g8 T4 = - i -
0.1 0 - — 0.1 _
i s ++ I i i
i *# i i 15 ' 1 i
: P : 0 2Ll :
O —wer ~ O —wmer * """"""""""""" ~
- —— P >75GeV 1 - —— P >75GeV 1
- /oJet >100 GeV' - . /oJet >100 GeV -
_O 05 | | L 11 | | | | L1 1 _O 05 [ 1 1 [ 11 11 | | |
5><1o-1 1 2 3 456 10 20 30 10° 5x107" 1 2 3456 10 20 30 10°
p [GeV] p [GeV]

In >100 GeV jet events, v2 ~ 2-3%
at p1ch = 50 GeV!

More difficult to measure vs3, but
it's ~1-2% for p1ch = 10 GeV



Comparison to Pb+Pb

~ 0.25— B Al I AR
- ey —-—15xp+PbI\/IBT -
p+Pb events to that ;[ EEE 15 % prPb p>100 GeV
in Pb+Pb events w/ same &> : gt jf % 0-5%central :
(with ad-hoc scaling factor) : > Ve -
0.15 » = —
r ¥ . :
of- ¥ - -
Remarkably similar pr- N :
dependence - remember, in 053 -
Pb+PDb, the high-pr behavior e PbPb |5 = 5.02 TeV + T ++ -
arises from jet quenching... © 20-30%centra +t+
O I L1 1 |

5x107" 1 2 3 456 20 30 10°

p. AlGeV]

21



<= 0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0

-0.01

-0.02

| | | | | | |
ATLAS Zhang, Liao
p+Pb |s  =8.16 TeV, 165 nb™ v, size a
—— VY, 0-5% central V2 S1e8 b
.—y V5 Size a
3 vV, Size b

*__{___H__{_ '}'_'H i 1 i

—_—

— — -
IIII|IIIIiIII!|IIII|IIII IIII|IIII|IIII|IIII|IIII

30 40 50 60
pL[GeV]

6 7 8 910

Magnitude of v2 and v3 agrees with
calculation by Zhang & Liao...

Interpretation In energy-loss models

S 40 .
 1.4F -
il _
1.2} 4+ L -
i 8 i L -
1 + L+ E
O ) 8 :_ Jeans ‘-“““_-_‘_-,‘.‘-‘-‘-‘-"‘-'\'--ij
0.6F oooowessmess T + E
0.4 S p+Pb \'s_ =5.02 TeV -
T ¢  ATLASR, 0-1% central -
i #  ALICE Q_, 0-5% central ZN + N_;;¥ -
02 L Zhang, Liao: size a ]
I LI Zhang, Liao: size b -
O | | | | | | | |
6 7 8 910 20 30 40 50 60

p_[GeV]

... 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

ATLAS PLB748(2015)392 < L L e B B
2 T ~ 1.3F ALICE p—Pb | s, = 5.02 TeV E
= m-03<y"<+0.3 B S _1.2F -
T 161 =3 z
3 2 1.1~ —————
<] n el 1
~— 1}—0—4?7#4# ............................ 7
<C E

S 0.9- :
c% %O 8_ TT{12,50} — TT{6,7} .

B | § ' Anti-k charged Jets R=0.4
04l t P+Pb,0-90% S 07h sy side 00 <y <0sr
: T — Ag0<06 0
- — EPSO09 calculation 0.6 [ Syst. uncert. =
E —O4GeV/|c spectrlumjet shift I .E
40 100 1000 15720 25 30 35 40 45 50

ch
p_ [GeV] peh_ (GeVic)

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?

ALICE, PLB 776 (2018) 249

1 I I I I I I I I I I I I I I I I I I I I I I I I
100 < Pr e jot < 120 GeV/c

Some limits from centrality-
integrated jet mass (top)

-I 1 1 L] L] I 1 1 1 1 I Ll Ll 1 1 I 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
60 < Pt o ot < 80 GeV/c 80 < P o ot < 100 GeV/c

ALICE Charged jets, anti-k;
R =04, lnjetl <0.5

p-Pb sy =5.02 TeV:
= PYTHIA Perugia 2011
== HERWIG EE5C

and fragmentation
functions (bottom) e Ne
5 10 15 20 O 5 10 15 20
M, o1 (GeV/C?) M, et (GeV/C?)
TODO: high-statistics 2016 - A TPARTE TR0
p+Pb data, ZDC for Unbiased o 1'4:_45< pjTet<GOGeVyj6t | 1 [ e0< p' <80 GeV 11 s0< P <110 GeV -
centrality selection... « 12 | 1L ‘E
1T° © o o o o . ol | e o | Pt e e, O
0.8 1 1 :
. _ - 1 [ p+Pb,ys=5.02TeV,28nb",0-90% 7 | :
Theory guidance for jet 06F g peeossso2Tevaspy’ 4 b S
modification in p+Pb? | © b Gev © b eev © b Gev)
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2. Charm and bottom
quarks in pp collisions

ATLAS, Phys. Rev. Lett. 124 (2020) 082301

Qipeng Hu

Lawrence
Livermore
National
Laboratory

St

25



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)

- 3/(2xT) Moore &
........ % 12/(27T) Teaney (lll)

PHENIX, PRL 98 ™
(2008) 172301 *

S POWLANG IQCD
< 0.25¢ DAB-MOD M&T
- - - DAB-MOD E,__, +

- ’ ; 7o ) o 2 ;:

[ __ - A
[ ] : m E LI LI LI LI LI LI LELEL E:
Brﬁ S 030F — — POWLANGHTL ¥

.
.
\'
.
-~
"

N'
.
~"~
"y

s 70V, p.> 2 GeV/c L = S T

~
-
N m -

o e*R,, e*vi" - 0.00¢ I | ;
= —0-05-20/ small-g /¢, + ¥ unbiased " 20% large-q /¢, —
: '| oo b o by by by by gy |': ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

2 4 6 8 10 12 14 162 4 6 8 10 12 14 162 4 6 8 10 12 14 16

GeV/ c) GeV/ C) GeV/ c)

A O
pT[GeV/c]

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  5E
eavy flavor modification(?) in p+ e, e,
- R RN R RN
CMS, PRL 121 s T _
2018) 082301 o 1.6:—A=ELICE p Pb, m =5.02 TeV -
03F = - 3 Prompt D mesons, -0.96 <y__ < 0.04 -
- C S pr 8 16TeV 7 1.4— = Average D°, D", D*' __
) DO o ¢ QF - 1.2 : -
B KS b = @ €} o ] i el 3
02 o A% G & 5 % Y F
> - e i 0.8/ —
i % ® _ -
i = @ _ 0,45/ -~ -+ CGC (Fujii-Watanabe) -
= Cl},i,':l * offline — :/ —— FONLL with EPPS16 nPDF i
= O 185 =< Ntrk <250 - O.Zi ----- Vitev et al.: power corr. + k; broad + CNM Eloss ]
0.0} e T e B LI Kang et al.: incoherent multiple scattering |
0 2 4 6 8 N N S P S B N
p_(GeV) 0 5 10 15 20 25 30 35
T p- (GeV/c)
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?

27



Selecting heavy flavor muons in pp

N Z<‘|I(|)3| | | | | | | | | | | | | | | | | | | | | | | | — E 106 I | I | IIIIIIII | I | I | I | I | IIIIIIII
- ‘_ ] = O Data =
92 140 @H@ 80=N_ <90 ] QA . — Charm b PP > 18V, po -
= E . - - - o 80=N_ <90 .
O - 5<p.<5.5 GeV - S Bottom @F_ ch
o 120 Ll o Data — Z10° I\!on-f:eavy-flavor —H 5 |4.|5<2pAT,<5 GeV —
- o e . - signa = ] <2. =
100 S F'.t ] 2 - —— Background B | ]
- “] —— Signal N qC)
80 - o,—— Background — > i )
4| _
60 g {10 - =
| ; T R
40 - - -
- - 3 — _
20— — 10 — _—L_é
et eed SRR | D P -
D2 0.4 05°0403-02-010 04102 030405
0 dy [mm]
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

28



Two-particle correlation analysis

@ 1 .1 H | T | T | ] @ 1 .1 H | T | T | ] @ 1 .1 M | T | T | |
2 - ATLAS 1 2 - ATLAS 1 32 - ATLAS .
O 1.08~ pp (s=13 TeV, 150 pb™ - © 1.08— pp Vs=13 TeV, 150 pb! —  © 1.08~ pp (s=13 TeV, 150 pb” —
- 110=N; <120 7] - 110=N; <120 7] - 110=N; <120 .
1.06— 0.5<p:<5 GeV — 1.06— O.5<p:<5 GeV — 1.06— O.5<p:<5 GeV —
- 4<p'<6 GeV N - 4<p'<6 GeV N - 4<p'<6 GeV ]
1.04— 1 5dAni<5 — 1.04 1.59Ani<5 — 1.04 1.59Ani<5 —
-~ °=0.85, v, ,=0.0016 ] - 1°°=0.18, " "=0.64, v, _=0.0033 ] C 1%°=0.67, 1" "=0.64, v, =0.0021 .
1.02_— ’ —] 1.02_— ’ —] 1.02_— ’ -
= e Data . = e Data . = e Data .
1— FC™M(A$)+G —] 1— FC™M(A9)+G —] 1— FC™M(A9)+G —
T Ctémpl(A(i)) — C th‘ampl(A 7] C thladmpl(A -
0.985 ~=-- ) - 0.98 ~=-- = 0.985 ~=-" C™ (ag)+FC™(0) —
0.96] - .- 98 Be=PI_ el — 0.96 AT T I et — 0.96— __- S O OB el —
| | | ] - | | R T ] | | | Bl

-1 0 1 -1 0 1 -1 0 1
Ad Ad

= Vb7 1 71 = V77— — = VW77
2 ATLAS ) ATLAS - ) ATLAS -
© 1.08~ pp (s=13TeV, 150 pb"’ O 1.08 pp Vs=13 TeV, 150 pb™ —  © 1.08 pp Vs=13 TeV, 150 pb™! —
110=Ng;'<120 110=N°<120 - 110=N°<120 .
1.06/~ 0.5<p/<5 GeV 1.06— 0.5<p"<5 GeV — 1.06— 0.5<p"<5 GeV —
4<p <6 GeV 4<p!'<B GeV . 4<p!<B GeV .
1.04— 1.50Ani<5 1.04 1 .5JAni<5 — 1.04 150Ani<5 =
£9=0.23, v, ,=0.0030 £9-0.81, f°""20.64, v_ _=0.0020 . £9-0.97, f°""=0.64, v. _=0.0009 .
1.02 ’ 1.02 22 - 1.02 22 —
e Data e Data . e Data .
1 PG o (A0)+G 1 FC™M(Ag1+G - 1 FC™M(AQ)+G =
— C g A0) —— C"™(ag) . —— C(Ag) :
0.98 ---- 098 ---- — 0.98 ---- —
0.96— "=~ I S . 0.96/ .. - B B O et = 0.96— “$io.p g sl —
' ' ' N | | | . ST | ottt s

-1 0 1 -1 0 1 -1 0 1
Ad Ad A¢

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
~MN_.70 ' - C—=u ® O ]
( 0-7% pp) 0.05~©° b—u . —
OEH ------------------------------------------ N <
on the other hand, v2 ~ O - -
for b-hadrons _0.051 -
] | | | | |

L L | | 1 T N R S N S SR
O 20 40 60 80 100 120
Nrec
ch
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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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Interpretation

ATLAS-CONF-2021-020 i

,'I__‘106:||||||||||||||||||||||||||E?}.%
E - ATLAS Preliminary I i
2 ool pp, 5.02 TeV, 1.17 pb™ _;
oS, ® -
ol a i
©
10 a =
~ —"— -
@& 1 -
10°%: —e— E
[ ® | E
102 ¢ c—u data |
FONLL c—u e £
S I NI RN R B R
— SIN AN R R N N
Z 1.57 ¢
E,_) Z# ojof o |-* L + +
- 1} --------------------------------------------------------------------- —
S
-gO.5~r|||||||||||||||||||||||||Jr
10 15 20 25 30
p_[GeV

The pt spectrum for charm
compares well to FONLL in this
region... little room for
modification of pr distribution!

Zhang et al., PRD 102, 034010 (2020)

0.30 [ | | | | | | | | | | | | | | | | | | | ]
-| ® CMS, prompt D° meson ]

O CMS, D' from B

D° meson, KKKS FF
0.20 i c quark, m, = 1.2 ~ 1.3 GeV
B mesons, KKSS FF
b quark my = 4.2 ~ 4.5 GeV

0.10 - ;—-;.4\ S |
Pl

02(/61)

M

/ﬁ(GeV)

CGC can describe charm flow in
p+A - what about in pp (ho A1/3
saturation enhancement)?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-020/

Importance of b-quarks in Pb+Pb

ALICE, PRL 123

ATLAS ATLAS, PLB 807 557 [feel (2019) 192301
Pb+Pb |5, =5.02TeV | (2020) 135595 P %15 ALICE Pb—Pb |5, =5.02 TeV
00250 I0773|<1§ " 1 Soasl BE | e " Inclusive Jy
0.2;— ¢ charm muon — E 10-20% E 0 1‘_ eo<y <4 ® T(1S) B
0.155_ O bottom muon _ 0'15_ _ | i . (]
: ] - O i = !
ot [OleL 8 10-20% - .05 L T® [) o7 oo * -
RN 3 SP- . | : :
005-_ ¢ ¢ I — O—_-I;tt_:____ - __I___(’L)__I___—- —
- 00 oo %—*— : : === T : i ¢
OfF-------------------- ECU_?L— _0.05F _ O:" """"" L4 Y ]
ST, 55— S - E s
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 tor J/W but not §
c-hadron vs. b-hadron ~0 for b-hadrons! V2 TOr ut nottor

Upsilons in Pb+PDb...
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When do b-quarks start flowing?

CMS pPb 186 nb™ (8.16 TeV)
- | | | | | | | | | | | | | | -
03 ly I<1 CGC (Zhang et al) —
O Ko @ PromptD’ - --Prompt D° 1
- < A m D’ from b hadrons -- Prompt J/y n
i 0 ]
0.0 1.2 < |ylab| <24 D™ from B mesons |
L I:||:I':I —]
- <= Prompt J/y = i ]
> i o ]
N i 0 ¥ O g &S
0.1— O T —‘--f‘\- i _
! DD .433//.". ’¢+ ¢ fb\‘\ _ 0
e T | R
- Izlf{::' “““ - |
B = E— T -
I 185 < N < 250 -

| | | | | | | | |

0 1 2 3 4 ) 6 7 8

p_ (GeV)

CMS, PLB 813
(2021) 136036

Mixed evidence for b-quark flow in p+Pb

(using D%’s from B mesons)

TODO: can we make a definitive measurement here?



HF flow In small systems at RHIC!

0.3 o 20% d+Au \/s_ =200 GeV T0 20% d+Au \[s_ =200 GeV E
0 25 e u” from open heavy flavor decays 1 ¢ u from open heavy flavor decays ]
~ - = Charged hadrons T = Charged hadrons
5 0.2F 20<n<1-4 +14<n<20 R
v - Sys =1.9% _ T Sys =1.9%
= Global - Global
Vv

0-05F pHIENIX
- preliminary

0157 - :

Significant hint of heavy flavor (mostly
charm) flow in d+Au collisions at RHIC...

Excellent opportunity to do this physics with T
the MVTX in sPHENIX in the next few years! S etamr oo o e PEnSer

Experiment
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3. Searching for collective phenomena
In photo-nuclear collisions

ATLAS, Phys. Rev. C104 (2021) 014903

ABOUT DISCOVER RESOURCES UPDATES Q SEARCH

All News Briefings Features Portraits Press Blog

EXCl = 71 GeV (left), 0.9 GeV (right)
1 tracks, p, > 0.4 GeV

Updates > Briefing > Studying “Little Bangs”: exotic collisions probe the size of quark-gluon plasma

Studying “Little Bangs”: exotic collisions probe the size of
guark-gluon plasma

Blair Seidlitz
(Est. Ph.D. 2021))

13th July 2021 | By ATLAS Collaboration Link to ATLAS PhySiCS Briefing
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https://atlas.cern/updates/briefing/studying-little-bangs

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,

© VL t

= B

O B

5 0.2

o L

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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Quasireal photon from one nucleus interacts with the other
= |dentifiable by characteristically asymmetric topology

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

% '7 S 5 T T T T T T T T T T T 10°
— =49 n=+49 =140 ATLAS N
| Pb+Pb, 1.0 ub™ -
| 2yANgep=a+b+c 120 [Suy=5.02TeV, OnXn |8 44
: MB trigger -
l 100 —
o - S _ |
| = 80
Q ¢ | O :
| = :
Xn ° | ey Ry on 60
| C b a i
PR ; | 4()_
2A A | L
oo ' 20F
o ATLAS calorimeter and tracker - .
L 0
Event Selection: ZAAI]gap <3 ZyAngap > 2.5

ldentify events via large “sum of |
gaps” in calorimeter+tracker plus Select events with large photon-
ZDC veto on one side side sum-of-gaps
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Photo-nuclear event properties

8 % = I L L L L I L =
P 15 ATLAS =
_Q; 10—13 Pb+Pb, 1.0 ub™- 1.7 nb™" _
_cz;’ 102 - (syy=5.02TeV, 0nXn -
= =

= - =

> 4M-3 | ’0“0“ =
z 10 ’ M"‘Mmo "z
107 i_ _i
1076 i_ _i

) O_7 i_ _i
108 ¢ 2,An>25 o -
‘0_9;—+ Z,An <1 '” _;
10—10 E | | | I | | | I | | | I | m | | | I | | | | E
0 20 40 o660 80 100 120

rec

Nch

Steeply falling multiplicity distribution
for y+A events - specialized trigger
used to collect large statistics!
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1/N_, dN_ /dn
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Asymmetric dN/dn
as in p+A collisions



Two-particle correlations

ATLAS

Pb+Pb, 1.0 ub'- 1.7 nb™
\'Syy = 5-02 TeV, OnXn

HM 20 < N;” < 30

2,An>2.5

=0.527" L

2 0.5 - £ SRR
3 0.48} SRR
O oapl XN

0.4 < p? <2.0 GeV
0.4 < p_t; < 2.0 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

C IIII|IIII|IIII|IIII|IIII|IIII

> 0.14- ATLAS Template Fit
* Pb+Pb |5 =5.02 TeV 2.0<|An|<5.0

0.12- 1.0 ub™-1.7 nb™
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0.1 0-4<p3’<2.0GeV pp bV, tiVy
" ¢ v, Photonuclear p+Pb L Vv, Vs -
- m V5 Photonuclear -
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oo © ° 7 ° -
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0.02- 1. ; f o o =
i 5 0 -
- E] —
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pr-integrated v2 ~ 4%, weaker
than that for pp and p+PDb -
multiplicity ~independent

>C\] 0_2 I I [ | I [ I | I [ I | I [ I | [ I I
- ATLAS Template Fit -
- Pb+Pb, 1.0 ub'-1.7 nb™ 20<|An| <50
- \/S,y =5.02 TeV, OnXn rec i
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L 20< N <60 = Lo _

SRRV S

- ¢ Photonuclear # * .
- CGCcalc. % A w ]
0.1+ -
: [ [ :
i i
0.05[ _
O_ L 1 1 | I L 1 1 | I l l I I L 1 1 | I L 1 1 | ]
0 1 2 3 4 5
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Similar pt dependence from
0.5-2 GeV, but larger
uncertainties
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Initial or final state?

Shu et al., Phys. Rev. D 103, 054017 (2021)

T 1T T [ T 1T T T [ T T T 1T [ T T T T [ T T T 1
® UPC, ATLAS :
--- CGC, p™®* = 5 GeV }
- ==-CGC, p"™ =4 GeV :
0.10 . ”ffff 1
vinte ~ [0.035, 0.04]
a\ ,¢” \\\\\\\ a
@ . __¢¢’ T il ]
P I ¢ _
0.0 /g‘;':,» o O | t
- 1 ’ |
1 Q% =5 GeV? )
. B, =25 GeV~—2 _

OOO NN N NN AN N N (NN N NN AN SN NN N (NN NN (NN AN NN NN AN N N B

0.0 0.5 1.0 1.5 2.0 2.9
p. (GeV)

CGC based calculation - use y+A
as benchmark for signal in EIC!
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Vector Meson Dominance
paradigm - these interactions
proceed as, e.g. p+A collisions

For theorists — can we Initialize
hydro with p+A geometry
(complications from Ex-b

correlation, rapidity boost, etc.)?

TODO: check chemistry of high-
multiplicity y+A events (strangeness
enhancement, baryon anomaly)


https://arxiv.org/abs/2008.03569

What can stop the flow?

 Azimuthal anisotropy signatures:

= persist for pt ~ 50 GeV 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 present 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 C
ATLAS, Phys. Rev. C104 (2021) 014903

Thank you!
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