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Big Picture

 Soft sector signatures that were once (uniquely) associated with a
QGP have been measured in pp collisions

* Most prominently “flow” which persists to low multiplicity pp & even photo-
nuclear interactions

e Strangeness enhancement
* It’s more difficult to tell this story with hard sector observables
* Looking at Upsilon mesons and trying to bridge soft-hard gap
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What Do We Know about Upsilon Production

and the QGP?

* From a heavy-ion perspective
Y(nS) states could be a
“thermometer” for a QGP

* Behaves differently than
charmonium in medium
* Little recombination
* Little path length dependence

ATLAS

EXPERIMENT

Zvi Citron Quark Matter 5 September 2023
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What Do We Know about Upsilon Production

and the QGP?

* From a heavy-ion perspective
Y(nS) states could be a
“thermometer” for a QGP

* Behaves differently than
charmonium in medium
* Little recombination
* Little path length dependence

* Default approach: measure in
Pb+Pb and compare to pp

ATLAS

EXPERIMENT

Zvi Citron Quark Matter 5 September 2023
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Upsilon Mesons in 5.02 TeV Pb+Pb & pp

 Nuclear Modification

R _ NY;AA
A4 (Tyu)xaPPoY

* Centrality and species
dependent trends as
expected from in-medium
disassociation

 Looks like early (high T)
disassociation =2
suppression compared to

Pp
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https://arxiv.org/abs/2205.03042

CMS Measurement of Y(nS) and
Multiplicity

PP

JHEP 04 (2014) 103
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CMS Measurement of Y(nS) and|pp

Multiplicity

* CMS results all the way back in
2014 challenge this picture by
showing a decrease in excited
Y states compared to the
ground state vs pp multiplicity

e More detailed measurements
in 2020

ATLAS
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ATLAS Measurement of Y(nS) and UE

e Measure the total
multiplicity in the event
(and particle kinematics)
for each Upsilon state

* Precise control of
background and pile-up

* Use differential particle
kinematics to reach for
the UE

 Compare excited to
ground states

ATLAS

EXPERIMENT

ATLAS-CONF-2022-023

* Full Run 2 high luminosity
dataset, sampled with di-muon
triggers

e Reconstruct Y(nS) =2 Py

Reconstruct inclusive charged

particles

Zvi Citron Quark Matter 5 September 2023
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https://cds.cern.ch/record/2806464

ATLAS Measurement of Y(nS) and UE

* Measure the total
multiplicity in the event
(and particle kinematics)
for each Upsilon state

*| Precise control of
background and pile-up

* Use differential particle
kinematics to reach for
the UE

 Compare excited to
ground states
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ATLAS Measurement of Y(nS) and UE

* Measure the total
multiplicity in the event
(and particle kinematics)
for each Upsilon state

*| Precise control of
background and pile-up

* Use differential particle
kinematics to reach for
the UE

 Compare excited to
ground states

ATLAS

EXPERIMENT

ATLAS-CONF-2022-023
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ATLAS Measurement of Y(nS) and UE

* Measure the total
multiplicity in the event
(and particle kinematics)
for each Upsilon state

*| Precise control of
background and pile-up

* Use differential particle
kinematics to reach for
the UE

 Compare excited to
ground states

ATLAS

EXPERIMENT
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ATLAS Measurement of Y(nS) and UE

* Measure the total
multiplicity in the event
(and particle kinematics)
for each Upsilon state

*| Precise control of
background and pile-up

* Use differential particle
kinematics to reach for
the UE

 Compare excited to
ground states

ATLAS
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ATLAS Measurement of Y(nS) and UE

ATLAS-CONF-2022-023
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ATLAS Measurement of Y(nS) and UE

ATLAS-CONF-2022-023
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ATLAS Measurement of Y(nS) and UE

ATLAS-CONF-2022-023

" FATLAS Prelimi '§§ ' s [oes p™=230GeV ATLAS Preli
« Measure the total > fogriti L S 3 e e
multiplicity in the event S a9 “<22>::pwzsoeev -g’mj o ”"”?»3%‘72( ;ﬁ ‘
. . . L 0 0(x21)*¢125p””<30GeV AR
and particle kinematics q | sv asplcrzeev|d [SE°
( P . ) L10L."s Wl © 02) ~pT""p<T4GeV RS FS2 “ o~ M
for each Upsilon state R R L . i‘:g
O et s I”m:jxg“u ] o= :&‘ - :
. N [ " - B s a”“ = . s
* Precise control of S fa o e Cee, | oeh . ; ; E
H T _’oﬁ* Masl n x &‘ﬁxf z\a”c ] ;+ 9 ef' # i v i i
background and pile-up L +Hj'g L b b e
?0 K % ! ;:"—‘ xx"x _\-1_5 | e g 90 st IR STt
* Use differential particle T _—— o.onOo‘* T ooseveg 8—%
. . i Y o T - - | 0 é)o b 0@,# d
kinematics to reach for o % o 00f - Y(1S)-Y(2s) i
the UE 10~ o ' - — 1'0__ + ]
. <>. ¢ o ; K + * + + + + + [ ol 1
| Compare excited to ; - : ost+ﬂ
ground states j e ﬁpwﬂ
o - S S . Y(ASHYES) -
2 4
ATLAS P, [GeV] ’ A¢
EXPERIMENT ) § 092398 () 4ol

Zvi Citron Quark Matter 5 September 2023 Ben-Gurion University of the Negev


https://cds.cern.ch/record/2806464

ATLAS Measurement of Y(nS) and UE

ATLAS-CONF-2022-023
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ATLAS Measurement of Y(nS) and UE

 Measure the total

multiplicity in the event
(and particle kinematics)

for each Upsilon state

* Precise control of

background and pile-up

* Use differential particle

kinematics to reach for
the UE

* Compare excited to
ground states
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ATLAS Measurement of Y(nS) and UE

* Measure the total
multiplicity in the event
(and particle kinematics)
for each Upsilon state

* Precise control of
background and pile-up

* Use differential particle
kinematics to reach for
the UE

Compare excited to
ground states

ATLAS

EXPERIMENT

ATLAS-CONF-2022-023

e Shift in UE
multiplicity across
different excitation
states can be
understood as
suppression of
excited states at
higher multiplicity
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s there Y(nS) Suppression in pp Collisions?

* As event multiplicity (should be UE) grows larger, excited Y states are,
compared to the ground state, relatively less likely to be found

* Do the CMS and ATLAS results show some “QGP-like” quarkonium
“melting”?

* Is it even a suppression? Maybe it’s a lower state enhancement?
—1n any case seems to be a hard — UE correlated phenomenon
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Quarkonia Ratios Expected From m Scaling

LHC Data

PRD 107, 014012

* Transverse mass scaling lets one define an
expectation for the excited states relative
to the ground states

?

— Y(2S)/Y(1S) (+0.2)
Y(3S)/Y(1S)
PERS)INW  (x2)

* Works well ~universally for light mesons at
LHC energies

* Looking at Upsilon meson cross-sections

© | | | | ‘ | | | | —
.. . © il
shows missing excited states at low p; o 2%@ %gﬁ,a 13TeV —
for Y(2S) factor of 1.6 are missing & Y(3) 1
for Y(3S) factor of 2.4! : v(29) 7
5
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Quarkonia Ratios Expected From m Scaling

* Transverse mass scaling lets one define an
expectation for the excited states relative
to the ground states

* Works well ~universally for light mesons at
LHC energies

* Looking at Upsilon meson cross-sections
shows missing excited states at low p;
for Y(2S) factor of 1.6 are missing

for Y(3S) factor of 2.4!

ATLAS
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Co-mover Interaction Model (CIM)

EPJC 81, 669 (2021)

* Within CIM, quarkonia are broken by
collisions with comovers —i.e. final state
particles with similar rapidities.

* CIM is typically used to explain p+A and
A+A systems, matches CMS Upsilon pp
data.

* Could it reproduce ATLAS data? Cross-
sections?
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Summary

 Comparing Pb+Pb and pp Upsilon production seems to fit some QGP
expectations

e But pp “baseline” is not trivial

* Evidence from Upsilon mesons that there is some non-trivial
interaction between the “UE” and a hard scattering in pp collisions
e Appears to be a suppression of excited states
 Effectis large and significant
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Does Anything | Said Today Contradict the Recent
ATLAS Results in arXiv:2303.17357 ?
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i [ ATLAS 0.5<p™ <4 GV -
* Easy to summarize as ‘UE doesnt | ms-ramev.tssp’ 549} _
I I ’ “Chh e -

know about jets (i.e. hard scatter) e e o

- hP5h o p® 40 GeV

* Easy summaries notwithstanding 01p
| don’t think there is real tension

o @ @SS e e e e & @

* Jet/non-jet flow measurement tells | :
us that the ridge is not sensitiveto o 2 % & 8 10 120 40

N ch ’
h a rd contri b ution These results demonstrate that the magnitude of the v, is not affected
when removing tracks associated with jets, or by the presence or
absence of jets in the event.

* Excited upsilon suppression

is still correlated with U E/b ulk _ suggest a complete “factorization” between
. hard-scattering processes and the physics responsible for the ridge
particles
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s it all just
Charmoniu

m?

» Logical to assume that the effect is related to the qq
binding energy, but then ¥ (25) must show a lot more

suppression.

« Would be great to measure UE-]/y and UE-y/(2S)

correlations ...
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s it all just

Charmo

nium?>

» Logical to assume that the effect is related to the qq
binding energy, but then ¥ (25) must show a lot more

suppression.

« Would be great to measure UE-]/y and UE-y/(2S)

correlations ...
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A Previous Hard-Soft Study: Two-particle
correlations in Z Boson Tagged pp Collisions

* In a previous study we asked: Does Fur Phys. . € 80, 64 (2020)

the presence of a hard scattering in T ol Tt Fis o0 Gey
the collision change “something-like- ‘ ‘
geometry” and consequently the R EEEE )
0.05 -
observed “flow”? 1o 2 tagged _
. . - @13 TeV Z-tagged
* To answer we studied v, via 2- 05 TeV inclusive
. . . o . 013 TeV inclusiv L
particle correlations in pp collisions N [17 ”
nl’
‘tagged’ by a Z boson "
* The answer to above question is not
really
ATLAS A,
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A Previous Hard-Soft Study: Two-particle
correlations in Z Boson Tagged pp Collisions

* Developed techniques for Hl-style !
analysis in high-luminosity pp collisions N [ —
* We learned how to look at all tracks in the T
event even with high pile-up conditions 5t buter
e Starting thinking about where else this could | /\ >
be used ... Upsilon mesons! Lﬂ‘“
B E :‘ ATLAS ‘1‘ - ‘!§ B E :‘ ATLAS ‘1‘ - ‘!E ‘ “\‘ >
< 150 PP [s=13TeV, 36.1fb" B < 150 PP [s=13TeV, 36.1fb" : /\
- (@vs=05 1 . - () 7<v=75 . | > to buffer
, " , " ® S — L —
1007 -+ 1007 % . '\l< vertex veto cut
: S 10_5 | 10_5 track acceptance cut
507 ] 507
I I Eur. Phys. J. C 80, 64 (2020)
i 1077 i 1077
9 | ‘1 5‘30‘ OO 50 100 150 2212 ]1M12-]12 hO'ON2MN
ndir

ne Al § 052058 (0 dale
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Technical Fit Things

[ ! 'ATLAS Prelininary |
> ' pp, 13 TeV, 139 fb™!
'O HLT p“"#% > (6, 4) GeV ]
= ' 10 < pl“<12 GeV
X i ly* 1< 1.6 |
_g o data

<

©

ATLAS

EXPERIMENT

fit(m) = ZNY(nS)Fn(m)+kangkg(m)
nS

Fu(m) = (1-wa)CB,(m)+w.G,(m) Crystal Ball + Gaussian
3

Fyxg(m) = a;i(m—mo)';ag =1 PonnomiaI
i=0
1= for for 0 0 0 Py
ki (1—s1) st 0 0 (1=ky) (1=s1) P(7(1S))

P(my*) [=1ka(1=s2=for = f3) far s2 foz (1=ka) (1 =52~ for = f23) || P(Y(29))

k3 (1 —s3 = f32) 0 fn s (1 —k3)(1-s3— f32) P(T(3S))
0 0 0 0 1 Py

/m",f” Ny (ns)Fn (m) dm

fmléu Ny ks) Fi (m) dm

/mﬁl‘“ fit (m) dm (Fokg (m)>|mf“ = (Fokg (m)>|mﬁ“

" (Foke (m)) e = (Fokg (m))],pon
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CMS Measurement of Y(nS) and|pp

Multiplicity

JHEP 11 (2020) 001

0 5CMS 4.8 " (7 TeV)
* CMS results all the way back in i Y(25) 7 Y(1S)
. . i —+-0.00 <S_< 0.55
2014 challenge this picture by 0.45 0.5 < S, < 0.70
showing a decrease in excited = [+, ,s+4 4| " omencin
Y states compared to the o3 Py, S
round state v multiplicit ; T 00028, < 055
ground state vs pp multiplicity = I 055 < S, < 0.70
0p) ‘_ o @ —4—0.70 <S. < 0.85
. 2 4 e T
 More detailed measurements c02r * g * T | oss<s < 100
in 2020 = b TREE e
in i
0.1F
* Including ar_1a|ysis of e_vent | o > 7 GeV, [y < 1.2
geometry via spherocity, which L
suggests effect 0-00 ™20 20 80 80 100 120 140
Ntrack
_ 2
T — )
Aﬂ& L Sy =0 > jet-like
T _ Pxi  PxiPyi — At 1 .
AI!T@NST P ;pn <pxipyi o ) St =1 - not jet-like ) ;3913 00N
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Systematics Summary

pit <4GeV 4 <ph* <12GeV 12 < pi* <30GeV  pf* > 30 GeV
7(1S) 0.5-0.6 0.5-0.7 0.7-0.8 0.8-0.9
7(2S) 0.6 0.6 0.5-0.7 0.7-0.8 0.8-1.0
7(3S) 09-13 0.5-0.8 0.7-0.8 0.8-0.9
T(1S)-T1(2S) | 0.11-0.15 0.06 —0.10 0.12-0.21 02-05
r(1S)-T(3S) | 0.6-0.9 0.14-0.36 0.14-0.15 0.16-0.19

Table 1: Systematic uncertainties for measurements of (n.,) and their differences for different 1°(nS) states and for
the difference between (n.,) measured for Y (1S) — T’(nS). The values are the number of charged particles with
0.5 < pr < 10GeV and || < 2.5.

Shown here in “units” of n., but propagated to all
quantities
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Does the rapidity matter?

? 3 [ T T 1 T l T 1 l. T . ] 1 T T 1 I T T T T I T Ll T T I 1 T T T i 0 5 CMS
% i ALICE Prellmlnary - T | pp Vs =7 TeV pp Vs =2.76 TeV pPb Vs =5.02 TeV
_——25F Y(18).Y(2S) - wu,25<y<4 . - - Y(2S) / Y(1S) 9 Y(28) / Y(18) 4 Y(2S) / Y(1S)
gl @ | ] 04l = Y@S) /1 Yas) © Y@S)/Y(1S) % Y@S)/ Y(1S)
=| & | Multclasses:|p|<t g7 4L
Z | 2-— ................................................................................................. E a - p}-ll-}l - 0 GeV, |yl4!1| < 1.93
~ [~ - epp,is=13TeV. 1 = 03T |
ele ] = 03f |
;: ;:" .5 -— .............................. | _- \ | ) %éé . g& - )
UL T s
y | SR S— + ........................ + .......... ...................... _' cg 0.2 | Jf +
: + e Y d
; ........................................................................................................... _" ...................................................................... __ ................................. .- :L ............... ....... “ ............
0-5 - - 0.1 i l U" ”?* -
i ] i —Y
O—IIIIIlIIIIIIIlIIIIlIIIII|IIII- 00“[1l[[l!l!!llll|I|ll|l|||'||l|l
0 1 2 3 4 > .8 0 20 40 60 80 100 120 140 160
chh / d7] g N ack
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ALICE result on forward (normalized) Y(25)/Y(1S) vs (normalized) tracks at midrapidity

Looks flat unlike CMS, but must be careful about sensitivity of observables
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