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Small system puzzle

Observation of collective flow in proton-
QGP Energy Loss nucleus, peripheral nucleus-nucleus and

even proton-proton!
in large systems

Collective Flow

But no sign of
energy loss?

Thanks to Jannis Gebhard for help preparing these slides
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Motivation tor light-ion collisions

. . . Huss et al. PRL (2021)
Inconclusive energy loss signals in T

pA and peripheral AA collisions

XeXe PbF’b& PbPb 30- 50/‘
g XeXe 30-50%

£ PbPb 50-70% E
XeXe 50-70% =

— OO probes similar size

* symmetric collision system

* better understood geometry

* LHC — at 6.8 TeV 1n 2025

* STAR took data at 200 GeV in 2021
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How to detect energy loss phenomena?

‘

a prediction excluding medium effects

!

Measure deviation from the baseline.
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Perturbative QCD baseline

For high-momentum-exchange processes can use QCD factorization

Oab>x = Jiz(xa) ﬁy(xb) ) 6-ab—>x ) Cij—>X
partonic scattering final state evolution

* systematically improvable (LO, NLO,...) baseline predictions
* quantifiable uncertainty (scale, nPDF,...)

We will compute NLO pQCD baseline tor Raa and Iaa in OO
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Conclusions

* OO collisions — opportunity to understand energy loss in small systems
* Discovery of small effects needs precise no-quenching baseline
* Uncertainties in nPDFs is the dominant baseline uncertainty
* Semi-inclusive observables are not free of nPDF uncertainties
but few percent uncertainty can be achieved for jet-triggered hadron Iaa
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Inclusive
nuclear modification factor

Raa



Sources of uncertainties in the baseline

Rh,,j ( ) 1 daiﬁ/de(iLRa#-F) < oxygen nPDF
AA, min bias A2 dagﬁj/dp’_r( LR, W ) < proton PDF
N e’

renormalization, factorization scales

* Overlap of LO, NLO scale “uncertainties” — perturbative convergence.
— Expect cancellation of scale dependence in the ratio.

* Propagate uncertainties in proton and nuclear modified PDFs.
— Expect partial cancellation in the ratio.

* Hadronization, showering and fragmentation uncertainties.
— Independent of the collision system and should cancel.
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Jet and hadron Raa @ 7TeV in 2020

* NLO partonic jets with NNLOJET Huss et al., PRL (2021), PRC (2021)
e NLO hadrons with INCNLO

* Extrapolation of hadron energy loss to minimum bias OO
jets hadrons

= 2 -1 : =
00 Vs yy=7 TeV Lps=0.5 nb anti-kp R=0.4 |yje¢l<3.0 00 /S =7 TeV Lyy=0.5 nb’! lysl<1.0
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= =1 EPPS16(90%CL)
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0.90 - L0 (scale) il BKK NLO (scale) _
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Measurable energy loss signal in 20 GeV < pr < 50 GeV region at the LHC
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Hadronization and parton shower effects
* NLO hadronic jets with POWHEG+Pythia8

lets : :
] nuclear modification of PDF
00 V5 =7 TeV Lyy=B.5 nb™"  anti-ky R=B.4 |yje¢|<3.8 - g
1.18 T T T T T T T T 7?\-5,_3]-4_ AR F L N T TR R R R R BER |
> [ EPPS21 ;
= L antishadowing maximum : H
1.85 |- . I 12} \
;?q:,¥=f R S & : ....... , .................. { Ya
— 7 A
199 K3 E - !0 ,!!f :
= L Iif A
'EZE LO (scale) IEIE - shadowing Ay Nl gy
.95 1 NLO (scale) I~ 08 | i |
———1 POWHEG+Pythia8 '
8.96 - 0.6 [
3.85 | | | 1 | | 1 1 -
46 58 78 188 158 2868 308 588 760 16088 0'4]0_,

T pr (GeV)

Scale, shower and hadronization uncertainties cancel
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Jet and hadron Raa @ 200TeV in 2023

e 1O partonic jetS Predictions for sSPHENIX, Belmont et al. NPA (2024)

e NLO hadrons with INCNLO
e New sets of nPDFs (2021)

jets hadrons
00 V5 wi=208 GeV / pp 5 =208 GeV, lvsl<8. BKK FF, 00 V5 =200 GeV / pp |5 =200 GeV, Iyl <0.5
1.30 1.30
1.20 -
1.10 -
=<1.00
0.80 b x\x..“ % = g 7 ;‘x B
L0 scale 72 nNNPDF3.0(90%) 0.8 - o hfosgzﬁ . ?ﬂ%gﬁggf?m) Y 2
0.78 |- 3 EPPS21(90%) 1 TUJU21(90%) KL 8.78 [ (5 [pps21(op) " KA
1.20 ) l__ P ! f } VA 1.20 E 7 T S R T [ — 7
= 1.18 | R IBCRERLRIR TR XIRARAT I | _ 7. 7
'E 1.90 E s il = :—' 4':"' 1.00 ._' P : \ iy < —-—-o-_.r__;__‘_'?"*_—_.\—_*:,,__;_.:_.ﬁ_'..x—
g'ga = = Z - E a ga _ 2 . % . . ._ . . s = - s '_
SOLE : I : : 7 0.80 - | ] | L || ] |... i 1‘ 7
19 12 15 .28 25 30 10 4 5 6 7 8 918 12 15 28 25
ply (GeV) o (6eV)

Sizable nPDF uncertainties for oxygen-oxygen — unconstrained A—dependencela
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Jet Raa @ 6.8TeV 1n 2024

i NLO jets Wlth MadGraph@NLO + PythlaS Gebhard, AM, Takacs, in preparation
EPPS16 vs 21 EPPS21 vs TUJU21 at 6.8 TeV and 200 GeV

00 syy=068TeV anti-hy R=04 [yul <30 00 syy=068TeV anti-ky R=04 |yl <3.0 00 syy=200GeV anti-ky R=04 || <06

(.74 MadGraph5_aMC@NLO + Pythia8 ().7 4 MadGraph5_aMC@NLO + Pythia8 (.7 MadGraph5_aMC@NLO + Pythia8
71 EPPS21 (90%) EPPS16 (90%) [ EPPS21 (90%) [ EPPS21 (90%)
I NLO Scale NLO Scale L TuJu21 (90%) £ TUuJu21 (90%)
0.6 - - 0.6 - . ] -
4050 70 100 150 200 300 500 700 1000 40 50 70 100 150 200 300 300 700 100( 0'61[; 12 14 16 1820 24 928 32 40 45 50
pr [GeV] pr [GeV] pr [GeV]

~ 10 % uncertainty in the baseline with non-trivial behaviour



Semi-inclusive
nuclear modification factor

Laa



Coincidence measurement

* Trigger particle (e.g. jet with

p%* > PTmin )

o

* Probe correlated with the trigger (e.g. do"

j
Pr > PT,min

hadrons opposite to the jet) dpr
1 do"v R IV
Yaa(pr) = — (per-trigger yield) I\a(pr) = ——
& Ay Yo

Self-normalising observable — uncertainty cancellations
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Jet-triggered hadron Ixn @ 6.8 TeV

* NLO jets with MadGraph@NLO + Pythia8

00 /syy =68 TeV antikr R=04 [njul <28

1.15 1

« Jet-Trigger: p;min = 30 GeV

away-side
pr > 30 GeV

1.10 -

* Hadrons with transverse momentum py
opposite to jet

=0
—~
observe ..
* Differences among different nPDFs 0.95 MadGraphs_aMCONLO + Pythias
{ EZm EPPS21 (90%) NLO
1 TUJU21 (90%) NLO
o ] 1 . S
AA 71: ”'903 5 8§ 1012 20 40 60 90
* Increasing nPDF uncertainties! pr [GeV]
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Jet-triggered hadron Ixn @ 6.8 TeV

* NLO jets with MadGraph@NLO + Pythia8

00 /syy =68 TeV anti-ky R=04 |nl <28

. 1.15
“T¥i e !
. Jet-Trigger: P7 min 60 GeV -
* Otherwise identical 1 ph> 60 GeV
5 1.05
S AR T L
~ 1.00 LZ A2
: -

observe ..

0.959 MadGraph5_aMCeNLO + Pythias

* nPDF uncertainties still growing! | =z EPPS21 (90%) NLO

TUJU21 (90%) NLO

: 0.90 ; ——— :
* But overall smaller and increase at larger p; 3 5 81012 20
pr [GeV]

~2% percent uncertainty in low momentum region
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Jet-triggered hadron [xa @ 200 GeV

e NLO jets with MadGraph@NLO N Pyth1a8 Gebhard, AM, Takacs, in preparation

R IAA
AA 00 /Syxy = 200 GeV  anti-ky R=04 |n4] <0.6

00 Eyy =200GeV anti-kr R=04 |9l <06

L1

10 PR -
| ==
0.9 Pas. /_f/{:

' away-side (A0

p"j_, > 15 GeV

h
I()().awa}’

0.8
().7- MadGraph5_aMC@NLO + Pythia8 il
1 EPPS21 (90%) MadGraphb5_aMC@NLO + Pythia8
TUJU21 (90%) 0.7 [ EPPS21 (90%) NLO

0.6 — aon
10 12 14 16 1820 24 28 32 40 4550 TuJu21 (90%) NLO

pr [GeV] 3 5 8 10 12 20 40
pr [GeV]

Handwavy argument: negative slope of Raa — [aa<1
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Uncertainty (non)-cancellation

check correlation of

Y

1.15

00 /syy = 6.8 TeV  anti-ky R =

7)

Why do uncertainties stop canceling? —p 2 (5) = é\/ (%)Z (ﬂ

20X, V) AX AY
X X
04 |njul <28

1.10 1

1.05 1

away-side

Py > 30 GeV

7

1.00

0.954

{__J*——‘Liij

MadGraph5_aMC@NLO + Pythia8
20 EPPS21 (90%) NLO

TUJU21 (90%) NLO

0.90 -
3
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Uncertainty (non)-cancellation

.. : X\ X [/Ax\® [Av\? AX AY
Why do uncertainties stop canceling? —p A(;) =;\/ (7) +(7) =20, V) ——

L

00 /fsyy =6.8TeV jet-triggered

. .
check correlation of L
i /::: {].‘5_
g
Yaa(pr) = o
=3
H\b z1\§f%1}-'-si(le
S _osd  Pr>30GeV
—— EPPS21 (90%) NLO
——p Loss of correlation for p,- > - . Ll .
Pr = pT,mm 13 5 81012 20 0 60 90
pr [GeV]
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Bjorken x dependence

. : : %, =L Iexp{:l:v ) + exp(xy, }J X, X = zi% [1 + cosh(y, — ¥ )] > 4vr
* LO jets with Pythia8 T . B s e

inclusive h+j low pr h+j high pr
00 @ 6.8 TeV, inclusive jets: 00 @ 6.8 TeV, inclusive jets: 00 @ 6.8 TeV, inclusive jets:

100 Py > 30 (.[\ Roanti—t, = 0. J.' 1; .--'111 _’“ 103 10° e .'ill (.iv_‘\'. H_.-.-Ii 04, |n;| <2.8 108 10° pp > 30 (-c\ 1}’,.._:] b : 0. ]'. 7] < -’“

108

10? 102 102

1071 1071

10! 10! 10!

81072} §1072

100 10°

1/N;dN;/dzdzxs
)
S
1/ le h d \'rth h/(h’ld-r.?
1/-"V:'1|.1| (l}\'r('ll.h/dml(le

1073 1073

107! 107!

< 10 GeV, Nehh| < 2 eV, [7enn| < 2
;f‘}.ll' side: Ady,_; < & noar side:

1= 2 : 5 . =2 Tn=dl : . -9 —d s A :
00T = 17 10T g0 10 T S [ A T R TV 0 10 T S T o S T A T 100

€I I I

gl de"1dp, do"¥dp,
o

Py > PT,min pr < P Pr > P1

T.min min

Trigger and coincidence cross-sections probe different Bjorken x
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Scale and hadronization uncertainties

pr and g scale variation Pythia vs Herwig at LO

1.15
| 1500 Voyy =68 TeV  antiky R=04 |nul <28 i Aok
P |
~ 110} I
| away-side = =
1.10 4 ' 2 - : o
1 P> 30 GeV ]
1.05}F
= 1.05 1 Z e e o
~ 1.00 : =
0.95¢
05 4 :
e MadGraphE‘aﬂcmNtD_ Sl 0.90t —— charged hadron =~ —— Herwig |
.El.TJFjSUL:l ((?J(:J:)) lel-_(()} ; L ----all hadron Pythia
U (}{l . .. OI . . . . TJ&II'TUII
3 5 8 1012 20 40 60 90 : T o : . :
J ’ US % w11z 20 1060 90

pr [GeV] pr [GeV]

Additional few percent differences in low momentum region
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Hadron-triggered jet Iaa

trigger on ( p? > p%i i ) and measure away-side jets

Hadrons
—>
g
A‘fptzh_,jet
1 do/*h : _ Yaa
Yaalpr) = — (per-trigger yield) An(P7) = =
o dps a

Note that we do not subtract different trigger yields, c.t., ALICE
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Hadron-triggered jet [xa @ 6.8TeV

00 /syy =68 TeV anti-kr R=0.4 |nj <0.5

- Hadron-Trigger: p; .. = 12 GeV bty
1.25

* Jets with transverse momentum p; .90

opposite to trigger hadron o

Pl > 12 GeV

92,

observe .. i [X AKX
1.05 - f é%
* Differences among different nPDFs 1.00 F——— —]
1 MadGraph5_aMC@NLD + Pythia8
0.954 EZ3 EPPS21 (90%) NLO
. IAA 71: 1 ; TUJU21 (90%) NLO
09030 50 100 150 200

* Increasing nPDF uncertainties!
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Hadron-triggered jet [aa @ 200 GeV

* Significant differences between

nPDFs

00 /syy =200 GeV  anti-kr R =04 |nj« <05

1.3
o , P
127 ph > 12 GeV i
L1iE i //
0 e 71 K
& = = rd r /
. O
=P 0.91 Al
(.84
(.7 1 MadGraph5_aMC@NLO + Pythia8
A EPPS21 (90%) NLO
(.6 - TUJU21 (90%) NLO
15 20 25 30 40 50

p'?’} (GeV]
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Proton baseline



Strategies for constructing reference spectra

The ratio of spectra cancels large theoretical and experimental uncertainties.

1 doyl /dpr(6.37 TeV)

Rii{ min btas(pT) 2
A dah 4 dpe(5.02TeV) dod /dpr(6.37 TeV)
> doy [dpr(5.02 TeV)

scallng factor

measured

1) Use perturbative QCD to calculate scaling factor theoretically.
2) Interpolate measured pp spectra at nearby energies.

3) Consider hadron and jet spectra ratios at different collision energies.
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ratio to NLO

Ratios of hadron spectra @ 6.37 TeV/5.02 TeV in 2021

Brewer, Huss, AM, van der Schee, PRD (2022)

NLO pQCD data interpolation 00(6.37TeV)/pp(5.02TeV)

hadron pp 5= 6.37 TeV [ pp Js= 5.82 TeV lynl<0.8

. hadron pp /s = 6.37 TeV / pp /s = 5.02 TeV hadron 00 /s yy=6.37 TeV / pp V5 =5.02 TeV lynl<@.8
1.78 £ 10 (scale) CT14(90%) 17} Global fits : 1.7
J—— (sca]_e) <. KKP obal fit 5.02+7 TeV only L0 (50819) 7 nNNPDF2.0
1.60 —hn Uncorrelated sys 1.60
%0 F C=TJ NNPDF3.1 -~~~ JAM20 2 16} & mm NLO (scale) E=3 nCTEQ15(90%) <z
i 8. 1 =1 EPPS16(90%)
Ea s —_
e —
el 1.4 = 1.
- % |
= L b
E=]
2F 1
C 1.04f o
= 10 = 1.
to Ly F = 1
o i =]
2 098k o 1
= 0.96 ¢ -3 0.
= 0.94¢E ; ; y : © 0.
10 20 3@ 46 50 10 20 30 40 50
hadron py [GeV/c] hadron pr [GeV/c] 10 20 30 40 50

hadron py [GeV/c]

Different mitigation strategies possible if no pp reference available
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do/dpy ratio

ratio to NLO

0w = —

Ratios of jet spectra @ 6.37 TeV/5.02 TeV in 2021

NNLO pQCD

jet pp V5=6.37 TeV / pp /5=5.02 TeV

: L0 (scale)
1.7 [ = NLO (scale)
E =1 NNPDF3.1
CT14(90%)

-
',
=

NNLD stat.
[ NLO POWHEG+Pythia8 stat.
1 L " L " ]

B = S ==~ N =
T R ETLE B

Lo woe e

50 100
jet pr [Gev/c]

de’! /dpr ratio

Brewer, Huss, AM, van der Schee, PRD (2022)

00(6.37TeV)/pp(5.02TeV)

jet 00 s yy=6.37 TeV / pp J5=5.02 TeV

data interpolation

jet pp /s = 6.37 TeV / pp /s = 5.02 TeV

Global fits 5.02+7 TeV only

Uncorrelated sys

|¥j1<9-3

2.00
1.99 LO (scale) "I nNNPDF2.0 X
- = NLO (scaleg E221 nCTEQ15(90% -

2 1.80 F =1 EPPS16(90%
“1.70
= 1.60
5 1.50
1.40 F
o
= 1.10 ! ' ‘ A
o 1.05 e
+ 1.00
=3 0.95 F - T v e KRS
© 0.90 577 Ll Lkttt ] <
50 100 150 200

jet pr [GeV/c]

Different mitigation strategies possible if no pp reference available
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Conclusions



Conclusions

* OO collisions — opportunity to understand energy loss in small systems
* Discovery of small effects needs precise no-quenching baseline
* Uncertainties in nPDFs is the dominant baseline uncertainty
* Semi-inclusive observables are not free of nPDF uncertainties
but few percent uncertainty can be achieved for jet-triggered hadron Iaa

Outlook

* OO0 and pO collisions at LHC in 2025

* The same energy baseline would be helptul

* Longer pO run would help constrain nPDFs

* Other opportunities with light ions, e.g., neon

cern.ch/lightions
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Light ion collision at the LHC
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Bjorken x dependence of cross-sections

1 dZN.If-'éif\ _ ( 1 - d20.AA—>h+jet+X ) TA = %(eyi + eyh)
Nﬁié dp ’Cf}.‘ljetdnjel PTrigETT oA dp Fftfljetdnje‘ praeTt T8 = (€7 +e7¥)
14 9
Lead *®Pb
| == nNNPDF3.0
—— EPPSI16
— nCTEQ15WZ+SIH
Q = 10.0 GeV
| —— median
., . ... vl il 68% CL

10 10— 10% 10— 102 10T 1

xXr
Inclusive o depends on different x range than coincidence o
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