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Motivation



High-energy (HEP) and heavy-ion (HIP) physics paradigms of hadron collisions

[(HEP) free-streaming final state in ppJ (HIP) abundant parton re-scatterings in AA

: SHERPA, JHEP 02 (2009)

[ Core hypothesis: partonic rescattering < HIP phenomena.

But many QCD medium signals have been observed also in small systems.
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Evidence for medium induced pheonomena in small systems

Voiki
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Challenge for the heavy-ion community

m Partonic rescattering is a prerequisite for Quark-Gluon Plasma formation.
m Azimuthal anisotropies implies! final state interactions.

m Partonic energy loss is necessary for consistency of HIP phenomenology.

We must either validate or disprove HIP picture in small systems. ]

Necessary ingredients for the discovery of medium-induced energy loss:
Accurate measurement (reduce systematics, maximize statistics).
Precise theoretical baseline (what to expect if no energy-loss).

Sufficiently large medium effect compared to il and H.

1 . . . . ..
Standard interpretation that is well tested in large collision systems.
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System size scan with light ions at the LHC
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eXeg, - .
100 | X" XeXe 30-50% | _
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=& AR Iag | Sy ~ 7TeV OO0 at LHC in 2024
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XeXe 5.44 TeV —&—

0 1
10 (Npart) 100 Huss et al. (2020) [1, 2]

m Measurements with peripheral PbPb and pPb collisions are inconclusive.

m Minimum bias oxygen-oxygen collisions probe the relevant size regime!
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Hadron (jet) nuclear modification factor Raa

Ratio of spectrum in AA to an equivalent number N¢o) of pp collisions.

1 1/NAAAN g4 /dpr
<Ncoll>/0-;?7§| dapp/de
N———

(Tan)

Raa(pr) =

Raa can deviate from unity because:
m nPDF effects (different quark/gluon abundances).
m Parton rescattering (medium-induced energy loss).
m Geometry and event selection bias. Loizides, Morsch (2017) [4]
m Systematics in extrapolation of pp reference

spectrum. ATLAS (2016) [5]
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Inclusive hadron (jet) nuclear modification factor Raa

(Tana) can be replaced with experimentally measurable beam luminosity.

b
; 1 doyi/d
RZ’/{ min bias(PT) = 142/2@/1'97“7 A — the nucleon number

dUpi) /de
Only applicable to minimum bias AA measurements?.
Requires van der Meer scan to determine absolute AA luminosity.

System size (multiplicity) controlled by nuclei species and collision energy.

Light nuclei collisions = precision studies of system size dependence.

Unique opportunity of complementary measurements of 120 at the LHC and RHIC.

Theoretically can do pA, but worse cancellation of experimental uncertainties due to shifted rapidities in pp and pA.
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The null hypothesis—no medium-induced energy loss

The null baseline of Raa can be computed with HEP precision techniques
m Factorization of jet cross-section in perturbative QCD:
c(l80+180 = j+ X) = nPDF('60) ® &,
—— N~

parton distribution functions  hard partonic cross section

m (n)PDF — process-independent, non-perturbative, fixed by data.
m G, — universal, perturbative and systematically improvable (LO, NLO, ...).
We will calculate jet and hadron no-energy-loss baseline at next-to-leading order

h,j

B ) = i/ BZ@
, min bias

A% doyy Jdpr 162 xozze

[ Deviation from the baseline = medium induced energy loss. ]
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Minimum-bias jet R4, (no energy loss) in OO at /sy = 7 TeV

Overlap of LO, NLO scale

"uncertainties” = perturbative

convergence.

Propagate uncertainties in proton
and nuclear modified PDFs.

Hadronization, showering and
fragmentation uncertainties.

00 s =7 TeV Lyy=0.5 nb™!

anti-kr R=0.4 |yjet]<3.0

=1 EPPS16(90%CL:
e rwt. EPPST6
CT14 (90%CL)

49 56 70 100 150 200

pr (GeV)

300 500 700 1000

We achieved O(1-4%) accuracy in the no-energy-loss jet baseline.

We also performed NLO calculations of inclusive hadron Raa with INCNLO code.
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Minimum-bias hadron RXA in OO at \/syy = 7TeV and /syny = 200 GeV

The envelope of model predictions = conservative estimate of the signal.
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HKMPSW (2020) [1, 2]

Measurable energy loss signal in 10 GeV < pr < 50 GeV region at the LHC.

See also Zakharov JHEP (2021)
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Heavy meson quenching and flow in small systems

Heavy quarks probe the entire evolution of QGP:
m At low momentum: random motion modelled by Langevin

m At high momentum: radiative energy loss.

© CMS Pb-Pb
1.5

DY Raa

Solid lines: Langevin
Dashed: Energy loss

——160-0 6.5 TeV

— 10Ar-Ar 5.85 TeV
—— 129Xe-Xe 5.44 TeV

prol.
129Xe-Xe 5.44 TeV

spher.

—— 208Ph-Pb 5.02 TeV

Katz, Prado, Noronha-Hostler, Suaide PRD, 2020

Similar elliptic flow, but reduced energy loss in small systems.
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Simultaneous description of light and heavy meson quenching in small systems

m Include dynamical nuclear matter effects to better understand the baseline.
m QGP-modified splitting functions from SCETG + modified DGLAP evolution.
m Collisional energy loss (more important in small systems)

0-0 7.0 TeV p-Pb 5.02 TeV d-Au 0.2 TeV

EX] 0-10% E53 0-1% 53 0-20%
+ 13 30-40% =7 60-90%
= |~ ATLAS
2 1.0
« N i\?ﬁ\'ﬁ‘*'\'vx;‘k -
- ———
102
AN 4 =
NS {T\\,\\}S
10! 102 10 102 0 10 20
pr [GeV/c] pr [GeV/c] pr [GeV/e] Ke, Vitev (2022), 2204.00634

System size scan = opportunity to separate different effects.
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Strategies for constructing reference jet and hadron spectra

The ratio of spectra cancels large theoretical and experimental uncertainties.

hi 1 o] /dpr(6.37 TeV)
RAR, min bias(PT) = A2

dap /de(G 37TeV)
dap J /dpr(5.02 TeV)

scaling factor

do ’J/de(5 02 TeV) x

measu red

Brewer, Huss, AM, van der Schee [2108.13434]
Use perturbative QCD to calculate scaling factor theoretically.
Interpolate measured pp spectra at nearby energies.

Consider hadron and jet spectra ratios at different collision energies.
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Perturbative QCD baseline for jet and hadron spectra

We calculated NNLO jet and NLO hadron spectra.
We performed 3-energy interpolation with uncertainty propagation.
We calculated NLO baseline of jet and hadron Raa
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m O(1 — 4%) accuracy in scaling factor for the considered momentum range.
m Uncertainty in oxygen nPDF is the limiting factor for mixed-energy ratio =

motivation for pO.
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Conclusions
Motivation:

m Suppression of high momentum particles is one of key signals of QGP.

m Jet quenching has so far escaped experimental detection in small systems.

m Upcoming oxygen collisions at LHC provide unique discovery opportunities.
Outlook:

m State-of-the-art HEP techniques = precise null-hypothesis baseline for Raa

m Jet energy loss also in heavy quark sector

m Significant medium-induced signal extrapoled from existing data.

m Feasible to do accurate Raa measurements even without without pp reference.

If observed in OO, jet quenching will be clear signal of high-pr partonic rescattering
affecting high momentum observables in a system just a few times larger than pp.

[ We need a unified picture of hadron collisions of all sizes.
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Interpolating using global fits of pp spectra

As a proof of principle we used existing jet and hadron data for interpolation:

2.76 5.02 7 example
502 6.37 8 36 Run3
We maximize the log-likelihood function do _ _ A\/E’B <2pT)n(2pT/\/§,\/§)
1 dpr Vs
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We also considered the case of ALICE measured hadron spectra e

. .. 10°¢ x
uncorrelated systematlc uncertainties. 10 20 30 4050

pr [GeV/(]
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Sensitivity to interpolation forms and assumptions

We used 9 fitting forms and varied the pT" cut off.

jets pp Vs =6.37 TeV / v/s =5.02 TeV, |y|<0.3

| — f1a
1.7 fra
1.6F— fia

doj/dpr ratio
&

fip —— faa
fzb — f4b
f3p

fs

- ---pr>20 GeV
- - --x7>0.02

ratio to NLO

50

100
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jet pr [GeVi/c]

1.7f—fia fipy —— faq
o 1.6/—1fa fob —— fap B
© F
- 1.5 f3a fip — 15
S 14
<
S 1.3 - -pr>3GeV |
= x7>0.002
1.2 - x7>0.003
o]
|
P4
L
i)
o

hadron pp Vs =6.37 TeV / /s =5.02 TeV, |1|<0.8

10 20 30
hadron pr [GeV/c]

Up to O(4%) uncertainty from functional form, but larger sensitivity to pJ™"
O(2%) systematic discrepancy from pQCD.
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Oxygen run in LHC Run 3

| |
comissioning hcom.l pO |days
f

i
0 1 2 3 4 5 6 7 8

Short ~ 1 week run (new ion species for the LHC).
Tentatively planned in 2024.

Precise collision energy to be decided.

pp pPb, pp | PbPb, pp 00 pO
\/§ 13.6 TeV | 8 TeV 5.02 TeV | 6.37 TeV | 9 TeV

Currently no corresponding pp reference planned for OO and pO.

[ How to make accurate Raa measurements without a pp reference?
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Soft physics assumptions in Raa normalization
<Nco|l>

Nuclear overlap function (Taa) = —na~ IS the ratio of model-dependent quantities

[number of binary collisions (Ncoy) [inelastic nucleon-nucleon cross-section U;”ne']

sl ] ’ : i EPPSI6
12 gaussian profile / black disk ¥
E 1 B e nCTEQLS !
i3 ] —— )
= = Fitted oiel
< T ] B e ot ‘
1 I Q=pr/2
] o Q=pr
PbPb | PP oo
0.6 [ |
0 2(‘)0 460 660 8(‘)0 1000 2030 40 50 60 | 70 8 90 100 110
Ne ot [mb]
Miller, Reygers, Sanders, Steinberg (2007) [7] Eskola, Helenius, Kuha, Paukkunen (2020)[8], see also Jonas, Loizides (2021) [9]

This way nominally high-pr observable Raa depends on soft physics assumptions.
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Predicting energy loss in small systems



Energy loss model predictions in light ion collisions

Estimation of expected signal is important for the feasibility of the discovery.

We will use a simple framework to explore various ideas from >20 years of
energy loss modelling in heavy-ion collisions.

We then extrapolate predictions to OO collisions.

The goal: conservative theory prediction of energy loss.

For simplicity, we study energy loss only for charged hadron spectra (not jets).
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Medium induced gluon radiation

The presence of background QCD medium modifies the parton shower
W 088
00000000990009 )-}:;iin‘uuonu 4»_&&
E (I-2)E (1-2)E

Simple BDMPS-Z reformulation due to
Arnold [10]

y (fm), T =1 fm/c, 15% centrality

dI*  dlie _ @ q
w do deac = ?Swps—)g(x) In ‘C[q] | '

x (fm)
m Medium modelling enters through
quenching parameter ¢(t, Z(t))
m d = q/T3 — free-model parameter
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Predicting hadron energy loss in light-ion collisions

. HKMPSW (2020) [1, 2]
Background medium

® Smooth T'(7,r) profile. 0 0-100% PbPb /snyn = 5.02 TeV

* Width rescaled to (R?)

® Hydro-like and free-streaming 0.8l
expansions ’

Energy loss models 0.6¢

® BDMPS-Z a la Arnold [10] ‘s

* dE/dx ~ 704712 € 0.4}

* dE/dx ~ TT3

) 1 p 02’
stopping a la holography

Models fitted to a single data point . . . . .
& P 0.0 0 50 100 150 200

h —
RAA(pT =544 GeV) CMS [11]. pr (GeV)

Dependence on system size and momentum are then model predictions.
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Validation of a simple model centrality dependence in PbPb

1.0tw L ot } 100w
0.8 ‘ 0.8 0.8 =0
= < < //’
206 06 206 A
0.4 0.4 0.4 A
025, _0-5% 0.2 5-10% 020 7 10 - 30%
0.0 0.0 0.0
510 50 100 5 10 50 100 510 50 100
p. (GeV) pL (GeV) p. (GeV)
1.0 [ 10 ! 1.0 I i |
T ]
_ 08 : _ 08 1”}[ 28| co's{{H”IH{”II{
506 Zt ELLTE: 06
04f11 0.4 0.4
02 30 - 50% 02 50 -70% 0.2 70 -90%
0.0 0.0 0.0
5 10 50 100 5 10 50 100 5 10 50 100
p.L (GeV) pL (GeV) piL (GeV)

Good central to mid-central description of hadron energy loss.
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Modelling uncertainties in PbPb and OO

We drastically varied background medium evolution and energy loss formulas.

1. 1.2
1.0 1.0
: 0.8
PbPb comparison
P Fo6 06
to data 04 o4
0.2 0.2
0.0L_PbPb 0 - 5% 0.0LPbPb 30 - 50%
5 10 50 100 5 10 50 100
Py (GeV) pL (GeV)
1.2 1.2
1.0 1.0
08 Minimal 08 - Simple, 1 = 0.5 fm/c
g 08 e go6p Simple, Tr = 0.12 GeV
. . o« 0.4 Fragmentation o 04 Simole. FS modi
OO prediction| © Anisotropc : impl, FS medium
0.2 PO 02f - lattice EOS, Tr = 0.12 GeV.
0.0L.000-5% 0.000 30 - 50% Bjorken
5 10 50 100 5 10 50 100
P (GeV) Py (GeV)

The spread of different scenarios—theoretical model uncertainty.
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Minimum-bias hadron R%, in OO at \/syn = 7 TeV

[Theory predictions ] [Experimenta| projections ]
00 /S ST TET =R 5 D Iynl<1.0 n:§ T ALICE Projection
1.10 N e—
1.05 [ EE st s c
1.00 09
0.95 F
= 0.8
= 9.99 £ E-loss models [
] 7t rut.EPPS16(90%CL) [ sesesses 0-00-100% Y5, = 6.37 TeV
0.85 F % BKK L0 (scale) - 07} Ly =1 b
.80 ;/ BKK NLO (scale) r [¥ nPDF + E-loss models
R . KKP NLO 060 [CJwt.EPPS16
0.75 —— stat. projection T - ALICE projected
| | | | | L I Norm. uncertainty
20 25 30 49 50 70 100 150 200 0'5(;|\\|\\|\|I\|||I||||I\\.\\u
pr (GeV) p; (GeV/ce)
HKMPSW (2020) [1, 2] ALICE (2021) [12]

Measurable energy loss signal in 10 GeV < pr < 50 GeV!
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pQCD comparison to measured data

NNLO jet spectra ant 5.02 and 7 TeV.

pp Vs =5.82 TeV jet spectra anti-ky R=0.4, |y;|<0.3

105 F E
5 10t f 1
© 188k 4
S qg2 [ T ATLAS stat 1
— qg! [ EE ATLAS sys 1
T g0 b L0 (scale) i
£ 1971 | T NLO (scale) 4
® 192 [ 5 NNPDF3.1 3
= 110"3 £ CcT14(90%) ]
o 1.2 =3 W0 (scale) - ;
= 7.1 E== NLO POWHEG+Pythi
8 1
o 0.9
= 0.8
S 0.7
0.6 1 1 1 1 1 1 1

490 50 70 100 150 200 300

jet pr [Gev/c]

500 700 1000

pp Vs =7 TeV jet spectra

anti-ky R=0.4, |yj|<0.3

i ATLAS stat

102 = ATLAS sys
3 L0 (scale)

198 L I NLO (scale)

1 NNPDF3.1

3 CT14(90%)

do /dprdy [pb/6eV]

sad

sad

T T T T T
ATLAS 5.02 TeV
NLO POWHEG+Pythia8. st

ratio to NLO

L1 - L L

L L

i 1

1

jet pr [Gev/c]

Good NNLO agreement with data. Some systematic deviations at NLO.
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pQCD comparison to measured data

NLO hadron spectra ant 5.02 and 7 TeV.

do™/ (2nprdprdy) [mb/Gev?]

ratio to NLO

hadrons pp 5= 5.82 TeV, Opp = 67.6 mb |ynl<@.8

1 CT14(90%) 3
- - KKP 3
~-— JAM20

—— ALICE stat.
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NNPDF3.1

1 1 I i i 1
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0.001 I cT14(90%) §
0.0001 - - KKP E
~~ JAM20

1e-05
1e-06
1e-07
1e-08

—— ALICE stat.
3 ALICE sys.

BKK LO (scale)
=0 BKK NLO (scale)
1 NNPDF3.1

NN

oo
GION 00— = N

1 L

7 8918 12 15 20 25 30 40 50
hadron pr [GeV/c]

Large systematic deivations of absolute spectra, but constant with energy.

known problem of fragmentation functions. see d'Enterria et al. [13]
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MCMC fits to anchor energy spectra

Compare the confidence intervals of MCMC fits to experimental uncertainties.

independent fits global fits fi, global fits fi, independent fits global fits f1, global fits fi,

2 2.76 TV 2,76 TeV
L ATLAS (stat) ¥ ALICE (stat)
m MCMC B2 MCMC
. x = =
< 05} 50TV 502 TeV

15
10 %
osp T

50 100 500 1000 50 100 500 1000 50 100 500 1000 10 20 30 4050 10 20 30 4050 10 20 30 4050
jet pr [GeV/d] jet pr [GeV/d] jet pr [GeV/d] hadron pr [GeV/d] hadron pr [GeV/c] hadron pr [GeV/c]

MCMC confidence intervals reproduce statistical uncertainties.
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Modification in pPb

H h
None of the models can explain Rjpy ~ 1.1

1.3 Minimal
1.2 Fragmentation
At rrreel b Anisotropic
- g Lo nPDF
51.0 B e e e Simple, 1, = 0.5 fm/c
0.9 Tt "+ —— Simple| -.... Simple, T =0.12 GeV
' - —A Simple, FS medium
0.8 - CMS B | ... lattice EOS, Tr = 0.12 GeV
. ALICE ~—C Bjorken
5 10 50 100
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Estimating Missing Higher Order (MHO) terms

What is the accuracy of the truncated perturbative series?

m Unphysical dependence on renormalization () and factorization scales ()
g = UNHLO (MR,,U,F) +0 (Nn—HLO) .

m Central scale ug — typical Q for the hard process, e.g., jet pr
m Estimate MHO by varying pg, up by factors k; = 1/2,1,2 around py

m Scale “uncertainty” is defined as the envelope of scale variation

[Umina Umax}NnLO = [HZHJHU

N™LO (lf N™LO (k

i1, k5100 , max o i1, ki 10)]-

m Nested scale bands at LO, NLO,...= "good” perturbative convergence

For Bayesian approach to estimating MHO, see Bonvini (2020) [14], Duhr, Huss, AM, Szafron (2021) [15]
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Estimating PDF and nPDF uncertainties

EPPS16 + LHC pPb dijets, D-mesons & 8.16 TeV Ws + JLab CLAS NC DIS

» 800 | Oopis DY/W/zZ [0hadr. Counting ratios A; /A, only for the heavier nucleus 8
8
c
g 600 - 1
8 .
© 400 Nothing here!
©
—
© 200
* [ [
ol = = = o =] = — = = J B

T T T T T T T
He Li Be C o Al Ca Fe Cu Ag Sn w Pt Au Pb Paakkinen, OppOatLHC 2021

We use oxygen nPDF from EPPS16 [16] with CT14 proton PDF reference.
m Central observable value is computed with the central PDF set.
m PDF error = the spread of values evaluated over ~ 100 PDF error sets.

m Expect partial cancellation of PDF uncertainties in the ratio.

Rhi (or) = 1 dopy/dpr <— oxygen nPDF (EPPS16+CT14)
AR, min bias\PT) = A2 g0 h sy — proton PDF (CT14)
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Importance of nPDF effects in small and large systems

m Small systems (pA) provide valuable information on nPDFs
See plenary by Paakkinen, Fri, 18:50

m If negligible jet-quenching in pPb = jet observables can be used in nPDF fits.

1.3
1.2

il

]|

1]

\d
0.9
I CMS
08 ALICE
0.7
5 10 50 100

p1 (GeV)
Energy loss in pPb, Huss et al. (2020) [1, 2]

Raalpr)

11
1.0
09
08
07
06
05
0.4
03

o4

jet Raa, expanding v. static medium

anti-k(R =0.4), |yl <2.8
to=1/Q,, Goto = QZ, L =4 fm

* nPDFs only (no medium)
1.849, @es = 0.23, y = O (static)

—— 0.=1.6 GeV, @yes =023, y =1 (expand)

0 200 500
pr(Gev]

1000

jet Raa (expanding medium, EPPS16NLO)

©+ Qs=12GeV,L=4fm, ap,

—- 0;=2.0GeV, L =4fm, Qe =0.17

O e S

anti-ki(R =0.4), |yje| < 2.8
¥=1,to=1/0s, Goto =0

0 200 500
priGev]

1000

Jet quenching in large systems, Caucal et al. [? ]

Even in large systems nPDF effects (and their uncertainties) can be relevant.

Different pA measurements will help to constrain A-dependence.
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Z-bosons as a hard parton luminosity meter

Can we construct more precise observables for detecting energy loss?
m Z-bosons — experimentally clean observable unaffected by the medium
m Requires large O (1pb™') statistics (long run, not planned in Run 3).

m Ratio of Z boson cross-section — partonic luminosity meter 02, /04, ~ 1/A%.

m Use Z bosons to normalize jet RY,

o2 (CT14) ><da{\A/de(EPPSl6+ )
o xa(EPPS16+CT14) dopy/dpr(CT14)

h.j
RAAJ\,Z(pT) =

Luminosity uncertainties cancel.

Expect the nPDF uncertainties to cancel too.
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Z boson weighted nuclear modification factor

Large nPDF uncertainties in the double ratio!

<fg($1, Q)fg(x% Q))
00 V5 =7 TeV Lyy=0.5 pb™!  anti-ky R=0.4 lyjecl<3.8 00 5 w=7 Tev
€ 1 T T T T T T
1. 2 " .
9 — Z-jet corr.'-.
1. g - - x50.001 .
1 3 — x1=0.004 .
: ° %;=0.01
~ 1. S ©x9=0.1
=3 ey
= 0. @
0 £ .
0.85 EPPST6(908CL) L0 (?cale)) 4 85t L e
rut.EPPS16 1 NLO (scale ] ’ ‘< ,_’r_~ X
8.80 CT14 (9@%CL) —— stat. projection | 2 ) ;~_.___j£r;|—*—’»<
8.75 1 1 1 1 1 1 1 &) _1 1
40 50 70 100 150 200 300 500 700 1000 40 50 70 100 150 200 300 500 700 1000
pr (Gev) pr (GeV), xp=2pr/Vs w

Surprising nPDF uncertainty anticorrelation between Z-boson and jet Bjorken-z.
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Light-ion collisions are different from

Aleksas Mazeliauskas

heavy-ion collisions!

1608+ ﬂlUAl_ltH» 40Ca‘20+ 78Kr‘£-li‘+ 129Xe54+ ZOBPhB2+
7y 3760. 3390. 3760. 3470. 3150. 2960.
/En/TeV 7. 6.3 7. 6.46 5.86 5.52
Thag/b 1.41 2.6 2.6 4.06 5.67 7.8
TyppplD 2.36 % 107° | 0.00688 0.0144 0.88 15. 280.
Teap/d 0.0738 1.24 1.57 12.2 51.8 220.
Grolb 1.48 3.85 4.18 17.1 72.5 508.
N, 1.58 x 10" | 3.39 x 10 | 2.77x 107 | 9.08 x 10° | 4.2x10° | 1.9x 10°
nfpm 2. 1.8 2, 1.85 1.67 1.58
fips/(m Hz) 0.168 0.164 0.184 0.18 0.17 0.167
W,/MJ 175. 84.3 76.6 45.2 31.4 21.5
Lao/em ™25~ 9.43 % 10°" | 4.33 x 10™ | 2.9 x 10*" | 3.11 x 10% | 6.66 x 10® | 1.36 x 10*®
Lo/em ™ 2s71 241 x 10* | 6.93 x 10 | 4.64 x 10% | 1.89 x 10% | 1.11 x 10* | 5.88 x 10**
Pagpp/W 0.0199 0.601 0.935 11. 60.6 350.
Penipt /W 32, 55.6 52.2 78.3 107. 141.
7o/ 6.45 116 13.1 9.74 1.96 1.57
Top/h 5.68 7.62 8.08 6.98 1.98 2.8
(Lap) em 2571 4.54 x 10°" | 245 % 10* | 1.69 x 10% | 1.68 x 10%° | 2.95 x 10** | 3.8 x 10*"
{Lan) em %577 1.16 x 10* | 3.93 x 10%* | 2.71 x 10® | 1.02 x 10* | 4.91 x 10*? | 1.64 x 10**
ooy Ean dtimb™" | 5.89 % 10" 3180. 2190. 218. 38.2 4.92
ooy o dtipb™" | 1,51 % 10 5090. 3510. 1330. 636. 213.
Rpa/kHz 1.33 % 10° | 1.12 x 10* 7540, 1260. 378. 106.
1t 10.6 0.893 0.598 0.1 0.03 0.00842
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Beam loss cross-section subdominant to hadronic cross-section

Machine Ton Beam Energy Design Luminosity o (e~ capture) o(GDR)
RHIC gold 100 GeV/n 2 % 102 em =251 45 b 58 b
RHIC iodine 104 GeV/n 2.7 x 10% em =251 6.5 b 15 b
RHIC silicon 125 GeV/n 4.4 x 10¥em 2571 1.8 mb 150 mb
LIC lead 2.76 TeV/n 1% 10%em 257! 102 b 113 b
LHC niobium 3.1 TeV/n 6.5 x 10%¥em =251 3.1b 10 b
LHC caleium 3.5 TeV/n 2 x 100em 2571 36 mb 800 mb
LHC oxygen 3.5 TeV/n 3% 103 em 257! 81 pb 37 mb

Light-ion collisions are different from heavy-ion collisions!
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Coincidence measurement of Z + j

Z
B (or) = o730V (CT14) do’l? /de(EPP516+CT14)
AA,Z 7 .
oLt >30 GeV(EPPS.16+CT14) oty [dpr(CT14)
00 s yy=7 TeV anti-ky R=0.4 |yjet|<1.0, p’r > 30 Gev
1.10
1.05
. 1.00
0.95 | N
RZya (p?7>30 GeV) CT14(9 CL"
6.90 - RZJAA/(RZAAcent) LO (scale)
[~ EPPS16(90%CL) 1 NLO (scale)
@.85 1 1 1 1 1 1
4050 70 100 200 300 500 1000

plr (GeV)
Some cancellation for pT ~ pT, but no advantage for pT > pT
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/ boson normalized

00 s =7 TeV Lyy=0.5 pb™" anti-kr R=0.4 |y;etl<3.0

1.15
1.10 |- _

1.085
~ 1.00
= 0.95
0.90

9.85 - =1 EPPS16 L0 (scale) -

0.0 L £ reweighted T NLO (scale) |

: CT14 ——— stat. projection
| | | | | |

0.75 :
40 50 70 100 150 200 300 500 700 1000

pr (GeV)
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7 boson nuclear modification

00 s =7 TeV Lpp=0.5 pb™" pt>20 GeV 66 GeV<My<116 GeV
1.05 | ! !

1.00 ~~—~—~—~S_ :

5@.95‘; ‘ \-L\

.90 - <1 EPPS16
£ reweighted T NLO (scale)
CTI14 Il——l statl. projectilon

0.85
0 8.5 1.5 2
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Reweighting with CMS di-jet data

Dijet pPb sy = 5.02 TeV 55 <pa’er/GeV<75
1.10 T T I T T
1.85 1~ NI T N
1 .0@ _‘k 2 ' ---- I \ = \L\.- I\ \
8.95 | N :
§Q0.9@ =5 ;L NN
< 0.85 ;;\ 3 .
0.80 = N
.75 {|=—1 EPPS16 L0 (scale) -
p.7g |4 reweighted 0 NLO (scale) i
’ CT14 F—— CMS stat. + sys.
0.65 | | | | |
-2 -1 0 1 2 3
Ndijet
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Validation of simple model centrality dependence in PbPb

1.00us N } 1.0tne
0.8 — 0.8 0.8 B =
506 BT ELL A
& . & . . //
04 0.4 04
020, . =& _0-5% 0245, 4 5-10% S 10 - 30%
0055 50 100 0055 50 100 0055 50 100
pL (GeV) pL (GeV) pL (GeV)
1.0 1.0t} . 10 |
| _—erEe— | | /////[/] F] lll 1 1 |
0.8 'l 0.8 //[III 0.8 SERE HI{
< < 1/1/ < {{] ] ] {
$0.6 $O.6]IH 506
& / ¢ &
04 3 0.4 04
02 30 -50% 02 . 50-70% 02 70 -90%
0050 50 100 0053 50 100 0050 50 100
p1 (GeV) p1 (GeV) pL (GeV)

Good central to mid-central description of hadron energy loss.
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Validation of simple model centrality dependence in PbPb

1.0-8 1.0-4 1.0}
0.8 0.8 0.8 _———
< < =
06 0.6 06 s
Q? Q? 1 { Q? //
0.4 ’\ 0.4 h‘ 04f
021 % _0-5% 02 W 5-10% 02 10 - 30%
0.0 0.0 0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
p1 (GeV) . pL (GeV) . p. (GeV)
1.0 = — 1.0 i I 1.0 —
08 l o 87711 | I 08 I
“soelf /A1 “s o6 fgil! || 306 [I[[]l
& » ¥ x ’l‘ [ ’m
04 0.4 04
02 30 - 50% 02 50 -70% 0.2 _ 70-80%
0.0 0.0 0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
p1 (GeV) p1 (GeV) p1 (GeV)

Good central to mid-central description of hadron energy loss.
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Validation of simple model centrality dependence in PbPb

1 1.2
10 10 IS S T
0.8 0.8
506 cﬁoeHHH}H]”H]
o< [
04 0.4f
0.2 0.2
ol PbPb.0 - 5% 0.0LPbPb 30 - 50% 0.0LPbPb 70 - 90%
5 10 50 100 5 10 50 100 5 10 50 100
P (GeV) P (GeV) P (GeV)
1.2 1.2 1.2]
1.0 1.0 1.0 o
_ o8 il _ o8 Simple, 0 = 0.5 fm/c o
inimal .
£06 fo06f Simple, Tr = 0.12 GeV 060 — Simple
© Fragmentation @« « A
0.4 N 0.4 Simple, FS medium 0.4 -
....... nisotropic
02 nP'DF o 02t lattice EOS, Tr = 0.12 GeV 0.2t B
0.0L.000-5% 0.0L00 30 - 50% - Bjorken 0.0L00 70 - 90% —°
5 10 50 100 5 10 50 100 5 10 50 100
P (GeV) P (GeV) P (GeV)

Good central to mid-central description of hadron energy loss.
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