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Forward p+A collisions
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% p+A: isolate cold nuclear matter (CNM) effects

o Sensitive to initial-state effects

m Probe small-x physics in the nucleus
e High gluon density regime ;g;
m Nuclear Parton Distribution Functions (nPDF) -
e e.g. Shadowing

o Also affected by final-state effects
m Nuclear Fragmentation Functions (nFF)
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Nuclear modification factors at RHIC
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% Suppression observed for forward (small-x) regime in d+Au collisions

o AlsoseeninLHCb p+Pb data
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% Suppression observed for forward (small-x) regime in d+Au collisions
o AlsoseeninLHCb p+Pb data
% By comparing p+A to p+p, we disentangle nuclear effects from baseline proton interactions
o Goal #1: Constraints on nPDFs
o Goal #2: Potential sensitivity to gluon saturation effects
o Goal #3: Probe the impact of nFF

STAR data can probe small-x at low-to-moderate Q2 5
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Current Knowledge of nPDFs
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Current Knowledge of nPDFs
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Gluon Dynamics in small-x at STAR

% Forward two-particle correlations
% Suppression observed at low p; (not seen in high p_)
o Linearly depends on A'? for fixed p, (x and @)

o Broadening expected from theory is not observed
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Hadron-level observable: Ra = (Nh/Nbis)'ep (Nh /Nbis)ea

Nuclear Fragmentation
Functions

% Hermes/HERA (fixed-target mode) o5t

o Production differs between ep and eA ‘
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Nuclear Fragmentation
Functions

* Hermes/HERA (fixed-target mode)

o Production differs between ep and eA

% ATLAS/LHC
o pA/pp consistent with unity
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Hadron-level observable: Ra = (Nh/Nbis)'ep (Nh /Nbis)ea

Nuclear Fragmentation
Functions
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Experimental Setup




Relativistic Heavy lon Collider: RHIC
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% Datasets: p+p, p+Al and p+Au from 2015 Run and d+Au from 2016 Run at v/$w =~ 200 GeV
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Analysis Methods

[ Event Selection } { v selection

(
L

% Trigger: Minimum Bias (MB) using VPD
% TOF multiplicity > 2
% BBC multiplicity > 0

* Z <20, (based on BBC and VPD)
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AnaIyS|s Methods
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Event Selection J

[ 7t reconstruction } Mixing Events
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Analysis Methods
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[ Event Selection } { v selection } { n° reconstruction } Mixing Events }
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Analysis Methods
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n° reconstruction

[ Event Selection } { v selection J
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Analysis Methods

[ Event Selection } { v selection J

% Yield = Raw Signal - Mixing
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n° reconstruction
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Analysis Methods

)
)

T

[ Event Selection } { v selection } { n° reconstruction Mixing Events }

* R, can be written as (LHCb. PRL131(2023)102301):
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Analysis Methods

Mixing Events
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[ Event Selection } { v selection } { n° reconstruction

* R, can be written as (LHCb. PRL131(2023)102301):
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Analysis Methods

[ Event Selection }
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RaA is calculated as:
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a can be p ord with @ = 1 or 2, respectively
Detector and trigger effects largely cancel out
A, =27 andA, =197

Integrated Luminosities (L):

o p+p: 0.091 pb™

o p+Al: 0.028 nb™

o p+Au: 0.027 nb™

o d+Au: 0.222 nb™
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Analysis Methods

[ Event Selection } { v selection } { 7’ reconstruction }
Source of Systematics Rya1 (%) Roau (%) Riau (%)
Trigger Bias 10.0 10.0 10
Detector Efficiency 0.0 0.0 - 5.0 0.0 -4.0
Z vertex selection 0.45 — 2.97 2.19 - 3.14 0.42 — 0.97
Mix Events 0.48 — 2.25 0.34 — 1.97 0.24 - 1.66
Luminosity Normalization 4 4 4
Center-of-mass shift <1 <1 - |

Total Systematic Uncertainty 10.79 —11.44 11.00 —12.48 10.78 — 11.69

% Trigger bias is the dominant uncertainty
o Defined as the variation across MB triggers

m Conservative estimation is used

k? Brookhaven

National Labaratory

{ Mixing Events }
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Nuclear modification factor: R 4AY

[ STAR Preliminaly  —i— sranus sau. i =32 (PRLS3242000) % Compared to previous STAR results
S 1.2[ sy =200 GeV —¥— STAR d+Au, 7°, (n) = 4.0 (PRL97:152302)
= | s 0eX , 7T, (M) = 4. :
ﬁ_% = Pdhp/A—as —4— STAR d+Au, 20, 2.6 <n < 4.0 () ~3.2) o Follows the expected n-dependency
- 1j‘ ————————————————————————————————————————————
ke, c
é 0.8:— —— 4 + * Compared to BRAHMS (h7):
3 - A o Similar pseudorapidity range
S — —A—
§ 0-6:_ DA i o The suppression observed by STAR is
= i AT stronger than that reported by BRAHMS
2 0-4__ -A-A-** e + 4% luminosity uncertainty not shown J P y

e SVl e e m BRAHMS result are less suppressed

1 1 I 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 1 1 I 1 1 1 1
0.2 0.5 1 1.5 2 25 3 35 4 due to proton/deuteron isospin effects
P, [GeV/c]

d going to +n
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Nuclear Modification Factor

Nuclear modification factor: Rp A

1.2
1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3

— STAR Preliminary 4 p+A
—— /Sy = 200 GeV
= p+p/A - n%+X +4-p+Au
= % A-dependent suppression observed
— 2.6<n< 4.0 () ~3.2)
— o Roa>Roa
== m Suggest stronger nuclear effects in
:_ .
F i % larger nuclei
_—.—'_._—I—I—_._ ——— . ) ) ]
- N Eay o o Hierarchy weakens with increasing p;
5._._._._"" . 4% luminosity uncertainty not shown
E | | | l | | | | | | | | | | | | |
1 i 2 2.9 3

P, [GeV/c]

p going to +n
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Comparing with previous RHIC results

— STAR Preliminary —A— BRAHMS d+Au, h), (n) = 3.2 (PRL93:242303)
. B —¥— STAR d+Au, %, (n) = 4.0 (PRL97:152302)
g 121 (s = 200 GeV —#— STAR p+Al, 1%, 2.6 <1 < 4.0 () ~ 3.2)
O L p/d + p/A = 7%+X —é— STAR p+Au, n°, 2.6 <n < 4.0 ((n) ~3.2)
P L —s— STAR d+Au, 2%, 2.6 <n < 4.0 ((n) ~ 3.2)
- 1 FESESS=RSS8S A8 S5 =NSSE S5 SESas S5 SRsns S SSsas == e
i) L
T - .
= 0.8— — i p/d going to +n
é B —i—
- 0.6— — $
g B HH_._iI_._j:

- e
O — **:—h_‘_
2 0.4 __*ﬁm*—'— + 4% luminosity uncertainty not shown

e iVl o

= e

0.2 1 1 l 1 | | | I 1 1 1 | I 1 1 1 1 I | | 1 1 I 1 1 | | [ 1 1 1 | I 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4
P, [GeV/c]
% A-dependent suppression observed: RpAI > RpAUZ R A

(.»‘ Brookhaven o Hierarchy weakens with increasing p,

National Labaratory 30




Comparing with LHCDb results

LHCb x goes down to 10 while STAR goes to 10
Similar RpA at low-p_
STAR results are more suppressed

than LHCb at higher p_

o Nuclear effects in hadronization due to the

Nuclear Modification Factor

different fragmentation regimes (z ranges)
probed at RHIC and the LHC

Brookhaven

National Labaratory
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0.9
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0.7
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p going to +n
~ STAR Preliminary LHCb p+Pb, h, (50 = 5.02 TeV, 2.5 <n < 3.0
Sy = 200 GeV —&— LHCb p+Pb, ¥, 5, =5.02 TeV, 3.0 <n <35
~ p + p/A - n%+X #—— LHCb p+Pb, ¥, {5y = 5.02 TeV, 3.5 <1 < 4.0
— —4— STARp+Ay, 1% 2.6 <N < 4.0
— —_— 5 ¢
- L —a— ——
- - EesE B
[ —_— —
I —DT._—O—
- LHCb results from PRL128:142004
E 4% luminosity uncertainty not|shown | |
| | | | | | | | | | 1
1 1.5 2 2.5
P, [GeV/c]
A, =197

A, =208




~ STAR Preliminary —A— BRAHMS d+Au, h, (n) = 3.2 (PRL93:242303)
B STAR d+Au, 7% (n) = 4.0 (PRL97:152302
S 1.2~ sy = 200 GeV —+¢—STAR p:Arn°, 2<Tg<n<z(1.o () ~3.2) )
= L p/d + p/A — 70+X —— STAR p+Au, n°, 2.6 <n < 4.0 () ~3.2)
L — —#— STAR d+Au, n°, 2.6 < < 4.0 (n) ~ 3.2)
Summary and Outlook g o
5 |
L 0.8 A T
. = - —b—
* 1%t measurement of very forward RIoA at RHIC energies S 06 +¢:t: "
. . § . B -t A | |
o Sequential A-dependent suppression observed 3 L —~—
e 0,4_—*_‘_*”*‘2:?_‘_ + 4% luminosity uncertainty not shown
> HA- e
- RPA|>RPAU_RdAU 02_..|....|.f..|....|....|....|....|....
' 0.5 1 1.5 2 2.5 3 3.5
o STAR data more suppressed than LHCb p. [GeV/c]
m Likely due nuclear effects in hadronization 15 STAR Preliminary e e e e
] 5 0_9:_m=200 GeV —&—— LHCb p+Pb, h*, {5y =5.02 TeV, 3.0 <n< 35
O NeXt StepS. *g - p+p/A— 70X ——F—— LHCb p+Pb, h*, {5y =5.02TeV, 3.5 <n < 4.0
. . . L 08_— +Au, %, 2.6 <N < 4.
m Expand systematic uncertainty studies s F b SR as o
T 0.7 o
1 1 o C _— =
m Explore higher p_. region = N: :
(@] o[ e S & - ¢
m Comparison with theory/models = © s — o N W
. . . . 8 05:_ — O ———
* The EIC will enable multidifferential measurements of R_, S BT T,
©) X, Z, PID, A-dependency and more E 4% luminosity uncertainty not shown
0.3 I I | | | | | | | | | | | ‘ | | | | | | | I
1 1.5 2 2.5
P, [GeV/c]
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How about ReA at EIC?




ReA for charm-hadrons at EIC

Charm production probes gluon distributions (y+g fusion at LO)
o R_, vs p;: collisional and radiative energy loss

Parton energy loss
(Collisional+Radiative)

——C
o R_, vs x: nPDF’s /%
o R_, vs z: modified fragmentation in nuclear matter p X
Simu campaign: 10/2025
g:/®1.06-—eplcfer‘f_or2;zn\$e 2<y<-1 L. 1<y<i L. 1<y<3
Mt i e e PID+Topo [ - e PID + Topo [ * PID + Topo
_‘E L Lo = 10 fb', L% = 10 fb” - i D-mesons Wi I =
£ 1.04f - B » T
Q) = = =
e
- - s o - - s
o 1.02f . _
Zz i ;
ks
é) -1 L 1 ] Al o] ey ol T 1 | L T 1 T 1 T 1 ]
1|-l L} 1 1 T _‘L | N R l 1 1 L} _L 1 l 1 l I 1
098 | || - A -
0.96}- - L » 1
-l Ll 1 1 l Y I I B M | I H Bl R I ORI S I L -I 1 1 L | 1 1 1 I 1 1 L I 1 1 1 l 1 1 L l -l L 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I L L 1 I
0 1 2 3 4 5 0 2 4 6 8 10 0 2 4 6 8 10
P, (GeVlc) P, (GeV/c) P, (GeVlc)

Full ePIC simulation: stat. uncert. projection

p/A going to +n
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https://agenda.infn.it/event/47074/contributions/289334/

Impact of charm-hadron R, on nPDF’s

PYTHIA o +p/ At 5=63 ,29' GeV 1 EPPS1.6 . Q:=2'GCV2 T 'n-CT.E:M.S' iR Q=2‘GCV’ i nNNP[;FZ.O
15p - Baseline . Baseline Baseline
= “a L5 Bwith s T Bwithes B with £
15« X
i ) = |
S R ) = x
R % | -e- EIC Pseudodata 0.5 ]
Q%= Q\Gevz []EPPS16 Baseline X
05k [EPPs16 With Fy | o : ‘ . ok "
' L L . g 10
_3 —2 —1 : 5 A ‘¢"Q ar - .
log_ (x,) - e, I e ———
10" B Y 3 =2 5 2 =i B 2 = 0
logl()(x!!) lOgl()(xg) lOgl()(xg)
% Significant reduction of uncertainties in gluon nPDF
% Note: not the most up-to-date projection
L? Brookhaven
National Labaratory 35
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.054002

v: virtual photon energy

large v >ww¢gﬁﬁ_

R_ . as probe of fragmentation in nuclei _ .

DO inc _
N (pT; Z, V) I eAu N (V) |ep Minimize
ReA (pT, Z, V) — X - initial-state
NPO(pr, z,v)| ep [N (V) eay | e
T T T T T T T I TN T T T T T P | e
: n*at 10 GeV (e) x 100 GeV (A) D° at 10 GeV (e) x 100 GeV (A) )
sf 2GeV<pr<3 GeV - =2<n<0 sk 2 GeV<pr<3 GeV 5
[ w2 - 5
] | Light hadrons (LH) 2<n<4 < 2
< \q/: 1.0 AEEESCEERDEORBemm gy g
- S S
0.5F §
' Heavy-flavor (HF) -
| P N P S R T
0.3 0.4 0.5 0.6
Z z

% LH: suppression at all z and rapidities

% HF: enhancement at low-moderate z and suppression at large z (especially at forward)

36
% Consistent with the effective modification of fragmentation functions



https://www.sciencedirect.com/science/article/pii/S037026932100201X?fr=RR-1&ref=cra_js_challenge
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Nuclear modification factors at LHC

" r Y T o e B I o B o B R i B O
18 [ Ly [ bompicharged | Grows | EHEPPSIGIDDS o e s
2 16} X : ol small-x - 16F P e 2SS ] L HCh
= VSNN—S TeV particles CGC 2 F| —+— LHCb, —4.0n<-3.5 —— LHCb, 3.5m<4.0
e L4} 1 1 7 pQCD+MS S L4Fl - Lo, —45med0 LHCb, 40<n<s3 f VSaw=5 TeV 1, £
1.2 1 1 P s 1.2 F| —— LHCb, 4.8<n<-45 —— LHCb, 2.0n<2.5  Prompt charged particles r__ﬁ.{iﬂ 3 =
5,’, N Nl Nl < 7 vi v 1 F{—+— ALICE, -13<n< 03 —4— CMS, ~1.0<n1<L.0 R SN - = 3
osf SR -5 = o S s I
04f " s T = 04F 7 75402 <085 Gev¥/e? g
02} 3.0<n<3.5 | 3.5<n<4.0 4.0<n<4.3 0.2F 15<Q, <0.85 GeV'/c
i } } ] H+-HH e 3
1.8 £ 1.6
& 16 large-x Qm
2, 1.2F
<l g | geEea | T E e g | g s ot I ST i - o S
1.///,///””//-%////////%%%-%/////////// /ﬁ?ﬁz-,{%////%,//ﬁ,g%- //////////)}/,% 08t
0.8 +% % ./ﬁ .é .0 % .. o :
06} 7 ¢ ’ ¥ ¥ 8‘3_ 7<Q? <10 GeV?/c? 45<Q2 <50 GeV?/ 2
04 § PEPTTTTT R TrT BT rrTe BT PR rrre EEPArrT PRI BEEETRTTT BECETRTTTT BETERTTTT BECE NI B A RTTY
-3.0<n<-2.5 -3.5<n<-3.0 —4.0<n<-3.5 —4.5<n<—4.0 —4.8<n<—4.5 0
1 TR PRIl FUTTTUTOANINT UTTTRCTITT AT 10° 10° 10* 10° 102 100 10° 10* 107 102 10°"
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 Xexp Xexp
P, [GeV/c] P, [GeV/c] P, [GeV/c] P, [GeV/c] P, [GeV/c]
o
0k, =m?+pr? and X, =—e

% Suppression observed also in p+Pb collisions
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LHCb: h* vs #°

1.5

- LHCb

LHCb, PRL131(2023)042302

= e rs s et == (I s ...
T <
m e
0.5t ¢ 7° /sun=8.16TeV, —4.0 < Ne. < —3.01
X3 nCTEQ15+LHCb D°
v//) EPPS16+LHCb D°
CGC ¢ 7% /san=8.16TeV, 2.5 < nem. < 3.5

15{LHCb  , | 1 [LHOb

5T . -
0 ¢ 70 /snn=8.16TeV, —4.0 < e, < —3.0 ¢ 70 /sny =8.16TeV, 2.5 < em. < 3.5
'+" hi, VSnn = 5TeV, —3.5 < nem. < —3.0 “+‘ hi, 3NN =5TeV, 2.5 < fem. < 3.0
4 h*, /sy =5TeV, —4.0 < fem. < —3.5 4 h*, /snn=5TeV, 3.0 < gem. < 3.5
2 3 4 5 6 7 8 910 2 3 4 5 6 7 8 910

.
k' I\?art-il:cllnl:laI‘I(_Is?b?r\a,teorr\'/I pr [GCV] pr [Gev]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.042302

Table 1 Key features of recent global analyses of nuclear PDFs

Analysis [nCTEQISHQ (50) | EPPS21(51) | nNNPDF3.0(52) | TUJU21 (80) |KSASG20 (81)
Theoretical input
Perturbative order NLO NLO NLO NNLO NNLO
Heavy quark scheme SACOT-x SACOT-x FONLL FONLL FONLL
Value of a;(Mz) 0.118 0.118 0.118 0.118 0.118
Charm mass 1.3 GeV 1.3 GeV 1.51 GeV 143 GeV 1.3 GeV
Bottom mass 4.5 GeV 4.75 GeV 4.92 GeV 4.5 GeV 4.75 GeV
Input scale Qg 1.3 GeV 1.3 GeV 1.0 GeV 1.3 GeV 1.3 GeV
Data points 1,484 2,077 2,188 2,410 4,353
Independent flavors 5 6 6 4 3
Parameterization Analytic Analytic Neural network Analytic Analytic
Free parameters 19 24 256 16 18
T Error analysis Hessian Hessian Monte Carlo Hessian Hessian
a e Tolerance Ax? =35 Ax? =33 N/A Ax? =50 Ax? =20
Proton PDF ~CTEQ6.1 CT18A ~NNPDF4.0 ~HERAPDF2.0 CT18
Proton PDF correlations — v v — —
Of Deuteron corrections (v)*P ve v v v
Fixed-target data
SLAC/EMC/NMC NC DIS v v v v v
| Cuton @2 4 GeV? 1.69 GeV? 3.5 GeV? 35 GeV? 12 GeV?
n s Cut on W2 12.25 GeV? 3.24 GeV? 12.5 GeV? 12.0 GeV? —
JLab NC DIS ) v — — v
CHORUS/CDHSW CC DIS (v/—)P v/i— v/— IV VIV
NuTeV/CCFR 2u CC DIS % — v/— — —
pADY v v v — v
7ADY — v — — —
Collider data
Z bosons v v v v —
W+ bosons v v v v —
Light hadrons v ve — = -
Cut on pr 3 GeV 3 GeV — — —
Jets — v v — —
Prompt photons — — v — —
Prompt D° v v Ve = =
Cut on pr 3 GeV 3 GeV 0 GeV — —
Quarkonia (J/v, ¥/, Y) v — — — —

Abbreviations: CC DIS, charged-current deep inelastic scattering; DY, Drell-Yan process; FONLL, fixed-order plus next-to-leading logarithms; N/A, not
applicable; NC DIS, neutral-current deep inelastic scattering; NLO, next-to-leading order; NNLO, next-to-next-to-leading order; PDF, parton distribution
function; SACOT, simplified Aivazis-Collins—Olness-Tung.

*Included in the nCTEQISHIX analysis (26).

"\ Brookhaven bIncluded in the nCTEQ15v analysis (158).
i “Through CT18A.
L National Labaratory e stesmind M. Klasen and H. Paukkunen, ARNPS74(2024)1

¢Only forward (y > 0).


https://www.annualreviews.org/docserver/fulltext/nucl/74/1/annurev-nucl-102122-022747.pdf?expires=1754939720&id=id&accname=guest&checksum=A2C9531CEB3D6D18B7910342B2ED2045
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https://iopscience.iop.org/article/10.1088/1126-6708/2009/04/065
https://link.springer.com/article/10.1140/epjc/s10052-017-4725-9
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z dependency in 2PC

e}
B S e e SETE S : © ¢ STAR |
107" 5360 Gev, 3.2 <n<5.8 3r p:z o ]
[ — 5360 GeV, 5.0 <1 <5.8 ] | PTAU
10‘2;— — 200 GeV,2.6 <n < 4.0 3 i
_4;_/ —.I; B
10 : P. Caucal et al., PLB879(2026)140599 T/A/pT - =2-25GeV
10—5—....|....|....|....|._— p,tng- =1-1.5G9V o
1 > 3 4 5 o  Tese (@) ]
pT [GeV] <X, gluon momentum fraction of the nucleus %1 0_3
12— 71— <z>: fragmentation energy fraction of hadron T ' !
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1IF — 5360 GeV, 5.0<n<5.8 .
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Ratio of fragmentation functions

DMed / DVac
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