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Motivation



Forward p+A collisions
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large xp small xA

p
A

+𝞰 (forward)

★ p+A: isolate cold nuclear matter (CNM) effects 

○ Sensitive to initial-state effects

■ Probe small-x physics in the nucleus

● High gluon density regime

■ Nuclear Parton Distribution Functions (nPDF)

● e.g. Shadowing

○ Also affected by final-state effects

■ Nuclear Fragmentation Functions (nFF)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102301
https://link.springer.com/article/10.1140/epjc/s10052-017-4725-9
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★ Suppression observed for forward (small-x) regime in d+Au collisions

○ Also seen in LHCb p+Pb data

Nuclear modification factors at RHIC

BRAHMS, PRL93(2004)242303

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.152302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.242303
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★ Suppression observed for forward (small-x) regime in d+Au collisions

○ Also seen in LHCb p+Pb data

★ By comparing p+A to p+p, we disentangle nuclear effects from baseline proton interactions

○ Goal #1: Constraints on nPDFs

○ Goal #2: Potential sensitivity to gluon saturation effects

○ Goal #3: Probe the impact of nFF

STAR data can probe small-x at low-to-moderate Q2 

Nuclear modification factors at RHIC

BRAHMS, PRL93(2004)242303

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.152302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.242303
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Current Knowledge of nPDFs

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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Current Knowledge of nPDFs

★ Gluon density becomes 0 at small-x ? Fitting artifact?

○ Strong effect from LHCb D-meson RpA

M
. K

lasen and H
. P

aukkunen, A
R

N
P

S
74(2024)1

K
. E

skola et al., E
P

JC
82(2022 413

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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Current Knowledge of nPDFs

★ Gluon density becomes 0 at small-x ? Fitting artifact?

○ Strong effect from LHCb D-meson RpA
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Gluon Dynamics in small-x at STAR
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★ Forward two-particle correlations

★ Suppression observed at low pT (not seen in high pT)

○ Linearly depends on A1/3  for fixed pT (x and Q2)

○ Broadening expected from theory is not observed
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More details in:
Xiaoxuan’s talk

and
Gabriel’s talk

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.092501
https://indico.cfnssbu.physics.sunysb.edu/event/602/contributions/2456/
https://indico.cfnssbu.physics.sunysb.edu/event/602/contributions/2449/


Nuclear Fragmentation 
Functions

★ Hermes/HERA (fixed-target mode)

○ Production differs between ep and eA
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Hadron-level observable: RA = (Nh /NDIS)-1ep (Nh /NDIS)eA
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Nuclear Fragmentation 
Functions

★ Hermes/HERA (fixed-target mode)

○ Production differs between ep and eA

★ ATLAS/LHC

○ pA/pp consistent with unity
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Hadron-level observable: RA = (Nh /NDIS)-1ep (Nh /NDIS)eA
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Nuclear Fragmentation 
Functions

★ Hermes/HERA (fixed-target mode)

○ Production differs between ep and eA

★ ATLAS/LHC

○ pA/pp consistent with unity

★ STAR/RHIC

○  Non-unity observed in p+Al and p+Au
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Hadron-level observable: RA = (Nh /NDIS)-1ep (Nh /NDIS)eA

 

Hadron-in-jet analysis: RD = (Nh /Njet)-1pp (Nh /Njet)pA
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Experimental Setup



Relativistic Heavy Ion Collider: RHIC

14★ Datasets: p+p, p+Al and p+Au from 2015 Run and d+Au from 2016 Run at 



Forward Meson Spectrometer

STAR and FMS
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→ TOF and TPC: 1 < |𝞰|

→ BBC: 3.3 < |𝞰| < 5

→ VPD: 4.2 < |𝞰| < 5

→ FMS: 2.6 < 𝞰 < 4



Forward Meson Spectrometer

STAR and FMS
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East

West side: +𝞰

Forward Meson Spectrometer (FMS) 
→ EM calorimeter with ~2m square
→ 7.5 m from STAR IP
→ 1264 Pb-glass array
   ⇒ Small cells: 3.8cm sq. (~3.3 < 𝞰 < 4.0)
   ⇒ Large cells: 5.8 cm sq. (~2.6 < 𝞰 < 3.3)→ TOF and TPC: 1 < |𝞰|

→ BBC: 3.3 < |𝞰| < 5

→ VPD: 4.2 < |𝞰| < 5

→ FMS: 2.6 < 𝞰 < 4
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Analysis Methods



Analysis Methods
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ Trigger: Minimum Bias (MB) using VPD

★ TOF multiplicity > 2

★ BBC multiplicity > 0

★ Zvtx < 2𝜎RMS (based on BBC and VPD)

Forward Meson Spectrometer
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ Energy > 1 GeV

★ pT > 0.1 GeV/c

★ 2.6 < 𝞰 < 4.0

East

West side: +𝞰

Analysis Methods

x [cm]

y 
[c

m
]
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ pT > 0.6 GeV/c

★ 2.6 < 𝞰 < 4.0

★ Z𝛾𝛾 = (E𝛾
1-E𝛾

2) / (E𝛾
1+E𝛾

2) < 0.7

Analysis Methods
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ Mix norm. range: 0.25 to 0.35 GeV/c2

★ Mixing with 10 events

★ |ΔZvtx| < 2 cm

Event 1

Event N

.

.

.

Analysis Methods
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ Yield = Raw Signal - Mixing

○ d2N/dpTd𝞰 → Yield extracted in the range 0.07 to 0.2 GeV/c2

Analysis Methods
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

Analysis Methods

★ RpA can be written as (LHCb, PRL131(2023)102301):

               where 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102301
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

Analysis Methods

★ RpA can be written as (LHCb, PRL131(2023)102301):

               where 

★ Replacing the cross-section at RpA, we have

★ Efficiencies will cancel out: E
ffi
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 p
p

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102301
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ RaA is calculated as:

★ a can be p or d with 𝛼 = 1 or 2, respectively

★ Detector and trigger effects largely cancel out

★ AAl = 27 and AAu = 197

★ Integrated Luminosities (L):

○ p+p: 0.091 pb⁻¹

○ p+Al: 0.028 nb⁻¹

○ p+Au: 0.027 nb⁻¹

○ d+Au: 0.222 nb⁻¹

Analysis Methods
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Event Selection 𝛾 selection 𝛑0 reconstruction Mixing Events

Yield Extraction

Nuclear Modification 
Factor

Systematic 
Uncertainties

★ Trigger bias is the dominant uncertainty

○ Defined as the variation across MB triggers

■ Conservative estimation is used 

Analysis Methods
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Results



Nuclear modification factor: RdAu
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d going to +𝝶

★ Compared to previous STAR results

○ Follows the expected 𝞰-dependency

★ Compared to BRAHMS (h−):

○ Similar pseudorapidity range

○ The suppression observed by STAR is 

stronger than that reported by BRAHMS

■ BRAHMS result are less suppressed 

due to proton/deuteron isospin effects
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★ A-dependent suppression observed

○ RpAl > RpAu

■ Suggest stronger nuclear effects in 

larger nuclei

○ Hierarchy weakens with increasing pT

Nuclear modification factor: RpA

p going to +𝝶



Comparing with previous RHIC results
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★ A-dependent suppression observed: RpAl > RpAu≥ RdAu

○ Hierarchy weakens with increasing pT

p/d going to +𝝶



Comparing with LHCb results
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AAu = 197
APb = 208

★ LHCb x goes down to 10-6 while STAR goes to 10-4

★ Similar RpA at low-pT

★ STAR results are more suppressed                      

than LHCb at higher pT

○ Nuclear effects in hadronization due to the 

different fragmentation regimes (z ranges) 

probed at RHIC and the LHCC

p going to +𝝶



Summary and Outlook
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★ 1st measurement of very forward RpA at RHIC energies

○ Sequential A-dependent suppression observed

■ RpAl > RpAu ≥ RdAu

○ STAR data more suppressed than LHCb

■ Likely due nuclear effects in hadronization

○ Next Steps: 

■ Expand systematic uncertainty studies

■ Explore higher pT region

■ Comparison with theory/models

★ The EIC will enable multidifferential measurements of ReA

○ x, z, PID, A-dependency and more

p/d going to +𝝶
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How about ReA at EIC?



ReA for charm-hadrons at EIC
★ Charm production probes gluon distributions (𝛾+g fusion at LO)

○ ReA vs pT: collisional and radiative energy loss

○ ReA vs x: nPDF’s

○ ReA vs z: modified fragmentation in nuclear matter
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D-mesons

p/A going to +𝝶 
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Full ePIC simulation: stat. uncert. projection

https://agenda.infn.it/event/47074/contributions/289334/


Impact of charm-hadron ReA on nPDF’s 
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★ Significant reduction of uncertainties in gluon nPDF

★ Note: not the most up-to-date projection

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.054002


ReA as probe of fragmentation in nuclei
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Minimize 
initial-state
effects

Light hadrons (LH)

Heavy-flavor (HF)

★ LH: suppression at all z and rapidities

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

★ Consistent with the effective modification of fragmentation functions

Y.-T. C
hien, P

LB816(2021)136261

soft-collinear effective theory (SCET)

https://www.sciencedirect.com/science/article/pii/S037026932100201X?fr=RR-1&ref=cra_js_challenge
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Backup
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★ Suppression observed also in p+Pb collisions

Nuclear modification factors at LHC

small-x

large-x
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LHCb: h± vs 𝜋0

LHCb, PRL131(2023)042302

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.042302
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https://www.annualreviews.org/docserver/fulltext/nucl/74/1/annurev-nucl-102122-022747.pdf?expires=1754939720&id=id&accname=guest&checksum=A2C9531CEB3D6D18B7910342B2ED2045


nPDFs: EPPS Evolution
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★ Strong effect from LHCb D-meson RpA
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z dependency in 2PC
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<xg>: gluon momentum fraction of the nucleus

<z>: fragmentation energy fraction of hadron

STAR

ALICE FOCAL 
Projection

p+p
p+Au

p+p
p+Pb

P. Caucal et al., PLB879(2026)140599
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Ratio of fragmentation functions


