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Physics Letters B 650 
(2007) 325–330

IP12 (2001-2002)
n-ID: EMCal post shower

(2009)

PHYSICAL REVIEW D 88, 032006 (2013) 

𝑥/~𝐸2/𝐸4

PHENIX (2003~)
𝐴" =

𝑑𝜎↑ − 𝑑𝜎↓

𝑑𝜎↑ + 𝑑𝜎↓

𝑠=200 GeV



Theory for 𝒑↑ + 𝒑 forward neutron

• Non-perturbative region (𝑝:< 0.2 
GeV/c for 𝑠=200 GeV)

• One Pion Exchange (OPE) model 
in Regge theory describes PHENIX 
𝐴" data well
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B. Kopeliovich et al PRD 84, 114012 (2011)

Reggeon exchange
(A< dominantly arise from 𝑎>)

Interference between two amplitudes

𝜋@ exchange 



RHIC Run15 (2015) 20
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p
100 GeV

p, Al, Au
100 GeV (nucleon)

The world 1st

high energy polarized proton+nucleus
collision



ZDC 2nd

SMD1.7 λB & 51 XD
x 3 ZDCs

PHENIX forward neutron detectors
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18m from IP, 10 cm x 10 cm (𝜂>6)

Ø ZDC (Zero Degree Calorimeter): 

Cherenkov sampling hadron 

calorimeter (ΔE/E = 20~30%)

Ø SMD (Shower Max Detector): X-Y 

plastic strip scintillator hodoscopes

(Δx, Δy	~1 cm)

Ø Charge veto counter: plastic 

scintillator pad at front



Forward neutron 𝑨𝑵
𝒑↑@𝐀→𝒏@𝑿
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Prediction before the 
measurement: 
weak A dependence 
(OPE & isospin symmetry)



Where is the A-dependence from?
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Isospin 
asymmetry?

Discussions are ongoing!

EM associated?

Else?



Origin of 𝐴"

𝐴" ∝ Im 𝑓RSTUVW@X∗𝑓Z[Z\RSTUVW@X

=Im 𝑓RSTUVW∗𝑓Z[Z\RSTUVW + 𝑓RSTUVW∗𝑓Z[Z\RSTUX + 𝑓RSTUX∗ 𝑓Z[Z\RSTUVW + 𝑓RSTUX∗ 𝑓Z[Z\RSTUX
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𝐴" 	≡ 			
𝑑𝜎↑ − 𝑑𝜎↓

𝑑𝜎↑ + 𝑑𝜎↓
			= 	

∑ < 𝑛𝑋 𝑇 ↑> b −∑ < 𝑛𝑋 𝑇 ↓> b
cc

∑ < 𝑛𝑋 𝑇 ↑> b +∑ < 𝑛𝑋 𝑇 ↓> b
cc

= 	
−2Im∑ < 𝑛𝑋 𝑇 −>< + 𝑇@ 𝑛𝑋 >c

𝜎efe

EM only EM & Strong interference Strong only
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Negligible for p+p

How about in p+A?

𝐴" 	≡ 			
𝑑𝜎↑ − 𝑑𝜎↓
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EM process - Primakoff 20
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𝜎ghTijk[RR ∝ γ∗ flux ∝ 𝑍b

~ 6000 times larger in p+Au 
than in p+p
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Neutral Particle @ 200GeV

ZDC
QCD(DPMJET)

Primakoff
(SOPHIA)

Mitsuka, G. Eur. Phys. J. C (2015) 75: 614.

Primakoff MC predicts 
comparable yields between 
QCD and Primakoff process 
for p+Au
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BBCΔ ZDC

Dipole

n

π+

94%
π+

Correlation study – EM ratio
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Beam Beam Counter (3<𝜂<4)
• Quartz cherenkov radiator elements
• ~80% efficiency on inelastic collision

MC predicts suppression of 
Primakoff events by requiring 
BBC hit

Two further measurements:
1. ZDC& BBC : suppress EM 
2. ZDC& BBC veto : enhance EM



BBC correlation 𝐴"
4↑@n→2@c
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BBC � ZDC �n
A

p
BBC �ZDC �

BBC � ZDC �n
A

p
BBC �ZDC � BBC � ZDC �n

A

p
BBC �ZDC �

BBC � ZDC �n
A

p
BBC �ZDC �

Forward neutron inclusive
• Strong A-dependence

Particle HIT at lower rapidity - BBC hit
• EM process suppressed
• “Weaker” A-dependence

Particle VETO at lower rapidity - BBC veto
• EM process enhanced
• “Stronger” A-dependence



Summary
• Forward neutron 𝐴" in p+p collisions is discovered unexpectedly at IP12 (2001-2002), 

and measured more precisely at PHENIX (2003~)

• RHIC had the world 1st high energy polarized p+A collisions in 2015, and 
unexpected strong A dependence of forward neutron 𝑨𝑵 is observed

• A OPE model explains p+p forward neutron asymmetry data well, but cannot explain 
p+A asymmetries

• To get hint about associated processes, correlation with other detectors is 
measured, then strong correlation with particle production in lower rapidity 
on 𝑨𝑵 is observed, which may imply the main contributor of A dependence is 
EM associated (EM*EM or EM*Strong) process

• Discussions are ongoing
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Back up

20
16

. 9
. 2

7.
SP

IN
 20

16
 @

 U
IU

C

16



Im 𝑓RSTU
VW∗𝑓Z[Z\RSTU

VW asymmetry: 
Primakoff

• Primakoff process: 𝑝 + 𝑍 → Δ@/ 𝑁∗ → 𝜋D + 𝑝 + 𝑍

• In Δ@(1232) and 𝑁∗(1520) resonance region, 𝐴" = −0.57 ±
0.12	 stat. \D.>y@D.b>	(syst.)
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PRL 64, 357-360  (1990)

p

A
π+

p e

e

p e

e ↑
γ∗

n
Δ@, 𝑁∗, …



Im 𝑓X∗𝑓VW 	asymmetry: 
Coulomb Nuclear Interference

• Elastic p+C scattering with smaller –t

• Interference between photon & Pomeron
exchange amplitudes

• RHIC polarimeter

• Smallness of -t (< ~1 𝐆𝐞𝑽𝟐) in PHENIX 
forward neutron production → CNI 
should be considered?
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hadronic 
spin-flip & non-flip

Phys.Rev.Lett.,89,052302(2002)

pC Analyzing Power



Approach Cross sectio
n 𝑨𝑵 Details

1. One 𝜋
exchange with 
Born 
approximation

• 𝜋 pole >
���\e

at exchange 
amplitude -> cross section
peak at 𝑥/ ≅ 0.8

• Overshoots cross section
• 𝐴" = 0 : No phase shift 

with Born Approx.
2. One 𝜋
exchange with 
absorptive 
correction

• Survival probability multi
plied to final state functio
n -> suppressed cross secti
on

• 𝐴" ≠ 0, but too small
3. 𝜋 exchange 
+ Interference
btw 𝜋 and 𝑎>
Reggeon

• Interference btw 𝜋 and 𝑎>
makes large 𝐴"

• 𝑎> form factor is not 
known. A model is applied 
for this calculation.
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B. Kopeliovich et al 
PRD 84, 114012 (2011)



Zero Degree Calorimeter (Z
DC)

- Cherenkov sampling hadron calorimeter

- Cu-W alloy + Optical fibers

- Tilted to 45 degree to maximize 
cherenkov photon input

- Energy resolution: 20~30 %
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1.7 𝜆� & 51 𝑋D
x 3 ZD
Cs

20% resolution 
@ 100 GeV 
neutron peak



Shower Max Detector (SMD) &
Charge veto counter
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ZDC 2nd

module
SMD

10 cm x 10 cm 
transverse coverage

𝑥, 𝑦

= 	
∑ 𝑐ℎ𝑎𝑟𝑔𝑒 𝑖 ×𝑠𝑡𝑟𝑖𝑝	𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖)���	�e��4�	��e�	��e
�

∑ 𝑐ℎ𝑎𝑟𝑔𝑒 𝑖���	�e��4�	��e�	��e
�

x
7 channels (x)

8 channels (y)
Charge veto counter

SMD X pos



Orientation
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PHENIX neutron 
measurement
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𝑒"(𝜙) ≡
𝑁�
↑𝑁�\�

↓ − 𝑁�
↓𝑁�\�

↑

𝑁�
↑𝑁�\�

↓ + 𝑁�
↓𝑁�\�

↑

= 𝑃𝐴" sin 𝜙 − 𝜙D

𝜙 = −
𝜋
2

𝜙 =
𝜋
2

𝜙 = 0


