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RHIC	forward	(RHICf)	is	…
a	kind	of	Zero	degree	calorimeters	

@STAR	interaction	point

2

(traditional)	Zero	
Degree	Calorimeter
behind	RHICf

RHICf detector
• Former	LHCf	Arm1	detector	used	at	LHC
• Two	compact	sampling	calorimeters
• 44	r.l.	(1.7	hadron	interaction	lengths)
• <5%	and	40%	energy	resolutions	for	EM	and	

hadronic	showers,	respectively
• <0.2mm	and	<1mm	position	resolutions	for	

EM	and	hadronic	showers,	respectively

Compact	double	calorimeters	
(20mmx20mm	and	40mmx40mm)



RHICf detector	acceptance

Figure 6: Beam pipe structure btween the DX magnet and the RHICf location.

assuming no beam crossing angle. Here the beam center, or neutral center, is defined as the
projection of the beam direction at the IP to the RHICf detector position. Vertical 0mm
is defined as the vertical position of the non-crossing beam center. The area indicated
in blue shows the effective aperture of the RHICf calorimeters for photon measurements,
while blue plus light blue shows the aperture for neutron measurements. This difference is
because the thickness of the beam pipe is sufficient to obscure photons, but not for hadrons.

The detector will be held by a manipulator that moves the detector vertically by remote
control. Definition of the other possible detector positions are shown in Fig.8. These
positions are assumed in Sec.4.2 to estimate the total operation time and statistics. Another
position, garage, is also defined so that the RHICf detector does not interfere the operation
of the ZDC.

3.2 Data acquisition

Each PMT signal from 32 sampling scintillators is fed to a discriminator and generates
hit signal when the pulse height exceeds a predefined threshold level. A shower trigger is
issued when any 3 successive layers generate hits and when the timing is synchronized with
a passage of a bunch directing to the RHICf detector. The hit signals are handled by a
FPGA module, there is flexibility in the event trigger. Possible options to be used are two
photon trigger with one photon in each calorimeter to enhance π0 events, deep (shallow)
shower trigger to enhance photon (hadron) events. Because of the transfer speed of the
VME system, the maximum data recording rate is limited to 1 kHz. Prescaling for events
with large cross sections will be applied. More detailed description of the LHCf trigger is
described in [14].

The trigger signal of the RHICf experiment is sent to STAR and STAR records its signal
accordingly. Once STAR accepts to record a RHICf trigger, STAR sends back a token of
the event for RHICf to identify the common event at the offline analysis. Preparation for
this data exchange is ongoing.
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ü Neutral	particles,	photons	(including	
𝜋0→2𝛾)	and	neutrons,	are	observed

ü Widest	and	gapless	coverage	by	
moving	the	detector	in	vertical

ü Radially	polarized	beams	maximized	
asymmetry	in	the	vertical	direction

87.9mm
(𝜂=6)

Zero	degree

3

pT=1.2GeV

Acceptance	in	E-pT phase	space

Limit	by	beam	pipe

Compact	double	calorimeters	
(20mmx20mm	and	40mmx40mm)

Cross	section	view	from	IP

Beam	pipe	
shadow	

p T
(G
eV

)

Asymmetry	
in	vertical

Radial	
polarization



Physics	Goals

1. Cross	section	measurements	for	cosmic-ray	
physics
• RHICf energy	corresponds	to	1.4x1014eV	CR
• √s	scaling	will	be	tested	with	LHCf	data	at	1017eV

2. Single-spin	asymmetry	measurement	in	
transversely	polarized	proton-proton	collisions
• Asymmetry	discovered	by	the	RHIC	experiments	will	be	
precisely	measured

• Thanks	to	excellent	position	resolution	of	RHICf,	
coverage	in	pT will	increase	

4



CR	air	shower	and	√s	dependence

5

Measured	by	
atmospheric	air	shower

Covered	by	RHIC	and	LHC

• Hadronic	interaction	and	forward	particle	production	is	
important	to	understand	the	air	shower	analyses
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CR	air	shower	and	√s	dependence

are the efficiency for the experimental cuts and are listed in
Table I. The errors were derived considering the
uncertainty in the parameter aðxFÞ in the Gaussian form
evaluated by HERA. There is no significant difference in
the result in case of using the ISR (exponential) pT

distribution.
The mean values of the simulated pT distributions in

each energy region are also listed in Table I. The cross
section was obtained after the correction of the energy
unfolding and the cut efficiency.

Table II summarizes all systematic uncertainties eval-
uated as the ratio of the variation to the final cross section
values. The absolute normalization error is not included in
these errors. It was estimated by BBC counts to be 9.7%
(22:9# 2:2 mb for the BBC trigger cross section).

The background contamination in the measured neutron
energy with the ZDC energy from 20 to 140 GeV for the
acceptance cut of r < 2 cm was estimated by the simula-
tion with the PYTHIA event generator. The background from
protons was estimated to be 2.4% in the simulation. The
systematic uncertainty in the experimental data was deter-
mined to be 1.5 times larger than this as discussed in
Sec. II B 3. Multiple particle detection in each collision
was estimated to be 7% with the r < 2 cm cut.

In the cross section analysis, we evaluated the beam
center shift described in Appendix A as a systematic
uncertainty. For the evaluation, cross sections were calcu-
lated in the different acceptances according to the result of
the beam center shift while requiring r < 2 cm, and the
variations were applied as a systematic uncertainty.

B. Result

The differential cross section, d!=dxF, for forward
neutron production in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV
was determined using two pT distributions: a Gaussian
form, as used in HERA analysis, and an exponential
form, used for ISR data analysis. The results are listed in
Table III and plotted in Fig. 13. We show the results for xF
above 0.45 since the data below 0.45 are significantly
affected by the energy cutoff before the unfolding. The
pT range in each xF bin is 0< pT < 0:11xF GeV=c from
Eq. (2) with the acceptance cut of r < 2 cm. The absolute
normalization uncertainty for the PHENIX measurement,
9.7%, is not included.

TABLE I. The expected pT for r < 2 cm, mean pT value with
the experimental cut, and the efficiency for the experimental cut
estimated by the simulation (Fig. 12). The errors were derived
considering the uncertainty in the parameter aðxFÞ in the
Gaussian form evaluated by HERA.

Neutron xF Mean pT (GeV=c) Efficiency

0.45–0.60 0.072 0:779# 0:014ð1:8%Þ
0.60–0.75 0.085 0:750# 0:009ð1:2%Þ
0.75–0.90 0.096 0:723# 0:006ð0:8%Þ
0.90–1.00 0.104 0:680# 0:016ð2:3%Þ

TABLE III. The result of the differential cross section
d!=dxFðmbÞ for neutron production in pþ p collisions at

ffiffiffi
s

p ¼
200 GeV. The first uncertainty is statistical, after the unfolding,
and the second is the systematic uncertainty. The absolute
normalization error, 9.7%, is not included.

hxFi Exponential pT form Gaussian pT form

0.53 0:243# 0:024# 0:043 0:194# 0:021# 0:037
0.68 0:491# 0:039# 0:052 0:455# 0:036# 0:085
0.83 0:680# 0:044# 0:094 0:612# 0:044# 0:096
0.93 0:334# 0:035# 0:111 0:319# 0:037# 0:123

TABLE II. Systematic uncertainties for the cross section mea-
surement. The absolute normalization error is not included in
these errors. The absolute normalization uncertainty was esti-
mated by BBC counts to be 9.7% (22:9# 2:2 mb for the BBC
trigger cross section).

Exponential pT

form
Gaussian pT

form

pT distribution 3%–10% 7%–22%
Beam center shift 3%–31%
Proton background 3.6%
Multiple hit 7%
Total 11%–33% 16%–39%
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FIG. 13 (color online). The cross section results for forward
neutron production in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV are
shown. Two different forms, exponential (squares) and Gaussian
(circles), were used for the pT distribution. Statistical uncertain-
ties are shown as error bars for each point, and systematic
uncertainties are shown as brackets. The integrated pT region
for each bin is 0< pT < 0:11xF GeV=c. Shapes of ISR results
are also shown. Absolute normalization errors for the PHENIX
and ISR are 9.7% and 20%, respectively.

A. ADARE et al. PHYSICAL REVIEW D 88, 032006 (2013)

032006-10

RHICf

LHCf	2.76TeV	and	7TeV	data	shows	
√s	scaling	of	forward	𝜋0

ISR	(30-60GeV),	PHENIX	(200GeV)	and	LHCf	(7-13TeV)	
data	can	test	√s	scaling of	forward	neutrons	

LHCf
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Figure 6.8: x

F

distribution of neutrons at p

T

range 0 < p

T

< 0.11x
F

GeV/c

at LHCf and ISR (PHENIX) [25]. The systematic uncertainties of the LHCf
are shown as hatched area.

form the unfolded experimental spectra and given as below,

dσ

n

/dE =
dN(∆η∆E)

dE

1

L

× 2π

dφ

[mb], (6.1)

where dN(∆η∆E) means the number of neutrons observed in the each ra-
pidity range and each energy binning, L is the integrated luminosity cor-
responding to the data set. The last term is correction of the azimuthal
interval. The cross sections are summarized in Table 6.3. Experiment shows
most hard spectra than each model, the QGSJET II-03 model predicted
similar neutron production rate compared with the experiment at the small
tower. On the other hand, PYTHIA 8.145 predicted the neutron production
rate similar to the experimental results at the large towers.

The experimental results were also compared with the ISR and PHENIX
results [25]. Figure 6.8 shows the x

F

distributions at p

T

range 0 < p

T

<

0.11x
F

GeV/c for the LHCf and PHENIX results. The shape of the LHCf
measurement was strongly depend on the energy scale correction. The sys-
tematic uncertainty was indicated as hatched area. The uncertainty of ab-
solute normalization of 6.1% for the LHCf result and 9.7% for the PHENIX
measurement were not included. The LHCf results show similar results with
the previous experiments considering the change of spectra by the choice of
energy scale within the systematic uncertainty.

109

neutron
-6



SSA	of	forward	particle	production

7

1. Wider	pT coverage	with	a	single	√s
2. First	detection	(or	stricter	upper	limit)	of	forward	𝜋0 asymmetry		

RHICf	√s=510GeV

CHAPTER 3. ANALYSIS 43
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Figure 3.6: The azimuthal angle dependence of ϵN for the neutron (Top), photon (Center) and
π0 (Bottom) samples. Closed and open circles show the forward and backward asymmetries,
respectively. They were fitted by the sine curve, f(φ) = p0 × sin(φ − p1) as equation 3.6. p1
for the forward and backward were fixed as -0.1484 and 0.000 except for the forward neutron
sample.

Neutron asymmetry	by	PHENIX 𝜋0 asymmetry	RHIC-IP12	√s=200GeV
(AN=	-0.024±0.031)

M.	Togawa,	PhD	thesis	(2008)
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C-A	Operations	FY17
May	8,	2017

FY	2017
Program Element Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

AGS-Booster/EBIS	Startup	(break	12/23	- 1/3)

RHIC	Cryo scrub	&	Cooldown to	45	K Jan	6

RHIC	Cryo Cooldown/Warm-up Feb	6 Feb	9 June	30 Jul	3

RHIC	Cryo Operation

RHIC	Cryo off

RHIC	STAR May	30

RHIC	Research	with	√s	=	510	GeV/n	pp Jun 21

RHIC Research	RHICf E=	255	GeV/n	p

RHIC	Research	with	√s	=	54.4	GeV/n		AuAu

CeC PoP Experiment	E=	40	GeV/n	Au

Nov	30 Dec	22

NSRL	(NASA	Radiobiology)

Jan	3

BLIP	(Isotopes)

BLIP	(Other)

Shutdown	(RHIC)

21	weeks

13.7	wks2 wks

Dec	12

Nov	11

End	date?

Tentative

RHIC	Cryo weeks

RHICf week



Collision	rates	in	RHICf	days

TL	center TS	center Top TS	center
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• Higher	𝛽*	(=8m)	than	usual	RHIC	operation
• Radial	polarization	(usually	vertical)	to	maximize	the	single-spin	asymmetry	in	vertical
• Luminosity∼1031 cm-2s-1



10

Quick look（statistics）

Total : 110M events

RHICf (Type-I 𝜋0 trigger)

RHICf+STAR

RHICf (High-energy EM trigger)

RHICf (shower event)
Total acquisition time
1659min = 27.7 hours

RHICf DAQ	rate
• Max	rate	was	limited	~1kHz
• High	rate	events	were	prescaled
• Low	rate	events	were	enhanced	

with	special	triggers
• Prescale factors	were	optimized	

from	time	to	time
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Quick look（polarization & spectrum）

• Energy spectrum of 
EM-like showers in a 30 
minutes run

• High-energy EM 
showers and 𝜋0 were 

selectively triggered to 
compensate the limited 
DAQ speed.

∼250GeV

• Polarization angle is 0 in usual 
RHIC operation (vertical pol)

• Radial polarization (90°) was 
required for RHICf operation

• Stable radial pol and asymmetry 
was observed by ZDC 

Trigger	efficiency	MC	taking	
into	account	the	final	
experimental	setups	
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Quick look
（basic performance）

Hit maps of >200GeV hadron-like
events at different detector positions
=> Determination of “zero degree”

Invariant mass of photon pairs
=> 135MeV peak by 𝜋0

Correction factors considering the final alignment 
and RHIC energy range are in study.

Beam	plane
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Quick look（common run with STAR）

ZDC Neutral	particles

collision

Roman	
Pot

RHICf ZDC

• Hadron-like (deep penetrating) showers were selected
• Anticorrelation between the RHICf raw (folded) energy and ZDC measured energy (in 

ADC unit) is confirmed
• (Anti)correlation only with West ZDC as expected => correct event matching

WestEast



Ongoing Physics Analyses

• Production	cross	sections	of	photons	and	𝜋0	

• AN of	very	forward	𝜋0

PHENIX,	STAR	√s=200GeV
PHENIX	Collaboration,	PRD	90,	012006	(2014)	

RHICf	Identified	𝜋0

14

uncertainties the asymmetries in the backward direction
xF < 0 are found to be consistent with zero, whereas in the
forward direction AN rises almost linearly with xF. The
asymmetries are of similar size compared to earlier results
at different center-of-mass energies as shown in Fig. 5.
Figure 9 presents AN , as a function of transverse

momentum pT for values of jxFj > 0.4 where AN is largest
in forward kinematics (compare Fig. 8). The asymmetry
rises smoothly and then seems to saturate above
pT > 3 GeV=c. A significant decrease of the asymmetry
as expected from higher twist calculations is not observed
[23]. Again, negative xF asymmetries are found to be
consistent with zero within statistical uncertainties.
Figure 10 shows AN as a function of pT for different

ranges of xF. These ranges are chosen to match that of an
earlier measurement of π0 asymmetries from the STAR
experiment [11]. The two measurements in general display
a good agreement. At large xF and high pT there is perhaps
a hint that the inclusive cluster asymmetries are smaller, but
with present statistics the difference is not yet significant.
We note that the STARmeasurement is for identified π0 and
the PHENIX measurement is for clusters with a mixed
composition. As mentioned previously, these clusters are
dominantly from π0’s, but also include contributions from

the decays of η and other neutral mesons, as well as a
contribution from direct photons which is increasing with
xF and pT .

D. Aπ0;η
N at

ffiffi
s

p
¼ 200 GeV and small xF

The data selection and asymmetry analysis in the
midrapidity spectrometer closely follows the procedure
of previous analyses [17]. The data set includes 6.9 ×
108 events triggered by the high pT photon trigger. Photon
clusters are selected using photonic shower shape cuts in
the electromagnetic calorimeter, the time of flight between
the collision point and the calorimeter, a minimum depos-
ited energy of 200 MeV, and a charged particle veto from
tracking in front of the calorimeter. Cluster pairs are then
chosen with an energy asymmetry [Eq. (4)] of less than 0.8
(0.7) for π0 (η) identification, and by requiring that the
photon with the higher energy fired the trigger.
The yields are taken as the number of cluster pairs in a

"25 MeV=c2 window around the mean of the π0 peak in
the invariant mass distribution ("70 MeV=c2 around the
mean of the η mass). The width of the π0 peak decreases
from 12 to 9 MeV=c2 as pT increases from 1 to 12 GeV=c
(35 to 25 MeV=c2 for the η). The background fractions in
the signal windows depend on pT and range from 29% to
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FIG. 10 (color online). Comparison of AN of electromagnetic clusters and π0 mesons [11] at
ffiffiffi
s

p
¼ 200 GeV as a function of pT in

different ranges of xF. Appendix Table VIII gives the data in plain text. An additional uncertainty from the beam polarization (see
Table I) is not included.

A. ADARE et al. PHYSICAL REVIEW D 90, 012006 (2014)

012006-10
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Summary

• Operation	of	RHICf	in	RUN17	was	successfully	done
• Special	setup,	𝛽*=8m	and	radial	polarization
• 4	fills	and	27.7	hours	of	physics	data	taking
• Common	operation	with	STAR,	80%	of	RHICf	triggers	
were	recorded	

• Good	initial	performance
• 𝜋0 identification
• Beam	center	determination
• Correct	event	matching	with	STAR

• Ongoing	analyses
• EM	shower	events	=>	forward	𝜋0 asymmetry

We	appreciate	supports	by	PAC,	C-AD,	STAR	and	PHENIX	
Collaborations	
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of forward hadron spectra in pp collisions, predicted by
the EPOS-LHC [4] and QGSJET-II-04 [6] models, to the
respective results of the alternative treatment corresponding
to the picture in the lhs of Fig. 1, as implemented in the
PYTHIA 6 (Perugia tune 350) [17,18] and SIBYLL 2.3
[19] models. In Sec. III, we illustrate how the two basic
approaches can be discriminated by combined measure-
ments of hadron production at LHC by central and forward-
looking detectors. Finally, we conclude in Sec. V.

II. ENERGY DEPENDENCE OF FORWARD
HADRON SPECTRA AND OF

THE “INELASTICITY”

An accurate model description of forward hadron pro-
duction is of utmost importance for various experimental
activities in the collider and astroparticle physics fields. It is
relevant, for example, for studies of the inelastic diffraction
at the LHC (see, e.g., the discussion in Ref. [20]) or to
various astrophysical studies with charged cosmic rays and
gamma rays, including indirect searches for dark matter, as
discussed, e.g., in Refs. [21–23]. But of most crucial
importance is the modeling of forward production for
the interpretation of experimental data on ultrahigh energy
cosmic rays which are studied with the extensive air shower
(EAS) techniques—measuring the properties of nuclear-
electromagnetic cascades induced by primary cosmic ray

particles (protons or nuclei) in the atmosphere. Indeed, the
energy dependence of forward hadron spectra impacts
strongly the relation between the properties of the primary
particles and the calculated EAS characteristics, in par-
ticular, for the so-called EAS maximum position Xmax, the
depth in the atmosphere where the maximal number of
ionizing particles is observed [24,25]. As discussed in
Ref. [24], the calculated Xmax is especially sensitive to
model predictions for the so-called inelasticity—the rela-
tive energy loss of leading nucleons in proton-air collisions.
The differences in the predicted energy dependence of

forward hadron spectra are illustrated in Fig. 2. There we
plot Feynman-x spectra of negative pions xEdnπ

−
pp=dxF

(xE ¼ 2E=
ffiffiffi
s

p
) for pp collisions at

ffiffiffi
s

p
¼ 102, 103, and

104 GeV, as calculated with EPOS-LHC, QGSJET-II-04,
PYTHIA 6, and SIBYLL 2.3. While all the models predict
a similar energy rise of the pion yield in the central region
(xF ≃ 0), their results for the forward spectra differ con-
siderably. For PYTHIA 6, the Feynman-x scaling of Eq. (5)
holds to a very good accuracy: the spectral shape is
practically independent of

ffiffiffi
s

p
for xF ≳ 0.01. SIBYLL

2.3 shows a similar behavior up to large xF values; for
xF ≳ 0.5, it predicts a hardening of the very forward pion
spectra, which is related to a specific treatment of the
hadronization of the proton remnant state in that model. In
contrast, for EPOS-LHC and QGSJET-II-04 the predicted
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FIG. 2. Feynman-x spectra of negative pions in pp collisions at
ffiffiffi
s

p
¼ 102 (solid), 103 (dashed), and 104 (dash-dotted) GeV, as

calculated using EPOS-LHC (top left), QGSJET-II-04 (top right), PYTHIA 6 (bottom left), and SIBYLL 2.3 (bottom right).

CONSTRAINING HIGH ENERGY INTERACTION … PHYSICAL REVIEW D 94, 114026 (2016)

114026-3

𝜋 production	by	different	models	at	different	√s

S.	Ostapchenko,	M.	Bleicher,	T.	Pierog,	and	K.	Werner,	PRD	94,	114026	(2016)

√s	=	0.1,	1,	10TeV
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Theoretical	explanation

• Pion-a1 interference:	results
- The	data	agree	well	with	independence	
of	energy

• The	asymmetry	has	a	sensitivity	to	
presence	of	different	mechanisms,	e.g.	
Reggeon exchanges	with	spin-non-flip	
amplitude,	even	if	they	are	small	
amplitudes
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f : spin non-flip amplitude
g : spin flip amplitude

Kopeliovich,	Potashnikova,	Schmidt,	Soffer:	Phys.	Rev.	
D	84	(2011)	114012.	



SSA	of	forward	particle	production

19

1. Measurement	at	pT<0.3GeV	in	a	single	√s
• possible	by	RHICf because	of	its	1mm	position	resolution	for	neutrons

2. Measurement	at	pT>0.3GeV	to	know	AN	evolution
• possible	by	RHICf because	of	its	wide	pT coverage	required	for	cross	

section	measurements
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