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RHICf@STAR interaction	point
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Compact	electro-magnetic	
sampling	calorimeters	installed	
at	18m	west	from	STAR	IP

• 20mmx20mm,	40mmx40mm
• 44	r.l.,	1.6	interaction	length	of	tungsten
• 16	sampling	scintillator	layers
• 4	X-Y	pairs	of	position	sensitive	layers
• (former	LHCf	Arm1	detector)



Events	to	be	measured	by	RHICf
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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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Widest	and	gapless	pT coverage	is	
realized	by	moving	the	vertical	detector	
position.

Radial	polarization	(vertical	asymmetry)	
maximizes	the	advantage	of	this	wide	
pT coverage			

87.9mm

Zero	degree

5

1.2GeV

Acceptance	in	E-pT phase	space

Limit	by	beam	pipe

Compact	double	calorimeters	
(20mmx20mm	and	40mmx40mm)

max	
asymmetry



Two	Physics	Targets

• Cross	section	of	neutral	particle	production
• Forward	particles	carrying	a	large	fraction	of	collisions	
energy	are	important	to	determine	the	cosmic-ray	air	
shower	structure
• Scaling	(or	its	break)	can	be	studied	by	comparing	with	
the	data	at	LHC

• Single-Spin	Asymmetry	of	forward	particles	in	
transversely	polarized	proton	beams
• Strong	asymmetry	of	neutron	measured	by	the	former	
RHIC	experiments	can	be	studied	with	wider	pT coverage
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Cross	section	measurements	
for	Cosmic-Ray	physics
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Cosmic	rays

Knee:	end	of	galactic	proton	CR

End	of	galactic	CR	and	
transition	to	extra-gal	CR

Ankle (GZK)	cutoff:	
end	of	CR	spectrum
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Air	shower	and	
hadronic	interaction
ü Cosmic	rays	with	E>1014	eV	are	

observed	through	atmospheric	
air	shower

ü Energy	and	mass	of	1ry	
particles are	determined	from	
the	ground	observations

ü Interpretation	relies	on	the	MC	
simulation	of	air	showers

ü Hadronic interaction,	
especially	forward	particle	
production,	is	a	key	of	the	MC	
simulation

Ground	array



Cosmic	rays

LHCRHIC

Air	shower	observation

10We	must	rely	on	the	Monte	Carlo	simulation	to	determine	energy	and	particle	type



√s	scaling	; π0	
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ü Scaling	is	essential	to	extrapolate	beyond	LHC
ü (630GeV	−)	2.76TeV	– 7TeV

good	scaling	within	uncertainties
ü Wider coverage	in	y	and	pT with	13TeV	data
ü Wider	√s	coverage	with	RHICf experiment	at	

√s=510GeV

Feynman	x;	
xF =	2pz/√s

(LHCf,	PRD,	94	(2016)	032007)



√s	scaling;	Neutron	@	zero	degree
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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

PHENIX,	PRD,	88,	032006	(2013)
pT <	0.11	xF GeV/c
√s	=	30-60	GeV	@ISR
√s	=	200	GeV	@RHIC

O. Adriani et al. / Physics Letters B 750 (2015) 360–366 365

Fig. 6. Unfolded energy spectra of the small towers (η > 10.76) and the large towers (8.99 < η < 9.22 and 8.81 < η < 8.99). The yellow shaded areas show the Arm1 
systematic errors, and the bars represent the Arm2 systematic errors except the luminosity uncertainty. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 7. Comparison of the LHCf results with model predictions at the small tower (η > 10.76) and large towers (8.99 < η < 9.22 and 8.81 < η < 8.99). The black markers and 
gray shaded areas show the combined results of the LHCf Arm1 and Arm2 detectors and the systematic errors, respectively. (For interpretation of the colors in this figure, 
the reader is referred to the web version of this article.)

where dN("η, "E) is the number of neutrons observed in the 
each rapidity range, "η, and each energy bin, "E . L is the inte-
grated luminosity corresponding to the data set. The cross sections 
are summarized in Table 5. Fig. 7 shows the combined Arm1 and 
Arm2 spectra together with the model predictions. The experimen-
tal results indicate the highest neutron production rate compared 
with the MC models at the most forward rapidity. The QGSJET 
II-03 model predicts a neutron production rate similar to the ex-
perimental results in the largest rapidity range. However, the DP-
MJET 3.04 model predicts neutron production rates better in the 
smaller rapidity ranges. These tendencies were already found in 
the spectra before unfolding, and they are not artifacts of unfold-
ing.

The neutron-to-photon ratios (Nn/Nγ ) in three different rapid-
ity regions were extracted after unfolding and are summarized in 
Table 4. Here, Nn and Nγ are the number of neutrons and num-
ber of photons, respectively, with energies greater than 100 GeV. 
The numbers of photons were obtained from the previous anal-
ysis [9] and the same analysis for the pseudo-rapidity range of 
8.99–9.22 defined in this study. The experimental data indicate a 
more abundant neutron production rate relative to the photon pro-
duction than any model predictions studied here.

Table 4
Hadron-to-photon ratio for experiment and MC models. The number of neutrons 
with energies above 100 GeV was divided by the number of photons with ener-
gies above 100 GeV. The rapidity intervals corresponding to the small tower, Large 
tower A, and Large tower B are η > 10.76, 9.22 > η > 8.99, and 8.99 > η > 8.81, 
respectively.

Nn/Nγ Small Large A Large B

Data 3.05 ± 0.19 1.26 ± 0.08 1.10 ± 0.07

DPMJET 3.04 1.05 0.76 0.74
EPOS 1.99 1.80 0.69 0.63
PYTHIA 8.145 1.27 0.82 0.79
QGSJET II-03 2.34 0.65 0.56
SYBILL 2.1 0.88 0.57 0.53

5. Summary and discussion

An initial analysis of neutron spectra at the very forward region 
of the LHC is presented in this paper. The data were acquired in 
May 2010 at the LHC from 

√
s = 7 TeV proton–proton collisions 

with integrated luminosities of 0.68 nb−1 and 0.53 nb−1 for the 
LHCf Arm1 and Arm2 detectors, respectively.

The neutron energy spectra were analyzed in three different 
rapidity regions. The results obtained from the two independent 

LHCf
pT <	0.15	xF GeV/c
√s	=	7000	GeV	@LHC

ü PHENIX	explains	the	result	by	1	pion	exchange
ü More	complicated	exchanges	at	>TeV?
ü LHCf	data	at	900GeV,	2.76TeV	to	be	analyzed
ü RHICf data	at	510GeV	will	be	added	soon



√s	scaling,	or	breaking?
O. Adriani et al. / Physics Letters B 750 (2015) 360–366 365

Fig. 6. Unfolded energy spectra of the small towers (η > 10.76) and the large towers (8.99 < η < 9.22 and 8.81 < η < 8.99). The yellow shaded areas show the Arm1 
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Fig. 7. Comparison of the LHCf results with model predictions at the small tower (η > 10.76) and large towers (8.99 < η < 9.22 and 8.81 < η < 8.99). The black markers and 
gray shaded areas show the combined results of the LHCf Arm1 and Arm2 detectors and the systematic errors, respectively. (For interpretation of the colors in this figure, 
the reader is referred to the web version of this article.)

where dN("η, "E) is the number of neutrons observed in the 
each rapidity range, "η, and each energy bin, "E . L is the inte-
grated luminosity corresponding to the data set. The cross sections 
are summarized in Table 5. Fig. 7 shows the combined Arm1 and 
Arm2 spectra together with the model predictions. The experimen-
tal results indicate the highest neutron production rate compared 
with the MC models at the most forward rapidity. The QGSJET 
II-03 model predicts a neutron production rate similar to the ex-
perimental results in the largest rapidity range. However, the DP-
MJET 3.04 model predicts neutron production rates better in the 
smaller rapidity ranges. These tendencies were already found in 
the spectra before unfolding, and they are not artifacts of unfold-
ing.

The neutron-to-photon ratios (Nn/Nγ ) in three different rapid-
ity regions were extracted after unfolding and are summarized in 
Table 4. Here, Nn and Nγ are the number of neutrons and num-
ber of photons, respectively, with energies greater than 100 GeV. 
The numbers of photons were obtained from the previous anal-
ysis [9] and the same analysis for the pseudo-rapidity range of 
8.99–9.22 defined in this study. The experimental data indicate a 
more abundant neutron production rate relative to the photon pro-
duction than any model predictions studied here.

Table 4
Hadron-to-photon ratio for experiment and MC models. The number of neutrons 
with energies above 100 GeV was divided by the number of photons with ener-
gies above 100 GeV. The rapidity intervals corresponding to the small tower, Large 
tower A, and Large tower B are η > 10.76, 9.22 > η > 8.99, and 8.99 > η > 8.81, 
respectively.

Nn/Nγ Small Large A Large B

Data 3.05 ± 0.19 1.26 ± 0.08 1.10 ± 0.07

DPMJET 3.04 1.05 0.76 0.74
EPOS 1.99 1.80 0.69 0.63
PYTHIA 8.145 1.27 0.82 0.79
QGSJET II-03 2.34 0.65 0.56
SYBILL 2.1 0.88 0.57 0.53

5. Summary and discussion

An initial analysis of neutron spectra at the very forward region 
of the LHC is presented in this paper. The data were acquired in 
May 2010 at the LHC from 

√
s = 7 TeV proton–proton collisions 

with integrated luminosities of 0.68 nb−1 and 0.53 nb−1 for the 
LHCf Arm1 and Arm2 detectors, respectively.

The neutron energy spectra were analyzed in three different 
rapidity regions. The results obtained from the two independent 

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.
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RHICf

LHCf	2.76TeV	and	7TeV	data	shows	
Feynman	scaling	of	forward	𝜋0

ISR	(30-60GeV),	PHENIX	(200GeV)	and	LHCf	(7TeV)	data	
indicate	Feynman	scaling braking of	forward	neutrons	

LHCf
𝜋0

neutron



Single-spin	asymmetry	measurements	
with	high	spatial	resolution
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Single-spin	asymmetry	by	PHENIX	
(PRD,	88,	032006,	2013)
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ZDC

ZDC+BBC

ü strong	asymmetry	in	forward	neutrons	was	
discovered	at	RHIC

ü scaled	with	pT at	√s	=	62,	200,	500	GeV?

PHENIX	results	at	200GeV

ϕ

R

Lp p n



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

16

( )
22

*Im2
gf
fgAN

+
»

f : spin non-flip amplitude
g : spin flip amplitude

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



SSA	of	forward	neutron	production

17

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



SSA	of	forward	neutron	production
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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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SSA	of	forward	neutron	production
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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

1
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Beam	Use	Request	for	RUN17

• Beam	setup	2	days
- 𝛽*=10m	to	keep	the	beams	parallel	(𝜎=1.5mm	

at	detector)		1day	
- Radial	polarization	to	access	pT>0.3GeV	in	SSA	measurement	0.3-1	day		[not	more	than	24	hours	in	

case	of	any	difficulty]

• Physics	operation			2	days
- 12	hours	data	taking	for	minimum	success	both	

in	cross	section	and	SSA	measurements in	
parallel

• Backup
- we	hope	24	hours	data	taking	is	assured	only	

when	we	have	(recoverable)	trouble

• Timing	
- To	be	discussed,	but	not	very	early	phase
- Hope	around	May	2017

Table 1: Required beam parameters for 510GeV p+p collision.

Parameter Value

Beam energy (GeV) 255
Beam intensity 2×1011

(protons per bunch)
Number of colliding bunch 111
Number of non-colliding bunch 9
Beam emittance (mm mrad) 20
β∗ (m) 10
Luminosity (cm−2s−1) 2.0×1031

Polarization direction radial
Polarization amplitude 0.4–0.5
β∗ setup time 1 day
Radial polarization setup time 1 day
Data taking time 2 days

4.2 Data taking time and statistics

As explained in Sec.3.2, the DAQ speed of RHICf is limited to 1 kHz. A brief summary of
the RHICf trigger and luminosity optimization are

• Trigger is issued when a shower trigger is issued from any of two calorimeters (single
event).

• Single events are recorded after prescaling to enhance the photon pair events ex-
plained below.

• When a pair of (photon) showers, one in each calorimeter, is observed, the event (pair
event) is recorded without prescaling. Pairs are predominantly produced by decay of
π0 and these events are classified as Type I π0.

• When a photon pair hits a single calorimeter (Type II π0), this is recorded as a single
event.

• Luminosity is optimized to collect enough statistics of Type I π0 unless pileup affects
the measurement of single events as discussed in Sec.4.1.

Acceptances defined as trigger per inelastic collision for each category of event and the
detector position are summarized in Tab.2. In this calculation, EPOS-LHC interaction
model was used as an event generator and 70% detection efficiency was applied to the

10
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Beam	Use	Request	for	RUN17

• Beam	setup	2	days	=>	1day
- 𝛽*=10m	to	keep	the	beams	parallel	(𝜎=1.5mm	

at	detector)		1day	
- Radial	polarization	to	access	pT>0.3GeV	in	SSA	measurement	0.3-1	day		[not	more	than	24	hours	in	

case	of	any	difficulty]

• Physics	operation			2	days	=>	3.5	days
- 12	hours	data	taking	for	minimum	success	both	

in	cross	section	and	SSA	measurements in	
parallel

• Backup
- we	hope	24	hours	data	taking	is	assured	only	

when	we	have	(recoverable)	trouble

• Timing	
- To	be	discussed,	but	not	very	early	phase
- Hope	around	May	2017	=>	21-26	June

Table 1: Required beam parameters for 510GeV p+p collision.

Parameter Value

Beam energy (GeV) 255
Beam intensity 2×1011

(protons per bunch)
Number of colliding bunch 111
Number of non-colliding bunch 9
Beam emittance (mm mrad) 20
β∗ (m) 10
Luminosity (cm−2s−1) 2.0×1031

Polarization direction radial
Polarization amplitude 0.4–0.5
β∗ setup time 1 day
Radial polarization setup time 1 day
Data taking time 2 days

4.2 Data taking time and statistics

As explained in Sec.3.2, the DAQ speed of RHICf is limited to 1 kHz. A brief summary of
the RHICf trigger and luminosity optimization are

• Trigger is issued when a shower trigger is issued from any of two calorimeters (single
event).

• Single events are recorded after prescaling to enhance the photon pair events ex-
plained below.

• When a pair of (photon) showers, one in each calorimeter, is observed, the event (pair
event) is recorded without prescaling. Pairs are predominantly produced by decay of
π0 and these events are classified as Type I π0.

• When a photon pair hits a single calorimeter (Type II π0), this is recorded as a single
event.

• Luminosity is optimized to collect enough statistics of Type I π0 unless pileup affects
the measurement of single events as discussed in Sec.4.1.

Acceptances defined as trigger per inelastic collision for each category of event and the
detector position are summarized in Tab.2. In this calculation, EPOS-LHC interaction
model was used as an event generator and 70% detection efficiency was applied to the

10
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->	8

STARTING	TODAY!!!



Expected	statistics	in	12	hours
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Figure 10: Expected observed spectra of Type I π0 after 1 hour (3,600M collisions) at the
detector position-1.

Energy (GeV)
0 50 100 150 200 250

/1
92

0M
 c

ol
lis

io
ns

/b
in

10

210

310

410

510

610

<0.2GeV
T

0.0GeV<p
<0.4GeV

T
0.2GeV<p

<0.6GeV
T

0.4GeV<p
<0.8GeV

T
0.6GeV<p

<1.0GeV
T

0.8GeV<p

Photon

Energy (GeV)
0 50 100 150 200 250

/1
92

0M
 c

ol
lis

io
ns

/b
in

410

510

Neutron

Figure 11: Expected observed spectra of single events after 12 hours (2040M effective
collisions) at the detector positions-1, 2, 3.
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Table 4: Number of neutrons and statistical accuracy to determine the asymmetry obtained
in 12 hours of operation at positions-1, 2 and 3.

pT (GeV ) N (×103) δA
0.0–0.1 2,310 0.0013
0.1–0.2 2,570 0.0012
0.2–0.3 1,710 0.0015
0.3–0.4 2,190 0.0014
0.4–0.5 1,210 0.0018
0.5–0.6 1,130 0.0019
0.6–0.7 402 0.0032
0.7–0.8 260 0.0039
0.8–1.2 104 0.0062

Figure 18: RHICf expected spectra in the small calorimeter at position-0.
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1%	stat	error/bin

Neutron	SSA
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Figure 12: Expected observed spectra of Type I π0 after 12 hours (43,200M collisions) at
the detector positions-1, 2, 3.
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Figure 13: Expected observed spectra of high energy photon events after 3 hours (10,800M
effective collisions) at the detector positions-1, 2, 3.
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• After	12	hours,	high	threshold	energy	and	EM	enhanced	
trigger	to	increase	statistics	in	high	energy	photons	and	𝜋0

23



Status	of	RHICf
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RHICf Installation	
@STAR	interaction	point

25

Test	in	October-December

Off-axis	since	January	to	observe	
collision	without	interfering	ZDC



STAR-RHICf common	data	taking
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Trigger	generation

Trigger	generation

Trig	signal

Token	
number Token	receipt

Event	build
Data

Common	data	storage Stand	alone
data	storage



Test	with	Collisions

• RHIC	starts	first	RUN2017	collision	on	
20-Feb
• RHICf observed	shower	signal	(PMT	
coincidence)	and	tuned	timing
• Common	operation	(RHICf triggers	
STAR)	tested	and	common	data	
successfully	recorded	at	STAR	(analysis	
of	physics	correlation	on	going) RHICf calorimeter	PMT	signals

and	ADC	Gate	after	timing	tuned

27

Bunch	ID	of	RHICf trigger	recorded	at	“STAR”
Two	abort	gaps	correctly	identified

Bunch	ID

#	
of
	e
ve
nt

Gaps	at	expected	timing



Common	run	in	Au-Au	collisions
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• We	are	measuring	same	collision!!



Summary

• RHICf is
• Forward	(zero	degree)	calorimeters	at	STAR	to	measure

• Neutral	particle	production	to	understand	cosmic-ray	air	
shower	developments

• Single-spin	asymmetry	of	neutral	particles	with	wide	pT
coverage

• Ready	to	operate	with	STAR
• Preparing	for	physics	operation	from	TODAY!!!
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RHICf thanks	all	RHIC	community	especially	PAC,	C-AD,	STAR	and	
PHENIX	teams	for	supporting	our	activity



Backup
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Air	shower	and	
hadronic	interaction
ü Cosmic	rays	with	E>1014	eV	are	

observed	through	atmospheric	
air	shower

ü Energy	and	mass	of	1ry	
particles	are	determined	from	
the	ground	observations

ü Interpretation	relies	on	the	MC	
simulation	of	air	showers

ü Hadronic interaction,	
especially	forward	particle	
production,	is	a	key	of	the	MC	
simulation

Ground	array

Fluorescence	light	
observed	by	telescope



RHICf position	sensitive	layer

33

• Array	of	thin	GSO	scintillators	with
• 1mmx1mmx20mm	or	40mm

• 4	XY	pairs,	2	optimized	for	EM	showers	
and	2	for	hadronic	showers	

• Read	out	by	8x	64ch	MAPMT



Detector	performance

34

Arm2

ΔE/E	<	5%

ΔE/E	≈	40%
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FIG. 5: (color online). Experimental combined pz spectra of the LHCf detector (filled circles) in p+p collisions at
p
s = 7TeV.

Shaded rectangles indicate the total statistical and systematic uncertainties. The predictions of hadronic interaction models
are shown for comparison (see text for details.)
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π0 pz spectra	in	7TeV	p-p	collisions
(PRD,	94	(2016)	032007)

35ü DPMJET3 and	PYTHIA8 overestimate	over	all	E-pT range



θ xF = 2pz / s

pT = psinθ ≤ 1
2 s sinθ

p T
(G
eV

/c
)

LHCRHIC

ü Wide	xF-pT coverage	is	desired
ü Maximum	pT coverage	is	

proportional	to	𝜃√s	

xF-pT coverage	at	LHC	
7TeV and	RHIC	500GeV
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Why	not	LHC	900GeV?

ü RHIC	allows	larger	𝜃 with	smaller	√s
ü xF-pT coverage	at	LHC	7TeV	and	RHIC	

500GeV are	almost	identical!!



Single	spin	asymmetry	(RHICf)
(12	(4)	hours	statistics	for	neutron/photon	(π0))
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Model	to	model	difference	
and	12	hours	statistics
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Figure 4.1: Energy spectra of photons expected from a 2 hours×6 positions dataset at
6.26< η <6.49 (top-left), 6.87< η <7.40 (top-right) 7.40< η <7.83 (bottom-left) and
8.27< η (bottom-right). Different colors designate event generators used in the calculation.

already with the statistics obtained from the short data taking.

4.3 Spin asymmetry

Using the same data set to the spectrum analysis, RHICf can study the spin asym-
metry like PHENIX but with a better position resolution and hence a better pT

resolution than the PHENIX SMD. The vertical scan allows RHICf to cover up to
higher pT than PHENIX. Expected numbers of events with xF >0.4 in several pT

bins are summarized in Tab.4.3. Effective number of collisions (luminosity) of 108

(2 nb−1) and 109 (20 nb−1) at each of 6 positions are assumed for the single shower
events (neutrons and photons) and π0 events, respectively. These correspond to a
data taking time of 12 and 4 hours, respectively, and can be completed during the
spectral measurements discussed in Sec.4.1. Statistical accuracies for determining
the amplitude of asymmetry (δA) are also summarized in the table. Assuming a
polarization P to be 50%, δA is defined as 1/(P

√
N). According to these statistics,

22

Energy [GeV]
50 100 150 200 250

dN
/d

E
 [1

/G
eV

]

0

500

1000

1500

2000

2500

PYTHIA 8.185

QGSJET II-03

EPOS LHC

Energy [GeV]
50 100 150 200 250

dN
/d

E
 [1

/G
eV

]

0

500

1000

1500

2000

2500

3000

3500

4000

PYTHIA 8.185

QGSJET II-03

EPOS LHC

Energy [GeV]
50 100 150 200 250

dN
/d

E
 [1

/G
eV

]

0

500

1000

1500

2000

2500

3000

3500

4000

PYTHIA 8.185

QGSJET II-03

EPOS LHC

Energy [GeV]
50 100 150 200 250

dN
/d

E
 [1

/G
eV

]

0

1000

2000

3000

4000

5000

6000

7000

8000

PYTHIA 8.185

QGSJET II-03

EPOS LHC

Figure 4.2: Energy spectra of neutrons expected from a 2 hours×6 positions dataset at
6.26< η <6.49 (top-left), 6.87< η <7.40 (top-right) 7.40< η <7.83 (bottom-left) and
8.27< η (bottom-right). Different colors designate event generators used in the calculation.

∼1% statistical accuracy is obtained at pT <1.0GeV/c, 0.5 GeV/c and 0.5GeV/c for
neutrons, photons and π0, respectively. These extend the past PHENIX measure-
ments with good overlapping pT coverages. Expected data points given by RHICf
overlaid on the past PHENIX result are shown in Fig.4.5 as red ellipses. Here the
sizes of the ellipses indicate the expected pT resolution of RHICf [21] and ±1% errors
on asymmetry.

There are some options under consideration for the asymmetry measurements.

• High energy enhanced trigger to increase the statistics of high energy (high pT )
events.

• Trigger using the PHENIX Beam Beam Counter (BBC) as was done in the
PHENIX analysis.
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ü Behavior	is	very	similar	to	the	7TeV,	13TeV	cases
ü Good	statistics	except	for	photon	highest	energy



diffractive	vs.	non	diffractive
at	η>8.2	with	√s=510GeV	p+p collisions

PYTHIA	8	simulation
BLUE:	inclusive	spectra	expected	by	RHICf only
RED:	diffractive	only	(“RHICf +	no	central	track	in	STAR”	will	be	similar	=>	TBC)
BLACK:	non	diffractive	(“RHICf +	>=1	central	track	in	STAR”	=>	TBC	) 39


