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RHICf:		neutral	particle	measurement		
at	0-degree	of	STAR	by	a	small	imaging	calorimeter	
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History	
•  2011		

First	discussion	
•  2013		

LOI	
•  2014		

Proposal	for	RUN16	
with	PHENIX	

•  2015		
Proposal	for	RUN17	
with	STAR	

•  2017	Jun	
	Physics	run	completed	

4	



Very	forward	particle	production	
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Air	shower	development	and	Hadronic	interactions		
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① Inelastic cross section 

② Forward EM energy spectrum     
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UHECR	Interactions	=	Collider	Energies	

1020	1017	1014	 eV	

13TeV	7	0.5	 0.9	
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l  Need dedicated very forward measurement at hadron colliders 
l  So far LHCf measured pp (7, 2.76, 0.9 TeV) and p-Pb(5TeV/n)  
l  RHIC data at the low end is important for extrapolation to 1020eV 
l  RHIC can serve p-LI or LI-LI collisions ( LI: light ion, ex, Nitrogen). 

RHIC	pp	 LHC	pp	
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Gribov-Regge	type	cosmic	ray	interaction	models	
•  SYBILL2.1	g	SYBILL2.3c	

–  E.J.	Ahn	et	al.,	Phys.	Rev.	D80,	094003	(2009).	
•  QGSJET	II	g	QGSJETII-4	

–  S.	Ostapchenko,	Phys.	Lett.	636,	40	(2006).	
•  DPMJET3	

–  	S.	Roesler,	R.	Engel	and	J.	Ranft,	Proc.	of	27th	ICRC.	2002,	439.	
•  EPOS1.9	g	EPOS-LHC	

–  	T.	Pierog	and	K.Werner,	Phys.	Rev.	Lett.	101,	171101(2008).	

T.	Pierog	

Astropart.Phys.	35	(2011)	98-113		New J.Phys.13 (2011) 053033 	

η	 2.5	- 2.5	



The	LHCf	experiment	at	LHC	
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16 tungsten + GSO scinti. layers		
20x20mm(TS)+40x40mm (TL) 
4 GSO-bar tracking layers 

44X0,  
1.6 λint  

16 tungsten + GSO scinti. layers 
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Detector	performance	
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  π0	reconstruction	capability	
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V. ANALYSIS FRAMEWORK

A. π0 event reconstruction and selection

The standard reconstruction algorithms consist of four
steps: hit position reconstruction, energy reconstruction,
particle identification, and π0 event selection.

1. Position reconstruction

Hit position reconstruction starts with a search for
multihit and single-hit events. A multihit event is defined
to have more than one photon registered in a single
calorimeter. A single-hit event is defined to have a single
hit in each of the two calorimeters in a given detector, Arm1
or Arm2.
Therefore, multihit event candidates should have two or

more distinct peaks in the lateral-shower-impact distribu-
tion of a given calorimeter and are then identified using the
TSpectrum algorithm [42] implemented in ROOT [43].
TSpectrum provided the basic functionality for peak find-
ing in a spectrum with a continuous background and
statistical fluctuations.
The MC simulation estimated efficiencies for identifying

multihit events are larger than 70% and 90% for Arm1 and
Arm2, respectively [25]. Given the list of shower peak
position candidates that have been obtained above, the
lateral distributions are fit to a Lorenzian function [44] to
obtain more precise estimates of the shower peak positions,
heights, and widths. In the case of multihit events, two
peaks are fit using superimposed Lorenzian functions.
Multihit events with three or more peaks are rejected from
the analysis. Conversely, single-hit events, not having two
or more identifiable peaks in a single calorimeter but
having a single hit in each calorimeter are correctly selected
with an efficiency better than 98% for true single-photon
events with energy greater than 100 GeV for both Arm1
and Arm2.

2. Energy reconstruction

The photon energy is reconstructed using the measured
energy deposited in the LHCf calorimeters. The charge
information in each scintillation layer is first converted to a
deposited energy by using the calibration coefficients
obtained from the electron test beam data taken at the
Super Proton Synchrotron (SPS) below 200 GeV [26]. The
sum of the energy deposited in the 2nd to 13th scintillation
layers is then converted to the primary photon energy using
an empirical function. The coefficients of the function are
determined from the response of the calorimeters to single
photons using MC simulations. Corrections for shower
leakage effects and the light-yield collection efficiency of
the scintillation layers are carried out during the energy
reconstruction process [20]. In the case of multihit events,
the reconstructed energy based on the measured energy
deposited is split into two energies, primary and secondary.
Fractions of the energy for the primary and secondary hits

are determined according to the peak height and width of
the corresponding distinct peaks in the lateral-shower-
impact distribution.

3. Particle identification

Particle identification (PID) is applied in order to
efficiently select pure electromagnetic showers and to
reduce hadron (predominantly neutron) contamination.
PID in the study of this paper depends only on the
parameter L90%. L90% is defined as the longitudinal dis-
tance, in units of radiation length (X0), measured from the
first tungsten layer of the calorimeter to the position where
the energy deposition integral reaches 90% of the total
shower energy deposition. Events with an electromagnetic
shower generally have a L90% value smaller than 20 X0,
while events with a hadronic shower generally have L90%

larger than 20 X0. The threshold L90% value as a function of
the photon energy is defined in order to keep the π0

selection efficiency at 90% over the entire energy range of
the individual photons. PID criteria are determined by MC
simulations for each calorimeter.

4. π0 event selection

The π0 are then identified by their decay into two
photons, leading to the distinct peak in the invariant mass
distribution around the π0 rest mass. The invariant mass of
the two photons is calculated using the reconstructed
photon energies and incident positions. The π0 events used
in the analysis of this paper are classified into two
categories: Type-I π0 and Type-II π0 events. AType-I event
is defined as having a single photon in each of the two
calorimeters of Arm1 or Arm2 (the left panel of Fig. 1). A
Type-II event is defined as having two photons in the same
calorimeter (the right panel of Fig. 1). Note that Type-II
events were not used in the previous analyses [18,19] and
thus are taken into account for the first time in this paper.
As detailed in Sec. V B, the phase spaces covered by Type-I
and Type-II events are complementary. In particular, the
inclusion of Type-II events extends the pT upper limit for
analysis from 0.6 GeV in the previous analyses to 1.0 GeV.

FIG. 1. Observation of π0 decay by a LHCf detector. Left:
Type-I π0 event having one photon entering each calorimeter.
Right: Type-II π0 event having two photons entering one
calorimeter, here entering the small calorimeter.

MEASUREMENTS OF LONGITUDINAL AND TRANSVERSE … PHYSICAL REVIEW D 94, 032007 (2016)

032007-5

Type-I	　       Type-II	

4-layers	of	1mm	GSO	hodoscopes	
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	η>10.94	
13,7	&	0.9	TeV	pp		
photon

13&7TeV	pp		
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7&2.76	TeV	pp		
π0	

5TeV	pPb	
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PLB	703	(2011)	128		

JHEP	11	(2018)	073	

PLB	715	(2012)	298		

PRD	86	(2012)	092001	

PRC	89	(2014)	065209	 12	

PLB	780	(2018)	233		

PLB	750	(2015)	360		

PRC	86	(2014)	065209	
PRD	94	(2016)	032007	



Very	forward	γ	from	diffraction	at	13TeV		

η	>	10.94	

8.81	<	η	<	8.99	

Inclusive	

diffraction	

Inclusive	

diffraction	

•  ATLAS-LHCf	common	data	at	13TeV	pp	
•  Rapidity	gap	events	selected	as	diffraction	

Some	of	cosmic	ray		interaction	models	need	large	modification	
(	Both	diffraction	and	non-diffraction)		

ATLAS-CONF-2017-075	
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Very	forward	neutron	production	at	13	TeV	
JHEP	in	press,	arXiv:1808.09877,	CERN-EP-2018-239	

•  Large	excess	in	data	than	any	other	models	at	0-degree	(	η	>10.76)	
•  XF	scaling	?	comparison	with	ISR,	PHENIX	 14	

PRD88(2013)032006 



Why	RHIC	(@	lower	√s)	?	
•  ZDC	closer	to	IP,	same	PT	acceptance	as	LHC		

– RHIC	ZDC	@	z=18m	@500GeVpp, 	
– LHC	ZDC	@	z=140m	@	7,	13	TeVpp		

•  Rich	experience	and	opportunity	for	p-A,	A-A		
– Understanding	nuclear	effect	in	air	shower	

•  Polarized	proton	collisions		
– Precise	spin	asymmetry	for	forward	particles	
– Probe	for	forward	productions	

Feynman	scaling	in	forward	region;	0.5	TeV	n	7	,	13	TeV		

15	



RHICf	
Expected	
	E-specra	

(single	photons)	

16	

12	hours	statistics		
	(12	nb-1	live	;	
	360nb-1	delivered)	

6.26<η<6.49	 6.87<η<7.40	

7.40<η<7.83	 8.27<η	
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√s	scaling	:	a	key	for	ECR	extrapolation									
beyond	the	LHC			

Comparison done in the very limited phase space of 900GeV collisions 
                                         (green triangle in the phase space plot)  

7TeV scaled (η>10.94)  
0.9TeV  (η>8.68)  

LHCf	single	photon	data		
(900GeV	pp	,	7TeV	pp)	

Preliminary

All	π0	expected	from	models	
(0.5TeV,	14TeV	and	50TeV)	

DPMJET3	
QGSJET	II	



SPIN	physics	in	RHICf	
•  AN	program	with	radially-polarized	p-p	also	at	RHICf	
•  AN(π)	has	been	studied	only	in	mid-η (3∼4),	pT>	1	GeV		
•  No	AN	known	at	very	forward	and	low	pT		
•  Also		AN	discovered	in	0-degree	neutrons		

	𝜋0	AN	RHIC-IP12	√s=200GeV	
	(AN=	-0.024±0.031)	

M.	Togawa,	PhD	thesis	(2008)	

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.
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	𝜋0	and	EM	AN	PHEIX,	STAR	√s=200GeV�
Phys.�Rev.�D90�(2014)�012006.�

IP12,�6�< η�(pT�<�0.2�GeV/c) �
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AN	forward	neutron	at	RHIC-IP12		

19	

M.	Togawa,	PhD	thesis	(2008)	



AN	of	forward	neutron	at	RHICf	

•  Combination	of		ZDC	(good	Ehad	resolution)	and	RHICf	
detector	(good	position	resolution)	provide	good	pT	
resolution	in	neutron	measurements	

•  With	horizontal	polarization,		covering	pT<1GeV/c		 20	



RHICf	physics	run	(25-27	June,	2017)	
•  √s=510	GeV	p+p	collisions	
•  Higher	𝛽*	(=8m)	than	usual	RHIC	operation	
•  Radial	polarization	to	maximize	the	single-spin	
asymmetry	in	vertical	

•  Luminosity∼1031	cm-2s-1	

•  Trig.	Thres	~	10GeV	

21	

RHICf	@	STAR	CR	



pT=1.2GeV	
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RHICf	beam	status	

TL	center	 TS	center	 Top	 TS	center	

23	

Stable	4	fills	for	physics	w/	3	detector	positions	

Stable	polarization	(50-60%)	



DAQ	status	
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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	

∼250GeV	

Trigger	threshold	
TS-center	 TL-center	

HighE	trig	

Norm	trig	
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On-going	analysis	
•  Calibration,	basic	performance	check	being	completed	
•  A	clear	π0	peak	confirmed	good	performance	
•  Correlation	w/	STAR-ZDC,	STAR-combined	trig.	OK	
•  Photons,	neutrons,	and	π0	analysis	on-going	
•  First	AN	results	on	π0		

Obtained	π0	in	XF	vs	pT		Observed	π0	mass	peak	 25	



 π0	AN	analysis	

•  After	energy/position	reconstructions	and	γ/
hadron	separation,	invariant	mass	
reconstructed	for	type-I	and	type-II		

•  Reconstructed	π0	binned	into	pT	and	XF	
•  AN	calculated	and	BG	AN	also	estimated	and	
subtracted		

•  Systematic	errors	estimated	for	beam	center,	
smearing,	etc.	

•  False	AN	also	checked	by	bunch	shuffled	

26	



RHICf	preliminary	π0	AN	

AN	observed	at	very	forward	(η<6)	in	low	pT	(<1GeV/c)	first	time	
Perhaps	diffractive	origin	?	 27	



Summary	
•  RHICf	:	neutral	measurement	at	STAR	zero-degree	
by	a	compact	imaging	sampling	calorimeter	
–  Verify	cosmic	ray	interactions	at	~1014eV,	Feynman	
scaling	violation	

–  Spin	asymmetry	for	forward	(neutral)	particles	
–  Physics	run	successfully	completed	in	June	2017	

•  First	result	in	very	forward	π0	AN		
–  First	hint	for	π0	AN	in	low	pT	(<1GeV)	
– Maybe	something	different	mechanism	account	for	AN	?		

•  More	to	come	soon	!		
–  Forward	neutron	AN	
–  Forward	spectra	for	γ,	π0,	and	neutron	at	√s=	0.5TeV	

28	



Backup	

29	



XF	scaling	of	very	forward	neutron	

30	

A. Adare, et al., Phys. Rev. D, 88, 032006 (2013) 

LHCf 7TeV neutron (Arm1 only)   
0<PT<0.11xF GeV/c 	

RHIC PHENIX (200GeV),  
ISR (30.6-62.7 GeV) 

K.Kawade PhD thesis (2014)	



Hadron	shower	reconstruction		

31	

Check by SPS 350GeV p beam	



LHC	impact	on	UHECR	air	showers 
•  UHECR	MC	(EPOS,	QGSJET	II)	tuned	by	LHC	data	now	
•  Shower	max	diff.	improved	(	50	->	20gcm2	),	c.f.	100gcm2	btw	p	-	

Fe		
•  But	yet	LHCf	results	not	fully	implemented	(due	to	its	difficulty)	
•  Another	missing	piece	->	Nuclear	modification	factor		
	

32	

T.Pierog,	S.Ostapchenko,		
ISVHECRI2012	

EPOS	

QGSJET-II	

1017	 1020	

0g/cm2	

Xmax	



Expected	Results	(single	neutrons)	

33	

•  Neutron	spectra	at	4	rapidity	samples	
•  12	hours	statistics	(12	nb-1	effective	luminosity;	360nb-1	delivered)	
•  RHICf	resolution	not	considered;	true	spectra	
•  Statistical	error	is	almost	negligible	

6.26<η<6.49	

6.87<η<7.40	

7.40<η<7.83	 8.27<η	



Expected	Results	(single	neutrons)	

34	

•  Neutron	spectra	at	4	rapidity	samples	
•  12	hours	statistics	(12	nb-1	effective	luminosity;	360nb-1	delivered)	
•  RHICf	resolution	taken	into	account,	but	ZDC	joint	analysis	not	considered	
•  Statistical	error	is	almost	negligible	

6.26<η<6.49	 6.87<η<7.40	

7.40<η<7.83	 8.27<η	

measured	energy	
(resolution	folded)	



Expected	Results	(π0)	

35	

•  π0	spectra	at	4	rapidity	samples	
•  <60GeV	not	detectable	due	to	large	opening	angle	of	γγ	
•  24	min	statistics	(12	nb-1	effective	luminosity;	12	nb-1	delivered)	
•  Statistical	error	will	be	negligible	with	a	reasonable	run	time		

6.04<y<6.16	 6.36<y<6.70	

6.70<y<6.88	 7.25<y<7.62	



2ndary	particle	
productions	
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Figure by T.Pierog	
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UHECR	2018	-	Paris		8-12	Oct.	2018			

Status	of	analysis	

37	

Run Elab (eV) Poton Neutron π0

p-p √s=0.9TeV 
(2009/2010) 4.3x1014 PLB 715, 298 (2012) - 

p-p √s=2.76TeV 
(2013) 4.1x1015 PRC 86, 065209 

(2014) PRD 94   
032007 
(2016) p-p √s=7TeV 

(2010) 2.6x1016 PLB 703, 128 (2011) 
PLB 750 
360 (2015) 

PRD 86, 092001 
(2012) 

p-p √s=13TeV 
(2015) 9.0x1016 PLB 780, 233 (2018) 

Submitted to 
JHEP on-going 

p-Pb √sNN=5TeV 
(2013,2016) 1.4x1016 PRC 86, 065209 

(2014) 

p-Pb √sNN=8TeV 
(2016) 3.6x1016 Preliminary 

RHICf  
p-p √s=510GeV 
(2017) 1.4x1014 on-going 



Feynman	scaling	violation	and	air	showers	
T.Wibig,		Phys	Lett	B	678	(2009)	60	

 α ;	scaling	violation	parameter	
Air	shower	max	for	UHECR	data	

38	



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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STAR-RHICf	common	data	taking	
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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	

West	East	



Energy�resolution�of�π0�reconstruction�

Around�2.7%�energy�resolution�is�expected�to�both�Type-I�and�Type-II.�
�
This�similar�energy�resolution�is�because�energy�deposit�at�detector�is�
quite� linear� to� the� sum� of� actual� photon� energy� regardless� of� the�
number�of�photons.�
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n 

13/18�

Type-I�π0� Type-II�π0�

200�GeV�π0��
simulation�

200�GeV�π0��
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pT�resolution�of�π0�reconstruction�

However,�pT�resolution�of�Type-I�is�much�better�than�Type-II.��
�
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Type-I�π0� Type-II�π0�

200�GeV�π0��
simulation�

200�GeV�π0��
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σ = 0.005 GeV/c 

V. ANALYSIS FRAMEWORK

A. π0 event reconstruction and selection

The standard reconstruction algorithms consist of four
steps: hit position reconstruction, energy reconstruction,
particle identification, and π0 event selection.

1. Position reconstruction

Hit position reconstruction starts with a search for
multihit and single-hit events. A multihit event is defined
to have more than one photon registered in a single
calorimeter. A single-hit event is defined to have a single
hit in each of the two calorimeters in a given detector, Arm1
or Arm2.
Therefore, multihit event candidates should have two or

more distinct peaks in the lateral-shower-impact distribu-
tion of a given calorimeter and are then identified using the
TSpectrum algorithm [42] implemented in ROOT [43].
TSpectrum provided the basic functionality for peak find-
ing in a spectrum with a continuous background and
statistical fluctuations.
The MC simulation estimated efficiencies for identifying

multihit events are larger than 70% and 90% for Arm1 and
Arm2, respectively [25]. Given the list of shower peak
position candidates that have been obtained above, the
lateral distributions are fit to a Lorenzian function [44] to
obtain more precise estimates of the shower peak positions,
heights, and widths. In the case of multihit events, two
peaks are fit using superimposed Lorenzian functions.
Multihit events with three or more peaks are rejected from
the analysis. Conversely, single-hit events, not having two
or more identifiable peaks in a single calorimeter but
having a single hit in each calorimeter are correctly selected
with an efficiency better than 98% for true single-photon
events with energy greater than 100 GeV for both Arm1
and Arm2.

2. Energy reconstruction

The photon energy is reconstructed using the measured
energy deposited in the LHCf calorimeters. The charge
information in each scintillation layer is first converted to a
deposited energy by using the calibration coefficients
obtained from the electron test beam data taken at the
Super Proton Synchrotron (SPS) below 200 GeV [26]. The
sum of the energy deposited in the 2nd to 13th scintillation
layers is then converted to the primary photon energy using
an empirical function. The coefficients of the function are
determined from the response of the calorimeters to single
photons using MC simulations. Corrections for shower
leakage effects and the light-yield collection efficiency of
the scintillation layers are carried out during the energy
reconstruction process [20]. In the case of multihit events,
the reconstructed energy based on the measured energy
deposited is split into two energies, primary and secondary.
Fractions of the energy for the primary and secondary hits

are determined according to the peak height and width of
the corresponding distinct peaks in the lateral-shower-
impact distribution.

3. Particle identification

Particle identification (PID) is applied in order to
efficiently select pure electromagnetic showers and to
reduce hadron (predominantly neutron) contamination.
PID in the study of this paper depends only on the
parameter L90%. L90% is defined as the longitudinal dis-
tance, in units of radiation length (X0), measured from the
first tungsten layer of the calorimeter to the position where
the energy deposition integral reaches 90% of the total
shower energy deposition. Events with an electromagnetic
shower generally have a L90% value smaller than 20 X0,
while events with a hadronic shower generally have L90%

larger than 20 X0. The threshold L90% value as a function of
the photon energy is defined in order to keep the π0

selection efficiency at 90% over the entire energy range of
the individual photons. PID criteria are determined by MC
simulations for each calorimeter.

4. π0 event selection

The π0 are then identified by their decay into two
photons, leading to the distinct peak in the invariant mass
distribution around the π0 rest mass. The invariant mass of
the two photons is calculated using the reconstructed
photon energies and incident positions. The π0 events used
in the analysis of this paper are classified into two
categories: Type-I π0 and Type-II π0 events. AType-I event
is defined as having a single photon in each of the two
calorimeters of Arm1 or Arm2 (the left panel of Fig. 1). A
Type-II event is defined as having two photons in the same
calorimeter (the right panel of Fig. 1). Note that Type-II
events were not used in the previous analyses [18,19] and
thus are taken into account for the first time in this paper.
As detailed in Sec. V B, the phase spaces covered by Type-I
and Type-II events are complementary. In particular, the
inclusion of Type-II events extends the pT upper limit for
analysis from 0.6 GeV in the previous analyses to 1.0 GeV.

FIG. 1. Observation of π0 decay by a LHCf detector. Left:
Type-I π0 event having one photon entering each calorimeter.
Right: Type-II π0 event having two photons entering one
calorimeter, here entering the small calorimeter.

MEASUREMENTS OF LONGITUDINAL AND TRANSVERSE … PHYSICAL REVIEW D 94, 032007 (2016)
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pT�resolution�of�π0�reconstruction�

However,�pT�resolution�of�Type-I�is�much�better�than�Type-II.��
�
This� different� pT� resolution� is� because� peak� position� is� more�
fluctuated�when�two�photons�hit�the�detector�than�one.�

n 
 
n 

14/18�

Type-I�π0� Type-II�π0�
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Previous	
π0	AN	

(pT>1GeV)	

PHENIX,	STAR	
√s=200GeV	

PHENIX	Collaboration,	
PRD	90,	012006	(2014)		

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

0
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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)
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Transverse	polarized	proton	collision		
•  AN	(transverse	single-spin	asymmetry)	

measurement		

–  Azimuthal	angle	modulation	(or	
dependence)		

•  Large	AN	for	forward	hadron	
production		
–  1	<	η	<	4,	similar	results	in	wide	√s		

•  TMD	(Transverse	Momentum	
Dependent)	function	and	higher-twist	
function		
–  Initial-state	effect	or	“Sivers”	effect		
–  Final-state	effect	or	“Collins”	effect		

•  Hard	scattering	and/or	non-
perturbative	effect?		
–  Diffractive	scattering		

RightLeft

RightLeft
N dd

dd
A

σσ

σσ

+

−
=
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New	question			
•  ANDY	jet	asymmetry		

–  Small	AN	of	forward	jet	production	
comparing	with	that	of	forward	
hadron	production		

–  Mixture	(cancellation)	of	u-quark	jet	
and	d-quark	jet,	or	other	non-
perturbative	effects?	

•  STAR	multiplicity	dependence		
–  AN	for	different	number	of	photons		
–  AN	decreases	as	the	event	
complexity	increases	(more	jet-like)		

–  How	much	of	the	large	π0	AN	comes	
from	hard	scattering?	

•  π0	asymmetry	at	RHICf?		
–  pT	<	1	GeV/c,	η	>	6		
–  Limited	by	the	shadow	of	the	beam	
pipe		

–  Non-perturbative	regime		

PLB750	(2015)	660.		
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Neutron	asymmetry		
•  Very	large	left-right	asymmetry	(AN)	of	very	forward	neutron	

discovered	at	RHIC		
–  AN(62	GeV)	<	AN(200	GeV)	<	AN(500	GeV)		
–  √s	dependence	or	pT	dependence?		

•  Interference	of	pion	exchange	and	other	Reggeon	exchange?		
–  Kopeliovich,	Potashnikova,	Schmidt,	Soffer:	PRD84,	114012	(2011)	

•  Improved	pT	precision	and	wider	pT	coverage	(pT	<	1.2	GeV/c)	
at	√s	=	510	GeV	in	the	RHICf	experiment		

Inclusive neutron	 Neutron with charged particles	
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Transverse	polarized	proton	collision		
•  AN	(transverse	single-spin	asymmetry)	

measurement		

–  Azimuthal	angle	modulation	(or	dependence)		
•  Large	AN	for	forward	hadron	production		

–  1	<	η	<	4,	similar	results	in	wide	√s		
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Transverse	polarization	phenomena		
•  TMD	(Transverse	Momentum	Dependent)	function	
and	higher-twist	function		

•  “Sivers”	effect		
–  Initial-state	effect		
–  TMD	(Sivers)	distribution	function		

•  Need	2	scales	(pT	and	Q2)		
•  Drell-Yan,	W/Z	boson	production		

–  Higher-twist	distribution	function		
•  Need	1	scale	(pT)	
•  Hadron,	photon,	jet	production		

•  “Collins”	effect		
–  Transversity	+	final-state	effect		
–  TMD	(Collins)	fragmentation	function		
–  Higher-twist	fragmentation	function		

SP 
kT,p 

p 

p

SP 

p 

p

Sq kT,π 
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Preliminary�result�of�very�forward�π0 AN��

n 
 
 

n 
 
 

n 
16/18�

Systematic� uncertainties� by� polarization,� π0� azimuthal� angle� distri-
bution,�background�AN�subtraction,�and�beam�center�was�included.�
�

Non-zero�AN�was�observed�even�in�very�forward�π0�production.�Diff-
ractive�process�may�contribute�to�the�AN�of�π0.�
�

AN�increases�by�both�pT�and�xF,�but�more�sensitive�to�pT.�
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Rapidity	distribution	at	RHICf	0.51	TeV	
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Number	of	particles	 Energy	density	



RHIC-IP12	ECAL,	HCAL	
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Triggers�of�RHICf�detector�

9/18�

Shower�trigger:�Energy�deposits�of�three�
successive� layers�at� large�or� small� tower�
are�larger�than�45�MeV.�
(for�neutron�and�single�photon)�

OR�

OR�

AND�

High� EM� trigger:� Energy� deposit� of� 4th�
layer� at� large� or� small� tower� is� larger�
than�500�MeV.�
(for�high�energy�photon�and�Type-II�π0)�

π0� enhanced� trigger:� Energy� deposits� of�
three� forward� (up� to� 7th)� successive�
layers�at�large�and�small�tower�are�larger�
than�45�MeV.�
(for�Type-I�π0)�


