Transverse single spin asymmetries
for very forward neutrons
in ultra-peripheral p-A collisions

GM, Phys. Rev. C 95, 044908 (2017).

Gaku Mitsuka
(RIKEN BNL Research Center)

energy scattering at zero degrees 2017

‘ ‘ et saamine  D6-29 September 2017, Nagoya University

RIK=N o

ﬁ Workshop on forward physics and high-
KM




Outline

1. Introduction and Physics motivation
e Large A for forward neutrons discovered in pAu collisions
e Can electromagnetic effects explain positive and large An?
2. Ultra-peripheral collisions (UPCs)
e Do y*p interactions have large An?
e MC simulations of y*p interactions
3. MC simulation results
e UPCs vs. hadronic interactions
e MC simulations vs. the PHENIX measurements
4. Summary and Future prospects



1. Introduction and Physics motivations

Single spin asymmetry Ay for very forward neutrons in pp
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Single spin asymmetry Ay, for very forward neutrons in pA

Can An in pA be successfully explained by the 71- A ’.<

a1 interference? or by other mechanisms?
— understand forward neutron production in pA )
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1.1 Transversely polarlzed pA collisions

Nucleus

Run15 pAl/pAu collisions at RHIC 100 GeV

Dedicated run for Ay measurements
Average pol. ~ 0.5-0.6

(syst. uncertainty ~ 3%)
Proton *
100 GeV

e ZDC (Zero Degree Calorimeter): hadron calorimeter
e, with a 10 x 10 cm? area (AE/E ~ 20-30 %)

- o SMD (Shower Max Detector): X-Y plastic scintillator
(s hodoscope (Ax, Ay ~ 1 cm)

’ e Charge veto counter: plastic scmtlllator pad at front

¥ BBC
(3.0<n<3.9)
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1.2 Inclusive An for forward neutrons

PHENIX, arXiv:1703.10941

PHENIX

p'+A — n+X at \'Syn=200 GeV | ® ZDC inclusive
- Xg>0.5,0.3<0<2.2mrad

3% scale uncertainty not shown

n ®

p Al Au
e
B

| | |
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A (atomic mass number)

Prediction before the measurement:
weak A-dependence
(Reggeon exc. and/or nuclear effects)

¥

Surprisingly strong A-dependence

— whats mechanisms do produce
such strong A-dependence?

— hint: how does An behave with
the other triggers?
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1.3 BBC correlated Ay for forward neutrons

PHENIX, arXiv:1703.10941

L Xg>0.5,03<0<2.2mrad

PHENIX ® 7ZDC inclusive

u B ZDCX®BBC-tag

'+A — n+X at \'s\ =200 GeV
P NN A ZDC®BBC-veto

3% scale uncertainty not shown

A
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Particle veto at lower rapidities: BBC-VETO

A
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— much stronger A-dependence

Particle hits at lower rapidities: BBC-TAG

A -
ZDC | BBC ?f““;"-;? -------- e /-mze

— weak A-dependence
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1.3 BBC correlated Ay for forward neutrons

PHENIX, arXiv:1703.10941

L Xg>0.5,03<0<2.2mrad

PHENIX ® 7ZDC inclusive

u B ZDCX®BBC-tag

p'+A — n+X at | s, =200 GeV

A Z7ZDC®BBC-veto

3% scale uncertainty not shown
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Particle veto at lower rapidities: BBC-VETO

A

zoc - acY e gBBc—/

— much stronger A-dependence

Large Ax when fewer underlying particles
Small An when ample underlying particles

Do not only hadronic interactions
but also electromagnetic
interactions play a crucial role in pA?

Particle hits at lower rapidities: BBC-TAG

A

#pc -\ BBC ““F;""--;? ————————— " BBC —/-nDe

— weak A-dependence




2. Ultra-peripheral collisions (UPCs)

UPCs (aka Primakoff effects);
- a collision of a proton with the EM field made by a relativistic nucleus
when the impact parameter b is larger than Ra+Rp, GM. EPJ. C 75, 614 (2015)

- fewer underlying particles unlike in (d) RHIC neutral
hadronic interactions = smaller activity at BBC F pAu 200 GeV
a b Hadronic
A = interactions
U " EM field £ d o
Polarized ]b IRA _8 E l1J/PZC models}—>
proton beam e
NUClearbeam EI II|III|‘||| ||
-10 0 10
. * *Nn— 77+ .-
UPC cross section Y ﬂu;( Does y*p—ntn Pseudorapidity
x 7 leadtolarge An?
4
do‘UPC(zﬁA—Mﬁ‘n) dSny* dO',y*pT_mr—Fn(W)
— Phad(b)

dWdb2dS), | dW.db> ds),



2. Virtual photon flux

The number of virtual photons per energy and b is formulated by the Weizsacker-Williams

----------
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where ¢ = wgiStb/y and wresty is the virtual photon energy in the proton rest frame.
Note that the virtual photon flux depends on the charge of photon source as Z2.

1032' Y N L
Vs =200 GeV ~ e From the virtual photon flux, we see that
1 low-energy photons dominate UPCs.
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Photon virtuality is limited by ? < % .S0, Q% < 1072 GeV?
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2.1 Do y*p interactions have large An?

Polarized y*p cross sections (Drechsel and Tiator,
J. phys. G 18,449 (1992))

doyeptomtn _ |4
ypl—=ntn 00 0y
dS).. - Wy (R + PyRy') Equivalent to An

q /

— R%O<1 + P5 cos gbwT(‘gw))

wfy*

T(Br) is decomposed into multipoles:

ROy Y* p ;
T(0,) = R;;O x Im{E}, (Eyy — M) \ ‘> ; P
/4(3'08 Or(Ef Miy)...} e’ Eox n M;.

Interference between Eo+ and M1+ leads to large T(0;) in the A(1232) region

MC simulations of the polarized y*p interactions are
developed for testing T(Br), i.e. An in pA collisions.

|10



2.2 MC simulations for y*p interactions

e MIC simulations based on the MAID2007 model (Drechsel et al.
EPJ A 34,69 (2007)) are performed for Rt% and T(Or).

® T(0n)~0.8 at A(1232), ~-0.5 at N(1680) — large An!!

v¥p center-of-mass system
transversely polarized Numerical data from MAID 2007 (Q2= 0, 61 = 90 degree)

proton along 2-axis = R100 R10Y/R700 = T(en)
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2.2 MC simulations for y*p interactions

e MIC simulations based on the MAID2007 model (Drechsel et al.
EPJ A 34,69 (2007)) are performed for Rt% and T(Or).

® T(0n)~0.8 at A(1232), ~-0.5 at N(1680) — large A\!!

vV*p center-of-mass system

transversely polarized
proton along 2-axis

W
o
0

A}
o
N

1 scattering angle (rad.)

12 14 16 1.8 2 12 14 16 1.8 2

Au beam < W (GeV) W (GeV)
v A’ e Solid curves indicate the ZDC acceptance.
proton beam e T(Bn) with the weight of y* flux = Ax

neutron
12



2.2 UPC cross sections as a function of W

do_%PC(pTA—MﬂLn) . dSny* do‘y*pT—>7T+n(W)
dWdb2dS),,  dWdb? dS},,

Phad(b)

e 211 channels are anyway subdominant
in UPCs.

e Table | and Il show the total cross
sections in UPCs and hadronic
interactions.

1O_not included in
the An study

'

1
- —— UPC (pAu — &t™n)
I —— UPC (pAu — wt™nn) _
10—1 | | | |
1.2 1.4 1.6 1.8 2

W (GeV)

TABLE 1. Cross sections for neutron production in ultra-
peripheral collisions and hadronic interactions at /snn = . . . o
200 GeV. Cross sections in parentheses are calculated without ~TABLE II. Cross sections in ultraperipheral pAu collisions at

n and z limits. vSNN = 200 GeV.
UPCs Hadronic interactions pAu—nX (n > 6.9 and z > 0.4) pTAu — 7ntn%n
pl Al p' Au p Al p' Au < 1.1GeV 1.1-2.0 GeV > 2.0GeV 1.25-2.0 GeV
0.7mb (2.2mb) 19.6mb (41.7mb) 8.3mb 19.2mb 0.6 mb 27.4mb 1.8 mb 6.2 mb




do/dz (mb)

3.1 Hadronic interactions (one-m exchange)

N X dapp—>nX o2 Oé, 2 5
i N dzdp?r =5 8 |t‘G7T+pn( )|777T(t)|
ni (1= )7 Ot (),
i p n _ P n 1 q)A D
: e i e ip? (14 cos Ay )
——————————— _ Zdapp—mx A0. 42(1 1 cos® AHAD(pA))
pT n dzdp3.

e Kopeliovich et al. propose an interference between m
and ai-Reggeon leading to negative asymmetry in p-p
and p-A.

e In this study, due to a technical difficulty, | omit an
implementation of the interference. Alternatively, |
apply (1+cos®@A) to the differential cross section of
unpolarized proton and then effectively obtain the

S N 7/ A R £ RN differential cross section of polarized proton.

_ ;_ ...... .......... PHENIX(PRD88032006113) .......... ......... PY The Coupling Gn+pn iS Chosen SO that the Calculated

0||||||| do/dz gives the best-fit to the PHENIX result.

0.4 0.5 0.6 0.7 0.8 0.9 1
Z 14




3.1 UPGCs vs. hadronic interactions

e Neutron cross section in pAu UPCs (x Z?) is comparable with
hadronic interactions, while oypc ~ opap x 0.1in pAl.
e UPC-induced Ay is positive and large in both pAl and pAu.

Expected Xr and O distributions for forward neutrons in pAu

(a) pAu — nX (n>6.8)
— OPE x Glauber

---- UPC
(OPE is based on Kopeliovich

et al. arXiv:1702.07708)

(b) pAu — nX (n>6.8, z>0.4) _

~ Positive and large Ay in UPCs

oo

DDA .

Negative and small Ay in
hadronic interactions

-2 0 2

GM, PRC 95, 044908 ® (rad)

|5



3.2 MC sim. vs. the PHENIX measurements

e PHENIX measurements are well explained by the sum of UPCs and

hadronic interactions.
e BBC-veto can be reasonably understood by the enhanced UPC fraction.

0.4F PHENIX Only UPC sirmy | ® Z0Cincusie PHENIX, arXiv:1703.10941
nly SN bcopscaag | GM, PRC 95, 044908

p'+A — n+X at \'s, =200 GeV

| x:>0.5,0.3<6<2.2mrad A ZDC®BBC-veto

If we omit an interference between EM and

| 3% scale uncertainty not shown hadronic amplitudes, total Ax can be written as
: <>. A UrPC | OPE
veto at BBC (3.0<[n[<3.9) —» UPCHOPE _ ocupcAY ocoPEAY
0.2 rejects hadronic contribution N =
OUPC T OOPE

} ®

- The subtraction of UPCs (sys.~10%)
- UPC+hadron sim. from the PHENIX measurements
A enables discussions on
e Nuclear effects to An
e Coulomb-Nuclear Interference

o 1oo 200
A (atomic mass number)



4. Summary and Future prospects

e lLarge

An for forward neutrons in polarized pAu collisions and its

A-dependence are discovered by PHENIX.

e To compared with the PHENIX data, we developed the MC
simulations involving UPCs and hadronic interactions in polarized

PA co
e UPCs

lisions.

nas large An and the cross section is proportional to Z2.

e Simulation results well explain the PHENIX inclusive measurements.
— Large An in pAu collisions originates in UPCs.

e Future prospects:

- Missing 2m-production will contribute by ~10 % at W > 1.25 GeV.
- Coulomb-Nuclear interference?



Asymmetries for forward m? at FNAL...

Oy
UPC — RT * *
Ay ~~T(0,) = 00 Im{Ey, (Eiy — M) —4cosOr(ET Miy)...}
T
(Br = 40° assumed)
VOLUME 64, NUMBER 4 PHYSICAL REVIEW LETTERS 22 JANUARY 1990
Measurement of the Analyzing Power in the Primakoff Process with a 300
High-Energy Polarized Proton Beam
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FIG. 2. The invariant-mass spectrum of the z°%p system in

0.000 /I
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to the A*(1232) and N*(1520) resonances are shown. Re- 90.000
gions I and II are defined in the text.
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Asymmetries for forward m0 at FNAL...

VOLUME 64, NUMBER 4 PHYSICAL REVIEW LETTERS 22 JANUARY 1990
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FIG. 2. The invariant-mass spectrum of the z°%p system in
p+Pb— 7%+ p+Pb for |t'| <1x10 73 (GeV/c)2 Peaks due
to the A*(1232) and N*(1520) resonances are shown. Re-
gions I and II are defined in the text.







UPC formalism

The UPC cross section is factorized as

dO%PC(pTA—MﬂLn) _ dSny* do_q/*pT—>7T+n(W)P (b)
AW db2dSQ,, AW db2 aQ,, had

photon flux (N): quasi-real photons produced by a relativistic nucleus

Oy+p—x: inclusive cross sections of y+p interactions
Phad: @ probability not having a p+A hadronic interaction.

Phad

—

brealup.dat using 15 —— | @ Py is calculated by using a Glauber MC

| simulation.

| @ UPCs occur only if the impact parameter b is
larger than the sum of radii R, and Ra.

1 ® Phaa(b) distribution is important not only for the
cross section but also for the energy
distribution.

o
©
T

p+Au

o o
~ [e0)

o
»
T

probability

Rp+RA = 7.08 fm

o
w
T

o
\V]
T

o
._L

o

6 I8 1IO 1I2 1I4
impact parameter b (fm)

N
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Inclusive cross sections of y+p interactions

b)

m
o
»

Cross section (
o
Ol

o
~

0.3
0.2
* ‘+‘+.* QQQQQQ “¢Q
t
0.1
MAID 2n
MNP1H
O IR | ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
E, (GeV)

Only 1 channel is simulated in this study.
It is hard to simulate neutron momenta in 2 channels (future study?).
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Photopion production formalism

Berends et al. NPB 4, 1'67 do ¢ 2
(Berends et a ) 'a'ﬁzﬁKXflg'xi)l , (A.1)

where
F=1i0-€ Fy{ +0O- c}a-(faxe) Fg + ia-%@e Fq + io gq-¢ Fq. (A.2)
?(Xf|g|xi>T gl Flxgy = O FTF [ x9)

(xi|91 ijilxi) = (1 Tk P)a+ B+ sin 6 él' Py + sin 6 éz- Ps, (A.T)
where

a=|F|%+|F|2-2cos 6 Re(F] Fo) + sin?6 Re{F] F4 + Fo Fa}, (A.8)
ﬁ=-§-_sin29{|9'3lz+ | F4]2% + 2 cos 9 Re (F} Fa)t, (A.9)
vy = Re{F; Fg - Fg Fa} + cos 6 Re{"f; Fy - EF; Fat (A.10)

6 = Im{F] F3 - F3 F4} + cos 6 Im{F] F4 - F§ Fat

- sin?9 Im(gg Fq) . (A.11)
Polarized nucleon, unpolarized photon
do(P) do,(P) do_(P)

an i~ T T ao

]
e

dO’Q

=%{a+3+ sineéz'Pﬁ} %—:%(OHrﬁ)aAN:

23 ds

sin 6
o+ 0




Photopion production

(Berends et al. NPB 4, 1'67)

i\ Grand H;are Legendre polynomials,
Ey_ ~ .

Eq. (A2) 1 and M, are multipoles.

Ve (Gf® 0 LMy,

F(s,f) = 2. [ ]MZ(S) ’ MZ M

I=0L ¢ Hy(x) -
St
| 52-
(Drechsel and Tiator, JphysG 18, 44992) Several models provide their predicted multipoles.

Multipole decomposition: f— MAID2007 is available at https://maid.kph.uni-mainz.de.
Rr=|Eo P+ 3 12M  + Mi_P+ 3 |3E;, — M + M, _|

+2cos©O Re{E;, (3E,, + M, — M, )}
+cos’ O(BE  + M, — M, _P=312M,, + M,_|?
—113E, . M, .+ M _|*)
R(n;)=3sin ® Im{EJ, (E,, — M,,) — cos O(ET (4M,, — M, )+ M{ M, )}

Oy __ do ., « T
RY = Ry and Ry = Ry(n;) “rr=mn a‘,q (R 4 P, ROV
s y*

pion and neutron production in UPCs = 4 RY (1 + Pacos T (0x))

24 Wy




Multipole decomposition of T(0)

AVC ~T(0,) = =% o« Im{E}, (E1y — Myy) — 4cos (B, My.)...}

00

RT
Im{E0+*(E1+-M1+) Im{4cos(40)(E1+*M1+)}
300 . 90.000 - (pIO,p)
- (plO,p) 60.000 ,\ — (pi+,n)

— (pi+,n)

( \ (07 = 40° assumed)

//\\
s N
// -30.000 \\, /

-60.000
\/ -90.000 \V/

~
U

Imaginary Amplitude
Imaginary Amplitude

o

N
o

-120.000

1100 1175 1250 1325 1400 1100 1175 1250 1325 1400

Invariant Mass [MeV] Invariant Mass [MeV]
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0. (rad.)

Target asymmetry as a function of W

z axis: T(0)
Osaka-Argonne MAID 2007

0.8
0.6
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0.05

-0.05

Hadronic interactions (one-mm exchange)

(Kopeliovich et al. arXiv:1702.07708)

p+p p+Al p+Au
|
unbiased
--------------- Do _ -

//
/

I + trigger biased

0 50 100 150 200

A 27

T—ay m Qa —ag
AT (gr,2) = qr — 2 TE (1 - )esW=0a (O (19)

[£]3/2
L Imo (1) a, (1) (domalaM%)/dtrt-o)” " aton
’7777 (t) |2 do‘ﬁp—”rp(M?()/dt’tZO 9r+tpn
pA—nX  pp—nX Rl

e

Nuclear effects



OPE with mrp scatterings

v PYTHIAS . |
P AR X e Asimple OPE model has considered only
‘LY forward neutrons so far.
- e Simulation for m+p interactions via
‘ q PYTHIAS8 is now implemented to
: simulate the particles X which may
—_— trigger the BBCs.

pT forward n e dNehy/dn~1.0 (1.3) at 3<n<4 (3<-n<A4).

Neutral particles Charged particles




