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Outline

• My Background : experimental high energy nuclear physics  
(ALICE@LHC,  STAR@RHIC : Texas A&M, Inst. Of Physics, India & 
NISER, India)
– Analysis: SPIN physics, cold QCD at RHIC, jet structure studies @ RHIC
– Detector : Photon Multiplicity Detector, Forward Meson Spectrometer, 

GEM-detector simulations

• Current experiment attached with
– RHIC: PHENIX forward neutron transverse spin asymmetries
– JLab12: Involvement with CREX/PREX

• Other possibilities under consideration next year
– HERA data analysis for learning about EIC studies, 
– Involvement with forward PID detector RHIC+TOF for EIC, and 
– Physics simulations (probing spin/gluon density) for EIC
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Overarching theme: 
Transverse Momentum of Partons in hadrons

Transverse momentum distribution of partons seems 
to play an important role in all aspects of QCD

They affect the jet-correlations/properties and single 
spin asymmetries

I have studied them in p-p, p-A and polarized p-p 
scattering. In future I look forward to measuring in e-
p and e-A at Jlab12 and the EIC.
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The acoplanarity factor, pout = passo
t sin∆φ is the transverse momentum of

the awayside particle of momentum #passo
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Here we use σN as the near side correlation width, zt is the fraction of the
parton′s transverse momentum carried by a particle while fragmenting from
it, x̂h = p̂asso

t /p̂trig
t , 〈zt〉 = 〈pt/p̂t〉, and xh = passo

t /ptrig
t

In our study we measure the LHS term in eq.4.4 where
√

〈k2
t 〉 is wrapped

with the correction factors associated to the fragments. We have extracted the
correction factors by using PYTHIA simulations and obtained

√

〈k2
t 〉 for pp

and dAu collisions.

4.2 Data cleanup and Analysis details

4.2.1 Dataset and trigger selection

The d + Au dataset for the year 2003 and the p + p dataset for the year 2006
have been used for this analysis. The trigger conditions used for these two
datasets are as follows :

Minimum bias trigger This trigger condition is satisfied by the presence
of at least one neutron in the ZDC located in the gold beam direction. In
addition, the trigger is also provided by the coincidence of at least one of
the 18 small BBC tiles on both sides of the interaction points. This trigger
condition is used for ch-ch analysis.
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Jet Transverse Momentum : 

Effective kT partons :

S.S. Adleret al., Phys. Rev. D74, 072002(2006)

STAR PreliminarySTAR Preliminary

kT measurement of partons from di-hadron M. M Mondal [for STAR Collaboration] Int. J. Mod. Phys. E 20, 1656 (2011)

dxaGa/A(xa, Q2) → dxad2kTaf(kTa)Ga/A(xa/Q2) where the distribution f(kTa)

is to be of the form f(kTa) = e−k2
T /〈k2

T 〉

π〈k2
T 〉 for the parton a and similarly for the

parton b also. This formalism is to be applied to eq. 1.10 for theoretical cal-
culation of particle production incorporating the effect of kT smearings.

Jet fragments have a momentum !jT perpendicular to the partonic transverse
momentum. The magnitude of 〈jTy〉, the mean value of jT projected onto the
plane perpendicular to the jet thrust, measured to be ≈400MeV [87] at low
energy pp collisions, which is found to be similar for e+e− collisions [88, 89].
It should be mentioned that

√

〈k2
T 〉 = 2√

π 〈kT 〉 =
√
π〈|kTy|〉 where the two

component vector !kT with kTx and kTy are Gaussian distributed with equal
standard deviations.

〈jT 〉 and 〈kT 〉 can be measured either by reconstructing the dijets or by the
method of the correlation among the particles produced in dijets. The method
was originally used in CERN-ISR to measure the acoplanarity [81, 82, 87, 88].

1.5 Nuclear Modification of intrinsic kT

In presence of the nuclear medium in the collisions, the multiple scattering
within the medium likely to increase the parton transverse momentum. This
is commonly known as kT -broadening. It is expected that there will have a
A1/3 dependence due the the nuclear radius incorporating the path length for
the collisions, L∼ A1/3 [90, 91, 92]. It was found that high-pT hadrons are not
suppressed in proton-nucleus collisions, but produced copiously. This effect,
named after James Cronin, demonstrates that the bound nucleons cooperate
producing high-pT particles. There are several models trying to explain the
Cronin enhancement [93, 94, 95, 96]. A complimentary observable of Cronin
enhancement, related to the additional transverse momentum delivered to the
parton is the dijet broadening in the nuclear medium. It is found that there
is a strong dependence of 〈k2

T 〉 on energy of the collisions [90] and on the Q2

on the parton parton interactions [87, 97].

There are two large classes of models [98] used to explain the kT broadening:
(1) soft or Glauber scattering where the multiple scattering is either at the
hadronic or partonic level and (2) semi-hard multiple scattering where the
multiple scattering is at the partonic level.
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Jet properties in pp and pAu at √s=200GeV

Ec
dσ

d3pc
(AB → C + x) =

X

a,b,c,d

Z

dxadxbdzcGa/A(xa)Gb/B(xb)DC/c(zc)
ŝ

z2
c

dσ

dt̂
(ab → cd)δ(ŝ + t̂ + û)(1.10)

describing the production of particle C in the interaction of two nuclei A and
B, where Ga/A(xa) and Gb/B(xb) represent the parton distribution functions
of nuclei A and B. DC/c(zc) is the probability of getting a particle “C” of
momentum pC while fragmenting form the parton “c” of momentum pc.

1.4 Intra-jet and jet-jet correlations : jT and
kT

In pp collisions if the colliding partons move along the collisions axis, the
two emerging partons would have the same magnitude of transverse momenta
pointing opposite in azimuth. However it was found that there is a net im-
balance in the transverse momentum vectors of the dijets. It indicates that
each of the partons carries an initial transverse momentum !kT [81], originally
described as “intrinsic”-kT [82]. This results in an acoplanarity, i.e, one of the
jets lies out of the plane defined by the collision axis and the other jet. The
jets are therefore non collinear having a net transverse momentum 〈p2

T 〉 = 2.
〈k2

T 〉. The net transverse momentum of the outgoing parton-pair is
√

2〈kT 〉,
where 〈kT 〉 is the apparent transverse momentum of each colliding parton.

In reality, it is found that the net transverse momentum of the parton pairs
can be expressed as:

〈p2
T 〉pair

2
= 〈k2

T 〉intrinsic + 〈k2
T 〉soft + 〈k2

T 〉NLO (1.11)

, where the intrinsic part refers to the possible “fermi motion” of the con-
fined quarks or gluons inside the parton, the NLO refers to the long tail due
to the initial and final state gluon radiation and the soft part refer to the
actual Gaussian-like distribution observed as pT pair → 0, which is explained
by resummation [83]. From naive expectation based on nucleon constituent
quark mass, pure intrinsic kT can be ≈ 300 MeV/c [82]. Measurements of
dileptons, diphotons or dijets over a wide range of center of mass energies give
rise to 〈kT 〉 upto 5 GeV/c [84] because of the soft and the NLO contributions
as discussed earlier. Several experiments at ISR needed extra pT -kick to the
hard scattered partons to explain the data and due to its large value the ob-
tained 〈kT 〉 is explained by the kT -smearing [85, 86].

√

〈k2
T 〉 is explained as
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agreement with perturbative QCD model calculations that identify orbital motion of quarks and gluons

within the proton as the origin of the spin effects. Results for the pT dependence at fixed xF are not

consistent with these same perturbative QCD-based calculations.

DOI: 10.1103/PhysRevLett.101.222001 PACS numbers: 13.88.+e, 13.85.Ni, 12.38.Qk

The production of particles with high transverse mo-
mentum from polarized proton collisions at high energies
is sensitive to the quark (q) and gluon (g) spin structure of
the proton. Perturbative QCD (pQCD) calculations are
used to interpret spin observables when they can explain
measured cross sections. The goal of measuring spin ob-
servables is to understand how the proton gets its spin from
its q; g constituents.

One challenge to theory has been to understand the
azimuthal asymmetry of particles produced in collisions
of transversely polarized protons, known as analyzing
power (AN) or transverse single-spin asymmetry. With
vertical polarization, nonzero AN corresponds to a left-
right asymmetry of the produced particles. Sizable AN

are not expected in collinear pQCD at leading twist due
to the chiral properties of the theory [1]. Nonetheless, large
AN are observed for inclusive pion production in p" þ p
collisions over a broad range of collision energies (

ffiffiffi
s

p
) [2–

6] and in semi-inclusive deep inelastic scattering (SIDIS)
from transversely polarized proton targets [7]. These ob-
servations have prompted extensions to pQCD that intro-
duce transverse momentum dependence (TMD) correlated
with the spin degree of freedom. For example, AN could be
generated by spin-correlated TMD fragmentation if there is
transverse q polarization in a transversely polarized proton
(‘‘Collins effect’’) [8]. This mechanism was considered to
be suppressed for p" þ p ! !þ X until recently [9,10].
Spin-correlated TMD distribution functions (‘‘Sivers func-
tions’’) [11,12] can explain large AN [13]. These functions
describe parton orbital motion within the proton, and thus
are important for understanding the structure of the proton.

Although Sivers functions are extracted from SIDIS
results, there is no proof [14] that they factorize in pQCD
calculations of p" þ p ! !þ X. A factorized framework
involving twist-3 qg correlators has been introduced [15]
and has successfully described [16] previous AN results
[4,6] for p" þ p ! !þ X. Of relevance to both ap-
proaches is a transverse momentum (kT) that is integrated
over in inclusive processes. This kT is intrinsic parton
motion in the Sivers functions and its average is related
to the inverse proton radius. Large kT is where qg corre-
lators are expected to provide a robust framework. Small
kT is where Sivers functions are expected to be applicable.
Intermediate kT values yield the same results in the two
approaches, because moments of the Sivers functions are
found to be related to the qg correlators [17,18].

Both theoretical frameworks [13,16] predict that AN will
increase as the longitudinal momentum (pL) of the pion
increases, usually given by the Feynman x, xF ¼ 2pL=

ffiffiffi
s

p
.

Both frameworks predict that, at fixed xF, AN will decrease
with increasing transverse momentum (pT), for pT >
1:2 GeV=c.
Analyzing powers in the hadroproduction of pions have

been measured before, and typically show a strong increase
as xF increases [2–6]. Virtually no previous experimental
results exist for the dependence of AN on pT at fixed xF.
For

ffiffiffi
s

p # 20 GeV, the cross sections are at least 10 times
larger than pQCD calculations for xF values where AN is
sizable [19]. This led to the suggestion that beam fragmen-
tation, the dissociation of the polarized proton by the
unpolarized target, was responsible for the spin effects,
and the expectation that at sufficiently large pT these spin
effects would vanish. At

ffiffiffi
s

p ¼ 200 GeV, inclusive ! cross
sections at central and forward rapidity are found to be in
agreement with pQCD calculations above pT $ 2 GeV=c,
and are included with world data for ! production from
eþe% collisions, SIDIS, and other pþ p collider results in
a global analysis of fragmentation functions [20]. AN that
increase with xF are found at

ffiffiffi
s

p ¼ 200 GeV [6,21,22], but
both precision measurements and the determination of the
dependence on pT have, until now, been missing.
In this Letter, we report precision measurements of the

xF dependence and first measurements of the pT depen-
dence of AN at fixed xF for p" þ p ! !0 þ X at

ffiffiffi
s

p ¼
200 GeV. The experiment has been performed at the
Solenoidal Tracker at RHIC (STAR) [23] at the
Relativistic Heavy Ion Collider at Brookhaven National
Laboratory. The experiment was performed using verti-
cally polarized colliding beams. Asymmetries are formed
from yields measured with left-right symmetrical detec-
tors, tagged by the polarization direction of one beam and
summing over the polarization of the other beam. Positive
xF is probed by considering polarization of the beam head-
ing towards the detectors and negative xF is probed by
considering polarization of the beam heading away from
the detectors.
Measurements were carried out with a modular electro-

magnetic calorimeter, known as the forward pion detector
(FPD), positioned at large pseudorapidity [" ¼
% lnðtan#=2Þ]. The h"i ¼ 4:0 results, and some h"i ¼
3:7 results, reported here were obtained in the 2003
(2005) run having integrated luminosity Lint ¼ 0:25 pb%1

(0:1 pb%1) and average beam polarization Pb $ 35%
(50%). h"i ¼ 3:3 and most of the h"i ¼ 3:7measurements
were performed in the 2006 run, which resulted in Lint ¼
6:8 pb%1 with Pb $ 55%. In the 2006 run, 111 of the 120
possible bunches of both RHIC rings, called ‘‘Blue’’ and
‘‘Yellow,’’ were filled with protons having predetermined

PRL 101, 222001 (2008) P HY S I CA L R EV I EW LE T T E R S
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² Rising AN with XF
² AN nearly independent of √s
² No evidence of fall in AN with increasing PT

A standard framework : jets is inevitable for proper understanding

(My work at Texas A&M)
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TABLE VIII Experimental access to the leading twist TMD distributions in SIDIS with unpolarized (U), longitudinally (L)
or transversely polarized (T) beam (modulation first subscript) and/or target (modulation second subscript).

Modulation Combination
√
s Target Observed Measurement

Distribution name GeV type hadron types

sin(φ+ φS)UT h1 ⊗H⊥
1 18 d h±, π±,K±,K0 Ageev et al. (2007) and Alekseev et al. (2009a)

Transversity p h± Adolph et al. (2012b) and Alekseev et al. (2010b)

p π±,K± prelim. Pesaro (2011)

7.4 p π±,π0,K± Airapetian et al. (2005b, 2010a)

3.5 n π± Qian et al. (2011)

sin(φ− φS)UT f⊥
1T ⊗D 18 d h±, π±,K±,K0 Ageev et al. (2007) and Alekseev et al. (2009a)

Sivers p h± Adolph et al. (2012c) and Alekseev et al. (2010b)

p π±,K± prelim. Pesaro (2011)

7.4 p π±,π0,K± Airapetian et al. (2005b, 2009b)

3.5 n π± Qian et al. (2011)

cos(2φ)UU h⊥
1 ⊗H⊥

1 18 d h± prelim. Sbrizzai (2011)

Boer-Mulders 7.4 p π±,K± Airapetian et al. (2012a)

3.5 n π+ Osipenko et al. (2009)

sin(3φ− φS)UT h⊥
1T ⊗H⊥

1 18 d h± prelim. Kotzinian (2007)

Pretzelosity 18 p h± prelim. Parsamyan (2011)

7.4 p π±,K± prelim. Pappalardo (2010)

sin(2φ)UL h⊥
1L ⊗H⊥

1 18 d h± Alekseev et al. (2010a)

Worm-gear 1 7.4 p π±,π0 Airapetian et al. (2000b, 2001)

d π±,π0,K+ Airapetian et al. (2003)

3.5 n π±,π0 Avakian et al. (2010)

cos(φ− φS)LT g⊥1T ⊗D 18 d h± prelim. Kotzinian (2007)

Worm-gear 2 18 p h± prelim. Parsamyan (2011)

7.4 p π±,π0,K± prelim. Pappalardo and Diefenthaler (2011)

3.5 n π± Huang et al. (2012)

fect from COMPASS and HERMES. The Sivers, Collins,
worm-gear and pretzelosity effects are all consistent with
zero in the deuteron target data. The Collins and Sivers
effects observed in the proton data therefore contain a
predominant isovector contribution.
We next focus on the Sivers, Boer-Mulders and Collins

effects.

1. The Sivers and Boer-Mulders TMD distributions

The Sivers distribution was first proposed in Sivers
(1990) in an attempt to explain the large transverse sin-
gle spin asymmetries observed in the 1970s and 1980s. It
describes the correlation between the transverse momen-
tum kt of the struck quark and the spin S and momentum
p of its parent nucleon

fq/p↑(x, kt) = f q
1 (x, k

2
t )− f⊥q

1t (x, kt)
S · (kt × p̂)

M
. (36)

The kt dependence means that the Sivers distribution is
sensitive to non-zero parton orbital angular momentum

in the nucleon, though the mapping from Sivers observ-
ables to quark (and gluon) orbital angular momentum is
(so far) model dependent with present theoretical tech-
nology.

The Sivers distribution has the interesting property
that it is odd under time reversal. Due to this fea-
ture, such a correlation was believed to be forbidden
for more than a decade. Then Brodsky et al. (2002a,b)
showed that, with initial- or final-state interactions, the
Sivers effect could be non-zero in QCD processes. Final-
state interactions in SIDIS can generate the azimuthal
asymmetry before the quark fragments into hadrons.
Shortly afterwards, Collins (2002) realized that initial-
state color interactions in the case of Drell-Yan and final-
state interactions in the case of SIDIS would lead to
a process-dependent sign difference in the Sivers dis-
tribution. SIDIS measurements (Adolph et al., 2012c;
Airapetian et al., 2005b, 2009b; Alekseev et al., 2010b;
Pesaro, 2011; Qian et al., 2011), suggest sizable asymme-
tries at the level of about 5−10% for a proton and a neu-
tron target, while Drell-Yan measurements are planned
for the future.
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Sivers effect : the correlation between the 
transverse momentum (kt) of the struck quark and 
the spin (S) and momentum (p) of its parent nucleon 

S
kt

p

Sivers distribution 

Collins effect :spin-momentum
correlation in the hadronization process 
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FIG. 20 Collins asymmetry for the double ratios of like-sign
(L), unlike-sign (U) and any charged (C) pion pairs from
Belle (Seidl et al., 2008). AUL and AUC are sensitive to dif-
ferent combinations of the favored and unfavored Collins frag-
mentation functions. The bands indicate the systematic un-
certainties.

2. The Collins TMD fragmentation function

The Collins TMD fragmentation function describes a
spin-momentum correlation in the hadronization process,
sq · (kq × pt), with a hadron produced in fragmentation
having some transverse momentum pt with respect to the
momentum direction k of a transversely polarized frag-
menting quark with spin sq (Collins, 1993; Collins et al.,
1994). The Collins fragmentation function has been
investigated in semi-inclusive lepton-nucleon scattering
and e+e− annihilation. The magnitude of the effect is ap-
proximately 5–10%, like that found for the Sivers asym-
metries.
For e+e− annihilation the chiral-odd Collins fragmen-

tation function enters with a second Collins function in
the opposing jet. The Collins function has been measured
to be non-zero for the production of charged pions in
e+e− annihilation at Belle (Abe et al., 2005; Seidl et al.,
2008), as shown in Fig. 20, and in recent preliminary data
from BABAR (Garzia, 2012).
In SIDIS the second chiral-odd function is the transver-

sity distribution introduced in Section II and dis-
cussed further below (or the Boer-Mulders distribu-
tion). The HERMES (Airapetian et al., 2005b, 2010a),
COMPASS (Adolph et al., 2012b; Ageev et al., 2007;
Alekseev et al., 2009a, 2010b; Pesaro, 2011) and JLab
Hall A (Qian et al., 2011) experiments have performed
SIDIS measurements of the Collins effect. The measure-
ments for a proton target are shown in Figs. 21 and 22
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FIG. 21 Collins amplitudes for charged pions measured
by HERMES with a proton target; from Airapetian et al.
(2010a). The inner error bar represents the statistical un-
certainty; the full bar the quadratic sum of statistical and
systematic uncertainties.

for HERMES and COMPASS respectively. (Note that
COMPASS uses a definition of the Collins angle which
results in Collins amplitudes with opposite sign to the
“Trento convention” of Bacchetta et al. (2004) used by
HERMES, JLab and commonly in theoretical papers).
There is excellent agreement between the measurements
in similar kinematics. One finds the striking observation
that the Collins amplitude for π− is of similar size to π+

production but comes with opposite sign. This hints at
an unfavored Collins function of similar size and opposite
sign than the favored one, a situation very different from
that observed with unpolarized fragmentation functions.

COMPASS 2010 proton data
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FIG. 22 Collins amplitudes for unidentified charged hadrons
measured by COMPASS with a proton target (Adolph et al.,
2012b). The hadron yield is dominated by pions. Note that a
different definition of the Collins angle results in amplitudes
with the opposite sign compared to other measurements. The
bands indicate the systematic uncertainties.

3. Probing transversity

The transversity distribution introduced in Section II
describes the transverse polarization of quarks within a
transversely polarized nucleon. Along with the unpolar-
ized and helicity distributions, it survives integration over
partonic transverse momentum and is thus a collinear
distribution.
The first moment of the transversity distribution is

proportional to the nucleon’s C-odd tensor charge, viz.
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q

sq = spin fragmenting of quark
kq = momentum direction of the quark
pt = transverse momentum of hadron with 
respect to the direction of the fragmenting quark

ptsq

D. Sivers, Phys. Rev. D 41, 83 (1990) J. C. Collins, Nucl. Phys. B396, 161 (1993)
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need to move beyond inclusive production

• Sivers effect : Full Jets, Direct photons, Drell-Yan 
• Collins effect  : azimuthal orientation of particles within a jet
• Separating Sivers and Collins effect

TMD - Sivers and Collins effect

12/3/19 6measurements from jets can give an access to Sivers effects   



FPD EM Calorimeter 
Small cells only
Two 7x7 arrays

FMS Pb Glass EM Calorimeter 
pseudo-rapidity 2.6<�<4.0 
Small cells: Outer cells: 
3.81x3.81 cm 5.81 x 5.81 cm 

FMS lead glass during stacking

FMS

EEMCBEMC

TPC

forward
rapidity

mid-rapidity

Forward ECAL in STAR
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Forward Meson Spectrometer (FMS)  :
• Pb glass EM calorimeter covering 2.6<η< 4.0
• Detect 𝜋0,η, direct photons and jet-like events in the kinematic region where transverse spin asymmetries 

are known to be large

• FMS : A trigger detector : defined for   𝜋0/Jet-rich, Di- 𝜋0/Jet-rich like triggers
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² 1-photon events, which 
include a large π0

contribution in this 
analysis, are similar to 2-
photon events

² Three-photon jet-like 
events have a clear non-
zero asymmetry, but 
substantially smaller than 
that for isolated π0’s

² AN decreases as the event 
complexity increases (i.e., 
the "jettiness”

² AN for #photons >5 is 
similar to that for 
#photons = 5

Jettier eventsM. M. Mondal [for STAR Coll.] PoS DIS 2014

AN for different multiplicities of photons in EM-Jets
γ
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• Jets with isolated π0 have large asymmetry
• AN decreases as the event complexity increases
• Isolated π0 asymmetries are smaller when there is a correlated EM-jet at mid-

rapidity

• Both of these dependences raise serious question how much of the large forward 
π0 AN comes from 2 à 2 parton scattering

Diffractive Events ?? 

Forward upgrade for the STAR experiment - necessary to have better understanding 

Ø Roman pots – tagging diffractive events
Ø FMS upgrade : with Forward pre-shower detector (direct photons) and 

post-shower detector  (Drell-Yan) 
Ø In  2020’s STAR plan to have tracking and full calorimetry to detect full jets in forward 

rapidity
Ø New analysis : EM-Jet correlations at forward rapidity – small  x physics (underway),

forward-mid-rapidity correlations - ridge studies

Conclusions from TSSA for EM jets

12/3/19 9
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New initiatives since joining CFNS 
(since 09/2019)

– PHENIX forward neutron transverse spin asymmetries :  
how the asymmetries depends on the Center of Mass 
Energy in p-p collisions
• Why? Motivation? (p-A showed asymmetries for different A)

– Mechanism being understood…
• We provide more data: PHENNIX published 200 GeV: (PRL 120, 022001)

– Measure asymmetry for 62.4 and 500 GeV. xF and pT dependence.

– SBU current activities: CREX/PREX at Jlab
• electron-proton experiment at JLab12 (see details in Ciprian

Gal’s talk)

12/3/19 10



Other studies under consideration:

– HERA data analysis : Jets and understanding final 
states – What we can learn for the EIC?

– SBU’s emerging involvement with forward PID 
detector RICH+TOF for EIC – One of the difficult 
unsolved problems for the EIC.

– Physics/detector simulations (probing spin/gluon 
density/jet structure) for EIC

12/3/19 11



Summary

• My experience spin physics, jets in p-p, p-A scattering 
at RHIC. In addition experience with work with 
detectors for ALICE & RHIC.

• Current activities include PHENIX data analysis and 
CREX/PERX -- operations

• Exploring new directions: data from HERA  and like to 
get started with EIC detector and simulations

12/3/19 12
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Nuclear Dependence of the Transverse-Single-Spin Asymmetry for Forward 
Neutron Production in Polarized p + A Collisions at sNN = 200 GeV 

12/4/19 14

The analyzed data correspond to the neutron sampled pT
in the range smaller than 0.25 GeV=c peaked at about
0.1 GeV=c, which is defined mainly by detector accep-
tance and which is affected by detector resolutions.
Because of the varying contribution of different processes
to neutron production, the sampled pT distribution may
vary in different collision systems and in different triggered
data. Figure 3 shows the differences in the radial distribu-
tions, which is related to the neutron production cross
section dσ=dpT by pT ∝ r [39]. From a comparison with
the simulation assuming different slope parameters b, in the
parameterization dσ=dpT ∼ e−b·pT , the data were found to
be consistent with b ¼ 4 ðGeV=cÞ−1 for all collision
systems in ZDC ⊗ BBC-tag triggered data and b ¼ 4, 6,
and 8 ðGeV=cÞ−1 in pþ p, pþ Al, and pþ Au collisions,
respectively, in a ZDC ⊗ BBC-veto triggered sample, with
uncertainty σb ¼ 1 ðGeV=cÞ−1 reflecting its sensitivity to
SMD gain calibration and thresholds. These variations lead
to a difference in the average pT sampled in different
collision systems and triggers by as much as 10%. As can
be also judged from Fig. 3, due to the small detector
acceptance, the sampled pT distribution shows a very
modest dependence on the slope of the input pT distribu-
tion, particularly at low pT (or r), which is most responsible
for the dilution of the measured asymmetry. As a conse-
quence, the variation of the correction factor Cϕ due to
different slope parameters b discussed above was less
than 1%.
Figure 4 and Table I summarize the results for AN in

forward neutron production in pþ p, pþ Al, and pþ Au
collisions, for ZDC inclusive, ZDC ⊗ BBC-tag, and
ZDC ⊗ BBC-veto samples. In addition to the 3% scale
uncertainty from polarization normalization, common to all
points, the other part of the polarization uncertainty is
correlated for different triggers in a particular collision
system. The presented asymmetries in pþ p collisions are
consistent with our previous publication [39], albeit with
larger systematic uncertainties in these data due to a larger
background (unlike this measurement, the charged veto
counter was used in Ref. [39] to suppress the background)
and larger variations due to the uncertainty of the beam
position on the ZDC plane.

From Fig. 4, the A dependence of AN for inclusive
neutrons is strong. Compared to the AN of pþ p collisions,
the observed asymmetry in pþ Al collisions is much
smaller, while the asymmetry in pþ Au collisions is a
factor of 3 larger in absolute value and of opposite sign.
This behavior is unexpected, because the theoretical
framework using π and a1-Reggeon interference can
predict only a moderate nuclear dependence, and there is
no known mechanism to flip the sign of AN within this
framework [34].
The asymmetries requiring BBC hits are remarkably

different. Once BBC hits are required (ZDC ⊗ BBC-tag),
the drastic behavior of the inclusive AN vanishes and its
sign stays negative, approaching AN ¼ 0 at large A. In
contrast, the strong A dependence is amplified once no hits
in the BBC are required (ZDC ⊗ BBC-veto). While the
BBCs cover a limited acceptance, the requirement (or veto)
of hits in the BBC should place constraints on the activity
near the detected neutron and thus the corresponding
production mechanism.
One possibility to explain the present results is a

contribution from EM interactions, which have been
demonstrated to be important for reactions with small
momentum transfer, e.g., in ultraperipheral heavy ion
collision at RHIC [44–47] and Large Hadron Collider
[48–51], including forward neutron production in pþ A
collisions [52], and polarization observables in fixed target
experiments [53,54]. Although it was ignored in the
interpretation for the pþ p data [34], EM interactions
become increasingly important for large atomic number (Z)

(a) (b)

FIG. 3. The r distribution of the (a) ZDC ⊗ BBC-tag sample
and (b) ZDC ⊗ BBC-veto sample for three collision systems.
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FIG. 4. Forward neutron AN in pþ A collisions for A ¼ 1 (p),
27 (Al), and 197 (Au), for ZDC inclusive, ZDC ⊗ BBC-tag, and
ZDC ⊗ BBC-veto triggered samples; color bars are systematic
uncertainties, and statistical uncertainties are smaller than the
marker size; the 3% scale uncertainty (not shown) is from the
polarization normalization uncertainty. Data points are shifted
horizontally for better visibility.

PHYSICAL REVIEW LETTERS 120, 022001 (2018)

022001-6

Production cross sections: were successfully 
explained in terms of one-pion exchange 

Asymmetry:  an interference between the spin-
flip π exchange and a non- spin-flip a1 -Reggeon
exchange was necessary 

• observed an unexpectedly strong A dependence in AN of inclusive forward neutron 
production in polarized p-A 

• a distinctly different behavior of AN was observed in two oppositely trigger-enhanced 
data sets: ZDC ⊗ BBC-tag and ZDC ⊗ BBC-veto

• explained by a contribution of EM interactions, which may be sizable for heavy nuclei 

(PRL 120, 022001)



Back-to-back angular correlations at RHIC 

CGC predicts suppression of the away-side peak. 
PHENIX observed suppression of the away-side peak in 0-20% d+Au collisions at 
(√s = 200 GeV) 

STAR 2015  data are being analyzed for  𝜋0- 𝜋0 and EM jet – EM jet azimuthal correlations in 
p+p, p+Al, p+Au at √s = 200 GeV : Ongoing Working on FMS gain uniformity and stability

2è1 (or 2èmany) process 
Mono-jet 

p/d
dilute
parton
system

Au
dense gluon field

Back-to-back angular correlations 

• CGC predicts suppression of back-to-back correlations 
• PHENIX found evidence in 200 GeV d+Au collisions 

• STAR 2015 data are being analyzed for ʌ0ʌ0 and EM jet – EM jet 
azimuthal correlations in pp, p+Al, p+Au (and d+Au in 2016) 
– Still working on FMS gain uniformity and stability 

• Both cancel out in AN 

Spin and Forward Physics with STAR --  Carl Gagliardi – HESZ 2017 43 

PHENIX, PRL 107, 172301 

Kharzeev, Levin, McLerran (NPA748, 627) 

Jet Azimuthal Correlation : Suppression

Jet-lke azimuthal correlations in p+p and p+Au collisions at forward rapidity with STAR
Light Cone 2017 : M. M. Mondal for STAR Collaboration
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