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Rapidity Dependent Asymmmetries in p+p	

3	

4% under the π0 peak and 75% to 41% for the η peak as pT
increases.
To remove a possible background asymmetry, the

weighted asymmetry between a low and high mass region
around the signal peak is determined and subtracted from
the signal region. These regions are defined from 47 to 97
and from 177 to 227 MeV=c2 for the π0, and from 300 to
400 and from 700 to 800 MeV=c2 for the η meson. As a
check, the limits of the background mass regions were
varied and no change in the final result was seen. The signal
asymmetry Asignal

N can be calculated using yields from the
peak region Nincl and from the interpolated background
yields Nbg:

Asignal
N ¼ Aincl

N − rAbg
N

1 − r
; ð5Þ

with the background fraction r ¼ Nbg=Nincl under either
the π0 or η signal. The background asymmetries are all
consistent with zero.

Due to the limited azimuthal acceptance of the mid-
rapidity spectrometer the asymmetries are only measured
from integrated yields in the whole detector hemispheres to
the left and right of the polarization direction. To account
for the cosine modulation of the particle production, the
asymmetries need to be corrected by an average factor f ¼
1=hcosφi taken over the detector acceptance. The asym-
metries are calculated from Eq. (2), and the corresponding
systematic uncertainties are estimated from differences
with Eq. (3).
Both the inclusive and background asymmetries are

determined for each RHIC fill to test for possible variations
with time. The mean values are then used for the calculation
of the final asymmetries for π0 and η mesons as a function
of pT ; see Fig. 11 and Tables IX and X. The figure shows
the asymmetries for the whole detector acceptance
(jηj < 0.35) and for two samples selecting slightly for-
ward/backward going particles (0.2 < jηj < 0.35). It is
important to note that the data in the restrictive pseudor-
apidity ranges are subsamples of the larger inclusive data
set. These very precise results are all consistent with zero
over the observed pT range.

IV. DISCUSSION

The AN of neutral pions and inclusive charged hadrons
have previously been measured with the PHENIX mid-
rapidity spectrometer [17]. Those asymmetries have been
found to be consistent with zero and have been used to
constrain the gluon Sivers function [18] despite their
limited statistical precision. The new results shown in
Fig. 11 exceed the former precision by a factor of 20 for
the π0 transverse asymmetries while extending the pT reach
to above 10 GeV=c. Also, this paper reports on AN of η
mesons at xF ≈ 0 which extends previous results [48] both
in

ffiffiffi
s

p
and pT . Altogether, no significant deviation from

zero can be seen in the results within the statistical
uncertainties in the covered transverse momentum range.
Any difference in the two meson asymmetries would likely
be dominated by fragmentation effects. Either these are
small or suppressed by the contributing transversity
distribution in the covered kinematic range.
In the forward direction, nonvanishing meson asymme-

tries persist all the way up to
ffiffiffi
s

p
¼ 200 GeV, as shown in

Figs. 3 and 8. While there is no asymmetry in the backward
direction (xF < 0), AN scales almost linearly with positive
xF > 0.2. This behavior is similar to previous experimental
results, as summarized in Fig. 5, where no strong center-of-
mass energy dependence of the asymmetry is observed.
The kinematic coverage of the experiments is not exactly
the same and may account for the small differences in the
data, but it is striking how well the data match between
measurements taken over center-of-mass collision energies
that vary by more than an order of magnitude, from

ffiffiffi
s

p
¼

19.4 to 200 GeV. If the same mechanisms are responsible
across this entire collision energy range, then these
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.
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FIG. 11 (color online). The AN measured at midrapidity
(jηj < 0.35), as a function of pT for π0 (a) and η (b) mesons
(see Tables IX and X). Triangles are slightly forward/backward
going subsamples of the full data set (circles). These are shifted in
pT for better visibility. An additional uncertainty from the beam
polarization (see Table I) is not included.

MEASUREMENT OF TRANSVERSE-SINGLE-SPIN … PHYSICAL REVIEW D 90, 012006 (2014)

012006-11

PRD90,012006(2014)	

π0	  central	  (0.35>|η|)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	
π0	  	  Forward	  (2<η <4)	

Very	  forward	  (6<η <8)	

π0	

π0	
n,	  π0	

AN ~ 0 AN ≠ 0

AN ≠ 0Observed	  asymmetry	  only	  in	  forward	17/07/07	 EPS-‐HEP	  2017	



PHENIX Detector	
Central	  arms 	  |η|<0.35	  
•  Neutral	  pions	  
•  Direct	  photons	  
•  Iden7fied	  charged	  hadrons	  
•  Jets	  
•  W→e	  
•  J/ψ	  and	  heavy	  flavor	  electrons	  

Muon	  arms 	  1.2<|η|<2.4	  
•  J/ψ	  
•  Heavy	  flavor	  muons	  
•  W→μ	  

ZDC 	   	  |η|>5.9	  
•  Zero-‐degree	  neutrons	  

17/07/07	 EPS-‐HEP	  2017	 4	

MPC	   	  3.1<|η|<3.9	  
•  Neutral	  pion/eta	  
•  EM	  cluster	  



Transverse Asymmetry Observables	

5	

ZDC	

very forward n 
(6<|η|<8)	

Forward HF-µ, J/Ψ   
(2<|η|<4)	

Soft Process 
(mesonic)	

Hard Process 
(partonic)	

100GeV	

Central π0, π±,
Correlation, etc… 

(|η|<0.35)	
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What Could be the Cause?	

6	

• Sivers Effect 
+higher twist	

•  transverse-momentum 
dependence of partons inside the 
transversely-polarized nucleon	

• Collins Effect 
+higher twist	

•  correlation between 
transversely-polarized 
nucleon and transversely 
polarized partons inside 	

•  Collins fragmentation function	17/07/07	 EPS-‐HEP	  2017	



A-dependent Central π0 Asymmetries	

•  gg/gq dominates 
•  New PHENIX data show AN~0 in p+p even 

with improved statistical precision. 
•  First nuclear dependence attempt show no 

A-dependence and consistent with AN~0.	

Central π0 

(|η|<0.35)	

17/07/07	 EPS-‐HEP	  2017	 7	



Forward	  Open	  Heavy	  Flavor	  	

•  Data are consistent with zero and Sivers-type Twist-3 
three-gluon correlation functions within statistical error  

•  A-dependence study is underway. 

(2<|η|<4)	

D→μ,	  	  
B→D→μ	  

17/07/07	 EPS-‐HEP	  2017	 8	

Data: PRD95, 112001(2017) 
Theory: Y. Koike, S. Yoshida PRD84:014026	

Open	Heavy	Flavor	AN

• Open	heavy	flavor	AN as	a	function	of	xF

• Results	are	consistent	with	zero	within	uncertainties,	
agree	with	the	twist-3	model	calculations.

(-)	charge (+)	charge

3/31/17 Jeongsu	Bok	/	PHENIX	Heavy	Flavor	A_N 12



A-dependent Forward J/Ψ Asymmetry	

Heavy flavor probes 
sensitive to gluon 
Sivers-type effect via 
gluon fusion production 

(2<|η|<4)	

•  Contradict to central 
π0 result, observed 
unexpected large A-
dependence in low-pT 

•  Different behavior 
from forward π0 AN in 
p+p. 

17/07/07	 EPS-‐HEP	  2017	 9	



Hypothesis?	

•  ALICE and STAR observed 
enhancement in J/ψ at peripheral A
+A collisions and at very low pT (~0.1 
GeV/c). Interpretation could be 
photonuclear/two photon process 
that produce J/ψ in A+A collisions 

•  Does this effect contribute to p+A 
→ J/ψ + X and manifested as very 
different AN than p+p?  
Other ideas? 

•  Caveat: PHENIX J/ψ AN cut on pT 
>0.42 GeV/c  
(region with good azimuthal 
resolution for AN) and coincided 
with a valid BBC vertex 

	

10.1103/PhysRevLett.116.222301 	  
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Very Forward Neutron AN in p+p	

Single transverse spin asymmetry of forward neutrons

B. Z. Kopeliovich, I. K. Potashnikova, and Iván Schmidt
Departamento de Fı́sica, Universidad Técnica Federico Santa Marı́a; and Instituto de estudios avanzados en ciencias en ingeniera;

and Centro Cientı́fico-Tecnológico de Valparaı́so; Casilla 110-V, Valparaı́so, Chile

J. Soffer
Department of Physics, Temple University, Philadelphia, Pennsylvania 19122-6082, USA

(Received 13 September 2011; published 14 December 2011)

We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þS
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.

DOI: 10.1103/PhysRevD.84.114012 PACS numbers: 13.85.Ni, 11.80.Cr, 11.80.Gw, 13.88.+e

I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þp ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k% ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).

PHYSICAL REVIEW D 84, 114012 (2011)

1550-7998=2011=84(11)=114012(8) 114012-1 ! 2011 American Physical Society

PRD84,114012(2011)	

p	

p	

π+,a1
	

n	

p	

↑	

Data are well reproduced by the 
interference between  π and a1 
Reggeon	

AN ≈
φnon− flip
* φ flip sinδ( )
φnon− flip

2
+ φ flip

2

δ : phase shift	
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A-Dependence of Very Forward 
Neutron AN	

•  Observed strikingly strong 
A-dependence.  

•  Opposite sign of AN in p+Au 
compared to p+p 

•  Possible UPC effect in 
addition to conventional 
strong interaction 
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Strong + UPC Calculation	
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Disentangling transverse single spin asymmetries for very forward neutrons in polarized p-A collisions using ultra-peripheral collisions

Gaku Mitsuka

study [5], the predicted AN by the extended OPE model is far smaller than the PHENIX data in pAu
collisions.

Here we present important but rather unknown effects of UPCs. UPCs contribute to the
measured AN modestly in pAl collisions and significantly in pAu collisions. UPCs occur when the
impact parameter b is larger than the sum of the radii of each colliding particle, namely b > R

p

+R

A

(R
p

and R

A

are the radii of the proton and nucleus, respectively). In UPCs, virtual photons (g⇤)
emitted from the relativistic nucleus interact with the polarized protons and then produce the neutrons
and other particles.

The differential cross section for single pion and neutron production, dominant among many
other channels, in UPCs is given by

ds4
UPC(pA!p+

n)

dWdb

2
dW

n

=
d

3
Ng⇤

dWdb

2
dsg⇤p!p+

n

(W )

dW
n

Phad(b), (4.1)

where d

3
Ng⇤/dWdb

2 is the double differential photon flux due to the fast-moving nucleus, W is
the g⇤p center-of-mass energy, dW

n

= sinQdQdF with the neutron scattering polar angle Q and
azimuthal angle F in the g⇤p center-of-mass frame, and Phad(b) is the probability of having no
hadronic interactions in pA collisions at a given b. Single neutron and pion productions from the
g⇤p interaction are simulated following the differential cross sections predicted by the MAID 2007
model [6]. The cross section of the g⇤p ! p+

n interaction is approximated as

dsg⇤p!p+
n

dWp
µ R

00
T

 
1+ cosF R

0y

T

R

00
T

!
, (4.2)

where R

00
T

and R

0y

T

are the response functions for pion photoproduction. AN for forward neutrons
in UPCs (hereafter A

UPC
N ) inherits the target asymmetry T (p �Q) ⌘ R

0y

T

/R

00
T

in Eq. (4.2), which
is ⇠ 0.7 at W < 1.3GeV and ⇠ �0.2 at W > 1.3GeV within the ZDC acceptance. Owing to the
virtual photon flux leading to low-energy photons and the pion photoproduction cross section via a
D(1232) resonance, UPCs accordingly provide A

UPC
N ⇠ 0.35 for forward neutrons.

Figure 2 (a) shows the differential cross sections in pAu collisions as a function of the Feynman-
x, namely, ds/dxF, for UPCs (dashed red line) and OPE (solid black line). UPCs dominate in
ds/dxF at xF > 0.6 and have a sharp peak around xF = 0.95. Detailed discussion for the other
features is found in Ref. [7].

Figure 2 (b) shows the differential cross section in pAu collisions, ds/dF, as a function of
F, for UPCs (dashed red line) and OPE (solid black line). Here we find that UPCs have a positive
and large A

UPC
N compared with A

OPE
N =�0.05 of hadronic interactions. Those for pAl collisions are

presented in the panels (c) and (d).
Now we turn to Fig. 1. Filled red circles indicate AN inclusively measured by the ZDC. These

AN values can be compared with open red circles that correspond to the sum of UPCs and OPE MC
simulations, denoted as A

UPC+OPE
N and calculated as

A

UPC+OPE
N =

sUPCA

UPC
N +sOPEA

OPE
N

sUPC +sOPE
, (4.3)

where sUPC and sOPE are the cross sections of UPCs and OPE, respectively. In pAu collisions,
since sUPC ' sOPE, we obtain A

UPC+OPE
N = 0.16, which is consistent with the PHENIX result.

3

Origin of the Asymmetry �

p �

A�

n �
π+�

p e

e

p e

e

Δ�

A�
γ��

���

p �

A�

n �
π+�

p e

e

p e

e
A�

γ��

AN ∝φnon− flip
had φ flip

had sinδ1 +φnon− flip
EM φ flip

had sinδ2 +φnon− flip
had φ flip

EM sinδ3 +φnon− flip
EM φ flip

EM sinδ4

��

p �

A�

p �
π0�

p e

e

p e

e

Δ�

A�
γ��

p �

A�

p �
π0�

p e

e

p e

e

Ν��

A�
γ����Fermi�

RHIC�

17/07/03� Bled Workshop 2017 �

φ flip
EM

φnon− flip
EM

MAID2007	

Interference	  generates	  
large	  asymmetry	  below	  Δ	

strong	
Acceptance average	

RECENTLY MEASURED LARGE AN FOR FORWARD . . . PHYSICAL REVIEW C 95, 044908 (2017)

TABLE II. Cross sections in ultraperipheral pAu collisions at√
s

NN
= 200 GeV.

pAu → nX (η > 6.9 and xF > 0.4) p↑Au → π+π 0n

<1.1 GeV 1.1–2.0 GeV >2.0 GeV 1.25–2.0 GeV

0.6 mb 27.4 mb 1.8 mb 6.2 mb

in the dσUPC(p↑Au)/dW distribution in Fig. 3, forward neutrons
in UPCs are mainly produced by the $+(1232) → π+n decay
at 1.1 < W < 1.3 GeV, where ⟨T (θπ )⟩ is ∼0.7, as shown
in Fig. 2. Conversely, resonances at 1.4 < W < 1.8 GeV
have negative ⟨T (θπ )⟩ below θπ ∼ 0.5. Therefore dσUPC/d&
integrating over W suffers from both the positive and negative
⟨T (θπ )⟩ and then I obtain ⟨T (θπ )⟩ = 0.36 at 1.1 < W <

2.0 GeV. In accordance with an equivalence A
UPC(pA)
N =

⟨T (θπ )⟩, I finally obtain A
UPC(pAu)
N = 0.36.

4. Model uncertainties

Finally, I discuss the following three uncertainties in the
present UPC cross sections: (1) the contribution from outside
1.1 < W < 2.0 GeV, (2) the contribution from the two-pion
production process, and (3) the effects of nonzero Q2.

(1) I first compare the UPC cross sections in the following
three energy ranges: W < 1.1 GeV, 1.1 < W < 2.0 GeV, and
W > 2.0 GeV. For the calculation of UPC cross sections, I use
the framework in Ref. [8] instead of the framework developed
in this paper, because MAID2007 provides the γ ∗p↑ differential
cross sections only at 1.1 < W < 2.0 GeV. In the framework
in Ref. [8], the proton polarization is not taken into account;
however, the cross sections integrated over polar and azimuthal
angles are independent of the target polarization. Unlike the
framework developed in this paper, the total γ ∗p↑ cross section
σγ ∗p↑→π+n(W ) in Ref. [8] is taken from the compilation of
present experimental results [22] at W < 7 GeV and from the
best COMPETE fit results [22] at W > 7 GeV. The UPC cross
sections in each energy range are summarized in Table II.
Note that the rapidity and xF limits, η > 6.9 and xF > 0.4,
are applied to the these cross sections. According to Table II,
one finds that the cross sections at W < 1.1 GeV and W >
2.0 GeV are 2.1% and 6.6% of the cross section at 1.1 < W <
2.0 GeV, respectively.

(2) The contribution of the two-pion production γ ∗p↑ →
π+π0n appears above the threshold energy W ≈ 1.25 GeV.
The UPC cross section in Table II is calculated using the
2-PION MAID model [24], where the η and xF limits are not
applied to neutrons. Comparing UPCs leading to two-pion
production, 6.2 mb present in Table II, with those leading
to single pion production, 41.7 mb present in Table I, the
former amounts to 14% to the latter cross section. According
to the discussions in (1) and (2), one finds that UPCs at
1.1 < W < 2.0 GeV leading to single neutron and pion pro-
duction dominantly contribute to the single-spin asymmetry
for neutrons.

(3) Effects of nonzero Q2 to single-spin asymmetry in UPCs
are tested by comparing the total cross sections and dσ/d&
distributions between Q2 = 0 and Q2 ̸= 0. For the nonzero

TABLE III. Summary of uncertainties in the UPC MC simulation.

(1) Energy range σ<1.1 GeV/σ1.1−2.0 GeV 2.1%
σ>2.0 GeV/σ1.1−2.0 GeV 6.6%

(2) Two-pion production σp↑Au→π+π0n/σp↑Au→π+n 14%
(3) Q2 range σQ2 ̸=0/σQ2=0 <2%

A
Q2 ̸=0
N /A

Q2=0
N −10%

Q2 values, I use Q2 = 6 × 10−4 GeV2 in p↑Au collisions and
Q2 = 2 × 10−3 GeV2 in p↑Al collisions. In both collisions,
the cross section for forward neutron production at Q2 ̸= 0
is at most 2% larger than those at Q2 = 0. Because dσ/d&
is proportional to 1 + P2 cos &T (θπ ) and T (θπ ) is a function
of Q2, the dσ/d& distribution is modified by Q2 depending
on cos &. Accordingly, A

UPC(pAu)
N , obtained from ⟨T (θπ )⟩

averaged over W and θπ , at Q2 = 1 × 10−3 GeV2 is ∼10%
smaller than that at Q2 = 0. The model uncertainties discussed
in this subsection are summarized in Table III.

B. Simulation results in p↑Al collisions at
√

s = 200 GeV

Total cross sections for UPCs and hadronic interactions in
p↑Al collisions are summarized in Table I. The UPC cross
section is σUPC(p↑Al) = 0.7 mb which is ∼8% of σHAD(p↑Al) =
8.3 mb, where UPCs in p↑Al collisions are highly suppressed
compared with those in p↑Au collisions due to ∝ Z2.

Figure 4(c) shows dσ/dxF for UPCs and hadronic interac-
tions. One finds UPCs leading to subdominant contributions
to the dσ/dxF distribution at xF < 0.95.

Finally, Fig. 4(d) compares dσ/d& between UPCs and
hadronic interactions. Although the UPC cross section is about
8% of the hadronic-interaction cross section, the large positive
asymmetry of UPCs eventually compensates for the small
negative asymmetry of hadronic interactions.

V. DISCUSSIONS

I compare the simulation results with the observed AN

values in p↑Al and p↑Au collisions at
√

s
NN

= 200 GeV.
Figure 5 shows AN as a function of the atomic number Z
in p↑p (for reference), p↑Al, and p↑Au collisions.

Filled circles indicate the AN values inclusively measured
by the PHENIX zero-degree calorimeter [1], where the neutron
rapidity and xF ranges are limited by 6.8 < η < 8.8 and xF >
0.4, respectively. These values can be compared with open
circles indicating the sum of UPC and hadronic interaction
MC simulations, denoted AUPC+HAD

N . These are written as

AUPC+HAD
N = σUPCAUPC

N + σHADAHAD
N

σUPC + σHAD
, (12)

since
dσUPC

d&
+ dσHAD

d&
∝ 1 + cos &AUPC+HAD

N . (13)

For the MC simulation results (open circles and open squares),
the neutron rapidity and xF region limits, 6.8 < η < 8.8 and
xF > 0.4, are also taken into account to be consistent with
the PHENIX measurements. In p↑Al collisions, I obtain
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Summary	
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•  Explored A-dependence of transverse single spin 
asymmetries in wide rapidity region.  

•  No asymmetry observed in central region neither 
p↑+p nor p↑+Au. 

•  Observed unexpectedly strong A-dependence in 
forward J/ψ and very forward neutron 
asymmetries. 

•  Important role of UPC effect is demonstrated 
at least for very forward neutron asymmetries. 

•  To be investigated further:  
–  Heavy flavor D/B decay m Asymmetry in p↑+A 
–  pT dependence for further test of UPC effect 
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•  High	  pT	  two-‐par7cle	  correla7on	  has	  been	  
a	  valuable	  tool	  to	  study	  interac7on	  
between	  hard	  probe	  in	  QGP	  

•  It	  can	  also	  be	  used	  to	  construct	  two	  scale	  
observables	  in	  p+p	  and	  p+A	  collisions	  

•  Not	  factorizable	  in	  TMD	  framework	  
•  But	  how	  their	  behavior	  difference	  from	  

the	  factorizable	  observables	  (like	  DY)?	  

17/07/07	   EPS-‐HEP	  2017	   16	  

Study	  ini7ated	  inves7ga7ng	  the	  non-‐
TMD-‐factorized	  process	  

π0→γγ	  

Isolated	  γ	  

h±	  

Large	  scale,	  ~Q2	  

Pair	  observables	  
In	  transverse	  plane	  

Small	  scale,	  ~ΛQCD	  

Direct	  photon-‐hadron	  

Di-‐hadron	  produc7on	  

Histogram	  pout	  
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Study	  ini7ated	  inves7ga7ng	  the	  non-‐
factorized	  process	  -‐	  First	  Results	  

Example	  of	  TMD-‐factorized	  process:	  	  
DY	  in	  Pythia	  simula7on	  
Posi7ve	  width	  against	  scale	  (M)	  
As	  expected	  in	  CSS	  evolu7on	  

Non-‐TMD-‐factorized	  process:	  π0+h,	  γ+h	  
Data	  and	  Pythia	  simula7on:	  	  
Both	  show	  nega7ve	  width	  slope	  against	  scale	  (pTtrig)	  
Very	  different	  from	  CSS	  indicate	  impact	  from	  color	  flow	  	  

p	  

p	  

l	  

l	  

γ*	  
p	  

p	  

q/g	  

q/g	  

Pythia	  

Pythia	  

Data	  
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Study	  ini7ated	  inves7ga7ng	  the	  non-‐
factorized	  process:	  first	  p+A	  result	  

•  First	  preliminary	  release	  of	  p+A	  π0+h	  result	  
•  Wider	  Gauss	  core	  for	  pout	  in	  p+A	  collisions:	  mul7ple	  scatering	  in	  A?	  
•  Stronger	  pTtrig	  dependence	  in	  peripheral	  p+Au:	  Interpreta7on	  in	  discussion	  

See	  the	  whole	  story:	  QM17	  talk,	  Joe	  Osborn	  


