PROCEEDINGS

OF SCIENCE

Measurement of Direct-Photon Cross Section and
Double-Helicity Asymmetry at s =510 GeVin p + p
Collisions at PHENIX

Zhongling Ji¢?¢*
“For the PHENIX Collaboration
b Physics and Astronomy Department

University of California at Los Angeles
Los Angeles, CA 90095, USA

¢This work was done while as a graduate student at Stony Brook University

E-mail: zji@physics.ucla.edu

Longitudinal polarized p + j collisions provide a leading-order probe of the gluon spin contribu-
tions to the proton spin. The direct-photon production is named the “golden” channel due to its
“cleanliness” and sensitivity to the sign of the gluon spin. The PHENIX measurement at the Rela-
tivistic Heavy-Ion Collider performed the first published direct-photon double-helicity asymmetry
(Arr) measurement. Our data indicate the gluon spin has a large probability of aligning with the
proton spin. I will show the direct-photon cross sections and Ay ; measurements at PHENIX.

25th International Spin Physics Symposium (SPIN 2023)
24-29 September 2023
Durham, NC, USA

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:zji@physics.ucla.edu
https://pos.sissa.it/

Direct-Photon Measurement Zhongling Ji

1. Introduction

Understanding the quarks’ and gluons’ contributions to the proton spin provides important
information for its structure. According to [1], the proton spin can be decomposed as

I 1
3= 5Aq+Ag+Lq+Lg, (D

where %Aq and Ag are spin contributions from quarks and gluons, respectively, L, and L, are their
orbital momentum contributions.

Since the late 80s, the European Muon Collaboration (EMC) discovered that only about 30%
of the proton spin comes from the quarks’ spin [2, 3]. The remaining part comes from the gluon
spin and partons’ orbital angular momentum. Various deep-inelastic scattering (DIS) experiments
provide constraints on the Ag [4]. However, constraints on the Ag are poor since gluons do not have
an electric charge and only interact through a higher-order effect in DIS.

At the Relativistic Heavy-Ion Collider (RHIC), we collide two longitudinal polarized proton
beams (p + p) and measure the double-helicity asymmetries (Az ) of final-state particles. These
measurements probe the Ag at the leading order in the perturbative quantum chromodynamics
(pQCD). The existing RHIC data mainly probe the gluon momentum fraction xg from 0.05 to 0.2.
The PHENIX 70 A, ; at /s =510 GeV confirms a nonzero Ag and extend Xg t00.01 [5]. The STAR
jet data clearly imply a polarization of gluons in this range [6]. However, the existing inclusive
DIS data and jet Az, measurements in polarized p + p collisions cannot decide the sign of Ag.
Unlike jet production, where both quark-gluon and gluon-gluon scatterings contribute, direct photon
production mainly gets contributions from quark-gluon scattering and is sensitive to the sign of Ag.
In addition, there is little fragmentation contribution involved in direct photon production, making
this the “cleanest” channel and thus designated the “golden” channel for gluon parton distribution
functions (PDF). However, direct-photon measurement is very challenging due to limited statistics
and large backgrounds from 7% decay photons [7, 8]. These obstacles were overcome by the
PHENIX detector at the 2013 year run of RHIC. which provide the largest integrated luminosity
(155 pb~!) in polarized p + p collisions. The Electromagnetic Calorimeter (EMCal) at PHENIX
has a fine angular resolution and is capable of separating the 7° decay photons up to transverse
momentum (p7) of 30 GeV/c with a shower-profile analysis. I will show the measurement of
direct-photon cross section and double-helicity asymmetry (Ar ) and its role in deciding the sign
of Ag.

2. PHENIX detector

The PHENIX detector is shown in Fig. 1 [9]. The Beam-Beam Counters (BBC) [10] served
as the minimum-bias trigger and the luminosity counter, which are located at +144 cm from the
beam interaction point (IP) with a pseudorapidity coverage 3.0 < |g| < 3.9. The primary detector
for the photon measurement is the EMCal [11], which covers || < 0.35 and 7 radians in azimuthal
angle. EMCal also includes high-energy photon triggers. The Drift Chamber (DC) [12] measures
charged particles and is used to veto an EMCal cluster if it is too close to a track in DC. DC is
also used in the isolated direct-photon measurement to measure the other particles’ energy near the
signal photon.
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Figure 1: The PHENIX detector.

3. Direct-photon cross sections

The PHENIX experiment measured the direct-photon cross section in p+p collisions at /s =
510 GeV. Most direct photons at 6 GeV/c < pr < 30 GeV/c are produced by quark-gluon Compton
scatterings, g + g — g +. A small portion comes from the ¢4 annihilation, ¢ + § — g +7. For the
PHENIX measurements, the main backgrounds are from the hadron decay photons, among which

0 — yy decays, but there are also decay photons from 7, w, and 1" mesons. The 7 decay

most are 7
photons can be reconstructed by the two-photon invariant mass. There is a chance that we missed
one of the 7° decay photons but measured the other, we used simulations to estimate the portion of
this situation. The number of decay photons from other mesons is estimated by their ratios with 7°
decay photons, which are obtained from previous 200 GeV p+p data and simulations. The number
of direct photons is thus the number of total photons subtracting the number of decay photons. To
improve the signal-to-background ratio, in addition to the inclusive direct-photon measurement, we
also applied isolation criteria, which require the sum of energy from other particle inside a cone
with radius 7cone = V(617)2 + (6¢)? = 0.5 is less than 10% of the energy of the photon candidate, i.e.
2. Ein cone < 0.1E,, (Fig. 2). In this way, we reduced the contributions from decay and fragmentation
photons.

We measured the inclusive and isolated direct-photon cross sections [13] (Fig. 3) and the
ratio of isolated over inclusive cross sections (Fig. 4a). The next-to-leading order (NLO) pQCD
calculation [14, 15] agrees well with the isolated direct-photon cross section but underestimates
the inclusive cross section and overestimates their ratio. The POWHEG + PYTHIAS calculation
[16-18] agrees better with data than the NLO pQCD for the inclusive cross section due to the
inclusion of parton showers. Without multiparton interactions (MPI), it gives a similar prediction
as the NLO pQCD calculations for the ratio. The POWHEG + PYTHIAS calculation with MPI
agrees best with our measurements for the ratio of cross sections.
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Figure 2: Isolation criteria on a photon candidate.
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Figure 3: Cross sections for (a) inclusive and (c) isolated direct photons as a function of pr compared with
NLO pQCD calculations [14, 15] for different renormalization and factorization scales u = pr/2 (dashed
line), pr (solid line), 2pr (dotted line). The vertical bars show statistical uncertainties and the square
brackets are for systematic uncertainties. Not shown are 10% absolute luminosity uncertainties. Panels (b)

and (d) show comparisons of data and calculations.
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(b) Double-helicity asymmetry Apy vs pr for isolated
direct-photon production. Vertical error bars (boxes) rep-

. . . . . resent the statistical (systematic) uncertainties. Not shown
(a) Ratio of isolated over inclusive direct-photon cross sec- (sy )

tions. The band is from the NLO pQCD calculations as in
Fig. 3. The solid and dotted lines are from the POWHEG
+ PYTHIAS with and without the MPI configuration, re-
spectively.

is a 3.9x107* shift uncertainty from relative luminosity
and a 6.6% scale uncertainty from polarization. The
DSSV14 and JAM22 calculations are shown with 1o
uncertainty bands obtained from MC replicas [19-23].
JAM22 calculations are based on PDF sets from the global
analysis of the JAM Collaboration [23], and the code to
calculate the asymmetries was provided by W. Vogelsang.

Figure 4: Ratio of cross sections and Ay .

4. Isolated direct-photon A;

The Ar 1 can be calculated by

AO- O—++ - O—+_ 1 N++ - RN+_
App=—= = , (2)
loa Oy +0y. PpPy Nip+RN,_

where the ++ and +— signs represent the same and opposite helicities of the beam, respectively. o
means the cross section and N is the yield. R = L, /L,_ is the relative luminosity with L., and
L, represent the luminosity of the corresponding beam helicities. Pp = 0.55 and Py =~ 0.57 are
the blue and yellow beam polarizations at RHIC, respectively [24]. We measured the total photon
Ati’tLal, the isolated 7° decay photon A ’LTOL and its fraction in total photons r 0, and the isolated other
hadron decay photon Aﬁ ;, and their fraction rj,. The isolated direct photon Ay is calculated by

total __ 7 h
AP — AT, — Ay, 3)

Adir —
LL l—rpo—1p
Fig. 4b shows the isolated direct-photon A in polarized p + p collisions at v/s = 510 GeV
[13]. The Jefferson Lab Angular Momentum (JAM) Collaboration found there are two possible
solutions for the polarized gluon parton distribution functions (PDF) with Ag > 0 and Ag < 0
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[22, 23]. Even though the Ag < 0 solution violates the positivity assumption, |Ag| < g, previous
data from jet Ay 1 ’s and inclusive DIS cannot exclude those solutions due to the mixed contributions
from quark-gluon and gluon-gluon interactions. However, the direct-photon A;; comes mainly
from the quark-gluon interactions and has y? = 4.7 and 12.6 for 7 data points for the Ag > 0
and Ag < 0 solutions, respectively, with the difference of 7.9 between y? values implying that the
negative solution is disfavored at more than 2.80 level.

5. Conclusions

We present the inclusive and isolated direct-photon cross sections and the isolated direct-photon
Ay inpolarized p + p collisions at v/s = 510 GeV. The measurement of inclusive and isolated cross
sections and their ratios shows the importance of including parton shower and MPI in the relatively
low pr range. The Ay result is the first published direct-photon Ay ; measurement and provides
a “clean” probe of the gluon spin Ag. Our data agree with the positive Ag solutions and disfavor
the negative Ag solutions by 2.8c.

References

[1] Xiangdong Ji. Gauge-invariant decomposition of nucleon spin. Phys. Rev. Lett., 78:610-613,
Jan 1997.

[2] J. Ashman et al. A measurement of the spin asymmetry and determination of the structure
function gl in deep inelastic muon-proton scattering. Phys. Lett. B, 206(2):364, 1988.

[3] J. Ashman et al. An investigation of the spin structure of the proton in deep inelastic scattering
of polarised muons on polarised protons. Nucl. Phys. B, 328(1):1, 1989.

[4] Christine A. Aidala, Steven D. Bass, Delia Hasch, and Gerhard K. Mallot. The spin structure
of the nucleon. Rev. Mod. Phys., 85:655-691, Apr 2013.

[5] A. Adare et al. Inclusive cross section and double-helicity asymmetry for 7° production at
midrapidity in p + p collisions at v/s = 510 GeV. Phys. Rev. D, 93:011501, Jan 2016.

[6] M.S. Abdallah et al. Longitudinal double-spin asymmetry for inclusive jet and dijet production
in polarized proton collisions at v/s = 200 GeV. Phys. Rev. D, 103:L091103, May 2021.

[7]1 S. S. Adler et al. Measurement of Direct Photon Production in p+p Collisions at /s = 200
GeV. Phys. Rev. Lett., 98:012002, Jan 2007.

[8] A. Adare et al. Direct photon production in p+p collisions at v/s = 200 GeV at midrapidity.
Phys. Rev. D, 86:072008, Oct 2012.

[9] K. Adcox et al. PHENIX detector overview. Nucl. Instrum. Methods Phys. Res., Sec. A,
499(2):469, 2003.

[10] M. Allenetal. PHENIX inner detectors. Nucl. Instrum. Methods Phys. Res., Sec. A,499(2):549,
2003.



Direct-Photon Measurement Zhongling Ji

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

L. Aphecetche et al. PHENIX calorimeter. Nucl. Instrum. Methods Phys. Res., Sec. A,
499(2):521, 2003.

K. Adcox et al. PHENIX central arm tracking detectors. Nucl. Instrum. Methods Phys. Res.,
Sec. A, 499(2):489, 2003.

N. J. Abdulameer et al. Measurement of direct-photon cross section and double-helicity
asymmetry at /s = 510 GeV in P +p collisions. Phys. Rev. Lett., 130:251901, Jun 2023.

L. E. Gordon and W. Vogelsang. Polarized and unpolarized prompt photon production beyond
the leading order. Phys. Rev. D, 48:3136, Oct 1993.

L. E. Gordon and W. Vogelsang. Polarized and unpolarized isolated prompt photon production
beyond the leading order. Phys. Rev. D, 50:1901, Aug 1994.

Christian Bierlich, Smita Chakraborty, Nishita Desai, Leif Gellersen, Ilkka Helenius, Philip
Ilten, Leif Lonnblad, Stephen Mrenna, Stefan Prestel, Christian T. Preuss, Torbjorn Sjostrand,
Peter Skands, Marius Utheim, and Rob Verheyen. A comprehensive guide to the physics and
usage of pythia 8.3, 2022.

Simone Alioli, Paolo Nason, Carlo Oleari, and Emanuele Re. A general framework for
implementing nlo calculations in shower monte carlo programs: the powheg box. Journal of
High Energy Physics, 2010(6):43, Jun 2010.

Tom4s Jezo, Michael Klasen, and Florian Konig. Prompt photon production and photon-
hadron jet correlations with powheg. Journal of High Energy Physics, 2016(11):33, Nov
2016.

D. de Florian, R. Sassot, M. Stratmann, and W. Vogelsang. Global Analysis of Helicity Parton
Densities and their Uncertainties. Phys. Rev. Lett., 101:072001, Aug 2008.

D. de Florian, R. Sassot, M. Stratmann, and W. Vogelsang. Evidence for Polarization of
Gluons in the Proton. Phys. Rev. Lett., 113:012001, Jul 2014.

D. de Florian, G. A. Lucero, R. Sassot, M. Stratmann, and W. Vogelsang. Monte Carlo
sampling variant of the DSSV 14 set of helicity parton densities. Phys. Rev. D, 100:114027,
Dec 2019.

Y. Zhou, N. Sato, and W. Melnitchouk. How well do we know the gluon polarization in the
proton? Phys. Rev. D, 105(7):074022, 2022.

C. Cocuzza, W. Melnitchouk, A. Metz, and N. Sato. Polarized antimatter in the proton from
a global qcd analysis. Phys. Rev. D, 106:L031502, Aug 2022.

A. A. Poblaguev, A. Zelenski, G. Atoian, Y. Makdisi, and J. Ritter. Systematic error analysis
in the absolute hydrogen gas jet polarimeter at RHIC. Nucl. Instrum. Methods Phys. Res., Sec.
A, 976:164261, 2020.



	Introduction
	PHENIX detector
	Direct-photon cross sections
	Isolated direct-photon ALL
	Conclusions

