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M SPHENIX Experiment

UNIVERSITY OF

MICHIGAN

Latest detector at RHIC

» Large acceptance
* Full azimuth acceptance
e In/ <11

* High precision tracking

« Hadronic + electromagnetic
calorimetery at mid-rapidity

October 22
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M SPHENIX Experiment sewe

SPHENIX Calorimeters
« EMCAL tower size:
e AnxA¢=0.025x0.025

* IHCAL & oHCAL tower size:
e AnxA¢p=0.1x0.1 OUTER HCAL

This analysis:
* Reconstruct photons in EMCAL
* Measure surrounding energy in
EMCAL, iIHCAL, oHCAL
* Require small surrounding
energy for isolated photons
* Mid-rapidity measurement

INNER HCAL
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M Dataset

MICHIGAN

Dataset used in this analysis:

« Transversely polarized proton-proton collisions recorded in 2024 at /s =200 GeV
Average polarization: 52%

Integrated luminosity: 58 pb* (this analysis)

Reconstructed primary vertex along beam direction: |zu| <60 cm

Pseudo-rapidity fiducial cut: |n| <0.7 T
* |solation cone has radius R =0.4 aprre(fix J) lomp v o sn =00

Run 43266, 2024-05-20, Event 1447921

Example p+p collision at sPHENIX >
(calorimeter response in x-y plane)
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M Physics Motivation
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Prompt photons
* Prompt photons = direct photons + fragmentation photons
* Direct photons: produced in the hard scattering
* Provide access to initial state gluons
* No final state hadronic effects, clean probe of initial state correlations

q Y q Y q q
At RHIC, direct photons are primarily
produced in Compton scattering \ ;
B_; _ﬂ_‘____;_' R \ AR _ (a) (b) (©
“E : g q g g q q

PHENIX collaboration, & E
PRD82, 072001 (2010)  o.f

..................................

(b tGeviel Direct photons
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M |Isolated Photon TSSA

UNIVERSITY OF

[
MICHIGAN

Transverse single spin asymmetry ( A n)
» Left-right asymmetry of photon production in polarized proton collisions
* Positive Ax - more photons are produced to the left than to the right, relative to the
spin direction

A O], —OR LEFT\
N = . .
OL +OR \ O

RIGHT
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M |Isolated Photon TSSA

UNIVERSITY OF

MICHIGAN

Transverse single spin asymmetry ( A n)
» Left-right asymmetry of photon production in polarized proton collisions
* Positive A - more photons are produced to the left than to the right, relative to the
spin direction

A O, —OR LEFT\
N = ,‘ -
O T~ OR \ 0

Twist-3 correlators - N
* Quark-gluon Compton scattering: RIGHT
» Access to initial state gluons in polarized proton
» Sensitive to quark-gluon-quark and tri-gluon correlations
* Isolated photon TSSA provides opportunity to improve constraints on correlations
* Important for improving our understanding of spin-momentum correlations in the
polarized proton
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M Photon lIdentification
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Photon reconstruction
« EMCAL towers are clustered together to form photon candidates

Isolation requirement
* Require surrounding energy deposit in all calorimeters to be small

e Sum up energy in EMCAL/IHCAL/oHCAL :
* |solation cone radius: R=0.4 Isolated Non-isolated

» Subtract energy of candidate cluster Y Y

Isolation cone
October 22 Rowan Kelleher 8



M Photon lIdentification

UNIVERSITY OF
MICHIGAN

Photon reconstruction
« EMCAL towers are clustered together to form photon candidates

Isolation requirement

* Require surrounding energy deposit in all calorimeters to be small
e Sum up energy in EMCAL/IHCAL/oHCAL :
« Isolation cone radius: R = 0.4 Isolated  Non-isolated
» Subtract energy of candidate cluster Y Y

* Suppresses background contributions:
* Mostly neutral mesons, often produced in jets
* Reduces fragmentation photon contribution

EX° < 0.490 GeV +0.037 - Bt

* Isolation + photon ID method inherited from the sSPHENIX
Isolated prompt photon cross-section measurement
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https://arxiv.org/abs/2607.03892

Photon ID
* Photons produce narrow clusters in EMCAL

Photon lIdentification

* Neutral hadrons leave signature in shower shape
* Boosted Decision Tree (BDT) optimized for photon ID

October 22 Rowan Kelleher
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M Photon lIdentification

UNIVERSITY OF
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Photon ID
* Photons produce narrow clusters in EMCAL
* Neutral hadrons leave signature in shower shape
* Boosted Decision Tree (BDT) optimized for photon ID y hff
Y

 BDT inputs:
. PrimarF))/ vertex position Broad?r:sE:?gErLshape
Cluster n and Ex

l v

* ,Energy ratios
+/ Energy weighted second moment of EMCAL towers in n and ¢ \
compact core broad shower narrow width broad width inside strip outside strip
. Y X X Q| e Qo e
n n
Elxl / E3x3 Wl]’ W{p ES.\'Z / ES.\(S
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M Photon lIdentification
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Neutral meson veto
e Largest background: neutral meson decay photons passing ID and isolation cuts
* Mass veto:

» Pair each photon candidate with other clusters in event

« If the pair makes an invariant mass inside «° or n» meson mass window, reject from

sample .
3
c . i . i
Isolated photon sample S * tilsgc?lgted B-:c?::[i’solated
« Signal is defined as tight + isolated clusters that &
pass the meson veto 5
« Signal yield: N4 Q@
* Define three baqur9ur1Bd r%glons: i = | C: non-tight D: non-tight,
* Background yields: N*, N¢ and N isolated non-isolated
Er}so,reco
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M Purity Estimation
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Data-driven purity estimation
* The source of the primary background depends on the energy range
» Estimate background contribution to region A (signal) — estimate purity

sig __ aTA _ aATbg sig
N5%& = N4 - N} b N
/ \ \ - NA
Background-corrected Signal yield: X ] T
signal yield tight + isolated Estimated background yield
+tagging veto  (see next two slides) Estimate purity
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M Purity Estimation

UNIVERSITY OF

MICHIGAN

Data-driven purity estimation
* The source of the primary background depends on the energy range
» Estimate background contribution to region A (signal) — estimate purity

sig __ aTA _ aATbg sig
N5%& = N4 - N} b N
/ \ \ - NA
Background-corrected Signal yield: X ] T
signal yield tight + isolated Estimated background yield
+tagging veto  (see next two slides) Estimate purity

Low energy ( £+ <8 GeV)
* Primary background: separated neutral meson decay photons missed in tagging veto

High energy ( E+> 8 GeV)
* Primary background: neutral mesons where decay photons merge into single cluster

October 22 Rowan Kelleher 14



Purity Estimation

Missing ratio method ( £+ <8 GeV)
* Primary background: separated neutral meson decay photons missed in tagging veto

Steps:

October 22 Rowan Kelleher 15
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M Purity Estimation

Missing ratio method ( £+ <8 GeV)
* Primary background: separated neutral meson decay photons missed in tagging veto

Nb.
] _ miss
Stepsll ] . . / Rh - Nh
1. Estimate ratio of missed to tagged neutral mesons with Monte Carlo tag
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M Purity Estimation

UNIVERSITY OF
MICHIGAN

Missing ratio method ( £+ <8 GeV)
* Primary background: separated neutral meson decay photons missed in tagging veto

Nb.
] _ miss
Stepsll ] . . / Rh - Nh
1. Estimate ratio of missed to tagged neutral mesons with Monte Carlo tag

2. Estimate residual background from missing ratio

|. Number of missed meson decay photons in region A ———» Ng?;?ss ~ RhN;??ffg
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M Purity Estimation

UNIVERSITY OF
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Missing ratio method ( £+ <8 GeV)
* Primary background: separated neutral meson decay photons missed in tagging veto

Nb.
Steps: | | | Ry = NIII:IISS
1. Estimate ratio of missed to tagged neutral mesons with Monte Carlo tag

2. Estimate residual background from missing ratio q 4
|. Number of missed meson decay photons in region A —— N/ ata RhNh ?;gaé

3.Compute background fraction: \ h,miss /
data RhNdata

h,miss h,tag

N a N a

TR —
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M Purity Estimation

UNIVERSITY OF
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Missing ratio method ( £+ <8 GeV)
* Primary background: separated neutral meson decay photons missed in tagging veto

Nb.
Steps: | | | Ry = Nfrl:llss
1. Estimate ratio of missed to tagged neutral mesons with Monte Carlo tag

2. Estimate residual background from missing ratio q 4
. Number of missed meson decay photons in region A—— N8 o~ R, ydata

3. Compute background fractlon:\ ,IM1S8 / h,tag

4.Compute purity:

data data
- h,miss __ RhNh,tag
h — ~
N4 N4
data data
P=1-— RWONWOatag . R”Nn,tag
N 4 N 4
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M Purity Estimation

UNIVERSITY OF

MICHIGAN

Double sideband method ( £+> 8 GeV)
* Primary background: neutral mesons where decay photons merge into single cluster

« At larger Er, isolation energy and shower shapes are uncorrelated

)

n

& | A:tight, B: tight,

§ isolated non-isolated

-

a

o

=

&~ C: non-tight, D: non-tight,
isolated non-isolated

1S0,reco
E; 20
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M Purity Estimation

UNIVERSITY OF

MICHIGAN

Double sideband method ( £+> 8 GeV)
* Primary background: neutral mesons where decay photons merge into single cluster

« At larger Er, isolation energy and shower shapes are uncorrelated
° . . . . b
Ratio of background yields in C to D is the same as Ato B —_ NAg B Ne

Npg Np
)
n
& | A:tight, B: tight,
§ isolated non-isolated
-
a
o
=
&~ C: non-tight, D: non-tight,
isolated non-isolated

1S0,reco
E; 21
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M Purity Estimation

UNIVERSITY OF
MICHIGAN

Double sideband method ( £+> 8 GeV)
* Primary background: neutral mesons where decay photons merge into single cluster

« At larger Er, isolation energy and shower shapes are uncorrelated
° . . . . b
Ratio of background yields in C to D is the same as Ato B —_ NAg B Ne

« Estimate background using N2, N¢, and N”. / Np Np
N\ NgNc¢

N&E = ~
N ]
»n
D & | A:tight, B: tight,
§ isolated non-isolated
-
a
Q
=
> | C:non-tight, D: non-tight,
isolated non-isolated
Eiso,reco
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M Purity Estimation

UNIVERSITY OF
MICHIGAN

Double sideband method ( £+> 8 GeV)
* Primary background: neutral mesons where decay photons merge into single cluster

« At larger Er, isolation energy and shower shapes are uncorrelated
° . . . . b
Ratio of background yields in C to D is the same as Ato B —_ NAg B Ne

« Estimate background using N2, N¢, and N”. / Np Np
N\ NgNc¢

b
C ignal yield NS =—x§ 8
o .
ompute signal yield. D S A: tight, B: tight,
§ isolated non-isolated
S
m
NA — N, BNc 2
. p— > | C:non-tight, D: non-tight,
Slg A ZVD isolated non-isolated
Eiso,reco
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M Purity Estimation

UNIVERSITY OF

MICHIGAN
Double sideband method ( £/ > 8 GeV ) 2 . ot
NN, 73 isolated non-isolated
A BINC 3
Nsig = Na — N—D =
=4 _ .
« Some signal photons leak into background (regions B, C, and D) = | ©fordort - Drnonight,
» Correct for signal leakage:
E%so,reco
NX sig bg S19
fx = = Ny = Nx — [xN

Leakage fraction
estimated in MC
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M Purity Estimation

MICHIGAN
Double sideband method ( £/ > 8 GeV ) 2 . ot
N B N. C § isolated non-isolated
NS? = Ny — -
& @
Np 8~ _ .
« Some signal photons leak into background (regions B, C, and D) = | ©fordort - Drnonight,
» Correct for signal leakage:
E%so,reco
Nx i b '
_ ,51g g __ Stg

,51g
Leakage fraction /
estimated in MC

(N — fNg,)(Ne — foNg,)
Np — fpNg,

N4 =Ny —

sig
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M Purity Estimation

MICHIGAN
Double sideband method ( £/ > 8 GeV ) 2 . ot
N B N. C § isolated non-isolated
NS? = Ny — -
& @
Np =4 _ .
« Some signal photons leak into background (regions B, C, and D) = | ©fordort - Drnonight,
» Correct for signal leakage:
E%so,reco
NX sig b S1
= =X NY¥ = Nx — fx N3
/fX NA,sig X | X fX A l
Leakage fraction /
estimated in MC
A A A
NA :NA— (NB—fBNSig)(NC_fCNSig) _— P— Nsig
o Np — fpN; N
g A
Purity 26
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M Purity Result
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. > 08— 7V 1 T T3

Isolated pho?on purity § 0.75E- SPHENIX Preliminary =
* Asymmetric decays with one @ o7Ep+p  {S=200GeV =
high energy and one low energy 0.65E Il < 0.7 | E
photon are missed by tagging g : [ E
Purity estimation method.: 055 == E
e Fr<8GeV 0.5E E
» Missing-ratio method 0.45E E

e 1> 8GeV 0-4;_+ _;
 ABCD Method 0.35E- =
0.3 =

0.25% § Statistical uncertainty —i

0.2§ E Selection systematic —;
o+l b b L 1

al

10 15 20 25 30
SPH-CONF-COLDQCD-2026-01 E) [GeV]
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https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-COLDQCD-2026-01

M Cross Section N

UNIVERSITY OF

MICHIGAN

Isolated photon cross section

’ - ) ; 7I L | TTT TTT TTT TTT TTT TTT | TTT | TTT | T TT
* Preprint available on arxiv: 2607.03892 § L SPHENIX |
* TSSA applies additional spin QA s | p+p (s =200 GeV
=10 7 £ =644pb" ]
% C - | In"l <0.7 7
5 | = Ey %< 4 GeV ]
N
% 10 == =
E —— E
I —— ]
I |
1= —
- = Data —
7I 11 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 11 I7

12 14 16 18 20 22 24 26 28 30 32
E; [GeV]
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|Isolated Photon TSSA

Transverse single spin asymmetry ( Ax)
 Left-right asymmetry of photon production in polarized proton collisions

Extraction steps:

October 22 Rowan Kelleher 29



M |Isolated Photon TSSA

UNIVERSITY OF
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Transverse single spin asymmetry ( Ax)
 Left-right asymmetry of photon production in polarized proton collisions

Extraction steps:
1. Measure the raw asymmetry with spin-dependent ¢ distributions

NT(¢) — RN*(9) LT Relative
A(¢) = NT(¢) + RN+¢)’ = + luminosity
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M |Isolated Photon TSSA
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Transverse single spin asymmetry ( Ax)
 Left-right asymmetry of photon production in polarized proton collisions

Extraction steps:
1. Measure the raw asymmetry with spin-dependent ¢ distributions

NT(¢) — RN*(9) LT Relative
A(¢) = NT(¢) + RN+¢)’ = + luminosity
2.Fit A(¢)to extract amplitude A(¢) — —ep sin ¢
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M |Isolated Photon TSSA

UNIVERSITY OF
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Transverse single spin asymmetry ( Ax)
 Left-right asymmetry of photon production in polarized proton collisions

Extraction steps:
1. Measure the raw asymmetry with spin-dependent ¢ distributions

NT(¢) — RN*(9) LT Relative
A(¢) = NT(¢) + RN+¢)’ = + luminosity

2.Fit A(¢)to extract amplitude A(¢) = —epn Sin ¢

3. Correct for polarization and purity

/ AR — AR

y B €N A}Y\;iso _ N,raw N,raw
N.,raw — 7 P
beam
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M |Isolated Photon TSSA

UNIVERSIT
MICHIGAN

Transverse single spin asymmetry ( Ax)
 Left-right asymmetry of photon production in polarized proton collisions

Extraction steps:
1. Measure the raw asymmetry with spin-dependent ¢ distributions

NT(¢) — RN (9) LT Relative
— —_ 4/ - .
A(¢) NT(¢) + RNJ’(¢) Y R Li IumanSIty
: ; . Observed small
2.Fit A(¢)to extract amplitude A(¢) — —en Sin ¢ neutral meson Ax
SsPH-CONF-COLDQCD-2025-01
3. Correct for polarization and purity /

/ o A A AR

N,
A B €N A}Y\;ISO _ N, ,raw N,raw __ raw
N,raw — P P

7Dbea,m
Fully corrected result
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M Preliminary Result e
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Preliminary isolated photon TSSA sPHENIX Preliminary p'+p  Vs=200GeV
. . , (@] [T | T T T T | T T T T | T T T T | T T T | T T T T
* Consistent with PHENIX’s result 22 b <oz .
- ) _ —1 —
SPHENIX Preliminary p'+p Vs =200 GeV 0.1— Line = 58 pb ]
E T T T T | T T T T | T T T T | T T T T | T T T T | [Pl:b 52% |
R — tight BDT ] B ? i
=z B — non-isolation = - ]
< B — signal isolation ] 0_05_— 7% polarization scale uncertainty not shown —
© 1= — background asym | - .
B — Data-MC purity ] B + ]
] total (quadrature) - ] S T —
0.5_— ] - * -
of | ~0.05( —
¥ . - i
0.5 - 0 ]
C - 0.1_ I I I I I |
5 '1|0""1|5""2|0""2|5""30 5 10 15 20 25 30
Y
E! [GeV E: [GeV
riGeV] SPH-CONF-COLDQCD-2026-01 =7 1%¢V]
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M Preliminary Result e
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Preliminary isolated photon TSSA SPHENIX Preliminary p'+p  Vs=200Gev
. . , (@] [T | T T T T | T T T T | T T T T | T T T | T T T T
* Consistent with PHENIX’s result 2z L m<o07 -
PHENIX Prelimi s o  Lim=>58 pb™ _
S reliminar T+ =200 GeV )
E T T T T | T T T yI | T T T T | Ip I' F? T |S T T T |e : [PD: 52% :
5 15 — tight BDT ] ?
o — - — —
~~ B — non-isolation . - S
< B — signal isolation ] 0.05~ 7% polarization scale uncertainty not shown ]
© I— — background asym | - _
B — Data-MC purity ] K + ]
0 5rl_ total (quadrature) - 0 _—--E]§- D¢ [1]] ............ %Lf ....................................... —
0 . ~0.05 —
¥ ] [ | e | SPHENIX, |n|<0.7 ’
~0.5/— — a1 | © | PHENIX, || < 0.35, PRL 127 (2021) 162001 7
— - 0.1
: : B | | | | | | | | | | | | | | | | | | | | | | | | | | |
5 '1|0'"'1|5""2|0""2|5""30 5 10 15 20 25 30
Y
E; [GeV E. [GeV
r(GeV] sPH-CONF-COLDQCD-2026-01 Er¢¢V]

October 22 Rowan Kelleher 35


https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-COLDQCD-2026-01

| N

| X

M Summary and Outlook sewe

UNIVERSITY OF

MICHIGAN

Isolated photon TSSA with sPHENIX
> New preliminary sPHENIX result
~ |solated photons - clean EM probe
- Sensitive to initial state gluons in the polarized proton
= Provides constraints on quark and gluon correlations in the polarized proton
> SPH-CONF-COLDQCD-2026-01

SPHENIX Preliminary p'+p Vs =200 GeV
(@) T I T T T T I T T T T I T T T T I T T T I T T T T ]
£ z C In| <0.7 ]
Lin = 58 be] ]
P= 52% 7

Thank you for your attention! -
0.1—

0.05— 7% polarization scale uncertainty not shown —

Of—ffai = # ffffffffff %% fffffffffffffffffffffffffffffffffffffff —f

~0.051 .
[ [« | sPHENIX, <07 ’

0 [ o | PHENIX, jnl <035 PRL 127 (2021) 162001 ]

PR A T T T T T ST ST S T S AT S ST S NN SO S N
5 10 15 20 25 30
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M Backup

UNIVERSITY OF

MICHIGAN

October 22 Rowan Kelleher 37



M |Isolated Photon TSSA

UNIVERSITY OF

MICHIGAN

Transverse Single Spin Asymmetry (TSSA)
* Non-zero forward rapidity asymmetry observed at RHIC

Sources of TSSA
e |nitial state

» Correlations between proton spin and parton momentum
* Final state

* Spin-momentum correlation in fragmentation

Isolated Photons
* Produced primarily in quark gluon Compton scattering

* Sensitive to initial state quark-gluon-quark and trigluon correlations
* No fragmentation — no final state effects

* Clean probe of initial state correlations
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M Shower Shapes

UNIVERSITY OF
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Shower shape variables used for BDT input
* Er - Reconstructed cluster transverse energy
* F1x1/F3x3 - Ratio of the energy in the central tower to the sum of the towers in a 3x3 grid
wy(wg) - Energy weighted second moment of 7 (¢) in the cluster center-of-gravity frame

W — Zz Ei(n; — 77)2

! Zz E;

Zuwx - reconstructed collision vertex position along the beam axis
* 7 - Reconstructed cluster pseudorapidity
En = (Fy1 + Es + Es + Ey)/ Evo - fraction of cluster energy in the 2x2 block around the center of gravity
Ew = (E1 + E; — E5 — E,)/E, - 1 Weighted energy asymmetry observable
E;3 = (B, — Ey — Es + Ey)/E,, - ¢ Weighted energy asymmetry observable
E4 = E3/Ewor the diagonal-corner tower fraction
Es.2 x E3x5 Ratio of energies in 3 x 2 and 3 x 5 (n x ¢) tower regions selected around cluster center of gravity

compact core broad shower narrow width broad width inside strip outside strip
0 [l e e o T8 o[ T
n n
El,\l / E3x3 Wl]’ Wq) E3x2 / ESxS
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