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Measurement of unpolarized glue at HERA

« Scaling violations of F,(x,Q2)
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Can one do the same thing for
spin structure function g,?

Spin contribution of the gluon to the proton from scaling violation g4 spin
structure function?
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F, vs. g, structure function measurements

Aidala et al.1209.2803v2
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Large amount of polarized data since 1998... but not in NEW kinematic region!
Large uncertainty in gluon polarization (+/-1.5) results from lack of wide Q?> arm
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Fovs. g4 structure func on m&aﬁummpnts
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So we need to measure scallng V|oIat|on in the same region

HERA made measurements!

We need polarizsed high energy deep inelastic scattering
experiment!

We need a polarized e-p collider

10 103 , 10 e 2 1
 Gev? A
O (GeV?) ~ O (GeV?)

Large amount of polarized data since 1998... but not in NEW kinematic region!
Large uncertainty in gluon polarization (+/-1.5) results from lack of wide Q?> arm
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Lack of low x data... consequences

Q2 =10 GeV2 aP SMC Results
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Consequence:

* Quark (+anti-quark) contribution to nucleon spin is small:

LAy 0151003 instead of the expected 0.5

» ks this smallness due to some cancellation between quark & anti-
qguark polarization?

* Or does glue makes a very large contribution? Ay — 1 + 1.5

* Most Next to Leading Order (NLO) analyses by consistent with HIGH gluon
contribution

* Direct measurement of gluon spin with other probes warranted.
« Seeded the RHIC Spin program
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Our Understanding of Nucleon Spin Puzzle

1
== [§AE+LQ] +[Ag + Lg]

Need information
about transverse
dimensions of the
proton

Spin discovered a problem.... What now? Need precision and investigations of gluons....
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RHIC Spin program: a
polarized collider

Pre-cursor to a polarized e-p --- Electron lon Collider

February 8-15, 2026
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Complementary techniques

Photons colorless: forced to
interact at NLO with gluons

Can'’t distinguish between quarks
and anti-quarks either

Why not use polarized quarks
and gluons abundantly available
In protons as probes ?
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Seeds for RHIC Spin program:;

If one wants to study gluon’s spin contribution to proton’s spin, why not
directly explore the gluon spin with polarized proton p-p collisions?

Curious and bothersome transverse spin asymmetries in p-p scattering
persistent in every experiment performed.... US physicists heavily
involved... decided to investigate further at high energy

Technical know-how of polarizing proton beams at high energy
became available in the mid-late 1990’s



RHIC as a Polarized Proton Collider

February 8-15, 2026

Absolute Polarimeter (HT jet)\A pC Polarimeters

PHOBOS S 8 S-S BRAHMS

Siberian Snakes

\

Spin flipper
‘\Spfn\\Rotators PInTIPP

(longitudinal polarization)

Spin Rotators
(longitudinal polarization)

5.9% Helical Partial Siberian Snake
/

/o Internal Polarimeter

Pol. H Source /

200 MeV Polarimeter — pC Polarimeter

10- 25% Helical Partial Siberian Snake

Without Siberian snakes: v, = Gy 1.79 E/m — ~1000 depolarizing resonances
With Siberian snakes (local 180 spin rotators) V¢p = 72 — no first order resonances
Two partial Siberian snakes (11 and 27 spin rotators) in AGS
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February 8-15, 2026

Siberian Snakes

» AGS Siberian Snakes: variable twist helical dipoles, 1.5 T (RT) and
3T(SC), 2.6 mlong

» RHIC Siberian Snakes: 4 SC helical dipoles, 4 T, each 2.4 m long
and full 360° twist

brnational School and Works Courtesy of A. Luccio re RIKEN
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m_eaSl_Jl’ed N ALL REMEMBER?
Double Longitudinal Spin asymmetry

N—)(— L N—>—>

Ameasured — N—— + N——

N—— :Nb°Nt°0.<__) 'Dacc°Deff
N7T7 =Ny N 077 - Dgee Dety

If all other things are equal,

they cancel in the ratio
— —

o — o

-

Ameasu'red — e Hp———
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A Typical Setup TR

« Experiment setup (EMC, SMC, COMPASS@CERN)

g S

/
\
U+ target: 6LID X

160 GeV \

 Target polarization direction reversed every 6-8 hrs

 Typically experiments try to limit false asymmetries to be about 10 times smaller than the physics
asymmetry of interest
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Measuring A, |

Longitudinal Spin Asymmetry using polarized proton
bunches in the RHIC ring

do,  —do, _ 1 N, —RN__ L.
ALL — p— , R —
d0++ ™ d0+— | R})Z | N++ o RN+— L+—
(N) Yield

Time between bunch

crossings 106 ns

(R) Relative Luminosity
(P) Polarization

Exquisite control over false asymmetries

due to ultra fast rotations of the
target and probe spin.

v" Bunch spin configuration alternates every 106 ns

v’ Data for all bunch spin configurations are collected at the same time
= Possibility for false asymmetries are greatly reduced
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Two main detectors for spin studies

Full azimuth

== o

Mid Rapidity Detectors
-l < n< |
Full azimuthal coverage

Uniform acceptance

FVTX Central arm FVTX Excellent particle identification > _
Muon arm Muon arm /7
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Recent global analysis: DSSV

D. deFlorian et al., arXiv:1404.4293 AG =0.2+/-0.02+/-0.5
A o I L II I L II | LN s I I L I B
- el _ » o .
O 02beein 0 @=10GeV' | 5 [ampim :
Wide xAg B ZDSSVE | i
splread at . gﬁg . gzsfié-regm;_ ]
ow X § 05 ]
x<0.05) i 01 i _
of i i ]
alternative } N _ B
fits 0 n 1
consistent } i ]
within | ) - ]
90% of i 05 - Q*=10GeV?! -
C.L. E -O.l L. 1 I 111 I 1111 i 1111 I | - l | I - I
[T e DSSY i 02 01 -0 01, 02 03
v o DSy 1 76 | dx Ag(x)
_0-2 i | |- IIIIII | | IlIlIII | | IIIIII_
10~ 107 0" x 1

While RHIC made a huge impact on AG
large uncertainties remain in the low-x unmeasured region!
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1.0

0.05

2009 RHIC data
established non-zero
AG

-- PHENIX 2005-9, PRD 90,
12007 (2014)

-- STAR 2009, PRL 115 (2015)
92002

-- DSSV PRL (113) 12001
(2014)

—0.07

[ dxAg~0.2255@ 10 GeV?

Reaction

Dom. partonic process | probes | LO Feynman diagram

pp— 1w+ X

[61, 62]

pp — jet(s) + X
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Large uncertainty at low-x 00
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Transverse Spin effects in p-p
observed but ignored for 40+ years



Transverse spin introduction

~ Np — Ng

A
NN+ Ng

m™m

AN ~Y _C] . &S ~J 0001 Kane, Pumplin and Repko
pT PRL 41 1689 (1978)

« Since people focused at high p; to interpret them in pQCD frameworks, this
(expected small effect) was “neglected However....

* Pion production in single transverse spin collisions showed us something
different....
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Pion asymmetries: at broad range

in CM energies!

Ay p+p —> m’+X at vs=200 GeV
0.157 Spint -
i Spin 4| |
| Left | [l Right | [ . .
ZGS/AN L ! l } - tSl\./etrs ;HERMES fit) RHIC
| | twist—
Vs=4.9 GeV - Vs=62.4 GeV
60; PRL 36, 929 (1976) 0 025 0 0-225I Pyl 60 R 101, 042001 2008)
w0l .0 " o5 yy mass (GeV/c%) 40| BRAHMS
__ nf om* o TUL <p>=37 <n>=3.3 20} )
g lom .8 | .
z O0f------------ O - -1 - - Of---@------------"
< - % r A II - o
20} Q] S RS S— S S P /S 20} o
-40 _ : { fl.'} i --} 40 _ ©)
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=60 Lotuubinbidiulinliluuliuliu, N Ll | Ll Y| JL YV PRV FOPE FRPPLFVCPPVP FOOE PP POV PO
02 04 06 08 1 -0.5 0 05 =05 0 0.5 02 04 06 08 1
X XF X
F F

Suspect soft QCD effects at low scales, but they seem to remain relevant to perturbative
regimes as well =» 0.001 expected 0.2-0.6 observed at all Center of Mass Energies
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What could be the origin of such effect?
Collins (Heppelmann) effect: Asymmetry in the fragmentation hadrons

Nucl Phys B396 (1993) 161,
Example: ‘ pT + 0 — h7 + hZ + X ‘ Nucl Phys B420 (1994) 565

so @,
p

N
N\
N

SSACollins X gj_ ) (FLl X EIJ{)

Polarization of struck quark which fragments to hadrons.
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Other possibility: What does “Sivers effect” probe?

Top view, Breit frame

X A
Red shift A/
—-0
/ 1

Hard probe

xp 1 @S1¢ < (Parton, y*)

q -
Pq

/Sivers function

fl_LT(xa ]g(_;l_)
U J

1L | [\s —= Blue shift

hep-ph/
0703176

I

Quarks orbital motion adds/
subtracts longitudinal momentum
for negative/positixe

PRD66 (2002) 114005

Parton Distribution Functions
rapidly fall in longitudinal
momentum fraction x.

Final State Interaction between
outgoing quark and target spectator.

Quark Orbital angular
momentum

Generalized Parton
Distribution Functions

PRD359 (1999) 014013

73
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. essons learned:

* Proton and neutrons spin not just alignment of quarks and gluons....
* Proton’s spin is complex: alignment of quarks + gluons and orbital motion

 To fully understand proton structure (including the above partonic dynamics)

« one needs to explore over a broader x-Q2 range (not in fixed target but in
collider experiment) Low-x behavior of gluons in proton also needed

* Need polarized protons and electrons in colliders

» Low x behavior of partons in Nuclei essential to complete our understanding of
structure of matter...

* To understand the nuclear fragments — target fragment — one needs to measure e-A
In a collider geometry

We need a new high-luminosity polarized e-p/A collider....

February 8-15, 2026 EIC Introduction @ International School and Workshop on Probing Hadron Structure, IIT Bombay, India 76



Deep Inelastic Scattering: Precision and control

Kinematics: e (k) Q = —q = —(k -k’ ) Measure of
) o resolution
e 0
W el Q — 2E E!(l _ COS@ ') power
. e e e

/ /
Pq Ee 2 & Measure of

= — = 1 —_——
> X (p, ) Y pk E €05 p) inelasticity
P(p,) e
QZ QZ Measure of
High lumi & acceptance == _==_ mome.n’rum
O\ Exclusive DIS 2 pq Sy fraction of
detect & identify everything e+p/A = e’+h(m,K,p,jet)+... struck quark
Hadron :
Semi-inclusive events:
e+p/A =2 e’+h(m,K,p,jet)+X E h _
detect the scattered lepton in coincidence with jdentified hadrons/jets 5= 7 s P, withrespect to V*
Inclusive events:
c+p/A > e'sX s=4E, E,
Low lumi & acceptance detect only the scattered lepton in the detector
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Some times scattered electron can’t be measured..

Reason:

1) Scattering angle so small that it is too close to the beam pipe

2) Radiative correction too large, i.e. electron lost its energy due to Initial State Radiation or
Brehmstrahlung through material -- So the kinematic reconstruction unreliable.

What to do? Then see if we can reconstruct the hadronic final state?

_ I . _
v o= 5+ costy)/(1 =y
L
= op (1 — cosb;) E;, = yE. + z(1 — y)E,
e L > Qe. 9 cosl. — —yEe -+ (1—y)$Ep
— E] Stn 03/(1 — y) J yEe 4+ (1 . y)pr
Esin*; = 4dxy(l—y)E.E, = Q*(1—y)
P > 1
P Yip = °F Z(Eh — th)
e h
2 _ (thXh>2 + (thYh)2
- I —ysB
rjp = QQJB/(yJBS)
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Deep Inelastic SCattering: Deeply Virtual Compton Scattering

Kinematics:

, ) k k' > Measure of
_ — _ — —_ resolution
0" =-q"=-(k -k)

power

O’ =2E E'(1-cos® )

E’ K Measure of
y= ﬂ =]-—_¢ c()s2 —£ inelasticity
pk E, 2
2 2
Q Q Measure of
Exclusive measurement: Xp = 5 = momentum
e+ (p/A) D> e+ (P’ /Ny /)W /p/d pq Sy fraction of
detect all event products in the detector X struck quark
2 B
t' = — ! -
Special sub-event category rapidity gap events (P p ) ? E 2—x
e+ (p/A) > e +y /)W /p/d/]jet B

Don’t detect (p’/A’) in final state
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Complete set of variables for DIS e-p:

https://core.ac.uk/download/pdf/25211047.pdf
We will use some of these more often than others, you should know them all.

E, proton beam energy
E. electron beam energy
p=(0,0,E,, E,) four momentum of incoming proton with mass m,,
e=(0,0,—F,, E.) four momentum of incoming electron
e/ = (E!sind,0, Elcost, E!) four momentum of scattered electron
s=(e + p)® = 4E,E, square of total ep c.m. energy
¢ = (e — €)= —-Q* mass squared of exchanged current J
= square of four momentum transfer
v=gq-p/ my energy transfer by J in p rest system
Vinaz = S/(2m,) maximum energy transfer

y=(q-p)/(e-D) =V/VUnae fraction of energy transfer

r=0Q%*/(2q-p) = Q*/(ys) Bjorken scaling variable

g.=z-p+ (e —¢€) four momentum of current quark

M=( +q)=1z-s mass squared of electron - current quark system.
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Energy s

N\

log Q2

log x 1

* Low-x reach requires large Vs
* Large-Q2 reach requires large Vs

e y at colliders typically limited to 0.95 <y < 0.01
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Kinematic coverage as a function of energy of collisions

| Q*vs.Bjorken x, 4 fb at 5 x 50 GeV

Q* (GeV?)

| Qvs.Bjorken x, 13 fb' at 10 x 100 GeV |

Q* (GeV?)

Q2 vs. Bjorken x, 20 fb!at 20 x 250 GeV |

As beam energies increase, so does 2

the x, Q2 coverage of the collider: 5, 10 5 20x 250 g o

and 20 GeV electrons colliding with 50, o

100 and 250 GeV protons y=0.988

y =0.95 and 0.01 are shown on all :

plots (they too shift as function of g

energy of collisions) i
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February 8-15, 2026

Home Work: Where do electrons and quarks go?

Angles measured w.r.t. proton direction

160° s

®==150:"--
,=40° ‘-‘:,
\>OO
(A .uy

scattered electron

Ll Ll Lol

. i -
10 10 10,
Q* (GeV?)

| N ]
ettt RE,,
. .,
S

*

.

q.e
10 GeV x 250 GeV

.............. el A .
B R ol
D e
-3

: 5 GeV
Ny 90°

- S

L scattered quark
-5 1.1 | Lol Lol 211 sl 31 L
10 1 10 10 10,

Q~ (GeV7)
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Electron, Quark Kinematics

“‘,-.---.-.,..‘ q Y e
Y oV x50 Ge

1 TH o957
-1_
L I A Y
-2—
10
3 B u" /‘,/' / -3 i % 0
10 3 10 = y
ey scattered electron T scattered quark
4| 4f
10 e el il — Coo ol ool R L
-1 2 3 10
10 1 10 10 0 -1 2 3
Q% (GeVA 10 1 10 10" 2 Gevd?
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There are multiple ways to reconstruct events:

Four measured quantities: -, -
/ / e (p’ ) y
Ee? 6’7 Eh; Y \ /:/ conservation
e A
DIS Event i 0’ = sxy
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Proton mass puzzle

© Nobel Media AB. Photo: A Nobel Media AB. Photo: A.
Makh q

F\Féﬂz‘éis Englert ;Defe(r\]/v Higgs

Nobel 2013 With

Francois Englert Quarks

“Higgs Boson” that gives mass Mass =~1.78x102¢g

to quarks, electrons,....

J.Sanders/H.Brunner/feSASS/MPE/E.Churazov/M.Gilfanov/IKI SRG/eROSITA

Add the masses of the quarks (HIGGS mechanism) together 1.78 x 102° grams
But the proton’s mass is 168 x 102® grams
=>» only 1% of the mass of the protons (neutrons) =» Hence the Universe

=>»Where does the rest of the mass come from?
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their role in the structure of visible matter

How are the sea quarks and gluons, and their spins,
distributed in space and momentum inside the nucleon?
How do the nucleon properties (spin, mass) emerge from
them and their interactions?

§

How do color-charged quarks and gluons, and colorless jets,
interact with a nuclear medium? How do the confined hadronic

%éi& states emerge from these quarks and gluons? How do the

quark-gluon interactions create nuclear binding?

What happens to the gluon density in nuclei? Does it
saturate at high energy, giving rise to a gluonic matter A8

. . .. . gluon gluon
with universal properties in all nuclei, even the emission recombination

proton? wﬁi’: ? :,:bm?@
EIC Introduction @ International School and Workshop on - 89
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EIC proposal and the US National Academy’s

Assessment
Machine Design Parameters:
A ° I I if\v/- 331034 -2 -1
e o High luminosity: up to 10°°-10°* cm~sec
COLLIDER SCIENCE - a factor ~100-1000 times HERA

» Broad range in center-of-mass energy: ~20-100 GeV
upgradable to 140 GeV

 Polarized beams e-, p, and light ion beams with flexible
spin patterns/orientation

G o * Broad range in hadron species: protons.... Uranium

IC. sclence: - |
c%ingﬁ?‘f:gaemental * Up to two detectors well-integrated detector(s) into the
~ o machine lattice

and timely

EIC Introduction @ International School and Workshop on Probing
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