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Today, we began removing and repurposing RHIC's
accelerator and detector equipment.
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» COM energy 20-140 GeV

> First light: early 2030s

» Access to 3D partonic structure
and small-x gluon dynamics
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time is right to start developing the theory to match the future data



Forward neutrons at the EIC

ep — eXn
> Very unusual topology: quark change, big gap with very forward isolated neutrons

(Dmitry Romanov/Thomas Jefferson National Accelerator Facility)
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Forward neutrons at the EIC

ep — eXn

» ~2-8% of the €p events at HERA had forward neutrons

> ~20%* of the ep events estimated to reach ZDC in EIC

*this number Is based on extrapolating the HERA data, we don't know If we Delieve it



Why study forward neutrons at the EIC?

Sullivan process: ep — e Xn is thought to be mediated by a pion

» Can access pion’s
Generalized Parton
Distributions?

> Learn about pion’s
emergent mass.

Higgs vs QCD contributions?
(lattice picture)

PDFs: longitudinal momentum only,
. . GPDs: longitudinal momentum + transverse position
Naive picture: It was TMDs: longitudinal momentum + transverse momentum

proposed before QCD, yet
per|e still use |t! (Figure: Argonne and Jefferson Lab) g




Theory is iIncomplete

But! It...
® /S forward

® has a rapidity gap

Forward gapped processes = diffractive

not known how to do until last year (2025)
Sullivan process: Belief (Lee, Schindler, Stewart)
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The Sullivan process: history - cxn

Proposed in 1971 right after SLAC-MIT DIS experiment revealing inner structure of the proton
(Sullivan, Phys. Rev. D 5 1972) 1732-1737)

Idea: only one pion exchanged

Claim: able to access the internal gluon structure of the pion

(Figure: Brookhaven National Lalboratory) Meoson cloud or
fve-quark component of the nucleon wave function” ™



The Sullivan process: history

James D. Sullivan (Boston U.)

astro-ph hep-ex nucl-ex
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The Sullivan process: history

106 v
Assembly I
/I &

\\ Sullivan Sq

109 < (g
Community OQ‘ \..39‘5’0
College QY

James Sullivan (governor)

Article Talk

James D. Sullivan (Boston U.)

astro-ph hep-ex nucl-ex

13



The Sullivan process: history

Assembly
Sullivan Sq
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James Sullivan (governor)

Article Talk
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Sullivan
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“Hey, may the best monster winl”

—Sulley to Randall Boggs
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The Sullivan process: history - cx»

Idea: only one pion exchanged

Claim: able to access the internal gluon structure of the pion

Why not:

> Intermediate particle is highly off shell

» can’'t be a bound state hadron

15



The Sullivan process: history - cx»

40
v Vs=62.7 Gev ISRP*P—=N+X Pion overpredicts forward neutrons
— measurements for cross section
! --~_Born
% 30 B 2 \\\
A
& it
-CE) * T (59) \\ v Born: pion exchange
= 20  , XS~ Y
of ST . o
5 oy \ xS: cross section with different types of
B \ absorptive corrections
O 10 + |
(hadr) LY
L] XS \\
| | | \\l
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The Sullivan process: hlstory ep = eXn

Pion does not create enough spin

asymmetry. y N; — Np
N X
| | Np + Ng
People try to model difference with
absorptive corrections or extra resonances.
. ) - 1 - . < 0-15:_ ---------- Pol3 (x_avg) PHENIX 0.70 < x. < 0.85
Ap (@, 2) = &n |03 91 G-qr | & ¢~ (97, 2) " Power Law(x_ avg) 2015: p+p - N + X
i \/E | 01— Exponential(xF avg) ZDC inclusive
| ~flip spin-flip - [®] p+p— n+X /s =200 GeV, n>6.8
SpIN NON L o 3.4 % Polarization scale
0.00— Mitsuka UPC+OPE uncertainty not shown
AN ~ Sin(gﬂip — 61‘10I1—ﬂip) L
ohase difference of the flip/non-flip 0} ......................................................................................................
5ﬂip — 511011—ﬂip = AN =0 0001 x B
Prediction: no single-transverse spin asymmetry |
0.02 0.04 0.06 008 0.1 012 014 016 018 0.2 022

p_ [GeV/c]
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The Sullivan process: reali

Experimentalists’ dream Theorists’ reality
> Mediated by a pion » Mediated by a sea of (Glauber) gluons
» Can access pion’'s GPDs and two quarks

» But models don't fit data » Not even close to GPDs 18



The Sullivan process: reali

A complicated mess of gluons and quarks,
which is highly off-shell and diffractive
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All roads lead to...
SCET for diffraction

(Lee Schindler, Stewart)
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The Sullivan process: reali

A complicated mess of gluons and quarks,
which is highly off-shell and diffractive

JOOO0 00

><

All roads lead to...
SCET for diffraction

with Glauber fermions!
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Kinematic variables for Sullivan




Diffractive process: kinematic reqgs.

*Not dealing with the leptonic part

1. High energy, forward scattering:
high energy * < 1,
small mom. transfer — t < W?

2. Clear separation: small
(2:’ X Invariant mass of the final states

€

AQQCD < mg( < W=,

*coherent

P 2 AL 3. Rapidity gap:

_ "
lnp—X < In p,+
P x P

Small-x Sullivan process is always diffractive 22
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EFT for diffraction
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Effective field theory in a nutshell

o Collisions include multiple energy scales
e Can simplity calculations by looking only at the relevant scales and
Integrating out the irrelevant ones

Energy
Soft particles

Observabples: <(9> — <Ojet> X <Osoft> X <Ojet>

(Figure adapted from | . Stewart. See e.g. 230302579)

24



Effective field theory in a nutshell

o Systematically improvable
e Simplifies study of: factorization, perturbative corrections..

Energy
Lacp — AL 4 X el 4 224
HJ Ejet
Hp ~ Aqep S SB ( \ = %th
D S E jet
/ soft
W

p e |In general: multiple scales!

(Figure adapted from . Stewart)
25



SCET Lagrangian

Relevant modes
p" = (", p7,|0L])

Hard
Collinear

Soft

*Picture for Drell-Yan

(Bauer, Fleming, and Luke, hep-ph/000527/5), (Bauer, Fleming, Pirjol, and Stewart, hep-ph/00N336)
(Bauer and Stewart, hep-ph/0107001), (Bauer, Pirjol, and Stewart, hep-ph/0205289) 26



SCET Lagrangian for (Sullivan) Diffraction

Relevant modes g
p'u:<p+vp_7|ﬁJ_|) Mp NAQCD HH Ng g
ps b
Flarg Vs(1,0,0) g
Collinear or v/s(\*,1,\) m
Soft
P
¢
(O) *Picture for Drell-Yan

’CSCET D ['hard 1 Lcollinear + »Csoft T ['Glauber

o e Tily f 2] N - e =
i ' y - | '} L | "
G W | dh Ase il :.A L". B E [' BT N = |

(Rothstein and Stewart, 160104695) @ Quantum Computing building at Harvard 4/



SCET modes in Sullivat_1

€

-

g
Glauber 4 |f: Soft

p ' n
= (Collinear =

Both Glauber quarks and gluons!

X
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Leading power ‘connections’ between sectors
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Leading power ‘connections’ between sectors
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Glauber quarks

Sub-leading power ‘connections’ between sectors

D, —+- -+ 7 terms

32



Glauber quarks

Sub-leading power ‘connections’ between sectors

D, —+- -+ 7 terms

33



Glauber quarks

Rough factorization with only Glauber quarks

2 SOTt
Wl DX (0].7"O; 0, | X)f3
q —» 2|
®J‘ 3eam

p@-—- ->«OY (p| O O |Y)]?
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Factorization of the Sullivan process

>0 T
D R R R
FP=), ) //(N N,)BN,mwB xww(- | ) Sz',<NNf>,<ﬁaﬁfa'>(- - )

N,N’=1 R=1

X

*he neutron I1s an exclusive particle so the beam function factorizes at the amplitude level 39




Factorization of the Sullivan process

D
F” = [Blay) Blary) @1 S(gopon] X

N —1

RY ~q, TN ) R = _n
BNZA(oz,fy) ™~ FT<p|{{On(v 57101J_) O%(”U 5”02J_)@:1_[10;? (U 577-73J_)O;”?N(/U 5)}}PNRA|TL>
NN : L —’ . L2
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Glauber vs. pion exchange

T

> >

G GPD_2

P pion flux pion flux P

37




Glauber vs. pion exchange

> Offshell intermediate particle » Assumed pion propagator
» Subleading power in )\ » Pion contribution to
» Beam: not a PDF, GPD, or form factor structure function = hard + GPD

38
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Calculating LO Soft - 7 =—t> Aqer

Types of strong couplings

: soft: perturbative: as(px) < 1
q = : Glauber: perturbative: O g (7‘1 > AQCD) < 1
- non-perturbative: (g (7‘1 ~ AQCD) ~ 1]
t.
1o —> [ O: no soft couplings

40



Calculating LO Soft

— ZTZ-Q —= —¢{ > AQCD

perturbative: Ti > AQecp
non-perturbative: 7; ~ AqQcp

41



Calculating LO Soft

More to discuss:

1P, 1NP quarks and 1 NP gluon?
e 2 NP quarks and 1P gluon?

e recursive relations for qq + o0 non-perturbative gluons?

42



Calculating Beam?

>

>

>

cannot perturbatively calculate
cannot use lattice calculations
cannot extract from experiment

cannot take ratios

—> NP effects in protons

difficult to deal with Glaubers connecting
the soft and collinear modes

—\ have non-trivial convolution
(at least two quarks present = at least one
integral over the momenta)

43




What can we L redlctf’

»can estimate structure function sizes (their scaling with )

o

e —>» /
FP(ep — eXn) ~ A0

D —6 o
WFX F-(ep — eXp) ~ A

more suppressed!

»can do positivity/consistency checks for structure-functions

»can model beam function to approximate the cross sections

& what model to use? Not PDF, GPD...

44



Universali

/ e :

o

» =— ¢ » ——
NS

S

dopy ~ H® B, & B ® S dosipis ~ H® B, ®Jfrag®s
TMD o ¢ TMD
dopy ~ H® | q/P1 ® Iq q/p2 dosipis ~ H ® fTMD d VP
Drell-Yan Semi-Inclusive Deep Inelastic Scattering

...have universal TMD/PDF 45



Universali

Is Sullivan universal to anything?

do(ep — eXn)~L®(B,.,, ®S5) do(pp — pXn)~ B,,,®(B, ., ®5)

Very suggestive that beam and/or its evolution is universal between EIC/RHIC.

However there may be technical complications (from color factors). i



Electroweak background

Strong Weak
—1 e
Glauber quark is suppressed by |/ —- p — Wn transition is suppressed by G
—95 —4
—t 10-3 _ 10~2 GFW ~ 10 — 10

S

At EIC energies (28-140 GeV) strong dominates 47
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Natural extensions

€
» Now: ep — eXn
P
P
» Future: pp — pXn
(RHIC already has relevant data)
<‘ with Chris Lee, Ming Xiong Liu @ LANL
6"‘-
1@ Los Alamos p

S S S g

-/
s

\l
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Possible extensions

> Tagged .J /1)
both Pp and €P,
semi-inclusive/fully exclusive

people plan to measure It

> ep — e X A°:
other forward particles?

> ep — eXT:
more suppressed?

with Chris Lee, Ming Xiong Liu @ LANL
i%® Los Alamos -

NATIONAL LABORATORY



Nearest future
S— H®_S,.

soft-collinear: softin A
collinear in \¢

g is soft in A, hard in A,

> Soft function analysis w
vt -
> [ AL = 0 < 1 refactorization &) — :
collinear in A,

X |

> Spin dependence

» Flavor-crossed channels and

excited forward baryons E;E}
n | @ n P



Nearest future

> Soft function analysis

v

S 0 < 1 refactorization

> [Spin dependence

» Flavor-crossed channels and
excited forward baryons

Can explain the observed spin asymmetry:

< 015 ... Pol3 (xF avg) PHENIX o0.70 < X < 0.85
B Power LHTN(XF avg) - 2015:p+p - n+ X
i _® | p+p—on+X - Vs =200GeV, n>6.8
= ; Mitsuka UPC+OPE 3.4 % quarization scale
0.05- uncertainty not shown
0 ooz
~0.05 ="ere. .
—0.1—
Ca T s Uoa pdlageleralesawlbamwedla pel eraleq gl

| | | o | | | | i
1 012 0.14 0.16 0.18 2 0.22
P, [GeV/ic]

0.02 0.04 0.06 0.08

Glauber fermions carry spin: larger possible
set of leading power structure functions

Both polarized ¢ and p/A: probing this

larger set for the first time
52



Nearest future

> Soft function analysis

v

S 0 < 1 refactorization

> Spin dependence

» |Flavor-crossed channels and
excited forward baryons

53



Strong experimental motivation at the EIC

Capitalize on the ZDC

1. Overall forward-neutron
measurements at the EIC look feasible

2. Can estimate overall forward flux

3. Feasiblility studies can help define
realistic EIC observables

4. Can inform EIC detector design and
science priorities

54



Bigo picture

1st Glauber fermion calculation...

forward physics: gives a concrete theory target for leading-neutron
measurements at the EIC ZDC

55



Bigo picture

1st Glauber fermion calculation...

forward physics  hadron structure: can be used to probe the proton-to-

neutron transition

“How much of the proton-to-neutron transition really
looks pion-like, vs. quarks-plus-gluon exchange?”

down

. i
_0.75 —0.5 —0.25 0.0 0.25 0.5 0.75 —0.75 —0.5 —0.25 0.0 0.25 0.5 0.75
kr. (GeV) kr: (GeV)

(Figure: Pitonyak Open Access Government April 2023, pp.258-259) 06



victure

1st Glauber fermion calculation...

forward physics saturation: provides a framework to test whether
forward-neutron observables develop
nonlinear small-x saturation effects

hadron structure

down

) |
—0.75 —0.5 —0.25 0.0 0.25 0.5 0.75 —0.75 —0.5 —0.25 0.0 0.25 0.5 0.75
kr. (GeV) kr. (GeV)

(Figure: BNL, EIC) >/



o picture

1st Glauber fermion calculation...

forward physics

cosmic-rays: helps constrain MC modeling that decides if
energy stays In the hadronic cascade or gets
dumped earlier into the EM part of the shower

hadron structure

Primary Cosmic Rays

down

|
—0.75 —0.5 —0.25 0.0 025 0.5 0.75 —0.75 —0.5 —0.25 0.0 0.25 0.5 0.75

kr. (GeV) kr. (GeV)

saturation

Electromagnetic
Shower

58

(Figure: CERN)



forward physics

down

—0.75

—0.75 —0.5 —0.25 0.0 025 0.5 0.75 —0.75 —0.5 —0.25 0.0 0.25 0.5 0.75

kr. (GeV) kr. (GeV)

saturation

victure

1st Glauber fermion calculation...

new physics: better background modeling for any search that
uses forward detectors, rapidity gaps, or missing
activity in parts of the event

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-15 01:00:30.361728 GMT
Run / Event / LS: 278822 / 837399836 / 484
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Conclusion

Sullivan process: not just pion exchange, but a
diffractive mixed-Glauber process

€

So far have... o
» Factorization forep — eXn
> Soft function predictions

More to come! D

><
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L orentz invariants

2.1.1 Lorentz invariants

From four independent momentum measurements {k, k', p,p'}, we can form ten linearly

independent Lorentz invariants. Of these, we let four vanish:
pz_m?m01 (PIF)Q_m?LEUT kz_‘ (kf)ﬂ_mzﬁ{]’ (21)

dropping hadronic and leptonic mass corrections. A common choice for the six remaining

independent invariants is

k
QEI qg:' f;:-;.-g, f:k ;:
2 _ 2
WL i y=29 e ¥ (2.2)
2D - q p-k 2q- T
[t is conventional to define several auxiliary invariants:
i l—=z 1—5
W= (p+q)" = ——Q°, myx =px =@ g+,
/
PP o 2 & 2 s Q7
z = = mis —t) ~ — (m- —t s=(p+k)y=—
D-q Qﬂ( Y ) Qg( 1 ):' ( ) Ty
fz:cpzl—:cn‘:qlq-:f. (2.3)
p-q 0O

63



Structure functions

_
d’o Wazxyz

drdQ?dB dtdz  4QSB2N,

W (q,p,p') = i 6% (q+p =1 = px) (p|J1(0)[nX ) (nX |J"(0) [p)o(p"* — mp),

Ly (k, K YW (p,q,p'),

v
/ / /
LM (k, k") = (k|JI*(0)|k"){K'|JZ (0)| k)
— 2[KFEY + EYK'* — k- K g™ + iNee Pk k] .
ur o D_ uv
WH = N FDyt
ne{L,1,2,3,4,4A...}
]_ q#q” 1 qp,qu
Jaw _ po . o Y — ;n/ ’
wy o7 (9 pe ) ) wo oy ( + 72
1/ 1 T Hg" L 1 T ) 2
wh’ = — (ZX“XV UrUY + g — i (2] ) : wh’ = — (UFX"Y + XHUY),
2T q 2x
why = i (UFX" — XHUY), why, = Spwh,
11"2i p = g‘T mgu, 11}%‘;}, - ST 11:?'”,
whp = Sput”, Whap = = Sp wh's,
u 1 [ s 1 T v )
wE = = 5= (UrOY + 0HU™) , wh = o (UEXY + XHUV),
1 1 - _
mf,.“' oy (X“U” + U“’X"') wé""’ = — (X”X" +- X“X”) :
T 2
wgl:q — L (L‘ [.L(T!/ Drp{n/) g: — i (Lr/.z)zw _ )_(#UW) :
2T 2
? & 4 'l LYV V) ) <
why = o (X*UY - U"X"Y), Wy = 5= — (X'"X" - XIXY) . (2.3)

Channel| Beam # | Characteristic | Structure func-| Asymmetry
config. Sl's | madulations tions type
ou e unpol., | 4 1, cose, cos2d Ff, FED, F:;":}, No spin
p unpol. Ff asymimelry
UL ¢ unpol., | 2 sin ¢, sin2d FEIE‘f’ FEIE 29 Targel SSA
Pr. pnl.
LU e, pol.,|1 sin ¢ qu Beam SSA
p unpol.
LL e;, pol., |2 1, cos @ Fi., I*; ‘}jm Double-spin
pr. pol. asvmmetry
(DSA)
ur e unpol., | 6 sin(¢ ®s), FEI;%"GE'S}, Target SSA
P pﬂl. EiIl(t;{b + gfls-:}, rrblu(-:ir wo)
- b =
Efﬂ(&'ﬁ' — ¢s), IT:;:;(m+¢5)
S e sin(34 - o)
sin(29 — ¢g) | uT, )
=11
sin —Pg
FDT
LT er, pol,, |3 |cos(¢p — ¢s), IT;';;‘:W vs), Double-spin
pT pol. COs Qg F;":;f‘ ¢3 ! asvmmetry
cos(2¢ — o cos(2p—bg)
(26— ¢s) Frr ’

UU « {L.2,3,4},

LU +» 4A,
UT + {LP2P,31,4P},

LT  4AP,

while the remaining full-basis polarized structures live in

and are power suppressed in Lhe leading dillraction [aclorizalion.

i.e. transverse-spin copies of {L, 2,3, 4},

{5,6,7,8,54,6A,7A,.84} € UL, LL UT,TT,

o4



SCET modes in diffraction

In Breit frame

¢" = (0,0,0,—Q) = Q(1,~1,0,) r=Q(-= % ~ 2 VH/Q = A1/ - 2)).
=T ™ Q0,2 0.) ¥ =Q(s s~ 5+2 V@ - 1/B- ),
D 45
px =Q(1-2 5 — 2 V4@~ 2(1/F - 7))

In Breit frame
VSATH(AZ, A%, 0)

VSATH0,1,0) or /sATH(A®, 1,A%)
VEATHAZ A7)

VEATH(AE A% 07

p~+/50,A7,0),
qn~ \/g()‘a A, O) 9 'p! ~d \/E()\S/\E,)\—I,A)\t)
pPxX ™ \/E(A? A/!B:f )U\t) ) Ty \/E(A‘g/\??)‘/!ﬁ: A’\t) 65




Glauber quarks

(1/2) —ix-P n n
1:(}'} ) e ZO P_J_O +0 AP_J_O (235)

The superscript % indicates that this Lagrangian is at power A\1/2 relative to leading power.
Here we have the operators

— BJ_TLX’H ' 02 — "—'4‘?1'055331_3#)?, @? — "_471-&5&23?13 . (236)

Fundamental Definition Adjoint | Definition
Collinear fermion Xn §n — —
Soft fermion (A Shaps — —
Collinear gluon Bgf %anD W B, BT A
Soft gluon B?ﬁA ;SnzD S B Bl ATA
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Glauber gluons

Glauber gluons. At leading power, the Glauber Lagrangian [75] is

:::,E,‘] _H—‘L.pr“ T Oﬂqﬂ_*‘_ﬁ—imfpy: y: Cj::ig'i (2_3])

n,% 1,j=q,q n 12,7=q.,9

where the two- and three-rapidity-sector Glauber operators are

oy =10 ;2 e O =0 ,;2 G ’Ft 05 (2.32)
The building block definitions of these operators are:
OFF = 3T e OLF = %aT i (233
OFF — LfPOPBY, [P+ PY|BY OFF = L fFOPES, [n (P + P BRY
O = dmory(FT P ai?) 0P = dmory (TP 7))

O3 = 2mia, fPPBE, n-(P + PH| BID* O = 2mia, PP BIS, |n- (P + P BI
as well as
OBC =8ra, [Pt ST S P, ,— gP* B ST Sn—gST S5 BY — 2 B™ STSABY, , — *é—? 1y ST G S
A useful shorthand for eq. (2.31), which makes the sum over #, j implicit, is

O =07 + 09", OF = 05 + 098 (2.34)

Note that Glauber gluons carry no power suppression in A; i.e., each is of order ~ Q(\").



