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Electron-lon Collider at Brookhaven

EIC has CD-3B approval 2 Brookhaven National Laboratory + Foliow
(long lead procurement and site 3mo - ©

It's official: We've started transforming the Relativistic Heavy lon Collider (RHIC)

preparation)! into the Electron-lon Collider!
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(Figures: BNL, EIC) 2



Electron-Proton/lon Collider
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Central detector alone is not enough — far-forward system has also interesting physics! 3



Diffractive processes

. * Normal collision

* Diffractive collision
forward + rapidity gap

(Image: CERN) 4



Electron-Proton/lon Collider

Zero Degree Calorimeter:

« 35.8 m from the int. point

- measures 72, 7y high rapidities 7 > 6

« measure forward particles with energies up to 275 GeV
« transverse-momentum resolution of ~8.4 MeV

B0 Magnet Spectrometer

Luminosity System Zero Degree
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Al
£
[y g U T e S ey W SN p/A beam

Low-Q?2 Roman Pots and
Taggers Off-Momentum
| Detect
(Figure: ePIC) it

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 rapidity gap with very forward isolated neutrons

(Dmitry Romanov/Thomas Jefferson National Accelerator Facility)



Forward neutrons at other experiments
pp — XYn
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Forward neutrons at the EIC
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» ~2-8% of the €p events at HERA had forward neutrons
230 000 out of 9.3 million DIS events!

> ~8-20%* of the ep events estimated to reach ZDC in EIC

*this numboer Is based on extrapolating the HERA data **can be also calculated from CDM

ep — eXn

€

(H1 Collaboration, 10010532, 14040201, ZEUS hep-ex/0702028)
(*Y. Yamazaki, "Neutron angular distribution and dose in ZDC”) (**Carvalhol, Goncalves, Navarra, Spiering 20109515)



Why study forward neutrons at the EIC?

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

e p—e nmw >e Xn

» Can access pion’'s
Generalized Parton
Distributions?

» Learn about pion’s
emergent mass:.

Higgs vs QCD contributions?
(lattice picture)

Naive picture: it was PDFs: longitudinal momentum only,

GPDs: longitudinal momentum + transverse position
r fore QCD, yet L
proposed before @ 4 TMDs: longitudinal momentum + transverse momentum

people still use it!

9

(Figure: Argonne and Jefferson Lab)



First principles description?

_ But! It...
® /S forward
® has a rapidity gap

Forward gapped processes = diffractive

not known how to do from first principles
until last year (2025)

(Lee Schindler, Stewart)

Sullivan process: Belief

Paper in progress with Stella T. Schindler, LANL P-3 '
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The Sullivan process: history - cx»

Proposed in 1971 right after learning of inner structure of the proton 0

@ 5(1972)1/32-1/37)
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Claim:

only one pion exchanged able to access the internal gluon structure of the pion

(Figure: BNL) 12



The Sullivan process: history

109 _
Community

College & | |

Sullivan S % -
\\\ Q@) |

James Sullivan (governor)

Article Talk

James D. Sullivan (goston U.) James F.
Sulllivan

astro-ph hep-ex nucl-ex

“Hey, may the best monster winl”

—Sulley to Randall Boggs

13



The Sullivan process: history - cx»

Idea: _
only one pion exchanged €

€
Why not (from logic):
e Intermediate particle is highly off-shell
py <0#m; >0 Pr4
7 . like similar to DIS q!
e« ud quantum numbers 7 a pion spaceé?e Cier e He g "

e Is not necessarily a bound state hadron

14



The Sullivan process: history - cx»

40

C ecen 7 aoy ISRPHP—IN+X Experiments disagree!

I  Bom Why not (from experiments):

% 30 r Pion overpredicts forward neutrons

O PR H, measurements for cross section

_Q // + T \\\ \ 4

E o | T ™
e R * \y Born: pion exchange

O ! \

B \

O 10 - thadh) \ XS. Cross section with different types of

LI XS \ absorptive corrections

| | | \\l

15



The Sullivan process: history - cx»

Why not (from experiments):

Pion does not create enough spin asymmetry.
People try to model difference with absorptive corrections or extra resonances.

Pion model: Ay =0

Experiment:
< 015 Pol3 (x_avg) 0.70 < x_ < 0.85
E ! PHENIX 70 <%, <0.
T - Power Law(xF avqg) 2015: p+p — n + X
0.1 Exponential(xF avg) ZDC inclusive
T Vs = 200 GeV, 1> 6.8
y L I I p4.-p B 3.4 % Polarization scale
S.o 0.05— Mitsuka UPC+OPE uncertainty not shown
S L
2 O
- Np — Npg -0.05"
Spin asymmetry: Apn o . :
N + Np o1
I T B | 1 IR AR I SRR AN MU R I AR

| | I | - | M L | l =24 ey
002 0.04 006 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
P, (GeV/c] 16



The Sullivan process: reali
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History Modernity

» Mediated by a pion
Y . P , > Mediated by a sea of gluons and two quarks
> Can access pion's GPDS > Not even close to GPDs

» But models don't fit data 17
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EFT for diffraction
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Kinematic variables for Sullivan
k/ e




Kinematic variables for Sullivan




Diffractive process: kinematic reqgs.

*Not dealing with the leptonic part

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

€ 2. Clear separation: small
Invariant mass of the final states

AQQCD < mg( < W=,

JUOOOO 0 OE

3. Rapidity gap:

X «In
Px P

Small-x Sullivan process is always diffractive 21
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The Sullivan process: correct framework

Right framework:

Soft-Collinear
Effective Field Theory

(SCET)
for diffraction

(Lee Schindler Stewart)

22



Effective field theory in a nutshell

Full QCD What the detector Effective theory

All details included resolves Only relevant modes
energy flow, jets, event

| \
Y0
()
HHHHH““HIH... <

|

microscopic high-virtuality
history of the collision

Keep modes that can change the measured observable 23




Effective field theory in a nutshell

Energy
Soft particles

24

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



Effective field theory in a nutshell

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

e |In general: multiple scales !

g

pr ~ Q
s HB

“

fp ~ AQep

(Figure adepted from |. Stewart) 20



SCET La ran ian *Soft-Collinear Effective Field Theory A= NE <

Relevant modes

S
[y ~ AQCD @ Collinear /s(\*,1,)\)

@ Soft VSN A A)

0
L:(S(%ET D »Ccollinear 1 »Csoft

26



Q

SCET La ran ian *Soft-Collinear Effective Field Theory A= NE <

Relevant modes

s (p',p5pL)

Up ™ AQCD @ Collinear /s(\*,1,\)
@ Soft V(A A A)

® Glauber /s(A%, )\ \)

Connects the transverse momentum
without affecting the other
components

0
[’(S(%ET D »Ccollinear 1 »Csoft 1 L:Glauber

@ Quantum Computing
building at Harvard

(Rothstein and Stewart, 160104695) 27

RUOAA | (€l advizizia SLMAL [




SCET modes in Sullivan

€

"
X

—}
i; Soft
n

- (Collinear

SCET Is a right fit for the diffractive Sullivan process!

Glauber 4

P

28



Glauber Lagrangian *

‘Connections’ between sectors

. 0
Leading Lg}l)auber >

Sub-leading D

29



Factorization

3

Y
o

n

30



Diffractive Structure Functions

Can use SCET to derive the expressions for structure functions

D hadron plane
d°o N \ dron pl
dz dQ2? d dt do P D
FLD? FQD? FSD? F4D X(y7¢) Uu q
+ M [Fia]l % (y,9) LU D g
T

+ Sp[Fy . FP % (y,¢) UL ‘3¢
- oL 54

X (y7¢7 ¢S) ’
+ ANSp [ Fo By % (y, 9) LL

lepton plane

+ )\EST [FGI?LD F7l?47 F81?47 FEAP} X (y7¢7 ¢S) LT ’ ’

Diffractive process: 18 structure functions

31



Factorization of the Sullivan process

Glaubers  Soft Jet Jet 32



Glauber vs. pion exchange

P

A\
|| |
|
| 1]
Y
|1
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|
|
|
Y,
i
||
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|
VI

(00000000
Z

P n P P pion flux pion flux P
FP ~S®, J° L'~ (f?/p)®[H®f’i/7T]

Completely different operator structure and physics!

33




PART I. What Sullivan process is(n't) VAV
PARTIl.  EFT for diffraction 1=

PART IlI.
Towards predictions

PART IV. Extensions AVAY




Towards predictions

What do we need for tull predictions?

( )

F? = Sinn @1 (I i IN')

e cannot perturbatively calculate —2 NP effects in protons

e cannot use lattice calculations
— difficult to deal with Glaubers connecting the

, soft and collinear modes
e very hard to extract from experiment

e cannot take ratios —>  have non-trivial convolution
(at least two quarks present = at least one

integral over the momenta)

35



Towards predictions

What do we need for tull predictions?

Z i

e can do positivity/consistency checks for structure functions

-

e can estimate structure function sizes

e can model jet function to approximate the cross sections

36



Towards predictions

What do we need for tull predictions?

(- )

F” = Sz‘fN’ Q1 (JN X Inv)

Difficult, but possible (perturbative) calculations

>— >— >— »— >—
1 gf 1
1 1 T1

-

?

1

Have to sum over Glauber exchanges up to an arbitrary number of Glauber gluons
low energy Glauber gluons are all of the same order

— ZTE = —t > AQCD
; 37



Mapping onto 2-quark exchange?

n the limit (7w + 75+ 71+ +78)° > Adep 72 ~ Aden
total momentum transfer (perturbative) (non-perturbative)
AU Y,
00000, 20009 20009
P P p P NP P NP P

Same order in (g, different kinematic structure!

Full Soft function # Syg X Color factors | Not a pion! N



Structure functions

In diffraction: 18 structure functions F,L-D

ep — eXp
10/18 are leading 18/18 are leading

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

AN

39



Spin asymmetries

In EIC both polarized € and p/A :
probing a larger set of asymmetries for the first time

Fp, Fop, F P FP FP FY

5A7F7A
F4AP7F5A7F F7A7

© unpolarized —> longitudinally polarized Ttransversally polarized 40



sin(3¢-¢_)
Ajr s

sin(2¢+¢)

UT, |

(HERMES 0907/2596V1)

mmetries

Asin(cr—cps)
<
(8)|
| | | | | | |

Example: A?}I}(fg_%)

|—
> o
-7 e
0 B e E e P
-0.5
-1 —
] | | | | | | | | | | | |
0 0.2 0.4 0.6
-t [GeVz]
D D D D D sin 6
| cosf|FD, — FD, + FP + ¢(FD, — 2F; )} : V21t o) F
A?}I;S?_QSS): 2

2((e = 1)FP + FP)

€ : DOlarization parameter
0 : lepton scattering angle

A good model
for J Dirac
structure

ratios of [ iD

scalings for
measured
asymmetries

41




Unpolarized azimuthal modulations

Tell us whether unpolarized events prefer one direction in the azimuth.

Pion model predicts: ACOW ACOS% 0
Our prediction:
A%"%‘”
0.90 ®
- @
0.88 e
0.86“ . .
@
0.84} = ®
@
0.82 &
@
0.80 | _
@
@
0.78
0.112 O.ll4 0.116 O.IIB 0.120
t [GeVe]

| o.120}
0.115 |
0.110 |
0.105 |
0.100 |
| o0.005}
1 0.090F

1 0.085F

cos 20

AUU
]
1]

=

- d
[
]

- |
| | | ] | il
0.12 0.14 0.16 0.18 0.20

t [GeVe]

Clearly different results and physics from possible quark spin interferences!

42




Unpolarized azimuthal modulations

Tell us whether unpolarized events prefer one direction in the azimuth.

COS @
AU U

. COS @ ~ cos 2 ‘
Azimuthal shape 1 | A, “cos¢ | A, “cos2¢

(scalar-.J, 3=0.92, ¢=0.91)

1 1

2.00
1.75
4(3052@’9
<=0t/
— 1.50
-’
D
B
g 1.25
"0.10 §
0.05 ~ 1.00
T 0.00 -
7 ~
[-0-05 | & ..
" ) ol
, 3 [-0.10 ’
5} 0.8 0.02 . ~ 1-0.15 |
1=0.20 U:5u — t=0.115 GeV* |
1-0.25 — =t —),154 GeV*
—0.30 0.25 — —t—0.199 GeV? 7]

S
300 360
0.10

0.08

0006 s \Q
,/
0.4 0.6 . 0.04 j ’/\I \

Y6 0.8 0.02

0.0
0.2

Although not yet measured for diffractive forward neutrons!
More things to see from EIC! 43



Universali

Drell-Yan

&= same =p
TMD/PDF

Input

universal
non-perturbative
iInput

2 dTMDFF

Same TMD/PDF functions can be reused across processes

44



Universali

=

Is Sullivan universal to anything?

><

1
JUOV0V0O00CU

] <

i
U

S

do(ep —eXn)~ L ® ( ® S)

Jet and its evolution is

T==

VEVEVRONORORORY

><

!

=9

do(pp — pXn) ~ By, ® (

between

2 S)

45




Electroweak backgeround

Dominant: Strong (Glauber exchange) Suppressed: Electroweak

e 6_

Glauber quark is suppressed by _?t » — Wn transition is suppressed by GG g

—t
— ~ 1072 =102 Gplt| ~107° —10~*

S

At EIC energies (28-140 GeV) strong dominates 46
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Natural extensions

ep — eXn

“ e

pp — PXMN

W e
- . SR 13 - .
[{ ! — L E =
- ,‘ s N
y
\;
» '-,‘
& S

7 -~

- .

st e <

(RHIC already has relevant data)

48



Additional particle tags

semi-inclusive

fully exclusive
—

Q)

— Y/

Pt}

U

\4
|

=
-

U

||§§‘5'

. _________________________________4
Py
)OO0 0000
VWV IV VK

e Only soft function changes!
* A heavy particle tag (e.g. J/1) can introduce separated scales, so S may refactorize

e Tag leaves the general factorization/J structure intact, but factorization formula can

develop additional symmetries or cancellations
49




Other forward hadrons

ep —» eXn ep — e X AV
e e
o /\ o
— ()x =N
§§ (d — s)
- . ‘I
p n P @

e Jet function and convolution change in a simple manner!

QIS [

50



Other hadrons — “cousin” processes

Same soft
function and
spin dependence

Same soft function operator
structure but might be different in
the spin projections

><

000000000

s

uq

51




Other hadrons — hierarchies

In general, different numbers of exchanged
Glauber quarks lead to hierarchies:

52



Other hadrons — experiments

Bottom line: lots of possible forward particles can be described!

e Current EIC ZDC doesn’t have particle ID

 Have (new!) sPHENIX silicon pixel vertex detectors that can be repurposed for EIC

e Can study interesting alternative forward processes in ZDC

Hadronic

W, Calorimeter
o) - (HCAL)

P! Electromagnetic
BB - Calorimeter -
a (EMCAL) __g Time Projection
{ 1 - Chamber (TPC)
I Intermediate
4R Tracker (INTT)
| L Microvertex
B ; Detector (MVTX)

<. TPC Outer

ey Tracker (TPOT)

(Figure: BLN) (Figure: J. Kvapil et al 231215104v2) o3



Theorv - experiment symbiosis

Capitalize on the ZDC

Theory

Can estimate overall Feasibility studies can
-»  help define realistic EIC

forward flux
observables

_— T~

Overall forward-neutron Can inform EIC detector
measurements at the EIC design and science
look feasible priorities

Experiment

54



Broader impacts
saturation

- down
probe the o i test
T = (e 7] o
proton-to- o=y nonlinear
neutron . | - small-x
transition % & . dynamics
-\xm{’" = ‘

a majo arget for EIC!

inform EIC design
and scientific goals

constrain
hadronic MC = ?_' clean probes
IRy modeling T— for new

5
S
K Hndrm

physics



Conclusion

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

What we established

e theleading p — n transition enabled
by Glauber quarks + Glauber gluons

e rigorous EFT framework for all flavor-
enabled forward processes

What comes next

e model or constrain nonperturbative jet/
soft elements

e compare with existing HERA data
e develop predictions for EIC

) 7
7)) N

))D))D))'))))D))? i

Lots of interesting theoretical and experimental work before EIC’s first light!
56
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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:

p2_,m§ %07 (p!)2 —m%NU7 kz - (k’)Q —m;%07 (21)

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

L.
Q2= q2v t=T2, zz__T,
k-p
Q° P g Q° |
T — ’ —i 2 — 2.9
X T Y -k p 20 -7 (2.2)
[t is conventional to define sceveral auxiliary invariants:
1 1-78
W?=(p+q)* = —Q%, my = px = Q° 3 +1,
/
p Z 2 2 2 Q7
z=—— , —t) ~ — (m2 —t - k)2 = 2
D g Q2 (Tn} ) 5 \My, )7 S (P+ ) -
fzrpzl—anqT:z. (2.3)
pq 0

59



Structure functions

_
d’ o waza:yQ

drdQ?dB dtdz  4QS32N,

W (q,p,p’) = i 0 (g+p—p —px) {p|JT(0)|[nX){(nX|J"(0)|p)d(p'* — m2),

Ly (B KW (00,0 ) 5

LH(k, k) = (k,-|Jg”(0) &K' |JY(0) |k)
= 2[kME"Y + KVE"F — k- K g* + NP7k k|

77 5 ST 1
Wy = E Fowh
ne{L,1,2,3,4,4A... }
1 q/"q” 1 qp,qu
why =— (g -2 wh” = UrUY — g™ + ;
L og (g g% J° . 27 q?
17 1 T / Rg¥ L 1 2 ./ ./
wi = — | 2X#XY = UHUY 4+ g — ik : wh” = —(D“X' + XHU"Y),
2z q2 2x
i‘ i Y )}
W= o (U XY — XHT?), whp = Spwh’,
z
m’;; = §T m.’;u, 11,1‘;;; = S’T mffu,
W= gT wh”, Weap= ST wh s,
B = UroY + UHUY ph = A% o X P
We 2‘7. ( el ) g 2:7' ( )
1 1
wh’ = — (X*0?Y + U*X" wh” = XHXY 4 XXV
7 D ( ) 8 23, ( )
(} - - 2 -
HY T . - _TT TV R ) JTV
Wsq = 5= (UM JEUY) Wey = 2:1: (UFXY — XHFU")
L Z nyre T YU 127 1 yv T L vl ‘
ws, = — (X'U” - U"X Wop = XPXY.s XWX, 2.9
TA 0 ( ) 8A 23: ( ) ( )

Channel| Beam # | Characteristic | Structure func- | Asymmetry
config. SI's | modulations tions type
vvu e unpol., | 4 1, cos &, cos 2¢ FI?, FQD, F3D, No spin
p unpol. F 4D asymmelry
UL ¢ unpol., | 2 sin ¢, sin2¢ inz¢, F: 312 2¢ Target SSA
pL pol.
LU er, pol,|1 sin ¢ F,ﬁ,_ Beam SSA
p unpol.
LL e, pol,|2 |1,coso By Ba Double-spin
pr. pol. asymmetry
(DSA)
ur e unpol., | 6 sin(¢p — ¢g), F(s;;f‘;—d)s ), Target SSA
pT pol. sin(¢p + ¢g), jrsin(d—gg)
: U, L. 1
sin(3p — ¢g), jrsin(o+gs)
BIn g, (36 s
sin(2¢ — ¢s)  |Fur = 7
Fsm b g
(26— és)
sin(2¢—¢g)
FUT} | \
LT er, pol, |3 |cos(¢p — &s),|Frn¥T9S, Double-spin
pT pol. cos @g, F;‘fl? ‘PS, asymmetry
cos(2¢d — @ cos(2p—b 5 )
(2¢ — dg) Fyr

UU « {L,2,3,4},

LU > 4A,
UT « {LP,2P,3F,4P},

LT & 4AP,

while the remaining full-basis polarized structures live in

and are power suppressed in the leading diflraction [aclorizalion.

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

{5,6,7,8,5A,6A,7A,84} € /L, LL,UT,TT,
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Structure functions

d50(>\€7 SL? ST7 ¢S)

dz dQ2 df dt dz

Qa1 (2 -5 )~ 2 (2 -5+ 2 0)2)

s

2

2

_Vpp (1 oy %) FP 4 (1~ y) cos(20) FY

—(2—y)\/1—ycos¢ Fy’
+ A yr/1 —ysinqufél

‘I‘SL{_ (2—y)\/1—ysing F5” + (1 — y) sin(2¢) Fﬂ

+ \¢STL

y(2 —y)

2

Fﬂ — Y/ 1 —ycos¢F5a

+ ST{ cos(¢s — ¢s) {(2 —y)V/1 —ysing Fg’ — (1 — y)sin(29) FSD}

2 2

: Y Y
psin( - 6s) | (1-+ % ) By - L FE - 20— p)FP

_ y2

—(2—y)\/1 —ycos¢ (Fip + Fy — F7)

+ (1 —y) cos(2¢) (Fs5p + Fy') }

el < 10 o - a9

+ cos ¢s (Fiyp + 2FE, + FF)

1 —
+y 5 yCOS(2¢¢S)(F£4P+F7l?4)}}~
o1



SCET modes in diffraction

In Breit frame
q,u — (070707 _Q) — Q(17 _170J_)

n 1
~-~Q(0, -, 0.)
2 ( T L

V=t/Q=2(1/8- 7)),
Z \/—t/Qz —2(1/8 — z)) ;
2V H/QF = 2(1/B — 2))

p~s(0,A71,0),

g~ vs(A A, 0),

px ~ \/E()\a A/ By AXt)
P~ VS(APAE, AT AN)
T~ VSN X B AN




Glauber quarks

A1 0
»CQCD ? C(S(%ET = Ehard + £colhnear il Esoft T Eultrasoft W, EGlauber
(1/2) —ig-P n AN

2\1/2

The superscrlpt indicates that this Lagrangian is at power relative to leading power.

Here we have the operators

= BinXn, OF = —4na, B Y7, OF = —4mas i B, . (2.36)
Fundamental Definition Adjoint | Definition
Collinear fermion Xn §n — —
Soft fermion Y7 Sha,s _ _
Collinear gluon Bgf %anD Wh B, B ApA
Soft gluon B:’fA ;SnzD Sn BV B.{ ATA

63



Glauber gluons

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

L5 = PN N 0+ e™FY ¥, O, (2.31)

n,m i,7=q,9 n 1,7=q,9

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

.. 1 ; 1 1
04 = 0 — = ieB O = 08 — = OB = oL . (2.32)

The building block definitions of these operators are:
1 1

37 = §XnTB175xn O = 5 Xl Pxa (2.33)
Z

057 = *£POPBS, [n-(P+ PO B2 088 = fPOPBE, (P + PY)|BL"

O"F = 4 (TP opyp™) 078 = 4o (P Pityp™)

OgnB o QﬂiaszCDBs_Lu [ (P + ’PT)] B"’DH Ogn — 9 ?'O:SfBCDBs_LH [ (P + P )] Bnl)u
as well as
)

BC T s oT Tao ph 2 pnp T 9 oT Auw
OS =87mo, PﬁS’nSﬁPl“—ng_Béj"_Sn Sﬁ,—gSn SﬁB?_tL B?j_s Sn Bq_l_“ 9 n;:.'nvsn G‘: Sn

A useful shorthand for eq. (2.31), which makes the sum over 7, j implicit, is
O =0 + 097, 07 = 0F + 09 (2.34)

Note that Glauber gluons carry no power suppression in J; i.e., each is of order ~ OQ(\Y).



Factorization of the Sullivan process

FiD = SinN' QL (JN X JN’)

p<p{{0n<o,m>on<o,wfr[: 0;14(0,71)02~ (0) } P )

2 N
N RN’ AP A d_ iz T NS (= S (5 s 7 A
st = (52) P fldalidga e Y0722 {000, )05 ~ra0) [[ 0 o) J P4 )
Xs N/ _1N

< (X Py T 0§ 05 (7, ~700) O3, 74, Ho (i, —1) } o)

L ud NN d° Tuch TdJ_ d_TJ_
//NN): NIV / H 0 (TuL+TdJ_+ZTiL+TL)

ul 7LdJ_ i—1 Til
N’ d’
d 7‘ d*T d’
J_ dJ_ JJ—
s o) uJ-_I_TdJ__I_E TJ_ T
7. 7! T !
ul dL =1 ‘'Ji J
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Factorization of the Sullivan process

D Qz 2 i J_Ud RNRN, | /
M= T Z Z Si NN A ’{T(iaU»J)l’T(i,u,J)l}’Q’t)

N,N'=1 {Rx}=1

< JBY (p=p'* {rus, Tis mis 1ot) JE (pp, (. T, Titht),

‘With the explicit spinor indices («, 3,7, 0), (¢, 8',~',c") the soft and jet functions are schematically

J*7 o (plfOROY | | On}In)
SP7H e o (O TTLOP 057 T] 02} PIX.) (X | PTIEOS? 037 1] 023 0),

l /

1 ud d’ d’
// “ i TQLd” TaL d 1,4 & T3
Fimal: YNGR 2

(y['i ) L o I Blal 4l ~
dLl 7Lu_L 7Ld_L
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Hard-collinear refactorization

Kinematic regime Refactorized form

2 2
<1 FZD N Sz Q| J2 <K@ ) [H;_—)IS Q_ SC] R\ J2

HZ-DIS Hard DIS coefficient

Soft-collinear function

softin A
collinear in Ay

2 Non-perturbative jet
J functlioon

Similar to inclusive DIS factorization

F; ~ HP® ® f; 67



Leading power ‘connections’ between sectors

O)——>-2=>——=0;  Oj-——>—-e—>—=0F
. 2 .
. 1L
£l — 07°: + 00000000 OFC
Glauber = ; H2.
O()\ ) SMMW S 7 ——€—@ —€—— OT—L
1 1 1
OB_OB OB—OBC—OC
n 7)2 S n 7)2 S 7)2 n
e s R e % > 7 )
tq ta A q
derived from tree-level A w7 i = e = 0 il
matching to QCD diagrams: . . > > y .
n n T n - n n N
g tq tq A g tq
(Rothstein, Stewart, 160104695v3) S 3§ b S a8 o 200008, o8




RO
u
gh
fa
cto
riza
tio
N
with o
nly
G
|a
ub
er
glu
on
S

JrO?
! 1032
S207s

OA

1

O
1204

69



Glauber quarks

Sub-leading power ‘connections’ between sectors

D, —+- -+ 7 terms
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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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Calculating LO Soft =Y 7 =—t> Aqen

... E N N/ E ...

S canbe perturbatively calculated

Types of strong couplings

(s (Tl) Xs (pX) soft: “perturbative”; as(px) K 1
Glauber: “perturbative”: as(11 > Agep) K 1
‘non-perturbative”. oq (7‘1 ~ AQCD) ~ ]

—> LO: no soft couplings
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)10Q000C
=
<

Additional Glauber
exchanges are not
necessarily

suppressed, because
their individual
momenta can be
nonperturbative.

qq + 1 gluon

= OO0 number of Glauber gluons has to be included.

/3




Calculating LO Soft

Soft function:

- - - - [/ ./
Glauber fermions carry Dirac indices — (uv;u'v')

/4



Calculating LO Soft

.. 2 2 2 2
In the limit T ~ Ty~ Ty ~ AGep (Tu‘|—TJ—|—7'1—|—'“—|—7'N)2 >>AéCD
individual gluon Glaubers (non-perturbative) total momentum transfer (perturbative)
Y, Y,
00000, 00000 00000
qq qq + 1 gluon qq + N gluons

, the only difference is color factor

Sqq_pert’g_nonpert — Sqq_ X COIOI’ f&CtOI’S
75



Calculating LO Soft

n the limit (7o + 77+ 71+ +7n8)% > Adcp

total momentum transfer (perturbative)

P PNP P NPP NP P P

Same order, different structures!

Full Soft function 7 Sqg X Color factors | Not a pion!

/6



Soft function

Finite soft function vs -t (3=0.92)

Toy example

106}
2 e LO soft function, ,V\<
=

s 105f *\.\‘ only Glauber quarks
\__; \\.\\ &
:: 10 - ‘\‘t\\ . . go : o c :
=~ $~-q. el % e Simplified case: spin-blind interaction
e - T o L : C .
Ere I e SN S T (free spinor indices are fully contracted)
S e g i 8
) A L > S
— e L ® 3 ’ “5“‘\’\;‘\\: : :
R ey o= e All polarized, asymmetric structure

- . o ' N functions = O;
— ' only L, 2, 3, 4 remain

[y
-
[

Problems: a very simple case; in reality will have a model for the jet function or at least a Dirac-basis expansion of it.
With a good model the computation is doable. 77



Scalings of structure functions

> We can estimate structure function sizes (their scaling with \):

NOOO0000 0

more suppressed! less suppressed!
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Spin asymmetries

Asym. Full eighteen-function =~ Source of target spin dependence in W5~ Tensor
Sources symmetry
Ay FJ) none antisymmectric
Ayr  F{P, EP through U b U“‘ = [_/ "+ Uf : symmetric
Ayr Fpp, Fyp, Fit,, Fib, = Sysin(¢ — ¢g) for FL,, Fyp,, FA),,  symmetric
and. F’, F, Fy, F F4P, UL and X% for FP, FP, FP, Fg’
through transverse-spin
pleces
Arr F5 A F.ﬁl through Uf Ut =U f + Uz‘f antisymmetric
Apy  Fryp, and B, B, §g~ = Oy sin(qﬁ ¢s) for F\»; Uk and antisymmetric

He? F¢ through
transverse-spin pieces

M nt B,
X for F 5A? PBA? ﬁ?A? ﬁSA

Table 1: Spin-asymmetry classification in the full eighteen-function covariant diffractive

basis. The table lists the structure functions that can contribute to each spin asymmetry,

together with the corresponding source of spin dependence in W}” and the tensor symmetry

selected by the lepton-side contraction.
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Extensions

Additional tagged particles:
Sinc — Ssemi—inc ~ /<O‘|X;7T> <X;7T“O>

Neutron vs. Lambda O:

Jn = (pl{ O O™ | | 08"} n)

Jet:
N JAO _ <p|{0r1rlbp02trange H O%IU_OHS}|AO>

Convolution: 7 ;

=7

S

In general for other forward hadrons:
I, = (p{oroie [T og}n) — J, = (h|{OL0L..0 [T O }1n)

Vo

minN. set of quarks to transform the
nitial hadron to the final one
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Pion model

p) = VZ|po) + alnwt) +b|pr®) + c|A7) + - -

PN+ ® v'r — X
S — S —
long-distance/chiral physics short-distance DIS

v T L
FZSulh an(x’ Qz’ajL,t) = f,”/p(.CEL,t)FQ (1 — $L7Q2)

2mpp  —t
riplrst) = (4m)? (t — m2)?

(1 o CBL)l_ZQW(t)F(CL‘L,t)Q

|M'y*7r—>X |2

(t —m3)?

near pion pole: reaction becomes dominated by
a nearly on-shell pion

M[* ~

But we cannot kinematically reach the pole.
People use extrapolation.
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Pion model

The biggest model dependence comes from:

e F' vertex form factor — describes how the p — nm vertex weakens for

highly virtual pions.

Cutoff scale A — controls how quickly the form factor suppresses large
momentum or virtuality.

Off-shell effects — the exchanged pion is virtual, so its properties may
differ from those of a free physical pion.

A1 components — the proton can also fluctuate into a A+ state, rather
than only an N + 7 state.

Reggeized vs. simple pion exchange — different theoretical descrip-
tions of pion exchange, especially at higher energies.

Absorption / final-state interactions — produced particles can inter-
act with the spectator neutron, modifying the measured cross section.

p, a2, ... exchanges — other mesons can also be exchanged and can
contaminate or mimic the pion-exchange signal.
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Pion model

. : S
Pion does not create enough spin
asymmetry. ) > y N; — Np
N X
. . Y €T NL + NR
People try to model difference with AK
absorptive corrections or extra resonances. ) 3
. o | - . e Pol3 (x_avg) PHENIX  0.70 <x,<0.85
A 1 (d,2) =&, |03 gL c-qr| &p @~ (T, 2) - Power Law(x_avg) 2015: p+p — n + X
I V < { 0.1 Exponential(x_avg) ZDC inclusive
SpIN NoN ﬂlp SPIN |||O L e pfp—> i 3.4 % Polarization scale
0.05— Mitsuka UPC+OPE uncertainty not shown
AN ™~ Sin(6ﬂip — 61101’1—1‘111)) b
ohase difference of the flip/non-flip 0
5ﬂip — 511011—ﬂip — AN =0 ~0.05—
PredlCtlon nO Slng‘e_transverse Spln asymmetry —0.1:1 o g g b dg e e e ral eawmd g aeda eoa b e g bog g g ] o ey ey
0.02 004 006 008 0.1 0.12 0.14 016 0.18 0.2 0.22

P, [GeV/c]




