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Semi-inclusive Dihadron Production
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Cross Sections and Asymmetries
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The Main Goal

do xy o Structure Functions o« PDF @ FF I

A (or DiFF)
. doyr doy —doy
vt dO‘UU N do
Goal:

@ Probe spin/orbit effects within the proton and during hadronization
@ 3D Transverse Spin and Momentum Structure
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Kinematic Phase Space

| Current data for Collins and Sivers asymmetry:
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Kinematic Phase Space
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Kinematic Phase Space

| Current data for Collins and Sivers asymmetry: i
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Kinematic Phase Space
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Kinematic Phase Space

| Current data for Collins and Sivers asymmetry:

@ EIC: study p_, Q? and x

dependence of asymmetries in
wide kinematic range

® Comparisons with JLab, HERMES,
and COMPASS, to pin down p.

dependence and evolution

® Need overlap of kinematic regions
for evolution studies and cross
checks (JLab @ 22 GeV, EicC)

® For EIC overlap, need control over
reconstruction at low y and low p_
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Transverse Momentum Dependent (TMD) PDFs

Quark polarization
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Figure from S.J. Brodsky, et al., Int.J.Mod.Phys.E 29 (2020) 08, 2030006 16
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https://inspirehep.net/literature/1800926

Transverse Momentum Dependent (TMD) PDFs eplgf

Quark polarization
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Unpolarized Nucleons

Unpolarized SIDIS:

& Cahn Effect: quark transverse momentum leads to
azimuthal modulations of SIDIS cross section y

& Boer-Mulders Effect: Non-collinear quarks in an

unpolarized proton can have transverse polarization,
also contributing azimuthal modulations

LI Boer-Mulders and Cahn effects are comparable in single hadron production
« HERMES and COMPASS data, e.g. Phys.Rev.D 81 (2010) 114026
Ll Dihadrons can help decouple BM from Cahn
» Extra degree of freedom in dihadrons
« Cahn effect impacts dihadron total momentum direction P,

- Utilize azimuthal angle about P, in addition to the azimuth about the virtual photon
LI Advantages from a broader and higher Q2 range at ePIC
* Broader Q? range probes evolution effects
* Higher Q? suppresses Cahn effect in single-hadron asymmetries (Cahn is twist-4)
* Lower Q? for overlap with other SIDIS experiments
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Transversely Polarized Nucleons

Transversely polarized SIDIS:

51 Access to several additional TMDs: e Quark EDM contribution to nucleon EDM

) ) ) * Comparisons with lattice QCD calculation
* Transversity - Tensor Charge hi= 1 - [

dq = /1 dxh(x) = fol dz[h(z) — h(z)]

1
gr = ou — dd

Phys.Rev.D 102 (2020) 5, 054002
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Transversely Polarized Nucleons

Transversely polarized SIDIS:
L1 Access to several additional TMDs:

* Quark EDM contribution to nucleon EDM

) ) ) * Comparisons with lattice QCD calculation
* Transversity - Tensor Charge hi= 1 - [
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Dihadron Impact on Transversity

¢ Complementary to single-hadron SIDIS and
hadrons in jets

¢ Complementarity reduces systematic
uncertainties overall

¢ Additional advantages from dihadrons:
* Expect little contribution from twist-3 FFs

* Acceptance effects tend to “average out”
between the two hadrons, which is especially
good for F , measurements (Boer-Mulders

function)
=== JAM20
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Transversely Polarized Nucleons

Transversely polarized SIDIS:
L1 Access to several additional TMDs:

- : sin(¢n—¢s) L
Sivers Function Ayr X fir ® Dy

e Collins Fragmentation A?}r71§¢h+¢s) x hi ® HiL

A. Bacchetta, et al., JHEP 02 (2007) 093
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EIC Impact on the Sivers Function

-1.0

I 0.0 05
k, (GeV)

A. Bacchetta and M. Radici,
Phys.Rev.Lett. 107 (2011) 212001

M. Radici, AIP Conference
Proceedings 1735, 020003 (2016)
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Distorted Momentum distribution from Sivers, for transversely polarized (y) proton

u and d quark Sivers impact ~ Present Uncertainty

Expected uncertainty with ePIC (ECCE)
pseudo-data

_flJ'_T;-m—p[?Ge\’r] fl_T:dt—p [QGP\'f]

0 T S

kr[GeV] kr[GeV]

R. Seidl, et al., Nucl.Instrum.Meth.A 1049 (2023) 168017, Nucl.Instrum.Meth.A 1049 (2023) 168017
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TMD Evolution epic’

¢ Expect logarithmic decrease, but asymmetries don’t “disappear”
¢ Larger asymmetries expected at higher x

¢ Wide (x,Q2) range at ePIC - probe evolution

¢ Study sea and gluons at lower x

0030 .
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A. Vladimirov, IRZ@EIC workshop, Mar 2021
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Collinear Twist-3 PDFs

Semi-classical interpretation via x-moments

h, (%)

i1 Average longitudinal gradient of the
transverse force on a transversely
polarized struck quark in a longitudinally
polarized nucleon

q9 _ 749 __ q
‘CJM LJi T ALFSI
Expressible in terms of the

change in quark OAM as it
leaves the target

M. Abdallah, M. Burkardt, Phys.Rev.D 94 (2016) 9, 094040
e(x) M. Burkardt, Phys.Rev.D 88 (2013) 114502 « M. Burkardt, Phys.Rev.D 66 (2002) 114005
P.J. Mulders, R.D. Tangerman, Nucl.Phys.B 461 (1996) 197-237

gT(X) M. Abdallah, M. Burkardt, Phys.Rev.D 94 (2016) 9, 094040
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https://inspirehep.net/literature/800041
https://inspirehep.net/literature/1489640
https://inspirehep.net/literature/595154
https://inspirehep.net/literature/400866
https://inspirehep.net/literature/1489640

EIC Impact on Collinear Twist-3 PDFs: h (x)

& Accessible in target spin asymmetry A

* Depolarization allows for broad coverage Spectator Model
e cf. Ongoing experiment at CLAS12 - evolution! (%) in the Spectator Model by ()
6 T T T T T
Bag Model u—
51  [— 1

-10‘0 012 0I‘4 Ol‘ﬁ OI,B 1.0 0.0 (;.2 UI.4 Ul.ﬁ UI.E 1.0
X X
oo 02 04 X 06 08 10 Jakob, Mulders, and Rodrigues, Nucl.Phys. A626 (1997) 937-965
Jaffe and Ji, Nucl.Phys. B375 (1992) 527-560 Figures from JLab Proposal E12-06-112B/E12-09-008B
See also:
— Chiral Quark Soliton Model Cebulla et al., Acta Phys.Polon. B39 (2008) 609-640

— Light Front Constituent Quark Model Lorcé , Pasquini, Schweitzer, JHEP 1501 (2015) 103 26
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EIC Impact on Collinear Twist-3 PDFs: g_(x)

i x-Moment - semi-classical interpretation: Average transverse force on
an unpolarized struck quark in a transversely polarized nucleon

M. Abdallah, M. Burkardt, Phys.Rev.D 94 (2016) 9, 094040

004 Proton | Neutron
0.02f :

& 0.00
>

8 _0.02

—006; Accessible mEIC | ()2 = 2 :
0+ 10 107 1wt gx w0F 0T w0t x
EIC Yellow Report

& Accessible in inclusive measurements: 5pT — e’X

& 9.(x) is also accessible in double spin asymmetry A _ in semi-inclusive dihadrons

- Caveat: depolarization for A . favors high y...

ry
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Fragmentation Functions (leading twist)

Single-hadron Fragmentation Functions

spin averaged
longitudinal

Transverse (here A)

C. Dilks

Dz, pr) _ [. . O}

Dﬂm(z-l’?) - [. . é]

SIDIS at ePIC

G2(z,pr)= [.u ) ] ‘E’* é ]

Table from A. Vossen, INT-18-3

29



Fragmentation Functions (leading twist)

Single-hadron Fragmentation Functions

spin averaged @7) _ [.E HM(z,p7) _ [I . O J - [ ' O ]

longitudinal I Yz, pr::[.—-b—b O ]— [*'_’O -] HY(z,pr) [1 — -] - [g—+ CH]
Transverse (here A) Di—?/q zZ,pr) - [. — é] BNz o) [; é ] [ é
ZPr) = |o— -
G’{;ff’(l,prﬁ [ﬂ__ r ] _5.4 :.{,:] H#Z‘I(Z;Pr) =:[:. -0 ]‘[? —-‘gj_} ]

Table from A. Vossen, INT-18-3

\J

“well known” unpolarized FFs
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Fragmentation Functions (leading twist)

Single-hadron Fragmentation Functions

spin averaged DM(z,pr) _ [. . O} H "z pr) = [I - O J - [ 1 O ]

longitudinal h’rq (z,pr) L; _..ﬁj’ f_' ) ._.J

Transverse (here A) DA/ “2pD) — (o . -
Her - ¢ &) er= (i~ &) (16

G @pp)= e () ] fo O] Hy '@ = (i -0 )-[s—0 ]

Table from A. Vossen, INT-18-3

Sy .
Collins FF
'mp‘."‘Ct on === JAM20 >
Collins FF - —:= JAM20 + ECCE(ep)
== JAM20 + ECCE(ep+eHe) o

ECCE consortium. (2022). EIC Comprehensive Chromodynamics Experiment Collaboration Detector Proposal.
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Fragmentation Functions (leading twist)

Single-hadron Fragmentation Functions

spin averaged DM(z,py) ~ [. . O} H™ Yz [I J [3 -0 ]

longitudinal Gf’fq(z, p;—):[u—- O.]— [u—-o -} Mq (z, pr) 3 —

Transverse (here A) @z,pﬂ - [. _.@ ( é] [ é)
(z,pr) = e

Gip (2 pr)= [ ]_["_'f"-::fJ Hy %z, pr) = [3—* D —[g [9) ]

Table from A. Vossen, INT-18-3

Transversely polarized As
“Self-analyzing” decay - pTt

Access via spontaneous Access via spin transfer

polarization oo ~ Final state polarization! FCOS(ps—63)
FSlIl S—@A SA =D Yy
Py = _UT () Fyu

Fuu
32
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Impact on TMD Polarizing Fragmentation Function eplgf

Extracted TMD PFF moment

Theoretical Uncertainty Impact

. — — d —— sea Belle
é. 102 sea Belle+EIC
—E
= -~ = —"—
; = ”a ________
— -
-
2 10 ~mme=” - ~
S

02 03 04 05 06 02 03 04 05 06 02 03 04 05 06 02 03 04 05 06
ZA

Figures from
Phys.Rev.D 105 (2022) 9, 094033

020 025 030 035 040 0.45 0.50 055 0.60
ZA

& Larger bands: from Belle [Phys.Rev.D 102 (2020) 9, 096007]
& Smaller bands: Belle + EIC pseudodata
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Impact on Transversity TMD FF & Spin Transfer eplgf

' o _ .G | @ Transversity FF extracted from COMPASS [Phys.Lett.B 824 (2022) 136834]
S 0.007
X
= _0.02 _
i <& EIC Impact on Spin Transfer
d 4
A T S, * Red bands: theoretical uncertainty
0.2 0.3 0.4 0.5 0.6
ZA * Black error bars: projected statistical uncertainty (40 fb?)
5 x 41 5 % 100 10 x 100 18 x 275
0.9k T T I 1.
. [ I T T 1V
- L 1 1 15 5 - . l:?
é U‘U:_‘—-——t_—‘—'—*:‘—;—'—:‘_#';'_}: 4
—0.2F s T I 1L
* F : g g —
< 1071 3 3 3
3 ‘\_\—;__,7 _‘—|—~—'— - Figures from
R T R 0z o402 04 02 oa— PhysRevD105(2022)9, 094033
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Fragmentation Functions (leading twist)

Dihadron Fragmentation Functions

Dy = @Iy, sp DiFF

\L___/
. h1 h1 :
Gf_ — 9<:h2 B khz e RAVAVAYAY | NN
T
_ hl hl
HlJ_, Hl —@:hz - t:hZ P PDF

Dihadron polarization dependence - partial waves...
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Dihadrons for Gluon Saturation

a0 T T T T T T T T T
1.0— T 0.03 -
i g YU e genetp : . ]
ol / orA 18x110 GoV g S A ECCE Simulation
l S 0.025(~ e recoe+pwith EPS09  PYTHIA6 e+p 18x100
06 = r nPDF Au weight > hy+h+X .
.or o - e n
5, 002 ol 2p - -
-
< B Dihadron cuts: o r g s Q°>1GeV .
r) Dijet cuts: Py > 2 GeVlc E 0.015 L 2 1 1
0.4 Py o > 5 GeVic Pry> Py, > 1 GeVic £k s 1GeVic<p, <p; ]
Pr e > Py e > 4 GeV/C z,>02,2,<04 - C .
B 0.01— ® L] ]
0.3 —— Phys.Rev.D 89, 074037 model, dihadron uncertainties - BO% B
Pythia6 w/ nPDF, dihadron uncertainties E o o QBQ“'QSG ]
Pvthi i-i inti 0.005— P ® . L —
ythia8 w/ nPDF, di-jet uncertainties » o ° .gg. .
C ol L L L e ° 3
103 1072 107 0lee®®. L '...,..o"gz. . 1%0geq
X 0 2 4
g ATHENA proposal
ECCE proposal 0 o [rad]

& Away-side peak in Ap de-correlates when non-linear QCD effects set in
& Sensitive to gluon TMDs
¢ Measure suppression J_, , the relative e+Au to e+p back-to-back dihadron yields

* Scaled by A3
- J_,~1lif no collective nuclear effects
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Outline
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¢ Fragmentation Functions

¢ Kinematic Reconstruction
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Kinematics Reconstruction

¢ Study SIDIS in a particle collider context
¢ Need to develop tools for accurate reconstruction of event kinematics

l
i) Leptonic variables q=q =ho— ki, y=p.(ki—ka)/prky
ii) Hadronic variables [8]] q=q,=p2—P1, Y=p1.(p2—p1)/p1.ka current jet
iti) Jacquet-Blondel variables [S2] Q%5 = (p2.0)*/(1 —ysg). yon = B/(2E(k))
E=2"0(En —pn:) N
iv) Mized variables [81] 4= q.Ym =YiB { } spectators
4B (ky)? cos? (0(k2) /2)
, 2 _ 2 2
v) Double angle method 53] DA™ GinZ(0(ka)/2) + sin(6(ky)/2) cos(0(k2)/2) tan(6(pa)/2)
1 sin(#(ky)/2)
Ypa = sim(f(kq)/2) + cos(ﬂ%kg}fﬁ} tan(f(p2)/2)
: 1 + cos(6(k
vi) By method [84] ng = 4F(ky)?(1 — yJB)l — Eg:(ﬁ(kz))’ Yoy = YJIB
2 _ (Ez.ﬂz e Y
'L'E'E} Y method lﬂ QE - —yx’ Yz _zz F E(k‘g)[l — C‘D‘:(H{kz})]

viii) eX method [89] =@, Yx= g—;

Prog.Part.Nucl.Phys. 69 (2013) 28-84, 1208.6087 [hep-ph]
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Difficulties at low y

ATHENA, best method for y-reconstruction

104

C. Dilks

ep at 18 x 275 GeV

Best Reconstruction Method for y:

Electron Method
e> Method

y Resolution:

. 25 %

o P .
-
=
ES

ATHENA Detector Proposal, JINST 17 (2022) 10, P10019

SIDIS at ePIC

1072 1071 1
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Neural Network Approaches

I/p

RMS, | phl_ phJ._true hjtrue RMS, | ¢h "0 |

h,true

—8— Neural network —@— Meural netwark

DA method DA methad

—&— JB method —&8— JB method

2.5 —8— Electron method —&— Electon method

h

RMS, ¢ _absolute error
B

RMS, phlabsolute relative error

o
w
I\I|IIh|II|II\|II\|II|II\II\|II

1
1.5
| 0.6
04—
R N B >
P L e L iy 0-2
Particle Flow ....zzz2i2ienfemmmmmmr l ‘
N swer k 0 o 107 Yinse 0 102 107 Yirve

Al for kinematics reconstruction shows promising results!

C. Pecar, 2™ Workshop on Al for the EIC (Oct. 2022) 255 N 0 0oy i toes
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¢ SIDIS Cross Sections and Asymmetries probe a wide range of functions
e Transverse Momentum Dependent PDFs
* Sivers, Collins, Boer-Mulders, Twist-3, ...
* Fragmentation Functions
* Collins, Transverse spin-dependent (As), ...
* Dihadron Fragmentation functions
¢ ePIC will have significant impact
e Uncertainty reduction
* Evolution studies & complementarity with other experiments

Many analysis opportunities will be available, for both experiment and theory!
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BACKUP
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Transversely Polarized Nucleons

Transversely polarized SIDIS:

L1 Access to several additional TMDs:

Transversity

Sivers Function

Collins Fragmentation
Function

C. Dilks

xhy(x)

(z) zfixM(x)
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A
Phys.Rev.D 102 (2020) 5, 054002

SIDIS at ePIC
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ePIC Impact on Tensor Charge

5d B
—0.05 | e
—_—
o
_0.10 B Je k bod ° 1
. 1 | | 1
—0.15 F . 0.75 0.85 0.95 1.05
Gupta et al (2018)
~0.20 e
Alexandrou et al (2019)
—0.25 F
JAM20
—0.30 |
+YR(ep) +YR(ep + e2He)
—0.35 1 +ECCE(ep) [ FBCCE(ep + e3He)

] ] ] ] ] ]
0.55 0.65 0.75 0.85 0.95 1.05 ou
ECCE consortium. (2022). EIC Comprehensive Chromodynamics Experiment Collaboration Detector Proposal.
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EIC Impact on Collinear Twist-3 PDFs: e(x)

Apy(x) Ay(x)
0.015f
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0.005} [ 1 ]l
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EIC Yellow Report
C. Dilks SIDIS at ePIC

¢ e(x) is accessible in beam spin asymmetry A

& Cleaner access in dihadrons, compared to

single-hadron SIDIS (which involves additional
unknowns)

¢ Caveat: depolarization for A favors high'y

Extraction from CLAS dihadrons

10

8t

6 P(x) at 90% CL

.| HII

d | | ']l .

0 z
oL

0.0 0.1 0.2 0.3 0.4 0.5

X
Courtoy, Aurore, et al. e-Print: 2203.14975 [hep-ph]

Courtoy, Aurore — CPHI 2022
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https://arxiv.org/abs/2203.14975
https://indico.jlab.org/event/498/contributions/9492/

Impact on Spontaneous Polarization
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Dihadron Access to PDFs x DiFFs

Twist 2
Target Polarization
U L T

S\u| nD | | JED
g hi H, 91.G1 qirGa
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&
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8 L f1Gh 91Dy girD1

firGi

C. Dilks

Twist 3
Target Polarization
U L T
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S [*Dy WEH | JEDy B H | heHy girG
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‘U ~
E f#Dy hipH
g el flé erHy 911;D grDn h1E
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Dihadron Access to PDFs x DiFFs

Twist 2 Twist 3
Target Polarization Target Polarization
U L T U L T
c = = =
S|U|A AD  |Bhipi A firD: ullv v, £.D WV hoHy 9uC V/ frD, hH
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Depolarization Factors

- Depolarization Factors
@ Depolarization factors

depend on (x,y,Q?) Twist 2 Twist 3
ot Unpolarized
@ Asymmetry denominator: Beam A B 4
Jdo,, ~A Longitudinal . W
Beam
Asymmetry, for
m?guql)at'q?” 0) D E\{A» B,C,V,W} Structure Functions
' Th! TR TS
N DM M /
AM X XY XY
XY A peonst , . pconst
vu, T UU,L
C. Dilks SIDIS at ePIC &2




Depolarization Factors

Polarization Depolarization

Twist 2 Boer-Mulders ‘ Uu B
Sivers ‘ uT 1
Transversity ‘ uT B/A
Kotzinian-Mulders ‘ UL B/A
Warmgear (LT) ‘ LT CIA
LU CIA
Helicity DiFF G -
UL 1
Twist 3 e(x) LU WA
h, (x) UL VIA
9.(x) LT WIA
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Kinematic Coverage

C. Dilks
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SIDIS at ePIC
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Depolarization Factors
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Depolarization Factors

Aley) Bley) V(ey)
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Depolarization at CLAS
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CLAS Dihadron A , Measurements for e(x)

sin B P
CLAS12 ntn~ Aj ¢R s 1 w .
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https://inspirehep.net/literature/1840682
https://inspirehep.net/literature/1087224
https://arxiv.org/abs/2203.14975
https://indico.jlab.org/event/498/contributions/9492/

Dihadron Kinematics DS ESIIDEIIIDEDS c

q X P, plane

Dihadron CoM frame

Dihadrons:

momentum: Py, = P; + P
kinematics: My, z, pr

angles: ¢h7 ¢R7 ¢Sv 0

cf. single-hadron ¢,

Inclusive: dihadron plane
Q? _P.gq
B 9P, q’ J l
2M$B
/y oy
Q@

Online 3D View:
https://c-dilks.github.io/dihadronAngleDefs/dihadronAngleDefs.html
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https://c-dilks.github.io/dihadronAngleDefs/dihadronAngleDefs.html

SIDIS Dihadron Cross Section
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https://inspirehep.net/literature/1312164

SIDIS Cross Section

Ao — doyr doy —doy
v dO‘UU N do

General form of each term:
Depolarization Azimuthal modulation Structure Function

R i /

doxy o< D(z,y,Q%) - S(b....) Fey ™) + ...

/TN ?

Electron Proton Additional

Polarization (U,L) Polarization (U,L,T) modulations and

structure functions
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Dihadron Access to PDFs x DiFFs

Twist 2 Twist 3
Nucleon Polarization Nucleon Polarization
U L T U L T
c
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Even more from Dihadrons...

Vector Mesons: a significant
fraction of dihadrons

0 — TT
K* 51K
o — KK
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Flavor-dependence of twist-3 PDFs
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Channel dependence of DiFFs
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Transverse Lambdas

Spontaneous pSIN(¢s—¢a)

X = proton polarization
. . T
Polarization: PA = Y Fou FXY Y = A polarization

FCOS(ps—os)
Spin Transfer: Sy = D(y) —1L

Accessible via cos8 distribution of protons in A - pTt
dAV, “SVp(p)

Fyu o 1+ apqyPacaycost

dcosf
spin averaged D%z, pr) _ [. - O] 5"z, pr) = [I i O ]’ [ [ nd O J
q/p Alq :
FUU Y f ® Dl longitudinal Gfm(z.l’r):[r-—' ]—[*'—' J leliq(zfpr) [& — C*]*[!” 'C_,‘f’]
Transverse (here A) D‘II"TU Yzpr) _ [. . é]

F(S]i;(ﬁbs—@\) N fq/p ® Di—q{\/q _

F;%f(ws—QbS) ~ hq/p 2 H{\/q
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Spontaneous Polarization Impact from As in Jets eplgf

o.10F FAES KR |
¢ Measuring As in jets provides another I e LR R
probe for TMD FFs '—%
@ Distribution of hadrons relative to jet axis [ T
allows for decorrelation of TMD FFs and oop
PDFs i )
¢ Impact on spontaneous polarization: '_% .
—L 10 T
« Bands: theoretical uncertainty B
» Error bars: projection from 100 fb* g}
—u,lué—
Phys.Rev.D 105 (2022) 9, 094033 ‘“-“5;‘
—0.10F
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Spin Transfer Impact from As in Jets
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