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CEBAF Large Acceptance Spectrometer (CLAS)

% Up to 10.6 GeV, longitudinally polarized e’
beams (~85%), fixed target experiment with

near full azimuthal ¢ coverage [1]
o 2°<0<5°forward tagger
o 5°<@<35° forward detector system
0 35°<60<125° central detector system
o 155°< 0 < 175° backward angle neutron detector

% Comprehensive (e, T, K, p, n, 7)

reconstruction
o  Several Al methods developed to improve!
o 2/6 azimuthal sectors now contain a RICH (1T, K)

% ~2T toroidal magnetic field, 5T solenoid

Many experimental configurations (Run Groups) each with
unigue physics objectives (see [2])
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https://doi.org/10.1016/j.nima.2020.163419
https://www.jlab.org/Hall-B/clas12-web/HallB_rungroups_runplan_PA.pdf

Run Group SIDIS programs at a glance

Run Group A (Unpolarized LH, target - 10.6 GeV e” beam)

% Measurements of unpolarized SIDIS cross section off proton (ex: 7 multiplicities)
% Access to higher-twist PDFs through A, beam-spin asymmetries (BSAs)
% Study impact of struck quark’s spin/flavor/momentum on hadronization

o Separate contributions from vector meson decays (ex: direct 7 vs. decay )
% Observe correlations between struck quark and target breakup

Run Group B (Unpolarized LD, target - 10.6 GeV e” beam)

% Complementary to RG-A — allow for u/d quark flavor separation of observables

Run Group C (Dynamic longitudinally polarized NH, and ND, - 10.6 GeV e” beam)

%  Access to FUL and FLL structure functions — Sensitive to different PDFs and FFs

o Dihadron SIDIS will give first measurements of higher-twist fragmentation functions

Run Group K (Unpolarized LH, target - 6.5,7.5, 8.4 GeV e beam)

% Separation of longitudinal (FUU ) and transverse (FUUT) photons from SIDIS cross section
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SIDIS Kinematics and Coverage

02

CLAS12 — high beam polarization, high luminosity,
comprehensive PID, moderate-to-large x, physics

Experiments measure azimuthal dependence of the SIDIS cross

section as a functionof x, Q*, p;, z

% 3D partonic distributions & hadronization mechanisms

(GeV?),

(fragmentation functions) reveal themselves through
azimuthal modulations
% QCD predicts only the Q*-dependence — Need experiment!
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https://www.sciencedirect.com/science/article/pii/S0146641023000133
https://www.jlab.org/exp_prog/proposals/16/PR12-16-010B.pdf
https://arxiv.org/pdf/hep-ph/0611265.pdf

The DIS picture

ep—e’'X
€ Quark-quark correlator breaks
into 8 independent terms using
(p, k) and (S, sq) — TMDs
Leading Twist TMD-PDFs
N/iqbU | L | T
; ol
U | | % hi
L | x|g hiLL
Rich landscape of Parton Distribution
oA Functions are integrated over w/o q (L%
O =0 ® PDF measuring hadrons (need SIDIS) r flT Hr hi. th
‘» 31st International Workshop on Deep Inelastic Scattering (DIS 2024) 5

clas



The SIDIS picture (Current Fragmentation)

ep—e hX

Leading Twist TMD
Fragmentation Functions (FF)

PDF ® FF - produce azimuthal modulations of the H\q U L T
final-state hadron which we measure in SIDIS U Diz/q HlL h/q
N L G;"/q HlJ_Lh/q
oc=0Q@PDF ®FF T | @ | @7 | B B
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Sensitivity to Twist-3 effects

TMD-PDFs at Twist-3

N/q U L g
1 N % Longitudinally polarized
u |l f g h,e photons “pick out”
longitudinally polarized quarks
L L b hr,e
/ \\gli L>"L PDFs at higher twist (1/Q suppression) give rise to new
o~
1 1 N A, A, Correspond to novel quark-gluon dynamics within
T\ fp. J7 \97{97 | b, e, hel | the proton — Measure(d) at CLAS, COMPASS, HERMES
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https://arxiv.org/abs/2101.03544
https://indico.jlab.org/event/663/contributions/13420/attachments/10382/15547/avakian-spin2023.pdf

The SIDIS picture (Target Fragmentation)

ep—e hX

fracture functions

FF

FF — Fracture Functions give the

A conditional probability for the target remnant
® FF to form a hadron given ejected quark q
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The SIDIS picture (Target Fragmentation)

0? current “‘What physics can we learn from the target remnant (TFR)?”
>""""' ] * Fracture Functions - probability for the target (p/n) remnant to form a
h A hadron given ejected quark g
& ST P B / . G " dé
—é * No hard/soft energy scale separation e Xa: e; (1 —zg)|My(zp, (1 —zp)2) 3y
X e
X’ 3  Direct relationship to traditional PDFs by integrating over fractional
N e g e longitudinal nucleon momentum ¢
X 1- -
iy Toly Tl (x,0) = (1 —x)f1(x)
1= ~
tho xd( (lhi(x,) =1 —-x)g1,(x)
» Key for understanding how to separate current vs. target fragmentation
Quark polarization Quark polarization [1]
U L T U L i
c C
2 ke
Sl U | A hi S| U | a | e | it
© CFR TFR &
8 ) - 8 s
= L gz | & c L. | % | bs i
o &
> S o | Bt
z| T fir | Gt |y, b Z| T |[dilllis a1

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.094015

Separating CFR and TFR

>

’ = F | : o 1
- 0.03 ) I I
ep e "hX GE) | ep-e pX | ! éfo.
EO.027 , : :.
“So we measured a hadron ... how do we know >0.01- + TN
it came from the struck quark? Target < oi____t________j___i__ 1y I _
remmnant? —0.01; « TFR .Eo t E CFR
x-Feynman (x.) : Value between [-1,1], P g0 | fe=2
measures degree of /current SHPPYL PO PPIL R FINL T PUTVIL e )
_ 08 06 0402 0 02104 06 0.8
fragmentation I :
, : XF
o x<10° : :
Fraction of COM energy carried by the hadron in % 300 :
. . . 250} :
the direction of the virtual photon O o |
150 :
100 !
2Ph B q 50 :
LTEFp — OS5 5 06 04 0 b oz

Clear sign difference between x. <0and x_> 0 in
the beam-spin asymmetries for SIDIS protons
(What framework for in-between?)
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https://indico.cern.ch/event/1015549/contributions/4904102/attachments/2489915/4275982/hayward_ISMD_tfr_studies.pdf

Separating Resonant and Non-resonant

ep—e '7T'X X .
7T 7T
“So we measured a ¥ ... how do we know it
came from direct fragmentation? Meson decay?

Counts

Suppose: The ¢° has a large BSA
Result: The 7* from the ¢° decay are background to 0.0 0.5 1.0 1.5 2.0
our o0 =0 PDF ® FF framework

Mh (GGV)

- 0_1:_ StringSpinner, ©* L B
":w a e Final [1_1 E}l
?L 0.05F oDireclv - 5 @
fe [ qent® @ @ _ a8 Several efforts at CLAS12 look to
NI TT S .. Mery w o b Wy 5| constrain resonant and
DiosE™ - o b ol T
; o BesaE B o o nonresonant contributions by
£ SIS BN ST e S T measuring VM and/or Dihadron
107! 02 04 06 08 0204 06 08 1 .
x z P (GeV/c) asymmetries
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https://arxiv.org/pdf/2306.09360.pdf

vpP - h.h,XDihadron SIDIS Observables

o =0 Q PDF ® DiFF

% Correlations between two hadrons
fragmented from the struck quark

% More degrees of freedom — More
azimuthal modulations than 1h SIDIS

O Py, Py, 0

Hadron pair relative angular momentum allows
for new, and at times simpler couplings with
PDFs and Dihadron Fragmentation Functions

(DiFFs) than with traditional 1h SIDIS
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https://www.jlab.org/exp_prog/proposals/20/E12-09-007A_proposal.pdf

Comparing 1h and 2h SIDIS

How can dihadrons help us better interpret our SIDIS results?

Suppose we want to measure the twist-3 PDF e(x)

Single Hadron BSAs

dorpy o« C .

h-k
— i L (:L’BBHlJ_
A Mh
M

h-
S ]\/f[)T (ngJ_Dl ¥ s

1.
f1G>

9w

Dihadron BSAs

dory o [% z e(x)

+%f1(»’0)é<

(2,¢, M7)

H7(2,¢, MP)

sin ¢R
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e(x) appears over a convolution of
transverse momentum space
ok, — initial quark
o p,— final hadron
4 other PDF ® FF pairs appear

O Need g (assuming twist-3 FF’s are

small [1])

e(x) accessible without convolution
o  Quark spin couples to angular
momentum of the hadron pair
instead of p_
Run Group CF  ’s can help us measure
simultaneously measure the twist-3 DiFF
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https://arxiv.org/pdf/hep-ph/0407345.pdf

Structure Functions and Depolarization Factors @ CLAS12

%  Fixed target (CLAS, COMPASS) are do _ [1]
e . dx dy di) dz dgy, dPF |
sensitive to ALL structure functions .2 - .
ryQ? 2(1y_ £) (1 * ;_:c) {[FUU’T“F vucft V2e(1+ €) cos g Fr "
* At higher energies (EIC), only F ,F, ,
and Fur survive (¢ — 1) +ecos(20n) Fyy " + Ae v/2(1 — €) sin g, Fip™
w EIC18x275 + 8 |V2e(1 +¢) singp Fyp % + esin(2¢p) S‘“Q"’h]
1 ’ .
:(%c)) | YW
08 JLab24/HERMES EIC5x41 +S)he [v 1~ €2 Frp +v/2e(1 —¢) cosgn Fip ™"
o ©
L (0]
06 o +1S.| {Sln(%—(bs)[( Ll ¢S>)]
o
04 - JLXB‘IZ + ¢ sin(¢n + ¢s) Fy; Sln(¢h+¢5) + ¢ sin(3¢p, — ds) F ;;(3‘1"‘7"’5)
o2l © +v/2e(1 +¢) sings Fon%s + \/2e(1 + ¢) sin(2ph — ¢s) Fop2tn=9s)
0 L X=0'_3 ol +1S1| e [\/ 1 — €2 cos(¢p, — ¢5)FZ§§(¢'I_¢S) +1/2e(1 —¢) cos pg F?s
n ENn 190

Q +1/2¢(1 —¢€) cos(2¢, — ds) Fz<)Ts(2¢h—¢s)

b

Separation of FUU'L & FUU’T (as well as FUT’L and FUT’T) require measurements at different ¢

— CLAS12 Run Group K, Hall C Measurements, etc.
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https://arxiv.org/pdf/hep-ph/0611265.pdf

P

do

dx dy dvp dz dgy, dP? |

—aQ —y2 72 Cos Pp,
ryQ? 2(1 —¢) (1 * %) Fyyr +eFyy,r + v/ 26(l +€) cosdn Fyy

+ ecos(20p) Fip -2 + e v/26(1 — €) sin gy, Fogy

ing the SIDIS picture with CLAS12

The experimental programs at CLAS12
are designed to give us full access to the
SIDIS cross section

5| VIR D s B + vt
% Variety of beam energies

5 [¢1—F+ VI cos b Lo (~5-11 GeV)

+181] {sin(m — ¢s) (Fordh %9 + e P *9) % Multiple targets
+ e sin(én + 65) FERO9) 4 ¢ in(3gn — ) FRON—09) (p, d, NH,, ND,, .. )
+V/2e(1 + o) sings Fymds + v/2e(1 + ¢) sin(2¢y, — gs) Fym@on=4s) % All target spin configurations

L1511 {mcos(%_(bs)msm¢s>+mmwsFﬁ¢s (unpolarized, longitudinal, transverse)
+/2e(T —¢) cos(2gn — gs) Frp ot 9s) }

Run Group Sensitivities RG-K Any RG-A, RG-B RG-C RG-H

<
clas

15



Unpolarized Modulations of ep-e7t* ( X)

4-d measurements of the cos(¢) and cos(2¢) hadronic plane
moments of single pion SIDIS [ X, Q?, P, 2]

%  Sensitive to the Cahn Effect

o Quark k. — Unpolarized modulations

% Sensitive to the Boer Mulders Effect

o Quark k. &S — Unpolarized modulations

%  Study performs 5-D bayesian unfolding (acceptance electron scattering plane
corrections - R
) Reaction Studied: ep—~>et*(X)
d°c _
2 2 =
dydQ*dzdgndPy, 9 |CLAS12 Preliminary, RG-A T - Q2
§ SIDIS n* 8"
zp 2ma? gt 7 2l +OFp™ eii s | © Sl
B it ) FurdeRmi) { T+ L 2 g U0 g0 .
y zpyQ*2(1 - f)( d 2IB)( wur + eFou) (Fyur +€Fyu,) S (Fuur +€FyuL) oszon § . i:
Ne— pr— o
Ao ,1‘(".’{-".""' ‘4‘(“.’(’.2“’" g 0.03 Data, Bayesian Unfolding R
S — Fit A(1 + Bcos@ + Ccos2¢) 2
=2 0.02 B = 0.064(5), C= '0086(5) EQ’ pT - Z for bin 8 x - QZ :f
> i)
BOER-MULDERS S | )
L g et E e - EFFECT 0.01 &
\::3\.&““":,\.‘, o 2(P, -k B, - Pr)—ky: / ‘Uﬁ -
v T o<C|= Fos Ky ) Pr)=ky hi Hy +...| CAHN EFFECT clas .
L MM , % "0 100 150 200 250 300 350
A wist Interaction dependent [O) [deg] 7oz s oa o5 o 0T os
.v\k\)‘lg"L = —- . solante: z
\_.,L\g)}" " T S terms neglected
pe Fion «—'i/[ ( ———P";w A X H = BayPr D, +ﬂa
I £

Richard Capobianco
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Unpolarized Cross Section of ep—e7t?(X)

% Measurements of neutral pion multiplicities

o  n°yields normalized by number of DIS electrons

o ~ 0P @ 7(z,Q%) ® D" (2,Q%)

% Study integrates over the azimuthal ¢,_angle

’/T(J q 1 at/a /0
Four=C[iDy)  of" =5 (0" 0] 1)

[ Modified Standard : 141157(375) |

1 % Invariant mass fits over the
diphoton spectrum are
performed to calculate N(xz°)

. ] Y% Ongoing Work: Bayesian
Lo boaad s b b o b boss )
0 005 0.1 015 0.2 0.25 0.3 035 04

My [GeV] unfolding, ¢, modulation fits
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e'(E’)

v+ (Q°,v)

do,

l)—(g_;jl(/

| xg-Q? Bin 1: My(2)|

o 5T

4.__
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M, (2)
* Measured

MAPFF @ CT10nlo| |

NNFF ® CT10nlo

0l 2l

Marshall Scott
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https://doi.org/10.1103/PhysRevD.104.034007
https://doi.org/10.1140/epjc/s10052-017-5088-y

Multidimensional BSAs of ep-e7t( X)

% Preliminary 4-dimensional (x,Q?,z, pT)
measurements of 7+, 7°and 7~ SIDIS BSAs

o W >2[GeV] — Deep inelastic
o M, >15[GeV] — Non-exclusive (ex: ep-e7r?p)

do™ —do~

Ary(zs, Q% 2, Pr,¢) = o ide
Fsind)

V2€(1 —€) FLsing

Fcos ¢ Fcos 2¢

1+ 1/2¢e(1+€) KL cos¢ + € —FL— cos2¢

%  If Collins term only (HlJ') — hierarchy of the A /s
A, @) <A, (%) =0<A,, (7*)

%  Observed is more Sivers-like (g*), asymmetry comes from
struck u-quark
2 0y — +
A, @) <A () =A (T

i h-k M, . G+
Foing _ = el = MhT (mBer+ —thl—)
T ] ,T (a:BgJ‘Dl o —hf—) "
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Multidimensional BSAs of ep—eK( X)

% Valence region (moderate X;) measurements of Kaon F.,’S 8ive us access to...

)

* MX > 1.6 GeV — Remove exclusives

% Deep Neural Net was developed to
improve K* purity (50% — 90%) at high p

X % Sensitivity to twist-3 PDFs e(x) and

%  Assumes twist-3 FFs are small 1
(Wandzura-Wilzcek Approximation [1])

To theorists: Why do we measure stronger
asymmetries in Kaon SIDIS than Pion SIDIS?

- Contributions from the K ?

ine  2M h-k M
g =5 | =3¢ (”’Beﬂf hf1—>
+ M <£LBg Dl+]\/[h1 5
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https://arxiv.org/pdf/hep-ph/0407345.pdf

Near-exclusive 7*m’, 7*7° production

%  We can constrain/better understand the contribution of ¢°, o* decays on our
single hadron asymmetries by looking at near-exclusive (M, < 1.1 GeV) channels

R T B e ———
% Strong yet similar asymmetries :
. 0.2F
observed (both productions came [
from struck u quark) ] I
- EN ALY ERN RN R N LR R, % .
e i ] L
% p 1| e — — RGATotal ] i 0,0_— ——————————————————
- Bl RG-A p Signal+Bkg| 4 [
L I B RG-A o Bkg 4 %E :
E 20f < = —0.1 -
C - L
(O] [
> L
w 15¢ . —0.2F
5 | [ @ RGA g*n0
10 . —0.3.— W RGA 7a'm
- . e —— p————— I AP RS TS i
I 0.7 0.8 / 0.9 1.0
C ] y/
L g % Different mechanism for neutral ¢° at high z
0204 06 08 1 12 14 16 1.8 o
M, [GeV] (low |t|) — GPDs, gluon contributions

4>
CIQS°§ G.Matousek & N. Trottez10



Dihadron Production ep—ex*t7(X)

Dihadron BSAs

M;,

+ 2 @) G (26, M)

o 6 [%xem) H (2,¢, M})

|

sin ¢R

0.04

| [
LTI

0.03

T

0.02

sin(ér | )
LU

0.01 - l

0.00

_0.01 I 1 | |
0.0 0.1 0.2 0.3 0.4 0.5

X

Extraction from

CLAS12 data

*

>

% Dihadron SIDIS is a clean probe for

twist-3 PDFs such as e(x)

First point-by-point extraction of a
twist-3 PDF ever performed was
made using CLAS data (see below)

10 :
8l = [2] 1
__ 6 [ 15 e (x) at 90% CL
x .
a4 |HM e 5
© H _
2 L1 ! E T I T
e [ 1
0 _ -
ol
0.0 0.1 0.2 03 0.4 05

X

But can we do flavor separation? e¥(x)? e%(x)?

<>
clas

21


https://arxiv.org/pdf/2203.14975.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.152501

Dihadron Production ep—e7t*7t™ ( X)

X BIns " lass
e | e(x)-H class
Twist-3 Fry /Fyy Amplitudes I— 1,0T
0.0501 [1,~1) Hljur L |
t  Proton Target
0.025 4 t  Deuteron Target
:.E
= 0.0001,
= S s 0 ‘. *
o~ ¢ . N
20,025 1 y
00501 CLASI2 PRELIMINARY CLASI2 PRELIMINARY
0.0501 |2, -2 Hi 1 2,-1) Hiyr o 1121 Hi'r 2,2 Hirr
35 #
g 8.023 X . i ++ L + i ¢ 4
—— ‘. L L ]
= 0,000 * ®d ¥ } f 1
r'i.:"; . L ¢
. —0.025 : - [} K " v
—0.050 - CLAS12 PRELIMINARY CLAS12 PRELIMINARY CLAS12 PRELIMINARY CLAS12 PRELIMINARY
0.1 0.2 0.3 04 0.1 0.2 0.3 04 0.1 0.2 0.3 04 0.1 0.2 0.3 0.4
X X X X
Al6m) ApetV _ pedv grltm) Flavor decomposition of twist-3 PDFs possible
LUp X (4ze xe 1
)

|£,m)
ALu.a

with Run Group A (ep) and Run Group B (ed)

L]£,m) datasets at CLAS12

x (ze"™v + xedv) H;
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Dihadron Production ep—e7t*7t™ ( X)

w0 3 tor . . I ‘0‘
g 7T Twist-2 Fry /Fyy Amplitudes C 05’
-
S
0.0501 [1,1) Gy
, , o {  Proton Target RG-A
00 05 10 15 20 5 00251 ¢  Deuteron Target RG-B
5 %
Mh (GGV) s\ $ ‘0
005 e S . * || Clear impact from @°
~0.025 —s
] / meson (separate VMs!)
0.03 | : _0.050 1 CLAS12 PRELIMINARY A
0.02 ——— ] _ N\
S | --------- ] 0.0501 12,1) Giyr 1 12,2) \ ._ Girr
S, 0 7_.?_'7' T 7"" 777777777777777777 I 6+
Rl T L 0.025- + g - $
S 4 e .
~0.02 | = 00001 + + $
~0.03 | o | L]
S ’
~OiB: ] —0.025 - + "
—0.05 bt - : ‘ : :
e W et B _0050{ CLAS12 PRELIMINARY | CLASI2 PRELIMINARY
- 050 075 100  1.25 050 075 100 1.5
—
Spectator model.preqllctlons | M [GeV] M, [GeV]
observation of DiFF sign change in
partial wave decomposition Very interesting resonant behavior observed in

Dihadron Fragmentation Functions! (no 1h analog)
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https://arxiv.org/pdf/2003.03770.pdf

arbitrary units

Dihadron Production ep—e7t*7t?(X)

Total % Nearest-neighbor GBDT model to reduce y background
.| GBT p>0.78 cut
Traditional n° cut 4 _ ] . )
= * Negative sin(¢_) asymmetry for t-t0 — e(x) extraction
‘W PRELIMINARY % Strong positive sin(¢, ) asymmetry for st+70 — u quark
- / H byt | dominated channels (seen in 1h SIDIS frequently) )
= 1 s '
3 f] L&& % Isospin symmetries of G, DiFF observed in sin(¢, - ¢_)
B % Strong enhancement near resonant region
- OI.1 I I IO.I2 — IO.|3 III I0.|4 — 0.5 \ /
M,, [GeV]
Ll m> L|4m>
Lo H Si96 ]
sin(ér) sin(én) sin(én — dr) Sin(2én — 2dr)
0.04 : T 1 F Y T * T T : ,
0.03f i ool { { { % * * * * i i
0.02} } o 1t 1f i
[0 P S PN N A N TR N i FEPETER [ t 4
SR BT NS LT AN [ Y7 ti INS T TN TET
—-0.02} i ¢ - i 1t } % :
el I | [N O N ) I
0.4 0.16\4'1 [GZ{S/] 1.0 0.4 0.16\4h [Gg{il] 1.0 0.4 O‘;Wh [Gg\B/] 1.0 0.4 0.]6\4h [Gg{:’./] 1.0
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Preliminary Analysis: Fracture Functions

0.107 ai
/ clasyg
ep ep X o opii - Visible separation
<a¢ j ) between TFR (xz < 0)
o2 /g\ 0.00f= Yy and CFR (xp > 0)
5. AP . wrs| contributions
2 0.10 B a) & R . )
2 = -0.05 Mere e Minimal nuclear medium
> 12% Scale Systematic | |. i mOdIflcatlon
S 0.00 it g i —0.10" =
) { ] -1.0 -0.5 0.0 0.5 1.0
EE
k. -0.10F ’ 85 4P
000 | | 12% Scale Systematic] _—_— C!OS;# /// N
<16 -0.5 0.0 0.5 Lo — TFR Access to helicity
,I;F L;:—) 0.40 L ] e'pX, x>0 diStl’ibUtiOﬂ glL
T
: - 2 0.20F 4" = k20 )
No Collins mechanism <3 _ seovwem|| AL = AoSL V1 - e Fr
: in 2
in TFR > F;in ?~0 0.00/— o 2Bk Fyu,r
12% Scale Systematic
02011 1 1 1 1 |
0.1 0.2 0.3 0.4 0.5 0.6
Sinds 2(h-kp) (h-pr) —kr-pr, | | TR
Fgp7 " =C|- hi Hi
M My,

Full processing of Run Group C (longitudinally
polarized target) is underway! Expect more SIDIS
results from them soon!
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Back-to-Back Dihadrons ep—ep7t* ( X)

Single " from struck quark fragmentation (x. > 0)
Single p from target breakup (x_<0)

% Fracture Functions for the TFR
% Fragmentation Functions for the CFR

>} >) 71Lh
Ay = —v1 —¢2 Pral| Pra| Clwsily “ sl sin A¢.

mpy mo C[ﬂl Dl]

3 0.6

s il ?ngg?x Long-range correlations between current/target

= o gah breakup is more prominent in valence region
& — e

EZ By ol S Future Studies (M. McEneaney):

S T gl Correlations between TFR A’s and CFR
i | | 1 | | hadrons (7, K). Study strangeness in the already

00 01 02 03 04 05 06

under-explored fracture function formalism.

Timothy Hayward 26
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https://arxiv.org/pdf/2208.05086.pdf

Lambdas: The quark polarimeter

% Constituent Quark Model (CQM) [1]
o  Predicts s quark carries 100% of the A hyperon spin

% “Do polarized u-quarks from current fragmentation transfer their
longitudinal spin to the lambda?” — Test spin structure

f%\ZZ-F%l)(y)l)ﬁLu

~~
re Polarization of A depends on longitudinal spin-transfer
from struck quark (w/ beam pol + depolarization)
X
% Domain Adversarial GNNs developed to identify events
£ pn_InvariamMa:admmmmn as containing a A — reduction of backgrounds
8_ | Preliminary Helicity Balance D,, results
“r cosOpr, along pp  cosB,r, along py  consistent with
N Ean ooy 0.0618 £0.0963  0.118 £0.107  HERMES and
oo = _ NOMAD
: | Most precise measurement to date!

MR TR R B I L
F08 14 112 1.14 1.16 14 12 122 1.24

M, (GeV)

Clqgcﬁ M. McEneaney



https://arxiv.org/pdf/hep-ph/9302232.pdf

Summary

% High luminosity, high beam polarization fixed-target program,
pushing the frontier of valence region physics and hadronization

% Active community. Looking into many channels + multidimensional
o Capable of probing current and target fragmentation

o Broadening our interpretation of single hadron SIDIS results (ex:
higher twist effects) through dihadron/vector meson channels

% ”In the Works”/Future Experiments — Longitudinally (Run Group C)
+ Transversely polarized targets (Run Group H)

% Many more results to come soon! Stay tuned!
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vpP - h.h,XDihadron SIDIS Observables

% Traces of the fragmentation correlator produce infinite
number of dihadron fragmentation functions (DiFFs) [1]

o hlh2 produced in relative |{,m> states, interfere in amplitude —

exnax E

Di=3" 3" Prm(cosd) cos(m(dr, — ¢p)) DI"™ (2, Ma, [prl),

=0 m=—¢
Ernax e

Gr=Y_ > Pim(cos?) sin(m(dr, — ¢p)) GY"™ (2, My, |pr)),

=1 m=—4¢
eIIlaX g

Hf - Z Z Py sn(cogd) eim(or, —¢) H1¢|e,m>(2’Mh7 pTl)

=0 m=—¢

% Structure functions allow for more targeted extraction
of twist-3 PDFs like e (x)[2]

o  CLAS12 flavor separation! Proton vs. Deuteron targets

— zeV (z)

AT 3 o 4ze™V (z)

AtLW(}’Sg 3 o ze®V () + ze?V ()

>

p
clas

P, P,

\ C. Dilks

02 ———

— ;,0,}7 e g

+

T
a

P xTa [il

—T T T T "

_0_3|l|l|lnlnl.

| -

| EE O P |

0 01 02 03 04 05 06 07 08 09 1.0

z

Test theoretical modeling of
DiFFs with isospin symmetries
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https://arxiv.org/pdf/1408.5721.pdf
https://arxiv.org/pdf/2203.14975.pdf
https://arxiv.org/pdf/1709.08643.pdf

vP - h.h,XDihadron SIDIS Observables

At CLAS12 energies (£ =

2) and by integrating over the partial wave 0 one can arrive at
7 distinct modulations

2 2
sm m(opp " ) sin((1—m mMoR |
dULU x )\ [Z ( (m(én—9or, )) ( (Qbh ¢RJ_)>) 4+ Z (ALU(( )on+moér )

m=1

I\, \‘hz
hi*s, N

/

aqa,X

f, — Unpolarized Parton distribution function

G, — Dihadron fragmentation function sensitive to
the longitudinal spin of the fragmenting quark

% Has no 1h SIDIS counterpart %

% Interference of T-polarized dihadron with U,L

Q’T in amplitude %

<>
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/Sensmve to f1 ® GLM = \

)

sin((1 —m)opn + mquJ_))]

_— Twist-3
L 5 modulations

m=—2

\

q,x

1| \
/Sensmve to e ® H; [;m>

e — Twist-3 collinear PDF (transversely polarized
quarks in unpolarized proton)

H, — Dihadron fragmentation function sensitive to
the transverse spin of the fragmenting quark
% Interference of U,L,T polarized dihadron with

QL or Tin amplitude % /
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Dihadron Cross Section

(12

dory =
Illax

22,

A xyQ?

o

,YZ

ﬂ) a
l
"2

l

(1+

Pz m cos(m(pr—Pr | ))

LU, T LU,L

Py ,, cos(m
!PE m Slfl ¢h - ¢RL>) ( e ; = d)RJ-))) ]

W) 32 P14 mpn om0 rmans

Py m sin(m(én—¢r ))
ey & -

Py, sin(m(én—9or, ))
FLU,T i
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m=—/

Py sin((1—m)¢n+mor, ) | 2M |pr
gt L 2| BTl oy (- m) (9, - o)
= M, éLM,m)
X (at:eHlllZ tiuls ﬁhﬁ
z

=4,

- —T|cos( m —1)¢n + px — mey)
=T [2 cos (m(¢h = ¢p))f1G1, } !

%hLE|Z,m>>‘| .

Lm
X ng‘Dll >+ M
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Unpolarized Modulations of ep-e7t* ( X)

Measurements of the Cos@, and Cos2¢@, Moments of

the Unpolarized SIDIS 1+ Cross-section at CLAS12 e

*  Working towards the extraction of the cos(¢,) and cos(2¢,) moments of unpolarized SIDIS cross-section for charged
pions using RG-A data

* The collected statistics enable a high-precision study of these azimuthal moments which probe the Boer-Mulders function
and Cahn effect

» The high statistics data will, for the first time, enable a multidimensional analysis of both moments over a large kinematic
range of Q?, y, z, and P+.

» Current Ongoing Objectives: e e e
» Complete the switch to using Pass 2 version of data . Reaction Studied: ep>er(X)
» Introduce Radiative Effects into my Monte Carlo Simulation

» Complete the Multidimensional (5D) Unfolding Acceptance Corrections
+  Have performed up to 3D unfolding of z, P, and ¢, in different Q%-y Bins

hadronic plane

e 4 o 5 d 5. CLASI2RG-A Experimental Data ~ ' CLASIZRG-A Experimental Data | e Normalized Compnrison of Dam,
» Investigating residual modulations after corrections that might not be -8 Qrsy ¥ KX 2vsPy » Reconstructed, and Generated @
related to the cos(@,) and cos(2¢;,) moments B @y Bin: § T7F Qy Bin: 5 . z- l’ Fin: 16
The lepton-hadron Unpolarized SIDIS Cross-Section: : .
Po B :
dydQ?*dzd¢,dP?| N ‘ o
2ra? P V21 T ; 3
& Wa‘zg{é 1+ 'QL'](F"’-"T’L(FU’-‘L) 1+ (p‘( T )p(.)lv Cosgp + I7 E L‘l‘ oo )60520" - TR T TR
y zpyQ*2(l—¢)"  2zp vur + €Fpu L) (Four + €Fuu
A“ .‘l(("v);'u“ A('»(..;'Qoh 18000 n:»f l|‘-'—.l.--- dealty with: A ( I__:M +€ Comiza 0
- - Raed 2ty /“’" ™ \\ Unfold the data using Simulated and Experimental
The Boer-Mulders and Cahn effects are present in the Structure Functions: —— |2:: =I5 aitl data and fit the new distribution with the function:
nfoldet L
BOER-MULDERS (Example) 5666 A(1+ B cos ¢, + C cos 2¢y,)
eSS r o — o / - EFFECT » o r =TI Where A, B, and C will then be used to calculate the
w0 A RB B P ks b | E i s '
s oc (| =2A08L T RONL " PT T BEHE+...| CAHN EFFECT 00 A azimuthal moments from the cross-section equation
I MM, . A o le_semocswn] G
g e Intcraction d;-pm::rm 2000 ) clasy Do for every Q2-y and z-P+ bin to get A, B, and C
% 10 )62E I = 5 o terms neglecte J 3
8 P, o M (f Bk xh H - Fi'Pr op 4 - W @ me s w0 as functions of all 4 variables
. L M, M c‘
Link to latest Analysis Note: https://clas12-docdb.jlab.org/cgi-bin/DocDB/private/ShowDocument?docid=1017 C OS’
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Unpolarized Cross Section of ep—e7t?(X)

SIDIS MULTIPLICITIES

= Goal (@) z
u 5 b oadla M(z) &
—Measure neutral pion multiplicities =
do" da 2’8 a0 :
2 2 dxd 2 ) 2 =
dzdQ?*dzdp?, Q =) %x £
— Related to the non-perturbative proton ~ -
. z L b
structure, i.e., PDFs and FFs 9
z HERMES Collaboration
§< 14
o™ ~ "% ® f(2,Q%) ® D (2, Q%) g

| R ..
Y |
08 1 % 1 1

https://doi.org/10.1007/s100520100765

— Connected to charged pion multiplicities - &
prla _ 1 (D;f*/q " Df‘/q) o PR
2 0.2 03 04 0.5 0.6 0.7 0.8 09
(D ENERGY /st JefferSon Lab 3 M. B. C. Scott Argonne &

NATIOMAL LABORAIORY
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Unpolarized Cross Section of ep—e7t?(X)

None : 141157(375) [ Modified Standard : 141157(375) |
x

SELECTION CUTS FOR NEUTRAL PIONS

= 119 candidates are reconstructed from photon
pairs.

» The resulting invariant mass distribution
shows a characteristic peak around the 1°

mass of 0.135 GeV. R R R o 0 6
= Cuts
— Xz > 0 [x = 2P,/ \s] : current fragmentation ~ §* '

region A
-M,>15GeV[M,=|q+P-P,|]] : remove
exclusive events

—a,, > 6°Exp(1 - p,) + 0.5 deg : background 10
removal
6
n3 [GeV] 73 [GeV]
@ENERGY I JefferSon Lab 8 M. B. C. Scott Argonne &
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Exclusive Measurements off Proton (RG-A)

% How do we know our 7~ comes from struck d quark? ... Exclusive ep—e7r A" | %

bin 2 (Q% = 2.11 GeV?, (x,) = 0.28)

0.2;"'!‘"!"'l"‘l"'l"'l"‘{_:
0.1 54 % +* + * + + +1
031_—_ k
o k J
© [ ]
Sogtl [ [ [ 1[0
o ]
b"—02_— } ; .
B ‘n’AH’ ]
—0.3__ * + } ATt n -

i en’p
B UL ¥ e B Y P R T
0 02040608 1 1214

1] -t [GeV?

<>
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Observe nearly

o # [—vesw.catan  Very clean polarized d probe, can
+] ...... excl. MC . ..

suof-— - H — be compared with similar baryon
ST ) resonances (bottom left)

200 .I‘J i 4L i | . -

w0 g h >

1.0 12 14 16 18 Vo

M e+ [GeV]

the BSA for struck d than struck u

Need to turn to transition GPDs for explanation

Positive BSAs for struck u channels is a hallmark in several
other SIDIS analyses...

s'A* — Struck longitudinally polarized d guark
7 'n — Struck longitudinally polarized u guark
7#°p — Struck longitudinally polarized u/d quark

Stefan Diehl


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.021901

Exclusive ¢°, o* production

% DVCS only sensitive to chiral-even GPDs — DVMP a probe for T. polarized quarks

o d*o

- cos 2¢ cos ¢ ,
T(Q2, 75, E) dQ%dz gdtdd = 09 [1 + Apr "7 cos2¢ + Apr” cos ¢ + . smqb]

Asmdve sl = /1 oo (MLLF_Q)
1€&—x—ie V2 8v/2 =
[2] 1 dr Fu)| —|pd)|  [3pu-) — 3pd(-)
: /_1 £ — 1z —ic ( 2 g 2 ) :
1 dx Fu()| —|pe+)|  BFu(-) — g3pd(-)
/_1 §—x—ie ( 2 - 2 ) '

® Isospin symmetries let us build ratios between vector meson amplitudes in terms of

the generalized parton distributions (within F¥/&’s)

e In combination with the ratios for ¢° : ®, one can decouple the 4 separate U H X 5T

components... F**) fd®) pe pul) _ pdt)

e  Gives prediction of relative multiplicities (assuming F" =2 F9) [&1 E < i &

o do(p®) / do(w) ~ 25/9

o do(p*)/do(p <1 ALUN[HTE—ETH] -
T | E | x |Hp,Hp

31st International Workshop on Deep Inelastic Scattering (DIS 2024)
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https://www.sciencedirect.com/science/article/pii/S0920563211008218?via%3Dihub
https://arxiv.org/abs/hep-ph/0307382
https://www.jlab.org/Hall-B/general/thesis/BClary_thesis.pdf

Exclusive ¢°, o* production

S\ ||||||| LI I L L L L L LB ) LA
(O] T F—— RG-A Total I
2 b -
s § Il RG-A p” Signal+Bkg| 1
= 20k [ RG-A p" Bkg
& =
= -
[0 & 4
> L -
[ Gttt (- |

101~

&

i i .
02704706 08 1 12 14 16 1.8

M, [GeV]
§ ™

<
clas

Sideband subtraction utilized to isolate the beam spin

asymmetries of the resonance (0°, o)

+clos°‘

ep — e'pt/°X

T
4

025:%: |

3
g !
s :
S —orf A\ i ]
—0.2:" = 1 S -
[ W RG-A Exclusive p* + ,_é_.

—0.3 i "  RG-A Exclusive p°

production (o, W, ¢, 7° ...)
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Y CLAS can measure all final state in exclusive
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Run Group C @ CLAS12

* Polarized fixed target experiment (June 2022 — March 2023)
o Dynamically polarized NH, (proton) and ND, (deuteron) targets
o Calibration targets C, CHzand CD,
o ~27mC combined polarized target data @ 85% e polarization (10.5 GeV)
o  Target raster, live-NMR, 2/6 RICH sectors

Physics Goals w

DIS inclusive and flavor-tagged spin structure functions

Semi-inclusive DIS (SIDIS) to access Transverse

e )
Momentum Distributions (TMDs), dihadron production e @

and backward baryon production

Deeply Virtual Compton Scattering (DVCS) & Timelike f
Compton Scattering (TCS) to access Generalized Parton  Polarization
Distributions (GPDs) - Measure target single and configurable run-by-run

beam/target double spin asymmetries in proton and
neutron DVCS.
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