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Thomas Jefferson National Accelerator Facility

Continuous Electron Beam Accelerator Facility (CEBAF) is located in
Newport News, VA.

Four experimental halls (A, B, C
and D) receive a recently upgraded
12 GeV electron beam. CEBAF AT JEFFERSON LAB

Race track design with parallel

north and south linear accelerators
that pass the beam up to five
times.

CLAS12 located in Hall B.




CLAS12 (Hall B) Physics Program

* International collaboration with more
than 40 member institutions and 200
full members.

« CLAS(12) is the world’s only large
acceptance and high luminosity
spectrometer for fixed target lepton
scattering experiments.

Stony Brook University News, August 2017

1. Study of the nucleon resonance structure at photon virtualities from 2.0 to 12 GeV?

2.  Study of Generalized Parton Distributions (GPDs), (2 +1) D imaging of the proton and the study
of its gravitational and mechanical structure.

3.  Study of the Transverse Momentum Dependence (TMDs) and the of 3D structure in momentum

space.

Study of J/y Photoproduction, LHCb Pentaquarks and Timelike Compton Scattering.

Study of meson spectroscopy in search of hybrid mesons

Much more!
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CLAS12 Spectrometer

Overview

Beamline
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V. Burkert et al., Nucl. Instrum. Meth. A 959 (2020) 163419

CLAS12: very high luminosity, wide acceptance, low Q2 (higher twist measurements)
Began data taking in Spring 2018 — many “run periods” now available.

Data from Fall 2018 (Spring 2019) - 10.6 (10.2) GeV electron beam, longitudinally polarized beam,
liquid H, target.
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A Constructivist View of the Nucleon

Wigner distributions

/?nyéarazir)

“phase space” distributions
of partons in a nucleon

Longitudinal momentum

fraction carried
by struck parton

/

A

/

Trahsverse
position

br: transverse
position, a.k.a.
impact parameter

partons

)
x: longitudinal . °

momentum

Transverse momentum

A. Bacchettal




Generalized Parton Distributions

Wigner Function, p(z, kr, br):
Full phase space parton distribution of the nucleon

g ) é Generalized Transverse Momentum Distributions

GTMD(z, k., A)

Charge R S fkoL

C. Lorce et al., JHEP 05, 041, (2011), [hep:ph] 1102.4704
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Generalized Parton Distributions
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Generalized Parton Distributions

* Relate the transverse position of partons to the
longitudinal momentum

* Measured in: deep exclusive reactions (DVCS,
DVMP, TCS, etc.)

UCONN

nucleon pol.

Wigner Function, p(z, kr, br):
Full phase space parton distribution of the nucleon

g é Generalized Transverse Momentum Distributions

quark pol.
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DVCS and TCS

Deeply Virtual Compton
Scattering (DVCS)

>

N(P) N(P’)

+ Clean process

- Only sensitive to chiral even GPDs

UCONN

DVCS

PN

BH
I

M? = |[Mpycs + Mga|? = [Mpves|? + Myl +T

Normal strategy to measure the interference term.
With multiple measurements at different energies, we
can perform a Rosenbluth separation to access things
like the shear and pressure of the nucleon through the
CFFs.
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test the university of GPDs.

> 0.6
0.5
04
0.3
0.2
0.1

0

-0.1

-0.2

-0.3

E First ever TCS measurement

= +-DATA []Tot. Syst.

= -+ BH - GK

T ¢ ¢

01 02 03 04 05 06 07 08
-t (GeV?)
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Deeply Virtual Meson Production

Deeply Virtual Meson
Production (DVMP)

GPD

™~

N(P) B(P’)

Hy, Hy, Ep, E;
+ Enables Flavour decomposition of GPDs

+ Access to transversity degrees of freedom
described by chiral-odd GPDs

- Distribution Amplitude (DA) is involved
as additional soft non pert. quantity

UCONN

Meson Flavor « DVMP offers access to the chiral odd GPDs
all Au— Ad with separate psueodscalar and vector meson
Hrfr | a0 28u + Ad measurements providing information on the
n | 28u—Ad+2as flavor dependence.
Pt u—d » Chiral odd GPDs provide access to information
H.E P 2u +d on proton anomalous tensor magnetic moment,
w 2u—d proton tensor charge and more.
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Ongoing CLAS12 analysis of 19, 11*, n, p, w, @, N — A transition GPDs...
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Transition GPDs

ep — eAT T S epntT \

» The doubly positive ptr* final state can only be populated by A-resonances.

» Large gap between A(1232) and the higher resonances.

¢ The required constraints on non-diagonal DVCS other non-diagonal DVMP channels
-t and detection of many final y*p—>N*y > p mesony ep—>eNn' —e(pr)m’
state particles makes Exo s 8 eprr andres
CLAS12 and ideal place to S Prelyy: A

. e g . 200f 3rdres -
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+ Clearly negative asymmetry (consequence of d-quark?) with magnitude larger than exclusive 1.
UCONN « First “clean” access to p-A transition GPDs. .



Form Factors

Wigner Function, p(z, kr, br):
Full phase space parton distribution of the nucleon

g é Generalized Transverse Momentum Distributions

7~ Proton Neutron
dzk by [fm] by [fm] ,—1—\
zf !
: T Unpolarized
Generalized Parton Distributions —05 05
\ -15 -15
-1.5-1-050 0.5 1 1.5 b —I<10500511b“
fdx b, (fm] b, [fim
-].$

= by [fm] i b, [fm]

elastic scattering -15-1-050 05 1 15 ~15-1-050 03

U E U N N C. E. Carlson and M. Vanderhaegen, Eur.Phys.J.A 41, (2009), [nep:ph] 0807.4537 12



Transverse Momentum Distributions

Wigner Function, p(z, kr, br):
Full phase space parton distribution of the nucleon

é Generalized Transverse Momentum Distributions @
, N 3
4.0 f d’b, @

1.0

051 3.0 P
§ oo 25 Transverse Momentum Distributions
= V1 2.0
= 1.5
> 10  Relate the transverse momentum of partons to

the longitudinal momentum
* Measured in: semi-inclusive DIS, jets, Drell-Yann
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U E D N N A. Bacchetta et al., Phys. Lett. B. 827 (2022), 136961, [hep-ph] 2004.14278
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Single Hadron Production

twist-3 t-odd PDF Boer-Mulders

hadronic plane

twii3 pdf unpolarized PDF
A . \ ~ o
: 2M h-kr M, |G+ h - pr Mp—F \
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z—axis;>
Collins FF twist-3 FF unpolarized FF  twist-3 FF
A. Bacchetta et al., JHEP 0702, 093 (2007). electron scattering plane
First high-precision multidimensional study: important for constraints of PDFs.
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S. Diehl et al., Phys. Rev. Lett.,

128, 062005, (2022), [hep:ex] 2101.03544
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Collinear Dihadron Production

twist-3 pdf unpolarized pdf
S o Y
sin R 0 M 1 =
FLUquL = —x Sén A rel () H; (2, cos 0, My)| + = f1(x)G(z,cos 8, My,)

<
/ X
“Interference Fragmentation Function” twist-3 FF

A. Bacchetta and M. Radici, Phys Rev. D., 67, 094002, (2003). hep:ex/021300

First measurement of dihadron A_, first extraction of e(x)

* |FF measured at Belle combined with F, from CLAS12

+  Twist-3 PDF (quark gluon correlations)

* Related to quark contributions to nucleon mass

ha » 1 force on L polarized quarks in a unpolarized nucleon (similar to Boer-Mulders)

h1
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T.B. Hayward et al., Phys. Rev. Lett., 126, 152501, (2021), [hep:ex] 2101.04842 A. Courtoy etal., Phys. Rev. D., 106, 014027, (2022), [hep:ph] 2203.14975
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« Dihadron studies allow for the existence of
FFs with no single hadron analog.

* Gyt describes the azimuthal dependence of
an unpolarized hadron pair on the helicity of

/

the struck quark.
* First ever observation.

Vector Meson Contributions

“clasdis” MC
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Spin-azimuthal correlations in
hadron pair production are very
significant.

Hadron pairs in SIDIS (from JLab
to LHC) are dominated by VM
decays (therefore single hadron

channel too). - -
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T.B. Hayward et al., Phys. Rev. Lett., 126, 152501, (2021), hep:ex/2101.04842
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Fracture Functions

q q

In addition to the CFR, hadrons also form from the left-over target remnant (TFR)
whose partonic structure is defined by “fracture functions™-2: the probability for
the target remnant to form a certain hadron given a particular ejected quark.

doTFR do

drpdydz - Zei (1 —xp)Mu(zp, (1 - xB)z) @

1. L. Trentadue and G. Veneziano, Phys. Lett. B323 (1994) 201, - N P, S I P, S
2. M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214 > " i H I
3. TFR/CFR Fig. from EIC Yellow Report, (2021) [physics.ins-det] 2103.05419 6003; CIOS§ . + + . M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
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H. Avakian, T.B. Hayward et al., Phys. Rev. Lett., (Manuscript under review), (2022), hep:ex/2208.05086 1 7



Mapping the Q? dependence

+ SSAs in single hadron production are twist-3 (M/Q suppression).
+  "Twist 3" asymmetries not behaving as expected at EMC, COMPASS,

CLAS12, etc.
»  Proper interpretation of the Q? dependence is crucial for our understanding

of the underlying dynamics.
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Observing the expected Q2
behavior for subleading
twist objects may require
high precision
multidimensional bins... or
maybe our theory is wrong.

2 3 4 5

Q2

Only about 1/3(1/6) of statistics collected(approved) on H, with CLAS12!
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Parton Distribution Functions

Wigner Function, p(z, kr, br):
Full phase space parton distribution of the nucleon

g ) é Generalized Transverse Momentum Distributions

N '
A. Accall'di etal., Phyf. Rev. D. 11,‘114017 (‘2016), [}:ep-ph 1‘602.031.’:4] fd sz * Deep Inelastlc
S\ Scattering (DIS)

Transverse Momentum Distributions (TMDs)

/
d’k,
y /

Parton Distribution Functions (PDFs)

0% 10° 102 01 03 05 0.7 09

UCONN *

19



Inclusive Electron Cross Section

Preliminary results on inclusive electron scattering cross sections are available from CLAS12 in the
kinematic range of 1.18 <W < 2.50 GeV and 2.6 < Q? < 9.0 GeV? and show agreement with world data in

overlapping Q? regions to with 20%.

First data with broad coverage in W over the entire resonance region up to Q? = 9.0 GeV? where the
transition from quark-gluon confinement toward pQCD is expected to take place.
Inclusive electron scattering data from CLAS12 and the evaluated resonant/non-resonant contributions will
be important in order to gain insight into the ground state nucleon PDF at large values of x in the

resonance region.
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Conclusions

« CLAS12 at JLab is ideally suited for a wide range of studies sensitive to
nucleonic structure due to its high luminosity and nearly 41T coverage.

« Three publications in the first year with unpolarized H, data, two of which
produced first time measurements.

« Entering the second phase of running with many different measurements
(asymmetries and cross sections), different energies, different targets, etc.

Thank you!

<.
class
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Twist-3 TMD/PDF e(x)

Twist-3 PDFs in the Bag Model

* Insight into largely unexplored quark-gluon e —
i - hy "(x)

correlations. —

« [ e(x)dx> related to the strangeness content
of the nucleon and the contributions from
finite quark masses.

R. L. Jaffe and X.-D. Ji, Nucl. Phys. B., vol 35, pp 527-560, 1990.

« [ xe(x)dx>> proportional to the number of i |
valence quarks in the nucleus. SRl el at Dl=a G ®

T T T
R. Jakob et al., Nucl.

« [ x%e(x)dx > L force on L polarized quarks .|aeaee=»s | us| om
in a unpolarized nucleon (similar to Boer- o A
Mulders) _ | or

« Although the PDF e(x) has been studied
extensively in models, direct experimental
access has remained relatively scarce.

(=R

C. Cebulla etal.,
Acta. Phys. Polon.
B., vol 39, pp. 609-

0.05 640, 2008.

co oz o4 0808 0 0 02 04 06 08 x
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Access to a rich phenomenology

Twist 2:
Twist 3:

Twist 2:
Twist 3:

Twist 3:

Twist 3:

Twist 3:

Sin(ngh — 2¢RJ_)
sin(—¢h + 2¢R¢)

> f1(@ )®G1TT
»e(r) @ Hi 7

> fi(x) ® (G OT+G1LT)

1
> e(r) ® (H, or + Hipr)

Sin(¢h — ¢RL)
Sin ¢RJ_

sin ¢h

Sin(2¢h — ¢RJ_)

>e(r) ® (Hil:OO + H1 or + Hj LL)

> e(x )®(H1J_OT+H1LT)

Siﬂ(3¢h — 2¢R¢)

24
0, 114027 (2014)



Polarized target measurements

UCONN

twist-3 pdf unpolarized pdf
= . e ¥
sin 0| M 1 =
FLU(]SRJ_ — _xRSCIQH lExeq(x)qu(z,COS 6, Mp,) + ;ff(x)lG(z, cos 6, Mh)]

— twist-3 FF

“Interference Fragmentation Function”

Magnitude of G is significantly smaller than H* in model calculations.

Ratio of A /Ay measurement should not depend on z or the pair mass if
the contributions from G are negligible.

M ~
A  wet (@) H (2, ME) + 3 F@)G(z M)

M ~
Ay, oc ohy (2) Hi (2, M})) + 91 ()G (2, M)

Ultimately a problem for theorists... the measurement is required in order to
access e(x) in either case.
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Potential Ambiguities

d TFR 2042 yz
1—y+ .
dzgdyd( d®P,  dgs Q% { ( T ) [P = z “'ufT( 5, ¢, Ph))
. P
< et fien. . PR - 12 P2 it

( BaC?PiL) Sin(¢h - ¢S)]\
+)\ly (1— y)Zez [S“ lAlL (IB,C,P?LJ_)

+ |SJ_|| h:' l (zB,¢, P3)) COS(%-%)]

M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214

sin(¢p— h kJ_
i }[ o 1D

cos(pn—¢ |PhL| J
[FLT( " S)]TFR - Xa:ei A, iz (25,6, Pi)

The same azimuthal asymmetries can <l [FEr )] . =¢C lhka air D1]
appear in both the CFR and TFR -0 -
complicating their interpretation... ‘AL
( ... SiXx more azimuthal asymmetries
appear in the CFR at leading twist

which are absent in the TFR.
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Cateqorizing

Fracture Functions

« At leading twist fracture functions exist that can be organized into tables of
quark and nucleon polarizations just like the more familiar PDFs.
» Access to both k; and pr effects gives 2 x 8 = 16 FrFs.

Quark polarization

Quark polarization

UCONN

U L T U L T
5 5
“— “—
Q] ®© ~ ~ PUTEEDN
N| U J1 hi N| U (U R
(_T, CFR TFR c_’E
2 ‘ "2
= L gL | higp < L | a7 | b |fefi
@ Q
O O .
S L n -] h -1 | ~ tlTatlllél“
Z T JiT g1t |hy, hip z T uyp, Ui Ly, L FLL 7Lh
17 s 1T

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132



Analogs to PDFs

0 etal., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214

. Agirect relationship exists to the gight leading 2(1 — x) — Eh/E =
twist PDFs after the fracture functions are
integrated over the fractional longitudinal nucleon > / dCMy(xp)(xp, k% ,¢) = (1 — xp) fo(xp, k%)
momentum. h
Quark polarization Quark polarization
U L T U L T
C c
2 O
Nl U | N hi Sl U | an | th | i
S ( Boer-Mulders analog % |
g g
c L gL | higp c| L | af | he |Hts
8 etc. etc. 8
S S b,
Z| T Lo o |ha, b Z| T |apab |, is]
fllT b Sivers analog T ul,T 1T AT gLy Lh
M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
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Single hadron limitations

» FrFs describing transversely polarized quarks are chiral odd and inaccessible in TFR single hadron

production where there is no access to a chiral odd FF.

* Functions with double superscripts containing h and L have give the unique possibility of
measuring longitudinal polarized quarks in unpolarized nucleons (and vice versa) but disappear
after integration over either momentum.

Quark polarization

Quark polarization

UCONN

U L T U L T

5 5

) )

Q] ®© ~ ~ A A

N| U J1 hi N| U (G 1" \ iy, 6

(_T; CER TF‘R c_’E

o) > > O

o Qo “ IO

c| L gL | hig c| L a7 | Lo [t

3 3

(_5) 1 1 g “hoo~L|tn gL fur, iz

Z T JiT g1t |h1, hip z T |alp.air U, lir Ll 7Lh
17 > 1T

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
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Extension to (collinear) twist-3

« Twist-3 fracture functions defined through quark-quark, quark-gluon and pure
gluonic correlators.

dA —izAPt
[ e

1
2N, P+

X

[(’)’L ) PhJ—)ijﬂ’

;h('r7 é-a PhJ_) +

Z (ha | (An)LE(An) [hs(Ph), X)(X, hp(Ph)|£a(0)%:(0)] ha)

(’75’7J_ : phJ-)ile;_h(xa ga Ph_L)

PhL)ij’&zLLh(x, &, Pr1)

+ (7L PhL)iJlAé_IfL(xafaphJ_) +oe

K.B. Chen, J.B. Ma, X.B. Tong (Private- correspondence)
c.f. JHEP, vol 11 (2021), [hep-ph] 2108.13582

Already accessible with data
collected at CLAS12.
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1 v L T
N
U | [-h
L| 4 | ls
T ﬁilzT’ af_T lA’fT’ lAf_T
Twist-2

twist—3, U,L—target

Additional contributions from quark and
quark-gluon correlators with transverse
momentum derivatives...

U L T

~1h 7Lh
Uy ly

~ 1 h T1h
L Uusr, by

~1/h ~1h|7_ 7Llh
Uyp", Uy |1, o

Collinear twist-3
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Twist-3 Observables

/ %e_mm > (ha [ () LL (W) A (Pr), X)(X, hi(Ph)|La(0)3:(0)| ha)

twist—3, U,L—target

- Target-spin Asymmetry

1 V A
“oN. P+ {(’Vl ' Phl)z‘j“%h(w,f, Py )+ (7L PhJ_) 2 (z, €, Pry) .
; A S 2¢(1 2 Fsm bn .
St ~ 1h iTh UL X Sp/2€(1 + €2) UL singp
+ IN.P+ |:(’YJ—'PhJ-)ijUZL(xaEaPhJ_)+(’Y5’YJ_'PhJ_)ij 2L (LE f PhJ_) _|_...,
oS Ph ,&J_h N Fsin ®n ~ ZLh 4+ .. oS bn - ZJ_h 4
uUu 2 y LU 2 , I 57

Beam-spin Asymmetry / do
__A cos ¢ cos 2¢
dedyd{dP2ddn =6y | Fuur +eFuu,n +/2e(1 +e)F ;" cos dp |+ eFpp, “" cos(2n)+

2 sin ¢p, - -
Apy oc Spy/2€(1 — ¢ )FLU sin ¢, Aev/2e(1 — 5)F215¢h sin ¢p H Sp\/2e(1 +¢) Fsmd)h sin ¢p+
MNeSLV 1 —e2Frp + MSpv/2e(1 —e)Fr T P cos dp |+ SLEF(S;Ewh sin(2¢y,)

In the TFR the sin(2¢) and cos(2¢) modulations appear at twist-4 because there are no appropriate FrFs to
generate the correct tensor structure.
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A, — The Best of Both Worlds
do QWOUZ [FUUT—I—)\SL’\/l—é‘QFLL}

dwdydCdP2 M. Ansel al., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214
Fyur < i1 (z,¢, Pr) = [ d*kpily
At leading twist for the case of a longitudinally < UuU, ( y Ca T)

polarized target and a single hadron produced in ~ 5 5 ~
Frp oclip(z,¢, Pr) = | d°krlig

the TFR, only two terms appear:
J.J. Ethier et al., Physi Eev. Lett., 119, (2017), [hep:ph 1705.05889] mFLL
: T Double Spin Asymmetry: Arr, = A\¢SL
, )

Fou T

1. Single hadron — Highest statistics
2. Leading twist — Simple interpretation
3. Linked to g1 — easiest test of FrF prediction

1 T~

Cd¢ | d*Prlyy, = (1 — ) g1z (2, k%)
> [ cac [ apeh = (=D
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Attempts to understand Q?-dependence of HT d'— T—

EMC 02} i e Ccos w)il:(y)(W’>-Z:SSeV’ |
——— o <cos2¢ >/ fhly)
o1 T } l 1
0 .__g.i_..._.;-%-;_-.;-a\-__
ol o Th—
ACos ¢ {
UU -02
03 k b
3 5 10 20 50 100
Q? [GeV?
COMPASS .
COMPASS preliminary
i 0,008 < x <0013 0013 <x <0.020 0020 < x <0032
S| RSP S ——— - R Rt
< . " & ; ¢
N | o o} % :
~005 ¢ A
¢
-0.1
. 0032 < x <0050 0,050 < x <0.080 0.080 < x <0.130
S ool b
:*E, 0 2 " 4
005 4 ¢ + 4
} 4
0.1+ )

1

5 10 1
0?2 (GeVic)?

5 lq 1 9 10
07 (GeVle)* 0?2 (GeVlc)?

CLAS12(preliminary) i

in L018<X<026  026<x< 035  035<x<05
bind

bin5 - |

bin6 -

The ratios of SFs (to Fyy) are not decreasing with Q!!!
The HT observables, don’t look much like HT observables, something missing in understanding

Understanding of these behavior can be a key to understanding of other inconsistencies

.!effe:?son Lab
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etc
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Kinematic Suppression at EIC
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At the premier EIC luminosity of
10x275 many observables are
heavily suppressed.
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