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Ll Longitudinally Polarized Electron Beam
* Energy = 10.2-10.6 GeV
* Polarization = 86-89%

i Fixed Targets (H, ?H, NH,, ...)
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Beam Spin Asymmetry - e(x) Constraints
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+ Extraction of H, = from Belle Data w4001 |

Measurement of A

= A%r&@% sin gbR -+ ASLir[l]th sin ¢h + ...
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https://inspirehep.net/literature/1087224
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Beam Spin Asymmetry Measurements . Clas
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arXiv: 1405.7659 [hep-ph] JHEP 01 (2015) 103


https://inspirehep.net/literature/1326917
https://arxiv.org/abs/1405.7659
https://inspirehep.net/literature/1300242
https://inspirehep.net/literature/1327125

Beam Spin Asymmetry Measurements
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https://inspirehep.net/literature/1823746
https://inspirehep.net/literature/1840682

Beam Spin Asymmetry Measurements
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Twist-3 PDF Interpretations

e(x)

h, ()
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< 1°* moment - pion-nucleon o term, representing
the contribution to the nucleon mass from the
finite quark masses

& 2" moment - proportional to quark mass and
number of valence quarks

& 3" moment - transverse polarization
dependence of the transverse color-Lorentz force
experienced by a struck quark, in an unpolarized
nucleon

& Accessible via Target Spin Asymmetries
* CLASI12 longitudinally polarized target

¢ 3” moment - “Average longitudinal gradient of
the transverse force that acts on transversely

polarized [struck] quark”
— M. Abdallah and M. Burkardt

Phys.Rev.D 94 (2016) 9, 094040
Phys.Rev.D 66 (2002) 114005
Nucl.Phys.B 461 (1996) 197-237

Efremov and Schweitzer, JHEP 0308 (2003) 006
Courtoy, arXiv:1405.7659
Burkardt, Phys.Rev. D88 (2013) 114502

C. Dilks
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Twist-3 PDFs in the Bag Model

-1.0

L Il
0.0 0.2 04

1
0.6

OI.S 1.0 9

Jaffe and Ji, Nucl.Phys. B375 (1992) 527-560




Accessing Flavor Dependence of e(x) cl Qg,ﬁ

Different targets — flavor dependence

Proton Target AEW[}?; S o dxe'V (x) — ze®V (z)

Deuteron Target (d) AEW(}SE 3 x xe’V (ZIZ‘) —+ ZIJGdV (ZIJ)

2 equations and 2 unknowns: decouple flavor dependence of e(x) - |euv (w) and e%v (:B)|

CLAS12 data taken 2018-2020

C. Dilks 10
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e(x) Model Predictions . claS8

e''(x) @) elx) (b)

il Several model predictions available BN B B I e e e ML

4 SpeCEGIOT """ — 4 spectator """ —

LI Some differences, but mind the scale: xXQSM —— YQSM ——1
 Bag: 0.4 GeV 3 ]

e Spectator: 0.5 GeV

w
LI LI B

2 E 2 E
+ XQSM: 0.6 GeV : 7\ :
i eY(x) and e?(x) significant for x<0.5 1 E 1 - k E
| | 0 : 0 —— =
Light-Front Constituent Quark Model P ST S T S i M R
u d 0 0.5 X 0 0.5 X
e (X) € (X) Bag Model: Nucl.Phys.B 375 (1992) 527-560
8 4 Nucl.Phys.B 497 (1997) 415-434
Spectator Model: Nucl.Phys.A 626 (1997) 937-965
Chiral Quark Soliton Model (xQSM): Acta Phys.Polon.B 39 (2008) 609-640
2|
JHEP 01 (2015) 103
. : Solid: LFCQM model
Eha N Dot-Dashed: spectator model
0 ~ = S Dashed: bag model
. = 11
0 0.5 X * Relatively larger magnitude

partly due to mass effects


https://inspirehep.net/literature/319871
https://inspirehep.net/literature/442239
https://inspirehep.net/literature/764352
https://inspirehep.net/literature/425110
https://inspirehep.net/literature/1326917
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Structure Function o« PDF & DiFF

C. Dilks 12



Dihadron Fragmentation Functions (DiFFs)

Twist 2

_ hl
Dl — .( h2

_ hi ' hi
G = h2 k h2

_ h1 hl
= h2 ~ h2

(notation):

G =Gy

Hl — {H1J_7 H1<I}
C. Dilks

Twist 3
D+ G+
| E
small ?

see, for example,
PoS DIS2014 (2014) 231
Phys.Rev.D 99 (2019) 5, 054003

arXiv: 1405.7659 [hep-ph]
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https://inspirehep.net/literature/1327125
https://inspirehep.net/literature/1721076
https://arxiv.org/abs/1405.7659

Accessing Flavor Dependence of DiFFs

D111J/7r+7r_ _ Df/ﬂ'+7r_ _ Dii/ﬂ— T _ D’il/ﬂ'+7r_
G?11,/7T+7T_ _ Gcli/WJrﬂ'_ _ G;l/ﬂ' T Gftli/ﬂ+7r_

H;L/T(—i_ﬂ'_ _ Hil_/w"_'rr_ _ _H;l/w"_w_ _ _Hf/ﬂ+7r_

C. Dilks
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Accessing Flavor Dependence of DiFFs
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https://inspirehep.net/literature/1610321

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

Full Dihadron Cross Section
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Twist 2 Twist 3
Target Polarization
Target Polarization
U L T

- n n U L T
.g U fiDy hip Hy JirDh _ _ .
g h%Hl glLGl ngGl c U hHl le~ hLHl glLCi fTDl hla;
c_z hyH, o fiDl th ffDl hliLH hrH, q17G
Z har -E hi i firD
1+ ~
§ L f1Gh 91Dy girD1 E f%Dl hf_TH
firGh g L eH, fiG erHy gD grD; hE
0 g*Dy htE | gtDy iy E | erHy girD
Q%Hl fllTG
g=Dy hi E

C. Dilks
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Full Dihadron Cross Section . ClaSH

Twist 2 Twist 3

Target Polarization

Target Polarization
U L T
U L T

S U| AD Wiy | fEDy ] ] ]
g h%Hl glLGl ngGl U hHl le~ hLHl glLCi fTDl hla;
<_§ hy H, § fADy hiH | fiDy b H | heHy girG
Z hiz Hi S heHy firD
— 6 ~
§ L J1G1 g1 D1 girD1 E f%Dl h’f_TH
firGh El L eH, f[HG et Hy gD grDy hE
0 Dy hiE gtDi ki E erHy girD
‘ » 2018-2020 exH, fiG
clas;

C. Dilks 18



Full Dihadron Cross Section

<>,
. Clasg

Twist 2
Target Polarization
U I, T
S U| AD B Hy\ | fEDy
_g hi H, n1.Gh qirGh
8 hiH,
g | L
g hir Hy
o L J1G1 g1 D1 girD1
firGi
* 2018-2020

-
clasg”

C. Dilks

Beam Polarization

Target Polarization

Twist 3

u L T
hH, le Jir, Hy 911,6Y frDh hﬂqr
fAD, hiH fiDy hip B hrHy gi7G

heH, fizD
f&Dy hi H

eH, [LG
LD, hiE

erH, glLD
QfDl hllLE

grDy hE
erty girD
Q%Hl fllTG
97D hllTE

19
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Full Dihadron Cross Section . ClaSH

Twist 2 Twist 3

Target Polarization

Target Polarization

U T, T
. - A\ U L /TN
2 U J1iDs hipHi firDi _ _ / \
g h%Hl glLGl ngGl hHl le~ hLHl glLC’j fTDl hla;
g | bty S| | D WH | [EDy WyE | heH) g
Z hiz Hi S heHy firD
— cc ~
§ L f1Gh 91Dy girD1 E f%Dl h’f_TH
firGh g eH, fiG erHy gD grD; hE
o C% lDl hlLE QfDl hllLE erH 913"D
‘b e 2018-2020 Q%Hl fllTG
clasy i

* Future (=
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Full Dihadron Cross Section . ClaSH

Twist 2 Twist 3

Target Polarization

Target Polarization

U T, T
. - A\ U L /TN
2 U JiDs hipHi firDi < _ / \
g hi‘H] glLGl ngGl hHl le~ hLHl glLC’j fTDl hla;
c_§ hiH, S D, Wil | /fiDy hEE | heH, girG
Z hiz Hi S heHy firD
— cc ~
§ L f1Gh 91Dy girD1 E f%Dl h’f_TH
firGh g eH, fHG erHy gD grD; hE
o C% lDl hlLE QfDl hllLE erH 913"D
‘b e 2018-2020 Q%Hl fllTé
clasy i

* Future (=

C. Dilks ~—"1
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Partial Wave Expansion
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Unpolarized (U) Transverse (T) or

polarization

© DiFFs expand on a basis of spherical harmonics b £
@ Angular momentum eigenvalues | £, m > HlL — E E Py (cos?) eif"(qbﬁl ~6p) Hflam)
© Explore dihadron fragmentation depending on (=0 m=—/

relative angular momentum
C. Dilks 23
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=0 10,0)
SS UU
m=20
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Partial Waves
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£=0 10,0)

SS U U
11,—1) 11,0) 11,1)
UT UL UT
m=-1 m=0 m=+1
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Partial Waves
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£=0 10,0)
SS Uu
=1 |1,—1> |1,0> |1,1>
Pl UT UL UT
=2 |2,—2> |2,—1> |2,0> |2,1> |2,2>
PPl TT LT L L LT TT
m=-2 m=-1 m=0 m = +1 m=+2
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Partial Waves . clo3s

£=0 10,0)
SS U U
1 1
Gl,OO HI,OO

Pl UT UL UT{

L L 1 L L
Gl,OT H1,o:r Gl,OL HI,OL Gl,OT Hl,OT

e=2| [2,-2) 12,—-1) 12,0) 2,1) 2,2)
PRI TT LT LL LT TT
X X
Gi_,TT Hi_,TT Gi_,LT Hi_,LT Gi_,LL Hi_,LL Gi_,LT Hl,LT Gi_,TT Hl,TT
m=-2 m=-1 m=0 m=+1 m=+2

C. Dilks 27



Partial Waves _ 12 Parameter Simultaneous Fit cl nga
11,1)
i G,1""'=0 GiOT
Twist 2 Gil’|'f’m>:(;l’f’m> . 1 —
3 params 1 1 | i > | i >
Gl,LT G1,:r:r
- =0t : I Included in fit, excluded
Twist 3 < s fqures |
9 params i Large uncertainties
| 1.—1 > | 1, 1 > L ]0,0> and |2,0> correlation
’ N X i1 11,0> suppressed
Hl,OT Hl,OT
2,-2) | |2,-1) 2,1) | [2,2)
1 1 + <
C. Dilks Hl,TT Hl,LT Hl,LT Hl,TT 28




Partial Waves A , Result Figure Layouts Cmg«ﬁ
11,1)
: G,'""'=0 GiOT
Twist 2 L) _ Lt -m) ’
1 1 |2) 1> |2’ 2>
1 1
Girr Girr
Twist 3
1,-1) [ IL1)
Hf,o:r H; or
2,-2) | 12,=1) | [2,1) | 12,2)
<X
C. Dilks Hi:r:r Hi_,LT Hi 7 Hi:r:r 29



Culs and Distributions

0

02 04 06 08 1 12 14 16 18 2
M, [GeV]
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Event Selection Criteria _ Ch&ﬁ

General Cuts Additional Cuts

*Q2>1GeV? * PID Refinement
* W >2 GeV * Vertex
+y<0.8

* Fiducial volume

* 5° <0 < 35° (applied to all)

Pion and Dihadron Cuts
» X (%), X () >0
* p(m*) > 1.25 GeV

* p(°) cut given by photon cuts (-)
+ 2z . <0.95

pair

Photon Cuts
+09<pB<11
*+ E>0.6 GeV
» Ang(ey) > 8°

C. Dilks 31
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dihadron invariant mass

2
12 dvex M, distribution
Pt 90000 5
& I 10* - ! cl ‘&
G 10 80000} QSy’
i J - I|r Il preliminary
- 70000[
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- 40000L |
: - \
- 30000 r
: 10 C ‘l\\
] | 20000[
| cloS® ; N,
- % y 10000F
7IIII L1l | L1l || L1 L1l \\p\II.?IIiIIniF‘I?IrIy 1 E .I‘\H
%01 02 03 04 05 06 07 08 09 1 = A R S U U b SN SO I
X 02 04 06 08 1 12 14 16 1.8 2

M, [GeV]
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T T Kinematics

<>,
. Clasg

dihadron invariant mass

2
12 dvex M, distribution
Y 90000 :
S T 7 10* - ‘o‘
% 10/ : 80000} f f"|-5p-
- I|r Il preliminary
i 70000
° o 60000E JI[IIL‘
6L 50000
- 102 - I|Ir "II
- 40000 |
| R —— [ E Illr illl
- 30000F r
- 10 - ‘l\
) | 20000[ \
- clasy : N\,
= 0 > 10000F
7IIIIi\III | I 111 | | L 111 \\p\II.?IIIIIIT'\IF‘I?IrIy 1 E .l“'\
% 0102 03 04 05 06 07 08 09 1 obe i o s T
X 02 04 06 08 1 12 14 16 18 2

M, [GeV]

Multidimensional binning scheme in M,
C. Dilks 33



T T Kinematics

Zpair

0.9

0.8

0.7

—13000

0.6

0.5 12000

0.4

1000

<>
clasy

preliminary

| 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1
0% 05 1 15 > 250
M, [GeV]

0.3

C. Dilks

p_ [GeV]

<>,
. Clasg

p_Vs. M,

25 Al “?‘ 7000
' clasg
1.6F preliminary 6000
e i 15000
1.2 :

- ! —14000
1=
0.8~ —13000
0o o 2000
- _ 1000
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B n F .i | | |
% 0.5 1 15 5 25"
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Diphoton Invariant Mass M,

& Dihadrons with 1t°s require photon pairing
i 11° Mass Peak (-)

1 Model: Gaussian + Chebyshev Quadratic
i 6 fit parameters

w One fit per A, bin

w Background Correction: sWeights
Nucl.Instrum.Meth.A 555 (2005) 356-369

C. Dilks

Events / (0.0012)

<>,
. Clas

M,, Distribution

7000:_ < ¢ data
"clasg® A |- signal fit

6000/ .
- preliminary 4§\ [ background fit
N — full fit

50001

4000

30001

2000[

1000 e i
: L |..¢-*‘1'..| | | | | 1 1 | | 1 1 .|"'.'r~--l...1 l |

012 014 016 018 0.2
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1T Dihadron Invariant Mass

<>,
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M,, distribution
= It A Data sWeighted
0.035— 2
— . Monte Carlo
— X Fy
0.03— Lo
: F 3
I & i
0.025 i v s
I F “u s &
- &
0.02 s *
- i &
0.015— 2
3 w  cloS®
— “1 L
0.005— 1 ‘*.““ preliminary
U:' L co v e b b Iy |AT‘TM..M“_',_Ln'__;n_'_“
0 02 04 06 0.8 1 12 14 16 18 2
M, [GeV]

C. Dilks

& Compare sWeighted data
distributions with reconstructed MC
from true 1°- yy decays

¢ Data are normalized to sum of
sWeights; MC data are normalized
to number of dihadrons

& p*(770) peak visible
¢ Some differences at low M,

comparable to data/MC agreement
in the tt*1t channel

36
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Beam Spin
Asymmetries

Twist 2
Fror ~ 1 ® Gllw’m)

Lie,m)__ hl hl
Gl — 9<:h2_0<:h2
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M. Bins

C. Dilks

<>,
clasg

Twist-2 A;y Amplitudes
0.05 A
. ¢ ¢
ES 0.00 - {{{ ....................
< $ 8
ts #
~0.05 - e
CLAS12 PRELIMINARY
|2v 1> GtLT ‘27 2> G%,TT
0.05 1 : it

PR EEE: by,
5 { } } 33
<2 0.00 } }} AN PN RN M. Ro i

< {
gty
—0.05 A
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e-Print: 2107.12965 [hep-ex]


https://arxiv.org/abs/2107.12965

<>
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M. Bins Twist-2 A7y Amplitudes
|
- [1,1) Gior g
Sign change near ’ TUTT
p mass
R
[
CLAS12 PRELIMINARY
|2v 1> GtLT ‘27 2> G%,TT
0.05 1 } it
} { { { ¢ $ $
T $
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<
ity
—0.05
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0.5 1.0 0.5 1.0
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e-Print: 2107.12965 [hep-ex]
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¢ sin(2¢,—2¢,) may be relatively constant / decreasing
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Summary

© SIDIS dihadron spin asymmetries are sensitive to:
« Dihadron fragmentation function G," and H,

« Twist-3 parton distribution functions e(x) and h (x)
- Different targets — flavor dependence of e(x) and h (x)

* Different channels — channel dependence of DiFFs

© Partial waves expansions provide:
* Dependence on dihadron polarizations
« Refined access to G,

- Better understanding of H_ *

« Hints at nonzero Hll

© Stay tuned for data with a longitudinally polarized target!
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CLAS12 t'rt° A , Preliminary Measurement
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@ A, sin(¢,—¢.) amplitude is positive for most of M, range
¢ Peak near p*(770) in sin(2¢,—2¢,) amplitude (interference of p-state dihadrons)
C. Dilks @ A, sin(¢,) amplitude seems much smaller -



CLAS12 t'rt° A , Preliminary Measurement
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@ A , can be a function of x via the PDF: f (x) for twist-2 (left,middle) and e(x) for twist-3 (right)

¢ Twist-3 amplitude of sin(¢,) is consistent with zero; this is sensitive to e(x) H*
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