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Theoretical predictions

1. Large N, analysis: (Pobylitsa, hep-ph/ 0301236)

—

gir(z, ki) = — ng(x, Ei) + 1/N,-suppressed
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Theoretical predictions

1. Large N, analysis: (Pobylitsa, hep-ph/ 0301236)

Large- N..

_ approx. ~
gir(z. k1) ’”“*”e gip(z, k) + 1/NC>Qessed
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Theoretical predictions

1. Large N, analysis: (Pobylitsa, hep-ph/ 0301236)

Large- N..

_ approx. ~
gir(z. k1) R‘J’e gip(z, k) + 1/NC>Qessed

2. Wandzura-Wilczek-type (WW-type) relation: (Avakian et. al., 0709.3253, Kanazawa et. al., 1512.07233, ... )

(g _ 27 ki q 2 =OM ! dy ~
91T (5'-'3) = [ d°kL N2 ng(kaJ_) = & 591(9)4’5‘991”(3’3)
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Theoretical predictions

1. Large N, analysis: (Pobylitsa, hep-ph/ 0301236)

Large- N..

_ approx. ~
gir(z. k1) R‘J’e gip(z, k) + 1/NC>Qessed

2. Wandzura-Wilczek-type (WW-type) relation: (Avakian et. al., 0709.3253, Kanazawa et. al., 1512.07233, ... )

WW

(g _ 27 ki q g APPIOX ! dy
a1 (3-'3) = | d°k1 N2 9’1T(377kj_) ~ T ggl(y)_{'x (35)
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Fundamentals

Semi-inclusive Deep Inelastic Scattering:  £(1) + N(P,S) — £ (') + h(Py) + X

h( Py, Sh)
7(_(1) q(p) /4
\_/L’_
Fig. courtesy:
A. Metz
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Fundamentals

Semi-inclusive Deep Inelastic Scattering:  £(1) + N(P,S) — £ (') + h(Py) + X

h(P/,, AS’I[)

Fig. courtesy:
A. Metz

Model-independent decomposition of cross-section: (Bacchetta et. al. 2007, ...)

do o«

2
_ em 1_ = 2 F
dz dy dos dzr, don, dPZ, ny2{< y+2y> vy

~ 1 cOos —
+ A\ | S y(l — §y> cos(¢pp — ng)FLT(d)h ¢s) + }
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Fundamentals

Semi-inclusive Deep Inelastic Scattering:  £(1) + N(P,S) — £ (I') + h(Py) + X

h(P/uSh) }L(P/H’Sh)

W aw /4 qr < Q

Fig. courtesy:
A. Metz
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Fundamentals

Semi-inclusive Deep Inelastic Scattering:  £(1) + N(P,S) — £ (I') + h(Py) + X

h(P/uSh) h(P/HSh)

Fig. courtesy:
A. Metz

Connection between structure functions and TMDs: (Bacchetta et. al. 2007, ...)

cos — ﬁ E 3¢ =y
Feoson=®s) — o| ZLLEL o) (@, K2 ) Dy (2, P2)

Fou =0 LT Byr| M
hT

fi(z, k2 ) Dy(z, PY)

C’{wa} = xZeﬁ/dziﬂ /dQﬁj_ §5¢) (Z/ﬂ + P - ﬁhT) w(EL,ﬁL)fq(%Ei)Dq(Z’ﬁf)
q
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Parameterization of g1t

14
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Parameterization of g1t

2
k;J_

QMJ%] e (k1)

Gaussian ansatz: 9ir(z, k2,Q%) = gir (2,Q%)

q = (uv d)

15
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Parameterization of g1t

k3
. - IM2 e m(KkL)
Gaussian ansatz: gi(z, k7,Q%) = g%)q(x, 4 — X 62 ; q = (u,d)
7T(<k¢>)

n

iy dyyeti(1 —y)8 fi(y, Q3)

(1= 2)P fi(z,Q°)

where, g\%(z, Q%) =

16
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Presently available data insufficient to pin down the parameters: ‘

(k2), of, p/ |

_ . N2 _ﬂ?k2>
Gaussian ansatz: ¢l (2, K2, Q%) = ¢\H Yz, Q%) 22N 62 ; q = (u,d)
7T(<k¢>)
(1) 2\ _ n a1 _ 8 2
where, 917 (2, Q%) = — (1 —2)” fr(z, Q%)

Jo dyyetL(1 —y)P f1(y, Q)
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Presently available data insufficient to pin down the parameters: ‘

(k1),) o,

Bu/d ‘

Fix TMD width:

18
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Presently available data insufficient to pin down the parameters: ‘

k2))) of, B/ |

. i k2 ' - '
. Fix TMD width: ( L) ‘gl 0.7 Lattice QCD Hagler et._al_., hep-lat/ 09028.1283 (See also Bastami et. al.,
1807.10606 that uses this idea to get (k7)| )

19



. _ ! [
kf Extraction of giT TMD from HERMES, COMPASS & JLab data l][I
SB, Kang, Metz, Penn, Pitonyak, arXiv: 2110.10253 (2021) —

Presently available data insufficient to pin down the parameters: ‘

k2))) of, B/ |

Q

. Eix TMD width: @ Lattice QCD Hagler et._al_., hep-lat/ 0908.1283 (See also Bastami et. al.,
0.76 1807.10606 that uses this idea to get (k2 ) |g )
J_ fl 1T

™

LA f

Q

20
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Presently available data insufficient to pin down the parameters: ‘

(k1),) o,

Bu/d ‘

Q

0.76 1807.10606 that uses this idea to get (k%)| )
gir

@y oo
>

L7 f Cammarota et. al., arXiv 2002.08384

* Fix TMD width:
L f

Q

Lattice QCD Hagler et. al., hep-lat/ 0908.1283 (See also Bastami et. al.,
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Presently available data insufficient to pin down the parameters: ‘

Bu/d ‘

(k1),) o,

Q

0.76 1807.10606 that uses this idea to get (k%)| )
gir

* Fix TMD width:
L f

Lattice QCD Hagler et. al., hep-lat/ 0908.1283 (See also Bastami et. al.,

@y oo
>

Cammarota et. al., arXiv 2002.08384

aiT

Q

o (k)]

LA f
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Presently available data insufficient to pin down the parameters: ‘

(k1),) o,

N

Bu/d ‘

Fix TMD width:

(k1)],,, =~ 0.40

23
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Presently available data insufficient to pin down the parameters: ‘

(k?) @ i |

N

«  Fix TMD width: (k1)],,, = 0.40

- Set alphas equal: ad = ot

24
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Presently available data insufficient to pin down the parameters: ‘

(k2), ad,@ |

v

* Fix TMD width: (k1) \ng ~ 0.40 * Fix beta from WW approximation:

1 rz—1
g D%@) =R (1 - 2)gd(x)

- Set alphas equal: ad = ot

25
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Presently available data insufficient to pin down the parameters: ‘

(k) ad,@ |

v

Helicity & unpolarized PDFs have similar large-x behavior |

q

9 ($)|1,_,10( f?($)|:c_>1

«  Fix TMD width: (k1)],,, = 0.40

r—1
] 917" (x) "= (1 - a
« Set alphas equal: a = a"

26
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Presently available data insufficient to pin down the parameters: ‘

(k) ad,@ |

v

Helicity & unpolarized PDFs have similar large-x behavior |

q

9 ($)|1,_,10( f?($)|:c_>1

«  Fix TMD width: (k1)],,, = 0.40

r—1
- 917" (@) "~ (1—af
« Set alphas equal: a = a"
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Presently available data insufficient to pin down the parameters: ‘
(K1), o, @ |
N
(1 —2)7 fi(z,Q%)
* Fix TMD width: (k1) \ng ~ 0.40 * Fix beta from WW approximation:
r—r1
] g%p)q(m) ~ (1—x)fl(x) v | v =p8%=1

« Set alphas equal: a = a"
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Presently available data insufficient to pin down the parameters:

. at,(50)

T ——

3 free parameters:

29
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Experimental data

HERMES
Airapetian et. al., —
arXiv: 2007.07755 T 26 Cut:

0 8

T < 0.50

COMPASS P ht ~ (7T+,K+) 33 5 <
Parsamyan, o (— T —
PoS: QCDEV2017 h™ =~ (7T , K ) 31
JLab n at 2
Huang,

arXiv: 1108.0489 k) 2
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Experimental data

s0f ®WHERMES
Dataset | ey , A
HERMES - ® JLab a 4

Airapetian et. al., A

f<1\

=

arXiv: 2007.07755 @) 105 5 B A L A Cut:
N
<&

A A LN AAi'

. qT
COMPASS [ A %ﬁ 5 ) < 0.50
i AV O
Parsamyan, A i, ™ o

PoS: QCDEV2017 1t A

ILab ; 001 w m o= @y 01
Huang,
arXiv: 1108.0489
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Fitting procedure: Monte-Carlo technique
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Fitting procedure: Monte-Carlo technique

Theory

33
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Fitting procedure: Monte-Carlo technique

Theory Q

Fit to exp. data

34
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Fitting procedure: Monte-Carlo technique

Minimize:
Theory

exp. data — theory)?
=3 ( 2 )
(exp. error)

Fit to exp. data H+C+J

35
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data

Minimize weighted chi-squared:

(exp. data — theory)? (exp. data — theory)?
= Fw),
J

2 2
= (exp. error) T (exp. error)

(Echevarria, Kang, Terry, arXiv: 2009.10710) ‘

Give JLab data weight similar to
HERMES & COMPASS data

36
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data

Generate pseudo-data

37
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data I I

Generate pseudo-data
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data

Generate pseudo-data
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data

:I:lo'{

Generate pseudo-data
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data
> :I:lo'{

Generate pseudo-data J
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data

:I:lo'{

Generate pseudo-data

Fit to pseudo-data
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Fitting procedure: Monte-Carlo technique

Theory

Fit to exp. data

:I:lo'{

Generate pseudo-data

Fit to pseudo-data
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Fitting procedure: Monte-Carlo technique

I

IR J Generate pseudo-data 200 times
&
Fit to exp. data J fit 200 times (200 replicas)

Generate pseudo-data / 1

Fit to pseudo-data )
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Theory versus data
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Sample results | Theory versus data

| ‘ 0.00 < P,r<0.23 0.23 < P,r<0.36 0.36 < P,r<0.54 0.54 < Py < 2.00|
T

3 o HERMES r 0 i i =

0.2 + - — J__i__,/i- - l.i/”‘"#' © . )

- + + _+_ + L____,T 1 5 | A Data set o [ Nota. e

e O i f [ Tg WL - A HERMES 7+ 1.20

S 13-04[ ¢ Fitted (q/Q < 0.50) B B i 2 ‘ a '

—0.6 & Not fitted (¢r/Q >0.50) [ B B =
0050 0125 0200 0050 0125 0200 0050 0125 0200 0.050 0125 0200

xr
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Sample results | Theory versus data
| 0.00 < P,y <0.23 0.23 < P,y <0.36 0.36 < P,r<0.54 0.54 < Py < 2.00,
. HERMES 7 * o
& M $ + + r r + I + B 2
0.2r- = = = ;
| . | | __,__,,i é/%r A Data set o [ Nota. i
< 0.0 | ain
% -0.2- | L ﬁ —f % i + X / +
S S04l 4 Fitted (4r/@ <050) -l - - = HERMES 7 1.20
- i IHERMESﬂl’_ ] - | 1 ] - l ] ] - l 1 ] - HERI\IES Tr_ 088
"N 0.4 B
o TR N AR E
- o.o——+ ' + +— I | | o | | 4% Q
= . 02 + B + - ‘ T - ? A
S 5‘0-4” ¢ Fitted (g/Q < 0.50) B B S,
—0.61- & Not fitted (¢r/Q >0.50) [ B B <
0.0|50 0.1|25 O.2|00 0.650 0.i25 0.2|00 0.650 0.1|25 0.2|00 0.0|50 0.1|25 0.2100
4 x 14 €T
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|
Sample results | Theory versus data
| \ 0.00 < Pyr<0.23 0.23 < Py < 0.36 0.36 < Pyr<0.54 0.54 < P < 2.00
T oa HERMES =+ 0 + i >
| gé— * + + s, | L____,T [ __/_,,_t _olj/—+' w Data set 2 Nesta, e
= : [ | ) N
% ~0.2} - f i + A ,. +
S S04l 4 Fitted (4r/@ <050) -l - = HERMES 7 1.20
™ 0.4 HERMES 7~ B B ,;C: HERI\IES T 088
b 0.2 B * + + B . / 0
L oo + F | | s ) % ~ | HERMES = 1.94
S o | | 1 5] n
8 5-04 041" HERMES 7° i 4 - + E
-06 __ + B =)
< S Q
| i Tzfﬂ ----- T
= K
2 r
2 =04 o s (gr/Q < 0.50) B B
—0.6~ © Not fitted (¢r/Q > 0.50) = -
0.05 0.15 025 0.2 06 0.8 02 04 06 08
E— I PhT
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Sample results |

Theory versus data

0.6~ COMPASS h ™ z>0.2 & B

2 = : o2
“? -l i i % Data set o [ Nota. e
& 02F /\— E LB
<T:»q ¢ Fitted (g/Q < 0.50) @

=0.2- 4 Not fitted (¢r/Q > 0.50) | ~ 1 | 1 C | 1 1

0.2 04 0.6 0.2 0.4 0.6 0.2 0.6 1.0 1.4
< PhT
COMPASS At 0.97
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Sample results | Theory versus data

= 0.6 COMPASS h z2>0.2 = - >
S = . :
> oaf i i & Data set o [ Nota. e
§ 02_ + = B (Qw
é& 004 s /’m m A
q:»q ¢ Fitted (g/Q < 0.50) @
=0.2- 4 Not fitted (¢r/Q > 0.50) | ~ 1 | 1 C | . ;
0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.6 1.0 1.4 B
z Py _
0.4+ 3 L
l A s
s oal M i o [COMPASS h 0.71
=
o M N 5 /ﬁ*ﬁ& _____ by A
S w 0.0 A + ‘ § T o0
q: ¢ Fitted (¢r/Q < 0.50) —
=0.21~ & Not fitted (gr/Q > 0.50) i - i ; ; C : i i
0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.6 1.0 1.4
T 2 Pyt
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Theory versus data

04 JLab ™t
% -
= dak Data set o [ Nota. e
©
. 00 A — 3¥ ---------- pommmmmmmmmmmonoee
S ! : T |
w0 ) L
85 0.2
<t _0.4- ® Fitted (¢7/Q <0.5)
Q Not fitted (¢7/Q = 0.5)
_0'6_1 | | 1 |
0.15 0.20 0.25 0.30 0.35
4
JLab 7t 0.31
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Theory versus data
04 JLab ™t
E 0.2 Data set o [ Nses, e
. 00 S 3¥ ---------- prmmmmmmmeemeneooo
S I 1 |
86021 T ot
<C _g.4l ¢ Fitted (¢7/Q<0.5) 0.4 JLab 7~
Q Not fitted (¢7/Q = 0.5) =3 6.5
-6, | | "le" ' ¢ % + +
0.15 0.20 025 | | 0| cle———s——s oo ___
r =
. § t. -0.2+
oo JLab ™ 0.31
—0.6 JLab A 143
1 1 1 1 |
0.15 0.20 0.25 0.30 0.35
I
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Theory versus data

Data set X?u /NptS- |Main

Strong compatibility between our theory and data

"G | om [
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Results for the x-dependence
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Results for the x-dependence

3 —0.06 d

1 | | | | | 1 1 1 1 | |
0.0 0.2 04 06 08 1.0 0.0 0.2 04 06 08 1.0

XL X

» Up quark distribution is positive « Down quark distribution is negative
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For a better flavor separation, we need more precise neutron data |

0.00
0.08F
__—0.02
&
e . ~=D.oal
[ S
—
& —0.06[ d
~0.08}
| | | | | | | | | | | |
0.0 02 0.4 06 0.8 10 0.0 02 0.4 06 0.8 10
4

» Up quark distribution is positive « Down quark distribution is negative
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Test of theoretical predictions

Main fit 0.00
KL Large-N., fit
N s, —0.02
3 0.06 S
N U 53,
\—/S 0.04 L e
—-0.06
S 0.02 S d
—-0.08F+
0] 0] o (T ————"-.._ -
| l ! ! ' ' | | 1 | | |
0.0 0.2 04 06 08 1.0 00 02 04 06 08 1.0
L T

* Qualitative agreement with large-IN .. fit » Slight preference to violate large-IN . approx.
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T

Test of theoretical predictions

Main fit 0.00 |
0.08| NNPDF}
JAM WwW -0.02
"5 0.06 DSSV S
oy ~ —0.04}
:’5 0.04 ” —~&
—0.06
S .02 = d
’ —0.08f
000 e it I i
| | | | | | | l | l i I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 04 0.6 08 1.0
L T

Qualitative agreement with WW-type approx. * Hints of slight violation of WW-type approx.
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Violation of existing theoretical predictions?
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Violation of existing theoretical predictions?

Summary of x2,/Npts.

Data set Xw/Nots. | gain X%”/Npts'lLarge-NC Xw/Nots. |unpor | Xw/Nots| ;o | Xw/Nets. | pssy
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Violation of existing theoretical predictions?

Summary of x2,/Npts.

Data set Xw/Npts. IMain Xw/Npts. lLarge-NC Xw/Npts. |NNPDF Xw/Npts. I.IAM Xw/Npts. ‘DSSV
HERMES 7t 1.20 123
HERMES 7~ 0.88 0.88
HERMES 7° 1.94 2.01
COMPASS h™* 0.97 0.51
COMPASS h™ 0.1 0.53
JLab 7" 0.31 0.06
JLab 1.18 2.23
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cal predictions?

— Similar or better chi-squared for some data sets i

Summary of x2,/Npts.

Data set Xw/Nots. | gain X;?”/Npts'lLarge-NC Xw/Nots. |unpor | Xw/Nots| ;o | Xw/Nets. | pssy

HERMES 7+
HERMES 7~
HERMES 7°

|| Jlabr | 113 223 |
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Violation of existing theoretical predictions?

Summary of x2,/Npts.

Data set X/ Npts. — Xw/Npts. lLarge-NC Xw/Npts. —— Xw/Npts. - Xw/Npts. —
HERMES =+ 1.20 1.19 1.19 1.19
HERMES 7~ 0.88 0.85 0.85 0.85
HERMES 7° 1.94 1.98 1.95 1.96
COMPASS h* 0.97 0.71 1.02 0.89
COMPASS h™ 0.1 0.71 0.81 0.80

JLab 7t 0.31 0.81 0.78 0.96

JLab 1.18 1.15 0.93 0.93
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T

— Similar or better chi-squared for some data sets |

cal predictions?

T

Summary of x2,/Npts.

COMPASS h™

JLab n™

JLab ™

Data set X/ Npts. | vgain | Xio/Npts. ILarge-NC Xw/Nots. |nwppr | Xw/Nets: | jan | X/ Nots. | pssv
HERMES 7 1.20 1.19 1.19 1.19
HERMES 7° 1.94 1.98 1.95 1.96
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Violation of existing theoretical predictions?

Summary of x2,/Npts.

Data set Xw/Nots. | gain X%”/Npts'lLarge-NC Xw/Nots. |unpor | Xw/Nots| ;o | Xw/Nets. | pssy
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Violation of existing theoretical predictions?

Summary of x2,/Npts.

Data set Xw/Nots. | gain X%”/Npts'lLarge-NC Xw/Nots. |unpor | Xw/Nots| ;o | Xw/Nets. | pssy

T Gom [ ow [ ow | ow [ ow | ow |
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Violation of existing theoretical predictions?

Summary of x2,/Npts.

Data set Xw/Nots. | gain X?”/Npts'lLarge-NC Xw/Nots. |unpor | Xw/Nots| ;o | Xw/Nets. | pssy

Our global chi-squared is consistently better |

1
@ 0 NA ’ N R ’ B s~

T Gom [ ow [ ow | ow [ ow | ow |
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] Main fit ] i
Large-N. fit 8 5] I
e WW: NNPDF ]
4_.
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1.3 1.4 0.84 0.88 0.92 0.96

j COMPASS h * l j COMPASS h ‘ |

Statistically no significant differences between all the scenarios
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Comparison with lattice QCD results
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Comparison with lattice QCD results

Calculation of worm-gear shift:

Ji e [a" (@.0%) — 3. Q?)
fOl dx [fi”’(:c, Q2) o fld(wv Q2)}

(ko)) (Q%) =M
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Comparison with lattice QCD results

Calculation of worm-gear shift:

' LQCD - Yoon et al. (2017) - fol dx [g%)“(m, Q?) — g%d(:ﬁ, Qz)]

(ko)1) (@Q%) =M n
(e o do [£1(2.Q%) — £i(2.?)

i « Consistency between lattice results & our main fit
i result

P . This work
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1
* No definite scale: ) ~ =

e QCD results

e Limits CA — 00 & by — 0 cannot be taken
Calculation of worm-gear shift:

LQCD - Yoon et al. (2017)

Jo dae {980 (2,Q%) — g1 (2, @?)
A [(%)TL}(Qz) v 0 1 [QT It ]
Jy do |, Q?) = (2, Q?)

« Consistency between lattice results & our main fit
result

° ' This work * Itisencouraging that lattice QCD & exp. data are
3 In reasonable agreement

e S e S A A S S S SES Sy S O S CES AU ———
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Comparison with lattice QCD results

Calculation of worm-gear shift:

Jo dz 917" (2, Q%) — 917" (z, Q%)
’ (ko)) (Q%) =M - - [ ]
Jy d [ £, Q%) = i, Q)]

LQCD - Yoon et al. (2017)

« Consistency between lattice results & our main fit

result

— @ DSSV ]
—a— JAM WW-type approximation
—&— NNPDF

S o S

- " This work « Itisencouraging that lattice QCD & exp. data are

I s S S S SR L S SRS Sy S SRR S CES S ——

In reasonable agreement

» Consistency between results from WW-type
<k:1:>TL approx. & our main fit result
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Summary

We have shown our final results for g7, obtained from a simultaneous fitting to HERMES, COMPASS &
JLab data on SIDIS

* Qualitative agreements with large-N . & WW-type approximation

» Although there is an indication of a slight violation of both large-N. & WW-type approximation, the data is
not precise enough to affirm the degree of violation

» Encouraging agreement in the worm-gear shift with lattice QCD results

Outlook

. 1 4
Extend analysis to extract h , ...
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Weighted versus unweighted methods

Weighted y? 0.00
0.08- Unweighted y?
~0.02
" 0.06 0
_— 7 —0.04
:%§004 \ég
~0.06|
S 0.02 S d
~0.08|
0.00
| | | | | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 00 02 04 06 0.8 1.0
£r &
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Additional plots from the unweighted method

Unweighted x?
Large-N, fit

0.05F
. 0.04F
~— 0.03
=)o

< 0.02

S 0.01

0.00
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Additional plots from the unweighted method

Unweighted y?

NNPDF
JAM A

DSSV

1 1 | 1 | |
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