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Approaches to Extract Transversity

‘ Dihadron Frag. \
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Approaches to Extract Transversity
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Approaches to Extract Transversity

‘ Dihadron Frag. \ IMD + Lattice QCD
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JAM Global Analysis in the collinear DiFF Approach
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2. Extraction of DiFFs
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First simultaneous global QCD analysis of dihadron fragmentation functions and
transversity parton distribution functions

Jefferson Lab Angular Momentum (JAM) Collaboration « C. Cocuzza (Temple U.) Show All(6)
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DiFF Theory

Latest Developments in the Theory of
Multi-Hadron Fragmentation Functions

@ Daniel Pitonyak
Lebanon Valley College, Annville, PA, USA

QCD Evolution Workshop
Jefferson Lab, Newport News, VA
May 19, 2025

Based on

D. Pitonyak, C. Cocuzza, A. Metz, A. Prokudin and N. Sato,
“Number density interpretation of dihadron fragmentation functions,”
Phys. Rev. Lett. 132, 011902 (2024) [arXiv:2305.11995 [hep-ph]].

D. Pitonyak, C. Cocuzza, A. Metz, A. Prokudin and N. Sato,
“Comment on “QCD factorization with multihadron fragmentation functions”,”
[arXiv:2502.15817 [hep-ph]], submitted to PRD.
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Extraction of DiFFs

Observables for DiFFs

‘ SIA Cross Section‘

R. Seidl et al., Phys. Rev. D 96, no. 3, 032005 (2017)
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Extraction of DiFFs

Observables for DiFFs

‘ SIA Cross Section\

R. Seidl et al., Phys. Rev. D 96, no. 3, 032005 (2017)

‘ SIA Artru-Collins Asymmetry \
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Data for DiFFs
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Data for DiFFs
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Data for DiFFs
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Quality of Fit (Unpolarized Cross Sectlon)
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Quality of Fit (Artru-Colllns Asymmetr
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Extracted DlFFS
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Extraction of DiFFs

Extracted DiFFs (3D)
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Extracted I1FFKs
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Extraction of DiFFs

Extracted 1KFs (3D)
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3. Extraction of Transversity PDFs
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Extraction of DiFFs

Observables for Transversity PDFs
SIDIS asymmetry (p and D)
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Extraction of DiFFs

Observables for Transversity PDFs

SIDIS asymmetry (p and D)
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Extraction of Transversity PDFs

Data for PDFs
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Extraction of Transversity PDFs

Data for PDFs
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Extraction of Transversity PDFs

Data for PDFs
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Extraction of Transversity PDFs

Quality of Fit

X12'ed
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Extraction of Transversity PDFs

Quality of Fit (SIDIS)

0.05¢

| SIDIS
0F- Aprr
0.05! } HERMES
010 } COMPASS p
o } COMPASS D
—0.15 1 = JAMDIFF (w/LQCD)
1072 10~ Thj

e
| et

0.5 1.0 1.5 M, [GeV] 0.4 0.6 0.8 e

A. Airapetian et al., JHEP 06, 017 (2008)

COMPASS, arXiv:hep-ph/2301.02013 (2023)



Extraction of Transversity PDFs

Quality of Fit (STAR /s = 200 GeV)

23

1 } STAR >0
- $ STAR <0
[ = JAMDIFF (w/LQCD)

T T

i App V5 = 200 GeV (R < 0.3)
' ur

} STAR
" == JAMDIFF (w/LQCD)

L. Adamezyk et al., Phys. Rev. Lett. 115, 24501 (2015)



Extraction of Transversity PDFs

Quality of Fit (STAR /s = 500 GeV)

0.02

—0.02]

0.04

0.02F

(Ppr) = 4 GeV

-

' (Pur) = 5 GeV

(Pnr) = 6 GeV

(Ppr) = 8 GeV

0.5 1.0 1.5 M, [GeV]
" APP /5 =500 GeV (R < 0.7
| STAR 7 >0

} STAR <0
= JAMDIFF (w/ LQCD)

Mh

0.04
0.02

0
—0.02

(M) = 0.40 GeV

(M) = 0.70 GeV

L

! ‘ l

(Mp) = 0.50 GeV }

+
‘ 1]
:__f_‘_’_’_‘__’———-’—’_’_"—#
)

(Mp) = 1.00 GeV

(M) = 0.60 GeV

| 8 5 P [GeV]
] pp s =500 GeV (R < 0.7
_ AUT Vs ( )

| { STARn >0
. B JAMDIFF (w/ LQCD)

4 8 12 16 Punr

4 8 12 16

I)hT

24

L. Adamczyk et al., Phys. Rev. B 780, 332-339 (2018)



Extraction of Transversity PDFs

Transversity PDFs

JAMDIFF (no LQCD)

A7JAM3D* (no LQCD)

'Radici, Bacchetta (2018)

—

b

T T T T T

T

wy |
1




Extraction of Transversity PDFs

Transversity PDFs

JAMDIFF (no LQCD)

A7JAM3D* (no LQCD)

'Radici, Bacchetta (2018)

—

b

T h

T

1
Soffer Bound: [A]| < E[flq + 81q] =

J. Soffer, Phys. Rev. Lett. 74, 1292-1294 (1995)




Extraction of Transversity PDFs

Transversity PDFs E— —
- JAMDIFF (no LQCD) u
0-1FJAMBD* (no LQCD) . xhy" -
JAMA3D* = JAM3D-22 (HO LQCD) 0.3 —_Ra_(ll(_:i, Bacchetta (2018) i
+ Antiquarks w/ u = — d 0.2+ :
+ small-x constraint (see slide 27) 0.1f

1
Soffer Bound: [A]| < E[flq + 81q] =

J. Soffer, Phys. Rev. Lett. 74, 1292-1294 (1995)

107201 03 05 07 @




Extraction of Transversity PDFs

Transversity PDFs

- JAMDIFF (no LQCD) "
0-1-JAM3D* (no LQCD) rh Y
JAM3D* = JAM3D-22 (1’1() LQCD) 0.3 'Radici, Bacchetta (2018)

+ Antiquarks w/ it = — d N

+ small-x constraint (see slide 27)

Agreement between all
three analyses within errors

1
Soffer Bound: [A]| < E[flq + 81q] =

—0.15 ‘ """"" Soffer bound T h a

J. Soffer, Phys. Rev. Lett. 74, 1292-1294 (1995)

10201 03 05 07 @




4. Extraction of Tensor Charges

JAM3D* (w/ LQCD) ' o
JAM3D* (no LQCD) ———— Anselmino et al (2013)
2= 4 CeV? . Radici et al (2015) -
0.1t ———  Kang et al (2015)
0l ——=——  Radici, Bacchetta (2018)
———  Benel et al (2019)
—0.17 * D’Alesio et al (2020)
09 —— ~ PNDME (2018)
=« ETMC (2020)
—0.3] , + JAM3D* (w/ LQCD)
-0.19 1 *
_04f | . —— JAM3D* (no LQCD)
PNDME (201 ]
+ (2018) o « JAMDIFF (w/ LQCD)
_(.51 + ETMC (2020) » _ L JAMDIFF (no LGOD)
# Radici, Bacchetta (2018) e e ! no
0.4 0.6 0.8 du 0.5 1.0 1.5 20 gr




Extraction of Tensor Charges

Controlling Extrapolation

JAMDIFF (no LQCD) ., 1 _
0.1-JAM3D* (no LQCD) L xhy" | du= dz(hy — hY),
] 0

0.3 'Radici, Bacchetta (2018)
" 1
_ d d
0

agr = 5U—5d,

—0.15 " """" Soffer bound T h <

0201 03 05 07




Extraction of Tensor Charges

Controlling Extrapolation

JAMDIFF (no LQCD) u 1 _
0.4 JAM3D* (no LQCD) L~ xhy" | du= [ dz(h} - h}),
] 0

1 _
5d5/ dz(h — h9),
0

agr = 5U—5d,

Soffer bound

0201 03 05 07

‘ Measured Region \



Extraction of Tensor Charges

Soffer bound

001 03

‘ Measured Region \

Controlling Extrapolation

1
ou = / dz(h} — h}),
0

1 _
5d5/ dz(h — h9),
0

agr = 5U—5d,

Large x 2 0.3

Soffer Bound: [A/]| < — [fq + 81]

J. Soffer, Phys. Rev. Lett. 74, 1292-1294 (1995)



Extraction of Tensor Charges

—0. 15 - Soffer bound

0201 03 05 07

‘ Measured Region \

Controlling Extrapolation

Su = / Cde(ht — B Large x 2 0.3

1 _
5d = /0 dz(h{ ~hi),  Soffer Bound: |h?] < — [f‘]+gl]

gr = 5’U, — 5d, J. Soffer, Phys. Rev. Lett. 74, 1292-1294 (1995)

‘ Small x <iI 0.005 \
aSNC
hf — x% a = 1—2\/ ~ 0.17 £0.085
1 x—0 1 271'

Y. V. Kovchegov and M. D. Sievert, Phys. Rev. D 99, 054033 (2019)




Extraction of Tensor Charges

Tensor Charges

od

0.2
0.1t
0.07
—0.17
—0.2]
—0.3]
—0.4]

—0.5

JAMDIFF (no LQCD) JAM3D* (no LQCD)

-+ PNDME (2018)
.~ ETMC (2020)
Radici, Bacchetta (2018)

Anselmino et al (2013)

u? =4 GeV?

Radici et al (2015)
Kang et al (2015)
Radici, Bacchetta (2018)
Benel et al (2019)
D’Alesio et al (2020)
~ PNDME (2018)
< ETMC (2020)
JAM3D (no LQCD)
JAMDIFF (no LQCD)

0.4 0.6 0.8 du

0.5

1.0 1.5 2.0 gt




Extraction of Tensor Charges

Tensor Charges

| LQCD [

R. Gupta et al., Phys. Rev. D 98, 091501 (2018)

C. Alexandrou et al., Phys. Rev. D 102, 054517 (2020)

od

0.2
0.1t
0.07
—0.17

—0.2
—0.3

—0.4]

—0.5

JAMDIFF (no LQCD) JAM3D* (no LQCD)
. Anselmino et al (2013)
u? = 4 GeV? . Radici et al (2015)
- ——  Kang et al (2015)
Radici, Bacchetta (2018)
—e——  Benel et al (2019)
. - D’Alesio et al (2020)
/ ~ PNDME (2018)
= ETMC (2020)
-+ PNDME (2018) —— JAM3D (no LQCD)
A o ey
0.4 0.6 0.8 du 05 1.0 15 20 gr




Extraction of Tensor Charges

Tensor Charges

| LQCD [

R. Gupta et al., Phys. Rev. D 98, 091501 (2018)

C. Alexandrou et al., Phys. Rev. D 102, 054517 (2020)

od

0.2
0.1t
0.07
—0.17

"

—0.4]

—0.2
—0.3

—0.5

JAMDIFF (no LQCD) JAM3D* (no LQCD)

-+ PNDME (2018)
-+ ETMC (2020)

Radici, Bacchetta (2018)

Anselmino et al (2013)

u? =4 GeV?

Radici et al (2015)
Kang et al (2015)
Radici, Bacchetta (2018)
Benel et al (2019)
D’Alesio et al (2020)
~ PNDME (2018)
< ETMC (2020)
JAM3D (no LQCD)
JAMDIFF (no LQCD)

B —

—_——

0.4 0.6 0.8 du

05 1.0 1.5 2.0 gt

Consistent with RB18 and JAM3D* (no LQCD).
What happens 1f we include LQCD 1n the fit?




Extraction of Tensor Charges

Quality of Fit

X?ed
Experiment Ngat | w/ LQCD | no LQCD
Belle (cross section) [63] [1094 1.01 1.01
Belle (Artru-Collins) [92]| 183 0.74 0.73
HERMES [72] 12 1.13 1.10
COMPASS (p) [71] 26 1.24 0.75
COMPASS (D) [71] 26 0.78 0.76
STAR (2015) [94] 24 1.47 1.67
STAR (2018) [64] 106 | 120 1.04
ETMC ou [28] 1 0.71 —
ETMC 4d [28] 1 1.02 —
PNDME du [25] 1 8.68 —
PNDME 6d [25] 1 0.04 —
Total x2.4 (Ngat) 1.01 (1475)|0.98 (1471)




Extraction of Tensor Charges

Quality of Fit

Physical Pion Mass
Ne=2+1+1

Use ou and dd instead of g,

X?ed

Experiment Ngat | w/ LQCD | no LQCD
Belle (cross section) [63] [1094 1.01 1.01
Belle (Artru-Collins) [92]| 183 0.74 0.73
HERMES [72] 12 1.13 1.10
COMPASS (p) [71] 26 1.24 0.75
COMPASS (D) [71] 26 0.78 0.76
STAR (2015) [94] 24 1.47 1.67

106 1.20 1.04
ETMC ou [28) 1 0.71 —
ETMC 4d [28] 1 1.02 —
PNDME du [25] 1 8.68 —
PNDME 6d [25] 1 0.04 —
Total x2.4 (Ngat) 1.01 (1475)[0.98 (1471)




Extraction of Tensor Charges

Transversity PDFs (W/ LQCD)

JAMDIFF (w/ LQCD) . |
0.4fJAM3D* (w/ LQCD) :Uhl"’ :
0.3t "
0.2t
0.1t
o0 S

—0.05] | i

—0.10F 4 =4 GeV?

0.1 5_ ........ Soffer bound - hfliv _
0T 01 03 05 07 @




Extraction of Tensor Charges

Transversity PDFs (w/ LQCD)

JAMDIFF (w/LQCD)
0.4-JAM3D* (w/ LQCD)
0.3f
0.2f
0.11

>

xhi"

(. —

0.05]

—0.05]
—0.10}
—0.15- — Soffer bound

dy,
rh,” -

T 08 05 07 @

JAM3D* = JAM3D-22 (w/ LQCD)
+ Antiquarks w/ i1 = — d
+ small-x constraint (see slide 27)
+ ou, od from ETMC & PNDME
(instead of g from ETMC)




Extraction of Tensor Charges

Transversity PDFs (w/ LQCD)

JAMDIFF (w/LQCD)
0.4-JAM3D* (w/ LQCD)
0.3f
0.2f
0.11

>

xhi"

(. —

0.05]

—0.05]
—0.107 4 =4 GeV?
—0.15- — Soffer bound

wamssnarae

dy,
rh,” -

JAM3D* = JAM3D-22 (w/ LQCD)
+ Antiquarks w/ i1 = — d
+ small-x constraint (see slide 27)
+ ou, od from ETMC & PNDME
(instead of g from ETMC)

T 08 05 07 @

JAMDIFF (w/ LQCD) and
JAM3D* (w/ LQCD) largely
agree




Extraction of Tensor Charges

Tensor Charges (w/ LQCD)

5d | JAMDIFF (w/ LQCD) JAM3D* (w/ LQCD) | o |
() 9} JAMDIFF (no LQCD) JAM3D* (no LQCD) | T Anselmino et al (2013)
- 2= 4 GeV? . Radici et al (2015)
0.1r 2 ' ——  Kang et al (2015)
0} Radici, Bacchetta (2018)
—e——  Benel et al (2019)
—0.1 - ——— D’Alesio et al (2020)
—0.2 g — » PNDME (2018)
| « ETMC (2020)
—0.3] | ] + JAM3D* (w/ LQCD)
e PO e
(.5t + ETMC (2020) Somp T 1 | JAMDTFF (w/ L QCD :
Radici, Bacchetta (2018) - — ! (no LQCD)

0.1 0.6 08 oéu 05 10 15 20 gr




Extraction of Tensor Charges

Tensor Charges (w/ LQCD)

5d | JAMDIFF (w/ LQCD) JAM3D* (w/ LQCD) | -
() 2| JAMDIFF (no LQCD) JAM3D* (no LQCD) Anselmino et al (2013)
' 2= 4 GeV? . Radici et al (2015)

0.1r > ' ——  Kang et al (2015)

0l | Radici, Bacchetta (2018)
—e——  Benel et al (2019)
—0.17 - ‘ ——— D’Alesio et al (2020)

~ PNDME (2018)

L ]

‘_ = ETMC (2020)
—0.3] , | + JAM3D* (w/ LQCD)
_ | , 1 —— JAM3D* LQCD
—0.4 + PNDME (2018) m_. i .(11() 2CD)
051 + ETMC (2020) ) « JAMDIFF (w/ LQCD)
—U.OT =M ~0.21F 1] .
Radici, Bacchetta (2018) - - JAMDIFF (no LQCD)
0.4 0.6 0.8  dou 0.5 1.0 1.5 20 gr

Noticeable shift from
including lattice data




Extraction of Tensor Charges

Tensor Charges (w/ LQCD)

5 d | FAMIDIEF (w/ EQCD) JAM3D" (w/ LQCD) Likelihood
() 2| JAMDIFF (no LQCD) JAM3D* (no LQCD) | | Anselmino et al (’010>

12 = 4 Gov? . Radici et al (2015) functlon

0.1r ' ——  Kang et al (2015) )
0l ! Radici, Bacchetta (2018) g — eXp(—)( / 2)

—_— Benel et al (201
e does not guarantee

—0.1 —e—— D’Alesio et al (2020)
~0.2] —— " INONE e that errors overlap
«  ETMC (2020 i
—0.3] | | + JAM3D* (w/ LQCD) when using Monte
— 0.4 o ‘ e JAM3D* (no LQCD)
. i ETE\({I;)((;(;)@) 2! —r— ] . JAMDIFF (w/ LQCD) Carlo method

— .0 v ~0.21F ] .

Radici, Bacchetta (2018) - s RS JAMDIFF (no LQCD)

0.4 0.6 0.8  du 0.5 1.0 1.5 2.0 gt

Noticeable shift from
including lattice data




Extraction of Tensor Charges

Tensor Charges (w/ LQCD)

5 d | FAMIDIEF (w/ EQCD) JAM3D" (w/ LQCD) Likelihood
() 2| JAMDIFF (no LQCD) JAM3D* (no LQCD) | | Anselmino et al (’010>

12 = 4 Gov? . Radici et al (2015) functlon

0.1t ' —— Kang et al (2015) ) 2
adici, Bacchetta (2018 — —
ol Radici, Bacchetta (2018) g €Xp( )( / )
Benel et al (2019)

does not guarantee

—e—— D’Alesio et al (2020)

~0.2] —: - PNDME (2018) that errors overlap
_ = ETMC (2020) .
—0.3] | | + JAM3D* (w/ LQCD) when using Monte
0.4t | , 1 —e— JAM3D* (no LQCD)
PNDME (2018 ol —— ,
Y B i ETMC (7(090) | . . | JAMDIY (w/ LACD) Carlo methOd
—0.9] Radici B_ -—'l At (‘7018)4)‘21_ | | | ] —— JAMDIiFF (no LQCD) M.N. Constantini et al., JHEP 12, 064 (2024)
aditl, bateicta \2 : 07 - 08 - . - . N.T. Hunt-Smith ef al., Comput. Phys. Commun. 296, 109059 (2024)
0.4 0.6 0.8  ou 0.5 1.0 1.5 2.0 gt N. T. Hunt-Smith er al, Phys. Rev. D 106, 036003 (2022)

Noticeable shift from|| Currently looking into Markov Chain
including lattice data || Monte Carlo to better assess uncertainties.




Extraction with TMDs

p? [GeV?]

10*
L A
L -
3 - *
107+ . .
F - *
r ., *
o ot
e % *
> o
*’* * b
* *
** * X
* -
* l* * y | v
v
v

10*

10°

Single-Hadron Data -
L

*
*
x*
*
v, vV

® *
] *
= 9 .
*
)** o
*

JAM3D +
JAMDIiFF

JAM3DIKF




Extraction with TMDs

Kinematics and Funct

107

® o L4

« SIDIS Collins
SIDIS Sivers
+ SIDIS sin ¢
oo + SIA
+ DY
s W/Z 1
+ STAR Ay (200 GeV) |
+ STAR Ay (500 GeV) |
+ STAR HiJ (200 GeV)
+ STAR HiJ (500 GeV)

.I
‘ 0.6 08 >
T < ingle-Hadron Data -
- ]

T

ions
Process  |Collaborations

7SI BaBaR, Belle, BESIII

o1 D) RO (Nl COMPASS, HERMES

[ SRN COMPASS
\AZ7Z S TAR

pp AN STAR, AnDY

Hadron-in-jet PV

176
525
15
17
44
708

33




Extraction with TMDs

Kinematics and Funct

107

® o L4

« SIDIS Collins
SIDIS Sivers
+ SIDIS sin ¢
oo + SIA
+ DY
s W/Z 1
+ STAR Ay (200 GeV) |
+ STAR Ay (500 GeV) |
+ STAR HiJ (200 GeV)
+ STAR HiJ (500 GeV)

.I
‘ 0.6 08 >
T < ingle-Hadron Data -
- ]

T

ions

33

Process __ |Collaborations

7SI BaBaR, Belle, BESIII
SIEYN: LM COMPASS, HERMES

[ SRN COMPASS
\AZ7Z S TAR

pp AN STAR, AnDY

Hadron-in-jet PV

176
525
15
17
44
708

Transversity A, : u,d, i, d + widths




Extraction with TMDs

Klnematlcs and Functlons

p? [GeV2]

107

10t

104

fovery vovoreg

® & ¢ O o

L 4

»

L R 4

« SIDIS Collins

SIDIS Sivers

» SIDIS sin ¢5
«» SIA
v DY

+ W/Z

+ STAR Ay (200 GeV) |

p l’
c ‘ ’ s + STAR Ay (500 GeV) |
: + STAR HiJ (200 GeV)
i STAR HiJ (500 Ge V)
10° ] ‘

gle Hadron Data

T

33

Process Collaborations Points

7N BaBaR, Belle, BESIII

SIDIS LV B COMPASS, HERMES

[ SRN COMPASS
\AZ7Z S TAR

pp AN STAR, AnDY

Hadron-in-jet PV

176
525
15
17
44
708

‘ Transversity A, : u,d, ii,d + widths \

Sivers f, - L(D)

u,d, i

,d, s

s,§ + widths



Extraction with TMDs

33

Klnematlcs and Functlons

p? [GeV2]

10t

104

107

fovery vovoreg

® & ¢ O o

L 4

»

L R 4

« SIDIS Collins

SIDIS Sivers

» SIDIS sin ¢5
«» SIA
v DY

+ W/Z

+ STAR Ay (200 GeV) |

p l’
c ‘ , s + STAR Ay (500 GeV) |
: + STAR HiJ (200 GeV)
i STAR HiJ (500 Ge V)
10° ] ‘

gle Hadron Data

T

Process Collaborations Points

SN BaBaR, Belle, BESIIT 176

SIDIS RO COMPASS, HERMES 525

DYGN COMPASS 15
L7772 S TAR 17
pp AN STAR, AnDY 44

Hadron-in-jet PV 708

‘ Transversity A, : u,d, ii,d + widths \
‘ Slversfl(l) u,d,ii,d,s, s + widths \
‘Collins (pion) Hli(l) : fav.,unfav. + widths \




Extraction with TMDs

Klnematlcs and Functlons

p? [GeV2]

10t

104

107

fovery vovoreg

® & ¢ O o

L 4

»

L R 4

« SIDIS Collins

SIDIS Sivers

» SIDIS sin ¢5
«» SIA
v DY

+ W/Z

+ STAR Ay (200 GeV) |

p l’
c ‘ , s + STAR Ay (500 GeV) |
: + STAR HiJ (200 GeV)
i STAR HiJ (500 Ge V)
10° ] ‘

gle Hadron Data

G

33

Process Collaborations Points

7SI BaBaR, Belle, BESIII
HINEPS7 W COMPASS, HERMES
DS COMPASS
L7728 S TAR

STAR, AnDY

Hadron-in-jet PV

176
525
15
17
44
708

‘ Transversity A, : u,d, ii,d + widths \

‘ Slversfl(l) u,d,ii,d,s, s + widths \

‘Collins (pion) Hli(l) : fav.,unfav. + widths \

‘ Twist-3 FF (pion) H : fav ., unfav. \



Extraction with TMDs

3D/Twist-3 Observables
| SIA |

J.P. Lees et al.. Phvs. Rev. D 90. 052003 (2014)

hh L. L.h
FC(;S %gz’)o X C[Hl 1[_11 2]




Extraction with TMDs

3D/Twist-3 Observables

| SIA |

J.P. Lees et al.. Phvs. Rev. D 90. 052003 (2014)

hh L. L.h
FC(;S Sq’)o X C[Hl 1[_11 2]

A. Airapetian et al., JHEP 12, 010 (2020)

Fyy,=C [lel] (constrains widths)

Fsn@i=9) o D]

FSin(¢h+¢s) x C [ hl HiL]

. M
F;;%occ[—z—]&hl +...]




Extraction with TMDs

3D/ Twist-3 Observables
| SIA | | SIDIS | | Drell-Yan |

g / Pycs / P cs
/i
A. Airapetian et al., JHEP 12, 010 (2020)

J.P. Lees et al.. Phvs. Rev. D 90. 052003 (2014) . . M. Aghasyan et al., Phys. Rev. Lett. 119, 112002 (2017)
" L Fyy,=C [lel] (constrains widths)
F' o C|H:-""H ™| ! "
cos 2¢ 1 1 sin(¢y,— ;) _ I T & C [f ]
F « C|/,+D] u "

Flsjl;@h"‘d’s) x C hl HiL] :
Y ‘ Pion PDF \

Flsji;d)socC[—Z—AZhl +...]




Extraction with TMDs

3D/Twist-3 Observables
pp W/Z production

Flle‘xcl fl]




Extraction with TMDs

3D/Twist-3 Observables
pp W/Z production

Flle‘xcl fl]

pp Ay

1 1
dzJ dx 1 M
dAoc — M hH +—D F

[me 73 . xx' xS+ U/zfl[ nl ! ]

dH;V .
1 ]SH%+[— 2H1L(1>+l |54

% = [HA—;
[ 1 dz Z

]SFFT

dz




Extraction with TMDs

3D/Twist-3 Observables
pp W/Z production

pp hadron-in-jet

dx 1 2 zM, T
e 1
xx' xS+ U n({p1)u)*

F(1]T0<C[ fl] . 1
sin(¢s—ay,)
Fop™ “[
pp Ay
dA [1 dzr 1 i+,
o X — -
- z3 xminxx’xS+ Uizttt N
dH*D 1
_ 1(1)_ 1 _ Ly~ rrle
# = |H -z o |Sp + |- 2H; +- |54
| dJ_(l)
o — [£L() 1T
F = flT < dz ]SFFT

L. Adamezyk et al., Phs. Rev. D 97, 032004 (2018)




Extraction with TMDs

Previous JAM3D Analyses

Origin of single transverse-spin asymmetries in high-energy collisions
Jefferson Lab Angular Momentum Collaboration « Justin Cammarota (Coll. William and Mary and Lebanon Valley —~ s JAM22 0.0 _—— |
Coll.) Show All(8) 8 0.4 == JAM20+ - -
Feb 19, 2020 ~— \\ —0.1f -
—
0.2 | ~_ U —02F
8 pages .
Pupbligshed in: Phys.Rev.D 102 (2020) 5, 054002 -5 ~ ~ d
Published: Sep 8, 2020 0.0 i —-0.3F SB
1 1 1 1 1 1 1 1
Updated QCD global analysis of single transverse-spin asymmetries: Extracting H, 0.2 0.4 0.6 08 & 0.2 0.4 0.6 08 &
and the role of the Soffer bound and lattice QCD ~ 0.00 0.06
Jefferson Lab Angular Momentum (JAM) and Jefferson Lab Angular Momentum Collaborations - Leonard Gamberg (Penn 3 ' 004
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Extraction with TMDs

Data vs. Theory (SIA/SIDIS)
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Data vs. Theory (DY, W/Z AN)
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Extraction with TMDs

Quality of Fit and Inclusion of LQCD

Process Ndat | XZeq (no LQCD) |x24 (w/ LQCD)
SIA 176 1.09 1.15
SIDIS 1050 1.38 1.38
Drell-Yan 15 0.24 0.24
W/Z 17 (Al 1.68
AN 44 1489 1.80
Hadron-in-jet| 708 1.03 1.03
LQCD 4 — 0.92
Total 2014 1.24 1.24
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Process Ndat | XZeq (no LQCD) |x24 (w/ LQCD)
SIA 176 1.09 1.15
SIDIS 1050 1.38 1.38
Drell-Yan 15 0.24 0.24
W/Z 17 (Al 1.68
AN 44 1489 1.80
Hadron-in-jet| 708 1.03 1.03
LQCD 4 — 0.92
Total 2014 1.24 1.24

Inclusion of LQCD barely affects
description of JAM3D data!
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Comprehensive Analysis of DiFFs and Transversity
‘ First inclusion of Belle cross section data ‘
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Comprehensive Analysis of DiFFs and Transversity

‘ First inclusion of Belle cross section data ‘

0.4 <z <045

0.35 <2< 04

3 0.6 < z < 0.65 0.75 <2< 0.8
1
“““““““ N
0.6 0.8 <z <0.85 085 < 2<0.9 X! 095 <2< 1.0
o4 i V5 = 1058 Gev
02 M 1 ,ﬁ!-, —~
00 g5 1o 15 20 05 10 15 20 05 7.0
M, [GeV i [GeV ] M, |

Utilized all binnings for Artru-
Collins and SIDIS asymmetries

First inclusion of
500 GeV STAR data

—0.02

(((((((

(Par) = 5 GeV

| W

(Par) = 6 GeV

M, [GeV]

pp
Ayr
1 /5 =500 GeV (R < 0.7)

f STARn >0 &= JAMDIFF 5 >0
} STARn <0 & JAMDIFF 7 <0

0.05¢
0.00
—0.05¢
—0.10¢

—0.15}

' || { HERMES

} COMPASS p

1 ¥ COMPASS D

= JAMDIiFF (HERMES)
= JAMDIiFF (COMPASS p)
1t 2 JAMDIiFF (COMPASS D)

0.5 1.0

0.4 0.6 0.8

z




Conclusions and Outlook

Comprehensive Analysis of DiFFs and Transversity

42

‘ First inclusion of Belle cross section data ‘

0000000000

~03<2<035

\\\\\\\
0.45 < 2 < 0.5

0.35 <2< 04

0.6 0.8 < z<0.85

000000000

Utilized all binnings for Artru-
Collins and SIDIS asymmetries

First inclusion of
500 GeV STAR data

4 GeV <PhT) =5 GeV

M }M

<PhT> = 6 GeV

L L L R I LA B
—0.02 ‘ ‘ ‘ ‘ ‘ |
(PhTﬁ —8GeV ‘ 1 (PhT)‘ —12GeV ‘ 1 1\},? [GeV]
pp
( N
oI l [ { | /3 =1500 GeV (R < 0.7)
))))))) Lv/&ﬂ/:ﬂ [ { STAR >0 & JAMDIFF 5> 0
HH 1 | STARn <0 & JAMDIFF n <0
05 10 5 05 10
M, [GeV] M, [GeV]

0.05¢ }
0.00 *

—0.05}
010k ' || { HERMES || = JAMDIFF (HERMES)
. SIDIS } COMPASS p = JAMDIiFF (COMPASS p)
—0.15¢ AUT 1l § COMPASS D 1t 2 JAMDIiFF (COMPASS D)
102 1071 Th; 05 | ‘

15 M, [GeV]

0.4 0.6 0.8

z

First sitmultaneous analysis
of D1FFs and transversity
PDFs




Conclusions and Outlook

Conclusions

Simultaneous extraction of
DiFFs and transversity PDFs

JAMDIFF JAMDIFF (no LQCD) Uy |
] 0.4FJAM3D* (no LQCD) mI"’]. |
0.3/ Radici, Bacchetta (2018)

z=0.25

M, [GeV]

S
o

(z, My)[GeV 1]
L L
NN

<u
H;
|
S o
(0¢] D

04 0.6 08 1.0 1.2
M, [GeV]




Conclusions and Outlook

Conclusions

Simultaneous extraction of
DiFFs and transversity PDFs

Universality of all available

information on transversity
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Introduction

JAM Collaboration

3-dimensional structure of nucleons:

 Parton distribution functions (PDFs)

* Fragmentation functions (FFs)

e Transverse momentum dependent distributions (TMDs)
* Generalized parton distributions (GPDs)

* Collinear factorization in perturbative QCD
* Simultaneous determinations of PDFs, FFs, etc.
* Monte Carlo methods for Bayesian inference
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Cross-section
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Calculated 1n perturbative QCD
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Experimentally measured “Soft part” (process independent)
Cross-section Describes internal structure
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Now that the observables have been calculated...
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Now that we have calculated y*(a, data)...

| Likelihood Function |

1
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Now that we have calculated y*(a, data)...

| Likelihood Function |
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PYTHIA data (/s = 91.19 GeV)
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DiFF Parameterization

M} =[2m,,0.40, 0.50,0.70, 0.75, 0.80,0.90, 1.00, 1.20, 1.30, 1.40, 1.60, 1.80, 2.00] GeV.

q
q

Di(z, M) = g2 (1 - 2),

204 parameters for D,
48 parameters for H’
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PDF Parameterization

— hlv 7
hi = — hd

2 N e I5]
fz,mo) = 7 2%(1 = 2)" (1 + vz +nz),

15 parameters for A,
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Extraction of Tensor Charges

Experiment + Lattice + Theory

THEORY
( EXPERSMENE) (unmeasured regions)
ERHIER e | hd | <l[f‘1+ 7]
o T T e ! V1o
ol
IR A N,
e a,=1-2

LATTICE
(full moments)

1
ou = / dz(h} — hY),
0

1 -
6d5/ dz(h{ — hY),
0

agr = ou — (5d,

Presently, trivial to
find compatibility
between any two

Only meaningful when
all three are included
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Tensor Charge Numbers

Fit ou od gr

no LQCD [0.50(7)|-0.04(14)[0.54(12)
w/ LQCD|0.71(2){-0.200(6) | 0.91(2)




Extraction of DiFFs

3D/Twist-3 Observables
| SIA |

J.P. Lees et al.. Phvs. Rev. D 90. 052003 (2014)

Fhihs :C[z(h'plT)(h' Par) = Dir* Por ]
cos 2¢ Mthhz




Extraction of DiFFs

3D/Twist-3 Observables
| SIA |

A. Airapetian et al., JHEP 12, 010 (2020)

J.P. Lees ef al.. Phvs. Rev. D 90. 052003 (2014) FU U= lelDl] ((/)\OI]S_'[)I'aiIlS widths)
: h-k
r r — — (D—,) _ T
prr _ o2 T T =T ir T, g R == el
cos2¢, SN
0 Mthh2 FSin(Qbh‘Hbs) _ C i h . p Th ]
ur _ i 1

in M
Fls]T¢S — EC[ — _Mth_I_ .. ]
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Future Extraction w/ TMDs

Observable Count!
‘Transversity h, — 8 — Collins SIDIS [p (z*°), D (z%)] + Ay 7"+ Hadron-in-jet 7~ ‘

67

Transversity s, also has 3 more observables from the dihadron side
LQCD also constrains A,

Sivers #1) — 21 — Sivers SIDIS [p (#5°, K=, h*), D (z*, K*Y, h*)] + Drell-Yan

Collins (pion) Hll(l) — 10 — Collins SIDIS [p (z°), D (z%)] + Ay 7 + Hadron-in-

jet

| Twist-3 FF (pion) A — 6 — sin ¢ SIDIS [p (#=°, h*)] + Ay z°




