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JAM Collaboration

3-dimensional structure of nucleons:

 Parton distribution functions (PDFs)

* Fragmentation functions (FFs)

e Transverse momentum dependent distributions (TMDs)
* Generalized parton distributions (GPDs)
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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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Introduction to Sea Asymmetry
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Introduction to Sea Asymmetry
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Introduction to Sea Asymmetry
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Spin-Averaged Parton Distribution Functions

Kinematic Coverage (Spin-Averaged)

DL B NI o gLt BCDMS, NMC, SLAC, HERA, Jefferson Lab 3863 points

Drell-Yan Fermilab E866, E906 205 points
W/Z BB 9L U0 (B CDE/DO, STAR, LHCb, CMS 153 points

CDF/DO STAR 200  points
T T T ]
" e SeaQuest CMS/LHCb W . S,
|(pL ©STARW . CDF/DO jets Lerton ]
- & NuSea x STAR jets H#j:*’t e ¥ ’
-« BCDMS —W? =3 GeV? WL e
¢ + +‘.+
> | . JLab BONuS o
D 1p3L x JLab Hall C
© "« HERA
N" "« CDF/DO0 W/Z
2
—mo e
1 BT 1
10 wolooctunds ob § ¢
-0 emnese e o o
we®™®N® § o o o o o o
aEnesese® o o o o
000iged © © © © © o o
o000 o e o
100 N




Spin-Averaged Parton Distribution Functions

Kinematic Coverage (Spin-Averaged)

DL B NI o gLt BCDMS, NMC, SLAC, HERA, Jefferson Lab 3863 points

Drell-Yan Fermilab E866, E906 205 points
W/Z BB 9L U0 (B CDE/DO, STAR, LHCb, CMS 153 points

IR CDF/DO. STAR 200  points

o SeaQuest CMS/LHCb W
10°L © STAR W + CDF/DO jets
- & NuSea x STAR jets A ST .
» BCDMS —W? = 3 GeV? AT AT I
L + oy 4 + +
10“l - NMC +++ ‘++ e :
E * 0o PY
> [ . JLab BONuS o ot ' o o
- ® &6 o o o o© [ ] ® L ]
D 1p3L x JLab Hall C y ‘ . H
O | . HERA odngts® " g
N F ° () x
|« CDF/D0 W/Z .M'! e e 6 6 0_0 o A
) i3S 3 3
@ 10 S00IDENNG $00 0 o
0ubl Sodode $
GOS0NINGSe 00 60 ® o
mcn:.:n [ J ; . v .
1 O ARRER J
10 whodad ob bob § o § <
-0 emnese e o o [ ] [ ] ]
we®™N® § o o o o o o ¢ ]
e R ~ ew SeaQuest data
10~ 10~3 1072 0.7 ¢




Spin-Averaged Parton Distribution Functions

Kinematic Coverage (Spin-Averaged)
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Spin-Averaged Parton Distribution Functions

SeaQuest and NuSea Quallty of Fit

1.4}

1.2}

1.0

- 0.36 <z <0.56 ‘{ ]

| NuSea

0.48 < 2, < 0.69

f

L} SeaQuest EJAM (SeaQuest)
—JAM (NuSea)

0.8
O-PD/ 2Upp
12} data / theory
].0 ER RS == ; S i | TS e ]
0.8¢ - l b B
0.0 0.2 ro 04




Spin-Averaged Parton Distribution Functions

SeaQuest and NuSea Quallty of Fit
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Spin-Averaged Parton Distribution Functions

STAR Quality of Fit
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Spin-Averaged Parton Distribution Functions

Impact from STAR and SeaQuest
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Impact from STAR and SeaQuest

150

1.0

baseline :

0.5 M +STAR 3/ STAR: Moderate reduction
: eaQues u < <
Setmest AT of uncertainties

0.04] ag(d — fa) ]

0.02

2 =10 GeV?

0'55 0 / (sbaseline I

0102 03 g 04
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Extraction of Nuclear Effects
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Extraction of Nuclear Effects
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Extraction of Nuclear Effects

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei
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Extraction of Nuclear Effects

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei
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Extraction of Nuclear Effects

Isovector Effect

I. C. Cloet, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 102, 252301 (2009)

‘ Mediated by /; = 1 mesons, dependent on third component of 1sospin
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Isovector Effect
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Extraction of Nuclear Effects

Isovector Effect

16

I. C. Cloet, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 102, 252301 (2009)

‘ Mediated by /; = 1 mesons, dependent on third component of 1sospin ‘

Spectators

‘ Parameterize phenomenologically: \

QN/A(pz) = (N + D(pz) 5qN/A + ...

Spectators

‘Virtuality‘
v(p?) = (p? —M>HIM? <« 1




Extraction of Nuclear Effects

Data vs. Theory
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Data vs. Theory
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Suggestion of off-shell effectsg
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Isovector Extraction

i 9pPHe | 0100 A9 [No MARATHON
dpra T 4prHe | 000
0.00

Ag:

—0.05

—0.10}

.........................

0.2 0.4 06 08



Extraction of Nuclear Effects

Isovector Extraction
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Extraction of Nuclear Effects

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei
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Future Work
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4. Helicity Parton Distribution Functions

C. Cocuzza, W. Melnitchouk, A. Metz, and N. Sato,
Phys. Rev. D. 106, L031502 (2022)
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Helicity Parton Distribution Functions

Kinematic Coverage (Helicity)

DB LEER NIy L M COMPASS, EMC, HERMES, SLAC, SMC

Semi-Inclusive DIS COMPASS, HERMES, SMC
W/Z ORI N L) e STAR, PHENIX
STAR PHENIX

Q* (GeV?)

104;
103 -

107

EMC

~ SMC
« COMPASS
v HERMES

SLAC

» STAR jets

v PHENIX jets
+ STAR W

« PHENIX W/Z

1_ —--W? = 10 GeV?
10° F

O‘..
.‘.

{

v
i
[ ]
L

L
[

-
-
-

-
-
P
-
-

P
-
e
-

100 .

102

01

365 points
231 points
18 points
points




Helicity Parton Distribution Functions

Kinematic Coverage (Helicity)
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Helicity Parton Distribution Functions

Kinematic Coverage (Helicity)
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Helicity Parton Distribution Functions
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Helicity Parton Distribution Functions

Resulting Asymmetry
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Helicity Parton Distribution Functions

Resultlng Asymmetry
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Helicity Parton Distribution Functions

Resultlng Asymmetry
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Helicity Parton Distribution Functions

Resultlng Asymmetry
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Resultlng Asymmetry
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Resultlng Asymmetry
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0.06F Q=10 GeV? NNPDFpol1.1 ] : —
NNPDF shows hint of positive
asymmetry at intermediate x

) s

DSSV08

0.04

0.02

Our result 1s strongly positive
in both regions of x




JAMDIFF (no LQCD) uy
AL JAM3D* (no LQCD) . xhy" |
2 | Radici, Bacchetta (2018)

9
1

(
—0.01
5. Di-Hadron Production and Transversity || [oo (A
. . . . —(]_l:’)? ------- Soffer bound £Xr 1v 1
Parton Distribution Functions ey L
§d | JAMDIFFE (w/ LQCD) JAM3D* (w/ LQCD)
(.2} JAMDIFF (no LQCD) JAM3D" (no LQCD)
01 . | p? =4 GeV?
C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato, and R. Seidl, 0
Phys. Rev. Lett. 132, 091901 (2024) 0.1l
—0.2 -
C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato, and R. Seidl, .31 |
Phys. Rev. D 109, 034024 (2024) —0A4} 4 papuE @0 ' ]
_ (0.5t + ETMC (2020) ol
Radici, Bacchetta (2018) o o
0.1 0.6 0.8 du
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Approaches to Extract Transversity

‘ Dihadron Frag. \

« Radici + Bacchetta (RB18)
* Benel + Courtoy + Ferro-
Hernandez (2020)

0.4 B ‘
03}
02

03—
1072 107 1

X
X hf"
0.05; / ||m
0.00 I|I| N
-0.05 1
-0.10}
-0.15¢
1072 107" 1
X

M. Radici and A. Bacchetta,
Phys. Rev. Lett. 120, no. 19, 192001 (2018)
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Approaches to Extract Transversity

‘ Dihadron Frag. \ .TMD .
Collinear Twist-3

« Radici + Bacchetta (RB18)
* Benel + Courtoy + Ferro- « JAM3D
Hernandez (2020)

— JAM22
o~ L 0.0 é——_:—
8 0.4 S SEIAM20+| ) [ e—
0.4 B S 02 S U —0.2F
oal PR 8 0 -] —03F | B d
02 02 04 06 08 T 02 04 06 08 T
01; < _ 0.06
A 0.00
0.0 8 0.04}
ol \ = -0.02r u d
\ I 0.02 H
0.2 v 5'-0.04
8 0.00
08— —0.06 L . . L " . . f
e T " 02 04 06 08 & 02 04 06 08 &
.0
R unf

—-0.4

. 06 0.0
X hfv ~ 0.4 0.2
0.05} | I\ m” 0.2 fav
||II|. N —0.6
0.00 h), 0.0 1 T 1 1 1
0.2 0.4 0.6 0.8 z 0.2 0.4 0.6 0.8 z
-0.05 ] C
. 0.04 0.08 F
—0.10} X 0.00 0.04}
1 — -
015/ »-E 0.04 ) 0.00
L av
1072 10-1 1 —0.08 —0.04 n L
X

1 1 1 1 1
0.2 04 0.6 0.8 z 0.2 0.4 0.6 0.8 z

M. Radici and A. Bacchetta, L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)
Phys. Rev. Lett. 120, no. 19, 192001 (2018)
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Approaches to Extract Transversity

‘ Dihadron Frag. \ IMD + Lattice QCD

Collinear Twist-3
» Radici + Bacchetta (RB18) « ETMC Collaboration

* Benel + Courtoy + Ferro- e JAM3D « PNDME Collaboration
Hernandez (2020) « LHPC Collaboration

—_ | —-_— M22 0.0 ?———-—
B 04 N | g} el =T
S 02f \s\ u —0.2F d
8 = i
0.0 S —0.3 SB
PR A N P; = 1.24GeV
02 04 06 08 T 02 04 06 08 T
~ 0.00 0.06 SIDIS
H X E_N\
3 \ ? 0.04 TN
= -0.02r u d & 21 SIDIS+gr ./"\'.'v.\\
= 00 0021 5 NaN
—0.04 1
® 006 M 0.00 P w— © / )\
e 0.2 04 06 08 & 02 04 06 08 & () IS Y T
__ 06 —————e— | B | | T .
:?N/ 04 _oak unf
3. —0.4 -2 ' - - i ‘ ' i
o 0.2 fav -1 -0.75  -0.5 -0.25 0 0.25 0.5 0.75 1
N —-0.6
L T 1 1 1 €T
%2 04 06 08 =z 02 04 06 08 2
__o0aF 0.0sF
000 004k
'E—O-M - 0.00 C. Alexandrou et al., Phys. Rev. D 104, no. 5, 054503 (2021)
—0.08f fav
1 1 1 —0.04 1 1 1
02 04 06 08 2 02 04 06 08 2

M. Radici and A. Bacchetta, L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)
Phys. Rev. Lett. 120, no. 19, 192001 (2018)
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JAM Global Analysis in the collinear DiFF Approach

First simultaneous extraction of z*z~ DiFFs (D7),
IFFs (H™), and transversity PDFs (h7) at LO

Semi-Inclusive
Deep Inelastic Scattering

Proton-Proton Collisions

R. Seidl ef al., Phys. Rev. D 96, no. 3, 032005 (2017) C. Adolph et al., Phys. Lett. B 713, 10-16 (2012) L. Adamczyk et al., Phys. Rev. Lett. 115, 242501 (2015)
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Tensor Charges
1
ou = / dz(h} — hY),
0
1 _
od = / dz(hd — h9),
0

aqr = ou — 5d,
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Anselmino, et al. (2007, 2009, 2013, 2015); 28
Goldstein, et al. (2014);
Kang, et al. (2016);
D’Alesio, et al. (2020);
Cammarota, et al. (2020);
Gamberg, et al. (2022);
Zheng, et al. (2024);
Boglione, et al. (2024)

Tensor Charges
1
ou = / dz(h} — hY),
0

1 i}
od = / dz(h$ — h?),
0

aqr = ou — 5d,

Radici, et al. (2013, 2015, 2018);
Benel, et al. (2020);
Cocuzza, et al. (2023)

Tensor
Charges
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Anselmino, et al. (2007, 2009, 2013, 2015); 28
Tensor Charges

Goldstein, et al. (2014);
1
—_ U U
(S’U,:/ d.fC(hl _h1)7
0

Kang, et al. (2016);
1 _
5d = / dz(ht — hY),
0

D’Alesio, et al. (2020);
gr — 5'1,11 — 5d,

Cammarota, et al. (2020);
Gamberg, et al. (2022);
Zheng, et al. (2024);
Boglione, et al. (2024)

Radici, et al. (2013, 2015, 2018);
Benel, et al. (2020);
Cocuzza, et al. (2023)

He, Ji (1995);
Barone, et al. (1997);
TCHSOI' Schweitzer, et al. (2001);

Gamberg, Goldstein (2001);
Charges Pasquini, et al. (2005);

Wakamatsu (2007);
Lorce (2009);
Gupta, et al. (2018);
Yamanaka, et al. (2018);
Hasan, et al. (2019);
Alexandrou, et al. (2019, 2023);
Yamanaka, et al. (2013);
Pitschmann, et al. (2015);
Xu, et al. (2015);
Wang, et al. (2018);
Liu, et al. (2019);
Gao, et al. (2023);

Lattice QCD,
Models
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Anselmino, et al. (2007, 2009, 2013, 2015); 28
Tensor Charges

Goldstein, et al. (2014);
1
—_ U U
(S’U,:/ d.fC(hl _h1)7
0

Kang, et al. (2016);
1 _
5d = / dz(ht — hY),
0

D’Alesio, et al. (2020);
gr — 5'1,11 — 5d,

Cammarota, et al. (2020);
Gamberg, et al. (2022);
Zheng, et al. (2024);
Boglione, et al. (2024)

Radici, et al. (2013, 2015, 2018);
Benel, et al. (2020);
Cocuzza, et al. (2023)

, He, Ji (1995);
Barone, et al. (1997);
TCHSOI' Schweitzer, et al. (2001);

Gamberg, Goldstein (2001);
Charges Pasquini, et al. (2005);

Wakamatsu (2007);
Lorce (2009);
Gupta, et al. (2018);
Yamanaka, et al. (2018);
Hasan, et al. (2019);
Alexandrou, et al. (2019, 2023);
Yamanaka, et al. (2013);
Pitschmann, et al. (2015);
Xu, et al. (2015);
Wang, et al. (2018);
Liu, et al. (2019);
Gao, et al. (2023);

Herczeg (2001);

Erler, Ramsey-Musolf (2005);
Pospelov, Ritz (2005); LOW'Energy

Severijns, et al. (2006); .
Cirigliano, et al. (2013); BSM PhYSlCS
Courtoy, et al. (2015);

Yamanaka, et al. (2017);

Liu, et al. (2018);
Gonzalez-Alonso, et al. (2019)

Lattice QCD,
Models
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)

5d JAM22 # Radici, Bacchetta (2018)
JAM22 (1’10 LQCD) ¥ Alexandrou et al (2020)
0.1F
0.0F
°
01 —a— g
—0.21 o
—0.3F
| 1 I I

0.4 0.6 0.8 1.0 ou
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)

5d JAM22 # Radici, Bacchetta (2018)
JAM22 (1’10 LQCD) ¥ Alexandrou et al (2020)

—0.17 _»ru— .

L RBI8 |12 .

—0.3 F
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)
AM3D
5d JAM22 # Radici, Bacchetta (2018) J L 3CD
JAM?22 (HO LQCD) ¥ Alexandrou et al (2020) (no Q )
0.1F
0.0 .
—0.17 _»ru— .
/
RB13 021 4
—0.3 F
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)

JAM3D
(no LQCD)

5d JAM22 # Radici, Bacchetta (2018)
JAM22 (HO LQCD) ¥ Alexandrou et al (2020)

0.1

0.0

—0.17 _»ru— .

L RBI8 |12 .

—0.3 F
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)

JAM3D

o Ao reD) ¥ Acancron e o0y N | (00 LQCD)
0.1F
0.0F .
—01F v .
‘ RB18 |/ﬂ A Lattice
~0.3} (ETMC)
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)

JAM3D
(no LQCD)

5d JAM22 # Radici, Bacchetta (2018)
JAM22 (HO LQCD) ¥ Alexandrou et al (2020)

0.1

0.0

—0.17 _»ru— .

T
‘ RB18 I/ —0.2 | * <

Large disagreements between three approaches...
Can this be solved?

Lattice
(ETMC)
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Extracted DiFFs (3D)

D (z, M},)[GeV ]
o

0.4

0.6

< 08 15 Mb
JAMDIiFF

12 =100 GeV?

D{(z, M},)[GeV ]
§
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Extracted 1KFs (3D)

&
o0

JAMDIiFF

1 =100 GeV?

0.61
0.4
0.27

|H;" (2, M})|[GeV ]
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Data for PDFs

DK B ) COMPASS, HERMES 64
Proton-Proton FYVAN 269

d STAR. (500 GeV)
7 2
2 * #*

107} ’ STAR (200 GeV) |
8 |
> LT
B | - L

; 1_

o 101 :
’ 3
TS ’
o o oo
T —— T ‘ =
102 10~ r 1




Di-Hadron Production and Transversity Parton Distribution Functions

Data for PDFs

DK B ) COMPASS, HERMES 64
Proton-Proton FYVAN 269

‘ Parameterization Choices

STAR (500 GeV) 3 independent observables
) Ed 3 independent functions
2 * #
10%) ’ STAR (200 GeV) | .
. - - | h
> - d
B
¢ 1
O i _ d
N_'lol i hl - hl
S t
X
. g
0 ¢ 1 .
10 102 10~ xr 1
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Data for PDFs

DK B ) COMPASS, HERMES 64

Proton-Proton RV 269 ‘ Parameterization Choices
d STAR (500 GeV) 3 independent observables
) A A 3 independent functions
Z * &
107} ’ STAR (200 GeV) i
C\; " ~' . * ld
8 - i:.ﬂ. . o : E hl % ]
N_'lol i ) hlit — 2 hf
I t
, : |
cmpon ’ ﬁ
. * ¢ " - ‘ Prediction from large-/N, limit \
0 ‘. e . 1 , .
10 | 1 0_2 10_1 €T 1 P. V. Pobylitsa, arXiv:hep-ph/0301236 (2003)




Di-Hadron Production and Transversity Parton Distribution Functions

Transversity PDFs

'Radici, Bacchetta (2018)

—

b

'JAMDIFF (no LQCD)
AFJAM3D* (no LQCD)
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Transversity PDFs

'Radici, Bacchetta (2018)

—

b

‘JAMDIFF (no LQCD)
AFJAM3D* (no LQCD)

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

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

A5F Soffer bound

102 01
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Transversity PDFs e — —
- JAMDIFF (no LQCD) o
01/ JAM3D* (no LQCD) . xhy" -
JAMBD* = JAM3D-22 (HO LQCD) 0.3 ._Ra_(ll(_:i, Bacchetta (2018) ]
+ Antiquarks w/ it = — d 0.2 _
+ small-x constraint (see slide 27) 0.1

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

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

107201 03 05 07 @
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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 @
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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
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Controlling Extrapolation

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

0.3 Radici, Bacchetta (2018)

1 _
5d5/ dz(h — h9),
0

ofF— | B ~~~~~~ gr = 6u — dd,

—0. 15 - Soffer bound

0201 03 05 07

‘ Measured Region \
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Controlling Extrapolation

Su = / Cde(ht — B Large x 2 0.3

1 _
5d = /0 dz(h{ — h{),  Soffer Bound: Ihql < —= [fq + 81]

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

Soffer bound

0201 03 05 07

‘ Measured Region \
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—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)




Di-Hadron Production and Transversity Parton Distribution Functions

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
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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)

0.4 0.6 0.8 du

0.5

1.0 1.5 2.0 gt
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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?
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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)
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Quality of Fit

Physical Pion Mass
Ne=2+1+1

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)

Use ou and dd instead of g,
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Transversity PDFs (W/ LQCD)

JAMDIFF (w/ LQCD) . |
0.4fJAM3D* (w/ LQCD) :Uhl"’ |
0.3/ |
0.2f
0.1f
o0 S

—0.05] | i
—0.10F 4 =4 GeV?
0.1 5_ ........ Soffer bound - hfliv _

001 03 05 07 @
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Transversity PDFs (W/ LQCD)

0.4

JAMDIFF (w/ LQCD) -

JAM3D* (w/ LQCD)
0.3]
0.2/
0.1

0.0

0.05]

—0.05]
—0.10}
~0.15]

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)

i

01 03 05 07 @
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Transversity PDFs (w/ LQCD)

0.4

0.3/
0.2t
0.1t
0.052—”” |

0.00 s

—0.05]
—0.10}
~0.15]

JAMDIFF (w/ LQCD) - . |
JAM3D* (w/ LQCD) iy Thy” -

-------- Soffer bound xh 1 b ]

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)

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

5d | JAMDIFF (w/ LQCD) JAM3D* (w/ LQCD) | o |
() 2| 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)
0l Radici, Bacchetta (2018)
—e——  Benel et al (2019)
—0.1 - ——— D’Alesio et al (2020)
02 — ~ PNDME (2018)
| « ETMC (2020)
—0.3] | ] + JAMS3D* (w/ LQCD)
P P | e B
_0.5F + ETMC (2020) e | I IFF (w/ LQCD)
Radici, Bacchetta (2018) = — JAMDi (no LQ )

0.1 0.6 08 oéu 05 10 15 20 gr
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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 ]

—0.2 - ——
‘_ = ETMC (2020)

—0.3] | | + JAM3D* (w/ LQCD)
_ | , 1 —— JAM3D* LQCD
—0.4 -+ PNDME (2018) m_. ] ,(“0 YD)

Vel 4 ETMC (2020) « JAMDIFF (w/ LQCD)

—0.OT \abe P 11 .
Radici, Bacchetta (2018) = — JAMDIFF (no LQCD)
0.4 0.6 0.8  du 0.5 1.0 1.5 2.0 gr

Noticeable shift from
including lattice data




Di-Hadron Production and Transversity Parton Distribution Functions

Tensor Charges (w/ LQCD)

5 d | PAMIDIFFI(%//LQCD) JAM3D" (w/ LQCD) Likelihood
(). »| JAMDIFF (no LQCD) JAM3D* (no LQCD) | Anselmino et al (’01°> .

| 2= 1Gev? — Radici et al (2015 function
0.1¢ ' ———  Kang et al (2015)

0 ! Radici, Bacchetta (2018) g — eXp(—)(z/ 2)

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

—0.1 ——— D’Alesio et al (2020)
~0.2] —: [ e ) that errors overlap
—0.3] | | + JAM3D* (w/ LQCD) when U.SiIlg Monte
i T s o (| Carlomethod
i Radici, Bacchetta (2018) Ly ] | JAMDIIFF (no FQCD)
0.4 0.6 0.8  du 0.5 1.0 1.5 2.0 gt

Noticeable shift from
including lattice data




Di-Hadron Production and Transversity Parton Distribution Functions

Tensor Charges (w/ LQCD)
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Future Work

Currently working on including DiFF data, TMD data, and
LQCD calculations into a single global QCD analysis.

The ultimate global QCD analysis for transversity!

JAM3D +
JAMDIiFF

JAM3DIKFF
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Quality of Fit and Inclusion of LQCD
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Quality of Fit and Inclusion of LQCD

SIA B o 1.09 o LIS
IO 1050 g~  1.38 ~ 138
DY <Zﬂ 0.24 <Zﬂ 0.24
wiz - 1.71 —  1.68
pAN W = 189 = 180
Hadron-in-jet & = 1.03 = 1.03
LQCD & . — & 092
IOVN 2014 &~ 1.4 0 1.24

Inclusion of LQCD barely affects
description of JAM3D data!
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Electron Ion Collider (EIC) + JLab 12 GeV Upgrade
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Electron Ion Collider (EIC) + JLab 12 GeV Upgrade
‘ Polarized SIDIS ‘

First polarized
electron-1on collider
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Internal Structure of Hadrons

Hadrons (such as protons) are composed of partons

(quarks and gluons), bound by the strong interaction
[Quantum Chromodynamics (QCD)]

The goal is to characterize the internal structure of
hadrons and hadron formation

Information can be gained through model
calculations and experiments acting as
high energy probes
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| PDFs describe the 1-D momentum distributions of quarks, antiquarks, and gluons within a hadron |
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Parton Distribution Functions

| PDFs describe the 1-D momentum distributions of quarks, antiquarks, and gluons within a hadron |
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The Question: How do we gain information on partonic functions?
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A Global Analysis

Jefferson Lab Angular Momentum Collaboration (JAM)

Functions are extracted using many

different processes

feo
Drell-Yan

a(xz)
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W Production
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Experimentally measured
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\

“Hard part” (process dependent)
Cross-section at parton level
Calculated 1n perturbative QCD
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Factorization

Experimentally measured

“Soft part” (process independent)

Cross-section

Describes internal structure

\C

o=
i

]

H; ®f;® f+ O(1/0)

\

\

“Hard part” (process dependent)
Cross-section at parton level
Calculated 1n perturbative QCD
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How do global QCD analyses work?

2
c

£(x) = Nx%(1 = x)’(1 + y\/x + nx)

‘ Parameterize PDFs at input scale Qg =m

| Evolve PDFs using DGLAP |

d le X
d ln(,uz) ﬁ(X,//t) B ; ‘; _Pij(z’ M)]j(Za )

<

‘ Calculate Observables ‘

do” = ) H” Q[ ®f

I




Introduction

The y” function

Now that the observables have been calculated...




Introduction

The y” function
Now that the observables have been calculated...

‘ Data ‘

|

e e D)

k




Introduction

The y” function
Now that the observables have been calculated...

‘ Data ‘ ‘ Theory‘

|

o (B oy ()

k




Introduction

The y” function

Now that the observables have been calculated...

‘ Data ‘ ‘ Theory‘

|

Uncertainties

di,e_zkrlgﬁge_ﬂ,e(a)/]ve 2 2 1 _Ne ?
x'(a) = ; ( QU ¢ ) i zk: (T ) T ( ON, )
Uncorrelated




Introduction

The y” function

Now that the observables have been calculated...
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The y” function

Now that the observables have been calculated...

‘ Data ‘ ‘ Theory‘ ‘ Normalization \
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Uncorrelated Correlated Normalization
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Bayes’ Theorem

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

| Likelihood Function |

1
L (a,data) = exp <—§X2 (a, data))

Posterior Beliefs

P(al|data)

L(a,data)

Evidence

‘ Bayes’ Theorem \
P(a|data) ~ L(a,data) 7(a)

m(a)

Prior Beliefs
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Data Resampling

oc=0+N0O,1) a




N(O,]) o

O
A
|
Data

|
O

‘ Original Data ‘

Data Resampling

z By
n 2,8%
o BZes
. 5507
N cwww
u Z ) N
o = 0 © &
i) . 53 iz
2} =
[=]
MMCCWWMMW
=SC2Z5355738
ZmZnh~RET&O
r @ <« > x o & o




Introduction

Data Resampling
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Data Resampling
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E[O] = |d"a p(a|data) O(a) Exact. but

n = 0(100)!

V[O] = @ p(a|data) [Oa) — E[0]]"
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Error Quantification
For a quantity O(a): (for example, a PDF at a given value of (x, Q%))

E[0] = |d"a p(a|data) O(a) Exact. but

n = 0(100)!
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Generalized Parton Distributions

Scalar Diquark Model (SDM)

‘ Model Parameters ‘
M = 0.939 GeV
m, = 0.35 GeV -
m, = 0.70 GeV Nucleon, mass )

Spin 0 diquark,

\mass m,

Spin 1/2 active quark, mass m,

L. Gamberg, Z. B. Kang, I. Vitev, and H. Xing, Phys. Lett. B 743, 112 (2015)
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Generalized Parton Distributions

Scalar Diquark Model (SDM)

‘ Model Parameters ‘

M = 0.939 GeV
m, = 0.35 GeV
m, = 0.70 GeV

— % ©

Nucleon, mass M

B Spin 0 diquark,

/ @ mass ,,
S

Spin 1/2 active quark, mass m,

L. Gamberg, Z. B. Kang, I. Vitev, and H. Xing, Phys. Lett. B 743, 112 (2015)

‘ General Parameters \

Nucleon-Quark-Diquark coupling: g = 1
Cut-off for |? | | integration: A = 1 GeV

_)
Transverse momentum transfer: | A | | = 0 GeV

P3 =2 GeV

—1F —A=1GeV 1F ms =0.70 GeV

ol — A =4 GeV 1L mg=0.35 GeV
st J1(x)—f1,0(0)(x; P?) 11 fu(@)—f1es)(x:P?)
fi(z) fi(z)
0.0 0.5 x 1.0 0.5 x

1.0

General conclusions hold
regardless of parameter choices
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Part 3: Helicity Sea Asymmetry
Quark and Antiquark Polarizations
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Part 3: Helicity PDFs

Spin Up/Down PDFs
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Spin Up/Down PDFs
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Large impact from
RHIC




Extraction of Nuclear and Higher Twist Effects
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Extraction of Nuclear and Higher Twist Effects

EMC Ratios

0.95

1.057

1.00+

= JAM
= KP model

Q? = 14z GeV?

s
P
F -
-
1 - -
.

R(D) = F}I(F! + F3)
R(CHe) = F,1/(2F? + F})
RCH) = F,1V/(F? + 2F})

% = R(CHe)/R(°H)

Significant differences between JAM
result and KP model result




Spin-Averaged Parton Distribution Functions

Sources of Asymmetry
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Spin-Averaged Parton Distribution Functions

Sources of Asymmetry

0.08F DIS (no NMC) M +NuSea 2 DIS (no NMC)
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Spin-Averaged Parton Distribution Functions

Comparison with Pion Cloud Model
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Spin-Averaged Parton Distribution Functions

0

mJAM
NNPDF3.1
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N JAM
ABMP16
CT18

Q? =10 GeV?

Comparison with Pion Cloud Model
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mJAM

pion cloud
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Good agreement with
pion cloud model
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Helicity Parton Distribution Functions

Proton Spin Contributions
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Helicity Parton Distribution Functions

Proton Spin Contributions
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Helicity Parton Distribution Functions

Proton Spln Contrlbutlons
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shows that Az (Ad) contribution ) 0.779(34)  0.864(1¢) 10%
is small and positive (negative) Ad 0.370(40)  -0.426(1¢) [
C. Alexandrou et al., Phys. Rev. D 101, 094513 (2020)
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Di-Hadron Production and Transversity Parton Distribution Functions

Checks of Definition

‘ Number density ‘ Z Jdﬁdzleh "0(z,, 29) = NUNY — 1)
h1h2

1-z,

‘ Momentum sum rule ‘ ZJ dZ1[d2P LDz, 2, P iy Poy) = (1= 2Dz, Py))

h *0

D. de Florian and L. Vanni, Phys. Lett. B 578, 139 (2004)
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Spin-Averaged Parton Distribution Functions

STAR leﬁcultles at Extreme Rapidity
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Spin-Averaged Parton Distribution Functions

STAR leﬁcultles at Extreme Rapidity
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Spin-Averaged Parton Distribution Functions

STAR Difficulties at Extreme Rapidity

S| owi/ow-  ismr
= JAM
6F : :
| Difficult to describe at
! extreme rapidity
2 i 6 \/_ B )10 (Je\ 12:STAR p+p, L = 350 pb”, Vs = 510 GeV o STAR (2011+2012+2013)
I pT > 2) (JO\ 1 10__Wi —etv <=2+ CT14MC2nlo (FEWZ)
S S SN 25 GeV < By <50 GeV B
1.4 data/theory 22 |
= 6
I 22 B
1.0 - == p=m=====c—q- ° 4
| { i { o
10 —05 00 05 1.0 1y
J. Adam et al. [STAR], Phys. Rev. D. 103, 012001 (2021)
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Nuclear PDFs

gV 0% = [ " ®qy | o0 — YpsHe
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‘ Contains Virtuality ‘
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Extraction of Nuclear Effects

Nuclear PDFs

gV 0% = [ " ®qy | o0 — YpsHe

dhn 5 0 = [ @ b dprent + e
‘ Contains Virtuality ‘

v(p?) = (p?> - MHIM? « 1

Measures strength of
1sovector effect




Di-Hadron Production and Transversity Parton Distribution Functions

Kinematics and Definitions for DiFFs

q(k) = hy(Py) + hy(Py) + X 2o = Piolk™

1 71— %
(P, — P,) 2=7+12 (=12

M} = P} = (P, + P,)’ R=- :




Di-Hadron Production and Transversity Parton Distribution Functions

Kinematics and Definitions for DiFFs

q(k) = hy(Py) + hy(Py) + X 2o = Piolk™

i1 — 2

1
M]”%EP}%E(PI_I_PZ)z REE(PI_PZ) I=EZTDH Z:: -

1 J derdr &,

phlag . P P, ) =
@ 2 Py, Poy) 2P

™% e (0 1y, () |y o, XYy, o, X7, (0) |00y~ |

6473z,2, £-=0



Di-Hadron Production and Transversity Parton Distribution Functions

Kinematics and Definitions for DiFFs

q(k) = hy(Py) + hy(Py) + X 2o = Piolk™

1 <1 — <
—(P, — P =71 +2 Z::
2(1 2) b Z

R de*d?E, _ _
Dlhlhz/q(zl, 2, I2 L le) E (271_)3 Telk g TI'[(O | l//q(é) | hl’ hz, X><h1, h2, Xl Wq(o) | O>}’ =0

Needed for number

M? = P} = (P, + P,)? R =




Di-Hadron Production and Transversity Parton Distribution Functions

Kinematics and Definitions for DiFFs

q(k) = hy(Py) + hy(Py) + X 210 = Polk™

1 <1 — <
—(P, — P =71 +2 C:
2(1 2) b Z

R de*d?E, _ _
Dlhlhz/q(zl, 2, I2 L le) E (271_)3 Telk g TI'[(O | l//q(é) | hl’ hz, X><h1, h2, Xl Wq(o) | O>}’ =0

Extended DiFFs (extDiFFs) are written
in terms of (z,&, R %)

M? = P} = (P, + P,)? R =

Needed for number




Di-Hadron Production and Transversity Parton Distribution Functions

EVOlllthIl /z.ll’ ' Do | \
1| 1
Evolution for extDiFFs '
(quark non-singlet) .
|
D!z, ¢ R p) =
0lnﬂ2 : (Z Z: M) |
1
_D 2/q R2,
L W ( R ‘Homogeneous ‘ ‘Inhomogeneous

Homogeneous term Qn]y for extended Di1FFs F. A. Ceccopieri, M. Radici, and A. Bacchetta, Phys. Lett. B 650, 81 (2007)

Inhomogeneous term exists for Dlh 1hz(zl, %)



Di-Hadron Production and Transversity Parton Distribution Functions

EVOlllthIl /z.ll’ ' Do | \
1| 1
Evolution for extDiFFs '
(quark non-singlet) .
|
D!z, ¢ R p) =
0lnﬂ2 : (Z Z: M) |
1
dw hha/ < —> (”‘)
— DMl ¢ R2; P
L wo ! (w - P g) ‘Homogeneous ‘ ‘Inhomogeneous

Homogeneous term on]y for extended Di1FFs F. A. Ceccopieri, M. Radici, and A. Bacchetta, Phys. Lett. B 650, 81 (2007)

Inhomogeneous term exists for Dlh 1hz(zl, %)

Analogous derivations done for Dlhlhz/ ® and Hf"hlhz/ 1




Di-Hadron Production and Transversity Parton Distribution Functions

Observables for DiFFs

‘ SIA Cross Section‘

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

2

do dra,, 5
= e;D1(z, M,
dZ th g ; q l ( /)




Di-Hadron Production and Transversity Parton Distribution Functions

Observables for DiFFs

‘ SIA Cross Section\

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

‘ SIA Artru-Collins Asymmetry \

A. Vossen et al., Phys. Rev. Lett. 107, 072004 (2011)

dZ th B

do  4nog

\)

2
m

D, €2 Dl M)
q

. L sin®0 ), eq Hi™(z, My H(Z, M)
A (e, M, 7, M) =

(1 +cos?0) Y eg Dz M) D{(Z. My)




Di-Hadron Production and Transversity Parton Distribution Functions

Observables for Transversity PDFs
SIDIS asymmetry (p and D)

>, €q hi(x) Hi*(z, M)
Zq e2 fl(x)

ATPS = (v

C. Adolph et al., Phys. Lett. B 713, 10-16 (2012)



Di-Hadron Production and Transversity Parton Distribution Functions

Observables for Transversity PDFs

SIDIS asymmetry (p and D) pp Asymmetry

Zq 63 hi(x) H(z, M),)
SR

C. Adolph et al., Phys. Lett. B 713, 10-16 (2012)

L. Adamezyk et al., Phys. Rev. Lett. 115, 242501 (2015)

1 1

dxb dA&abT—)ch
H My Pr) = 2P, )" Y| dx, | —2fx) h(x) =L H(z, M)
%(Mh, PhT’ ;7) i a, b c x(rlnin J xlgnin < dt

o1 -1
dx Oub—c
DMy Py = 2P 2, D | A | —ffGx )y et

. J ymin J ymin
I ab,c®*a b

APP —
U (M, Pyr.m)




Di-Hadron Production and Transversity Parton Distribution Functions

Quality of Fit (Unpolarized Cross Sectlon)
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g |

Vs = 10.58 GeV
[ Belle
& JAMDIFF (w/LQCD)
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R. Seidl et al., Phys. Rev. D 96, 032005 (2017)




Di-Hadron Production and Transversity Parton Distribution Functions

Quality of Fit (Artru-Collins Asymmetry)

. Belle Vs =10.58 GeV {5 JAMDlFF (W/LQCD)
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Di-Hadron Production and Transversity Parton Distribution Functions

Data for DiFFs

SIA cross section  EEICRBTPZEIHIE
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Di-Hadron Production and Transversity Parton Distribution Functions

Data for DiFFs

o) NGOV 0) il Belle 1094 points
NI AN IE 0] 11Tl Belle 183  points

« Belle do
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— -« COMPASS
> 150
@ |
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7tz DiFFs

D* = D% = D* = D?
DS =D D¢=D? Db=D?,

5 independent functions (w/ Dy)
[supplement with PYTHIA data]



Di-Hadron Production and Transversity Parton Distribution Functions

Data for DiFFs

SIA cross section  EEICRBTPZEIHIE
NI AN IE 0] 11Tl Belle 183  points

f 'Belle do
2.0 Belle A%’ ' O I B
e HERMES
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o |
f 1.0} 1.
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04 0.6 0.8 |

‘ 7tz DiFFs \

D* = D% = D* = D?
DS =D D¢=D? Db=D?,

5 independent functions (w/ Dy)
[supplement with PYTHIA data]

<u <d LU rr<,d
Hl - _Hl - _Hl - Hl )
1,8 1,5 e <c
1 independent function

A. Courtoy et al., Phys. Rev. D 85, 114023 (2012)



Di-Hadron Production and Transversity Parton Distribution Functions

Extracted DlFFS
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A. Bacchetta and M. Radici,
Phys. Rev. D 67, 094002
(2003)



Di-Hadron Production and Transversity Parton Distribution Functions

Extracted I1FFKs
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A. Bacchetta and M. Radici,
Phys. Rev. D 67, 094002
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Di-Hadron Production and Transversity Parton Distribution Functions

Quality of Fit (SIDIS)
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A. Airapetian et al., JHEP 06, 017 (2008)

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



Di-Hadron Production and Transversity Parton Distribution Functions

Quality of Fit (STAR /s = 200 GeV)

81

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

(),()(, App \/Z = 200 GeV (R < 0.3 a

" == JAMDIFF (w/LQCD) {

- S
—0.5 U 0.9 n L. Adamezyk et al., Phys. Rev. Lett. 115, 24501 (2015)




Di-Hadron Production and Transversity Parton Distribution Functions

Quality of Fit (STAR /s = 500 GeV)
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L. Adamczyk et al., Phys. Rev. B 780, 332-339 (2018)



Quality of Fit

Di-Hadron Production and Transversity Parton Distribution Functions

sz'ed
Experiment Niat | 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 .47 1.67
STAR, (2018) [64] 106 | 1.20 1.04
ETMC ou [28 1 0.71 -
ETMC 4d [28] 1 1.02 —
PNDME 6u [25] 1 8.68 —
PNDME éd [25] 1 0.04 —
Total x2.q (Ndat) 1.01 (1475)|0.98 (1471)
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Experiment + Lattice + Theory

THEORY
(unmeasured regions)

EXPERIMENT
(measured region)

LATTICE
(full moments)

1
du = / dz(h} — hY),
0

1 -
5d5/ dz(h{ — hY),
0

agr = ou — 5d,
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Experiment + Lattice + Theory
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(full moments)
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Presently, trivial to
find compatibility
between any two
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Experiment + Lattice + Theory
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Experiment + Lattice + Theory

THEORY
(unmeasured regions)

LATTICE
(full moments)
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0
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Di-Hadron Production and Transversity Parton Distribution Functions

Experiment + Lattice + Theory

THEORY
(iéiﬁi?fflzgl) (unmeasured regions)
casred eion i1 <L
o T T e ! V1o
el e
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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Future of JAM Global QCD Analysis

Improve perturbative accuracy
Spin-Averaged + Helicity PDFs: NLO — NNLO
Transversity PDFs: LO — NLO
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N. Sato et al., Phys. Rev. D
93, no. 7, 074005 (2016)




Summary and Outlook

Future of JAM Global QCD Analysis

Improve perturbative accuracy
Spin-Averaged + Helicity PDFs: NLO — NNLO
Transversity PDFs: LO — NLO

High x analysis for polarized data (in progress!)

(c)

. Simultaneous fit of
Di1FF channel + TMD

N. Sato et al., Phys. Rev. D —0.05¢ S b - Channel —I_ Lattice QCD

93, no. 7, 074005 (2016)
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