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Background:

TSSAs for Single-Hadron Fragmentation
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TMD/Collins-Soper-Sterman (CSS) Evolution
OPE Sudakov exponentials (gluon radiation)
flJ_T(l) (z, br; Q27 ng) ~ Frr(z,x;pe,)exp [_Spert(b*(bT)Q Wy, , Q, Q) — S]{]ljzg (br, Q)]
|/ /
| Qiu-Sterman gpr (@, br) + gk (br) In(Q/Qo)
! function

(Aybat, et al. (2012); Bury, et al. (2021);
Echevarria, et al. (2014, 2021))

2
2’;\;2-fﬁw(w,k%)z (D (z)  (Boer, Mulders, Pijlman (2003)) 1

Parton model
mFpr(z,x) = /d2ET
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P Anselmino, et al. (2007); ,
Kang, et al. (2016); ...) €'
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My,
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i:'/l (:Ua bT; Q29 I"’Q) ~ hl (w; Il'b*) exXp [_Spert(b* (bT); Hb, 5 Qa MQ) — Sjiiflp (bT7 Q)}

- Hi
A (2 b Qhug) ~ HED (200 0 [~ Spers (b br)i . Qu i) — S (7. Q)

b Parton model
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5q5/0 dx [hi(x) — hi(x)] gr = ou — od

Anselmino, et al. (2007, 2009, 2013, 2015);
Goldstein, et al. (2014); Kang, et al. (2016); Radici, et al. (2013, 2015, 2018);
Benel, et al. (2020); D’Alesio, et al. (2020); Cammarota, et al. (2020);
Gamberg, et al. (2022); Cocuzza, et al. (2023)

He, Ji (1995);
Barone, et al. (1997);
Schweitzer, et al. (2001);
Gamberg, Goldstein (2001);
Pasquini, et al. (2005);
Wakamatsu (2007);
Lorce (2009);

Tensor 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)

QCD Pheno for
Transversity

Herczeg (2001);

Erler, Ramsey-Musolf (2005);
Pospelov, Ritz (2005);
Severijns, et al. (2006); charges
Cirigliano, et al. (2013); | Low-Energy

Courtoy, et al. (2015); BSM

Yamanaka, et al. (2017); .
Liu, et al. (2018); Physics
Gonzalez-Alonso, et al. (2019)

Lattice
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p'p — (hjet) X

jet
/.

(Yuan (2008); D’ Alesio, Murgia, Pisano (2017); Kang, Prokudin, Ringer, Yuan (2017), ...)

Fein@s=om) o gColins s { 4) @ h®(z1) @ f2(22) ® (G /(zn M) Hi "¢ (2hy 52)
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dAc(St) ~ Hgs ® f1 ® Frr ® Dy
l )

p'p — hX v
7.‘. p Qiu-Sterman term
+ HFr @ [1®h1 ® (Hf(l)yﬁ)
\ = \ )
|
'\‘ Fragmentation term

;:]“

"~ Ayis a collinear (twist-3) observable
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dAc(St) ~ Hgs ® f1 ® Frr ® Dy
\ )

p'p — hX v
T p Qiu-Sterman term
+Hr® fi®h1 ® (Hf(l),H)
\ \ \ N )
T Fragmentation term
p ’\ (Metz, DP (2012); Kanazawa, et al. (2014);
> Cammarota, et al. (2020); Gamberg, et al. (2017, 2022))
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Updated QCD Global Analysis of TSSAs
for Single-Hadron Fragmentation

Gamberg, Malda, Miller, DP, Prokudin, Sato, PRD 106, 034014 (2022)

User-friendly jupyter notebook to calculate functions and asymmetries:
https://colab.research.google.com/github/pitonyak25/jam3d_dev_lib/blob/main/JAM3D Library.ipynb

LHAPDF tables available (thanks to C. Cocuzza):
https://github.com/pitonyak25/jam3d_dev_lib/tree/main/LHAPDF tables

Jefferson Lah Angular
/N Momentum Collaboration
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» Analyze TSSAs in SIDIS, Drell-Yan, e*e- annihilation, and proton-proton
collisions and extract

hl(x)a FFT(wa w)a HiL(l)(z)a I:I(z)

along with the relevant transverse momentum widths for the Sivers,

fav < 2>unf

transversity, and Collins functions: (k7.) i (K )ny > (P7) L \PL) i

> We use a Gaussian ansatz: F?(z, k2) ~ F(z)e *7/*1) where

Fi(z) = Ny (1 —2)% (14 vqa¥ (1 —x)P)
Blag+2,bq+1] + 74Blag+oq+2,bg+ 54 +1]

NB: {7, a, 8} only used for Collins function

» DGLAP-type evolution for the collinear functions analogous to Duke &
Owens (1984): double-log O*-dependent term explicitly added to the
parameters




D. Pitonyak

[ ebanon Valley College

» Additional data/constraints included in the fit compared to 2020:

* Collins and Sivers effects (3D-binned) SIDIS data from HERMES (2020)
. Asm %5 data (x and z projections only) from HERMES (2020) t‘ e)l%f

dzﬁhT psinés _ _ % 2 2Mp hQ/N( )Hh/q
G Q

» Lattice data on gy at the physical pion mass H > @

from ETMC (Alexandrou, et al. (2019))

» Imposing the Soffer bound on transversity: |h{(z)| < 5 (fi(x) + gi(z))

Generate “data” (central value and 1-oc uncertainty)
using recent simultaneous fit of f; and g; from
Cocuzza, et al. (2022) and add to the y?if SB is
violated by more than the uncertainty in the data
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x2/Npts. = 647/634 = 1.02

Observable Reactions Non-Perturbative Function(s) x*/npts
Asér}(¢h_¢5) e+ (p,d)t s e+ (nt, 77, 7%+ X fir(z, E%) 182.9/166 = 1.10
AT et (p,d)t —» e+ (nh, 17, 70) + X ha(z, k%), Hi (2, 2% 3 181.0/166 = 1.09
Apr’s | e+plset+(nt im0+ X ha(z), H(2) 18.6/36 = 0.52
Avour, | et +e” -7t (UC,UL)+ X Hi (z,2°p2) 154.9/176 = 0.88
AT T +p o ptuT +X fio(w, B2 6.92/12 = 0.58
AY'? pt+p— WHW™,2)+ X Fise(z, k2) 30.8/17 = 1.81
A% pl+p— (a7, 7))+ X |h(e), Frr(z, o) = L 159 (x), H Y (2), H(2)| 70.4/60 = 1.17
Lattice gr hi(x) 1.82/1 = 1.82
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6d # Kang et al (2016) JAM22 —X—; : Pitschmann et al (2015)
¥ Benél.et al (2019) JAM?22 (no LQCD) | | #&  Wangetal (2018)
# Radici, Bacchetta (2018) | . & Hasan et al (2018)
% Alexandrou et al (2019) — Lattice JAM20+ I - B Guptaetal (2018)
# Wang et al (2018) — DSE ! -)(-I Alexandrou et al (2019)
& . - I Anselmino et al (2013)
0.10 F ] - Goldstein et al (2014)
» I.: T Radici et al (2015)
—0.05 F ® iy — - | Kang et al (2016)
¢ /. : i | Radici, Bacchetta (2018)
-0.20 e - =)=t - | Benel et al (2019)
—— D’ Alesio et al (2020)
-0.35 1) | <@+ JAM20+
—t— | JAM22 (no LQCD)
-0.50 | | @! JjAM22
1 1 1 1 1 1 : | - ll :
015 030 045 060 0.75 090§, 05 10 15 gr

» Dihadron (e.g., Radici, Bacchetta (2018); Benel, Courtoy, Ferro-Hernandez (2019)) and TMD
analyses that only include e"e- and SIDIS Collins effect data (e.g., Kang, et al. (2016)),
are generally below the lattice values for g; and du

» Note that because of the SB, one initially finds JAM3D-22 has more tension with
lattice, but this does not imply phenomenology and lattice are incompatible — one
can only fully answer this by including lattice data in the analysis

» Once the the lattice g; data point is included, we find the non-perturbative
functions can accommodate it and still describe the experimental data well 11
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Background:

TSSAs for Dihadron Fragmentation
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Bianconi, et al. (2000); Bacchetta, Radici (2003, 2004), ...
Po=P+P, R=(P—PFP)/2 z=z4+2 (=(21—2)/z2

M2+ R2 1 - M2+ R2 1-— .
P1< ki, +CPh>RT> P2< 2 Ay CPhaRT>

(1+Q)P, 2 (1-Q)P; 2
_ 1—¢? 1-¢ 1+¢
R} = 1 Mj; — — 7 - TMS
o k L jetaxis
kT\\“/\,....

From Bianconi, et al. (2000) 12
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(Collins, et al. (1994); Bianconi, et al. (2000); Bacchetta, Radici (2003, 2004); Courtoy, et al. (2012);
Matevosyan, et al. (2018); Radici, et al. (2013, 2015, 2018); Benel, et al. (2020), ...)

i 2 2 .
sin” 05 Zq e; _ Artru-Collins asymmetry

a =
2 (1+cos?6z) >, €2 D{(z, My)D(z, M})

Note: D; can be constrained using data on
do/dzdM,, from BELLE (2017)

2 1.9
A?}IIISQSR—I_%) — Z h (33) do 47TNcOéem DY(z,M
Zq qfl (x) Dcll(z’Mh) dzdM, 3Q2 Z (z, Mp)

dAG a
Asln(qu ¢s) athbﬁCT @ h (wa) ® fl (73) @

ot Wobse @) f0(1,) @ f2(23) @ DS (2, Mp) o
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New Definition of DiFFs with a
Number Density Interpretation

DP, Cocuzza, Metz, Prokudin, Sato, arXiv:2305. XXXXX
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Ahiha/g 5+d 5T Gilk™ €+ —Fr-&r) + 0= £ -
(Z kT,Pl,PQ <0’W1(007€)¢q(€ ,0 7€T>‘P17P27X>
x (P, Py; X | 1bq (07,07, 07)W2(0, 00) |0)

Bianconi, et al. (2000)

— — - =y 1 7 D) 5}
D?th/q’BBJR(z, C, ]{77%, R%, kr - RT) — ETI. {Ahﬁm/Q(z, kT; Pl, PQ)’Y_:|

/

Does not allow sum rules to be derived that
justify a number density interpretation

14
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h1h2/q f—l—d €T ’L(k? £+ kT ET) + - ¢ .
A (Z kT,Pl,PQ <0’W1(007€)¢q(€ 70 agT)‘P17P27X>
X <P17P2;X|%Zq(0+70_76T)W2(07OO)|O>

Bianconi, et al. (2000)

— — - =y 1 7 D) 5}
D?1h2/q’BBJR<Z, C, ]{77%, R%, kr - RT) — ETI. {Ahﬁm/Q(z, kT; Pl, PQ)’Y_:|

/

Does not allow sum rules to be derived that
justify a number density interpretation

DP, Cocuzza, Metz, Prokudin, Sato (2023)

<
3273 (1 — (2)

/

Does allow for a number density interpretation

Dtela(z, ¢ B2, 3, Fr - Fir) = T AMS8 (e R Py, Py

14
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X (Py, Py; X| (07,07, 07)W2(0, 00) |0)

[ ebanon Valley College

DP, Cocuzza, Metz, Prokudin, Sato (2023)

<

h1ho " S92 7 =
Dl /q<27C7 k%vR%akT ) RT) — 327_‘_3(1 - C2)

Tr [Ahlh?/q(z, IZT; P, Pg)v_}

ZZ/dZdCko d2R Dh1h2/CI( CkT,RT,k‘T RT) N(N—l),

hi1 ho |
Total number of hadron pairs

produced when the parton fragments

(AN is the total number of hadrons
produced when the parton fragments)

DiFFs extracted from experiment will now have a clear physical meaning:
they are densities in the momentum variables for the number of

hadron pairs (h,, h,) fragmenting from the parton
15
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QCD Global Analysis of TSSAs
for Dihadron Fragmentation

Cocuzza, Metz, DP, Prokudin, Sato, Seidl, arXiv:2306. XXXXX

»% Jefferson Lah Angular
/:\\." Momentum Collaboration
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DiFFs and transversity PDFs
extracted simultaneously
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» Analyze TSSAs for m*m~ production in e*e” annihilation, SIDIS, and proton-
proton collisions and extract

hl(w)v 9D1(Z7Mh)*

*Also need data from PYTHIA for flavor separation and to constrain the gluon D;(z,M})

» We use the following functional form for the transversity PDFs u,, d, , and
u = —d (from large-N, limit (Pobylitsa (2003))) and impose the Soffer bound

F(z) ~ Nz%(1 — 2)’ (1 + vz + 6x)

17
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» Analyze TSSAs for m*m~ production in e*e annihilation, SIDIS, and proton-
proton collisions and extract

hl(m)v 7D1(Z7Mh)*

*Also need data from PYTHIA for flavor separation and to constrain the gluon D;(z,M})

» We use the following functional form for the transversity PDFs u,, d, , and
u = —d (from large-N, limit (Pobylitsa (2003))) and impose the Soffer bound

z) ~ N1 — 2)? (1 + vz + 62)
/

Use constraint from small-x
asymptotics (Kovchegov, Sievert (2019))

AN oy (1 — 0.170 + 0.085

27 /

50% uncertainty due to unaccounted for
1/N. and NLO corrections

o F29% 19

17
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» Analyze TSSAs for m*m~ production in e*e annihilation, SIDIS, and proton-
proton collisions and extract

hl(CI}), 9D1(zaMh)*

*Also need data from PYTHIA for flavor separation and to constrain the gluon D;(z,M})

» We use the following functional form for the transversity PDFs u,, d, , and
u = —d (from large-N, limit (Pobylitsa (2003))) and impose the Soffer bound

F(z) ~ Nz%(1 — 2)° (1 + v/z + 6)

> The DiFFs D1(z, M},), H*(z, M},) use the same functional form as above
(x — z) for the z dependence, which is repeated on a grid in M), (more finely
spaced around the resonances) and interpolated to obtain the function value at
any M h

» Perform the analysis with and without LQCD data for the tensor charges du, 8d
from ETMC (Alexandrou, et al. (2019)) and PNDME (Gupta, et al. (2018)) (physical
pion mass and 2+1+1 flavors)

18
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X2/Ndat
Experiment Ngat |no LQCDJw/ LQCD
Belle (cross section) [90] |1121| 1.24 1.30
Belle (Artru-Collins) [91]| 183 1.89 1.92
HERMES [92] 12 [ 1.62 2.08
COMPASS (p) [93] 2 | 1.16 1.29
COMPASS (D) [93] 2% | 0.69 0.71
STAR (2015) [94] 24 | 1.54 1.68
STAR (2018) [62] 106 | 1.05 1.12
STAR (PRELIM) [63] |129| 1.10 1.15
ETMC du [30 1 = 0.17
ETMC &d [30] 1 — 0.57
PNDME 6u [25] 1 — 6.73
PNDME 6d [25] 1 — 0.15
Total 1631 1.29 1.35

19
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JAMDIFF (no LQCD) o~
0.4"JAMS3D (no LQCD) . xhy" -
0_3;Radici, Bacchetta (2018) N

» JAMDIFF (no LQCD) finds
agreement with Radici,
Bacchetta (2018) with a slightly
larger u, function at larger x

0050 | e i » The u, function for JAMDiFF
' — (no LQCD) 1s smaller than
JAM3D (no LQCD) but the d,
function 1s larger in magnitude

0.00]
—0.05}
—0.10¢
—0.15F ~ Soffer bound

10701 03 05 07 @

20
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X2/Ndat
Experiment Ngat [no LQCD |w/ LQCD)
Belle (cross section) [90] |1121| 1.24 1.30
Belle (Artru-Collins) [91]| 183 1.89 1.92
HERMES [92] 12 | 1.62 2.08
COMPASS (p) [93] 2% | 1.16 1.29
COMPASS (D) [93] 2% | 0.69 0.71
STAR (2015) [94] 24 | 1.54 1.68
STAR (2018) [62] 106 | 1.05 1.12
STAR (PRELIM) [63] |129| 1.10 1.15
ETMC du [30] 1 - 0.17
ETMC §d [30 1 — 0.57
PNDME 6u [25] 1 — 6.73
PNDME 4&d [25] 1 — 0.15
Total 1631 1.29 1.35

21
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0.4/ JAM3D (no LQCD) A0 xhy” 5AM3D (w/ LQCD) . xh,
'Radici, Bacchetta (2018) /A " &

........

.....

005,
0.00]
—0.05|
—0.10! | ]
—0.15 ~ Soffer bound : mhf” b -4 qev? | ggh‘liv
02 01 03 05 07 x 102 01 03 05 07

T

T

» JAMDIFF (w/LQCD) agrees with JAM3D (w/LQCD?*) - nontrivial since the
lattice data only constrains the full moment of the transversity PDFs

*The JAM3D (w/LQCD) analysis is slightly modified from the published version: antiquarks
are now included (with L = —d) and &u, &4 from ETMC and PNDME are both included in

the fit (rather than just g; from ETMC)
22
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od
0.2

0.1}
0.0}
—0.17
—0:27
—0.37
—0.4

—0.19} 1
+ PNDME (2018) ol + Iy
| 4 ETMC (2020) , : I
0‘ 8

—0.5

&

Y ﬂ g‘

JAMDIFF (no LQCD) JAM3D (no LQCD)
| JAMDIFF (w/ LQCD) JAM3D (w/ LQCD) |

1? =4 GeV?

—0.21

Radici, Bacchetta (2018)

Anselmino et al (2013)

—_—

~ PNDME (2018)

>

» JAM3D (w/ LQCD)

-

Radici et al (2015)
Kang et al (2015)
Radici, Bacchetta (2018)
Benel et al (2019)
D’Alesio et al (2020)

ETMC (2020)
JAM3D (no LQCD)

JAMDIFF (w/ LQCD)
JAMDIFF (no LQCD)

0.4 0.6 08 du

D

1

0 1.5 2.0 gt

» JAMDIFF (no LQCD) agrees within errors with JAM3D (no LQCD) and
Radici, Bacchetta (2018) for the tensor charges

» Similar to the JAM3D analysis, JAMDIFF also finds compatibility with
lattice once that data is included in the fit, and can still describe the
experimental data well

e o

) D. Pitonyak f@
g

23



<> , B
[ ebanonValley College D. Pitonyak W

» Possible explanation for the surprising shift (~3-4c difference with lattice to a
~0.3-2¢ difference) in the phenomenological values of the tensor charges once
LQCD data 1s included in the analysis:

* The experimental measurements are sensitive to the x-dependence of the
transversity PDFs, not the full moment like the lattice data.

* When integrating over x, small but consistent changes in the PDF as a
function of x can accumulate into a large change in the tensor charge while
not significantly affecting the description of the experimental data.

* Before drawing a conclusion about the compatibility between LQCD tensor
charges and experimental data, one needs first to include both in the
analysis.

* One should only be concerned if the description of the lattice data remains
poor even after its inclusion and/or if the description of the experimental
data suffers significantly.

24



:‘JAMSD (w/ LQCD)

od

0.1}
0.0f

—0.17 .

1-0.2]

" ,u 2 =4 GeV?

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

| —0.3]

—0.4] 4+ pNDME (2018)
| .51 + ETMC (2020)
mhl 3 -+ Radici, Bacchetta (2018)

—0.19F

—0.20

—0.21f

JAMDIFF (no LQCD) JAM3D (no LQCD)
0.2 JAMDIFE{(W/LQCD) JAM3D (w/ LQCD)

p? =4 GeV?

g%

102

01 0.3 0.5 O?a: 0.4 0.6

08

(5u

JAM3D and JAMDIFF agree on the x-dependence of transversity and also can
successfully include lattice QCD data on the tensor charges in the analyses, thus
showing the universal nature of all available information on transversity and the

tensor charges of the nucleon

25
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Summary and Outlook
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Summary

» We have performed separate QCD global analyses of TSSAs in TMD/collinear
twist-3 single-hadron observables and in dihadron fragmentation
measurements, also studying the role of lattice QCD in our fits

» We have introduced a new definition of dihadron fragmentation functions
that is consistent with a number density interpretation

» Quantities of particular interest are the tensor charges of the nucleon - they are
fundamental properties of the nucleon that have connections to QCD
phenomenology, ab initio lattice QCD computations, model calculations, and
low-energy beyond the Standard Model studies (e.g., beta decay, EDM)

Recent analyses by the JAM Collaboration show agreement between
single-hadron and dihadron approaches for extracting transversity as well as
compatibility with lattice QCD tensor charges, thus showing the universal nature
of all this information
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Outlook

» Further refinements/improvements:

TMD/collinear twist-3: include lattice tensor charge data and hadron-in-jet
Collins effect measurements with CSS evolution in the analysis, ...

Dihadron: other groups including lattice tensor charge data; unpolarized pp
cross section measurements to better constrain D 8(z, M,), ...

“Universal” analysis where TMD/collinear twist-3 and dihadron
measurements are fit simultaneously

Incorporate proper small-x evolution for transversity (Kovchegov, Sievert (2019))

Using pseudo-PDF or quasi-PDF approaches, lattice can now compute /,(x)
(Egerer, et al. (2021); Alexandrou, et al. (2022)) - eventually can include data into

phenomenology (more constraining than the tensor charge data)
27



