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* Pion plays a central/“outsized” role in hadron physics

As a nearly massless gq bound state Goldstone boson

* Chural symmetry Ls explicitly broken by small current quark masses

Plon pole condition from Bethe-Salpeter Gell Mann Reltner Oaks Relation
my = - f2m2 = 1 (my +myg) (u + dd)
2G: M I(m2) is ts T A

* Mass without mass” bulk of pion mass due to quantum fluctuations of g¢ pairs, gluons, & energy associated with quarks
moving at close to speed of light

Mp ~ 940MeV /c?

3 valence light quarks

My ~ 140MeV /c?

2 valence light quarks
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. ThePion recentprogress

* Also @ high energies pion reveals unique spectrum of momentum distributions, f; (x, ;)
See talk of P.C. Barry Monday: DY & LN process as predicted from Collinear Factorization

do.DY
1) szdy - Zb / dxa dxb Hal,)};’(xaa Iy, Y, Qza “2) fa/A(xaa ”2) fb/B(xbay’2)

3 LN 2 2
p) d°o _ 4o 1 _ Ye L 5
) dzpdQ?dz;, zpQ* ( Ye T 75 ) 2 (28, Q% 21)

understanoing how these contrasting

mantfestations of the same gq bound state
arise dynamtically at different energy scales
from first principles remains a major
challenge in RCD
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* Also @ high energies pion reveals unique spectrum of momentum distributions, f, (x, 1)
See talk of P.C. Barry Monday: DY & LN process as predicted from Collinear Factorization

Jefferson Lab Angular Momentum (JAM)

Barry, Sato, Melnitchouk, C.R. Ji, PRL 2018
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FIG. 2. Pion valence (green), sea quark (blue) and gluon
(red, scaled by 1/10) PDFs versus z. at Q* = 10 GeV?, for
the full DY + LN (dark bands) and DY only (light bands)
fits. The bands represent 1o uncertainties, as defined in the
standard Monte Carlo determination of the uncertainties [42]
from the experimental errors. The model dependence of the
fit is represented by the outer yellow bands.
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Barry et al Phys.Rev.D 103 (2021), also included transverse momentum dependent Drell-Yan
data in a global QCD analysis for the first time. These data were able to be described well by
our O(as) framework, and new pion PDFs were extracted. The inclusion of the pT-dependent

data helped in reduce the uncertainties of the gluon distribution at large x



Jefferson Lab Angular Momentum (JAM) Cao Barry, Sato, Melnitchouk, arXiv:2103.02159

szdy _Z / dzo dzy Hpy (Za, T, Y, Q°, 1) foja(Tar 1°) foy (@, 17)

d3 LN

o 4o’ y?
1 — . _e FN 2
dZB sz de TR Q4 ( y 9 ) 2 (:EB) Q ,.'BL) e

FyN(xg, Q% x1) = 2oy (%) F5 (x,, %)

Fix,0) =) JdéH,DIS(é,ﬂz, Q%) fyn(x, /&, 1)

I

Collinear Factorization CSS NPB 1985
- Z / dma dxb Hgg(xaa Lhy Y, PT Q21 /“2) fa/A(xm #‘2) fb/B(mba “2) pT
a,b

doPY

dQ?*dydpy

A



r

Extended fitto include“large” py Drell Yandata

Jefferson Lab Angular Momentum (JAM) Cao Barry, Sato, Melnitchouk, arXiv:2103.02159

New Monte Carlo QCD analysis of pion parton distribution functions, including,
for the first time, large transverse momentum dependent pion-nucleus Drell-Yan cross sections

together with P -integrated Drell-Yan & leading neutron electroproduction data from HERA.

JAM?20 Pion PDFs

Pion valence quark, sea quark, and gluon (scaled by a
factor of 1/10) PDFs extracted from the JAM Monte Carlo
analysis of DY (pT-integrated and pT-dependent) and

leading neutron data at a scale of u? = 10 GeV?

T 01 03 05 07 09

- T = . b 7
) TS q pit ! > 0+
4 oY N " a
i/~ 3 ) do => / Az, dzy HES(a, o, Y, P, Q% %) fora(@a, 1) foyn(an i)
\ dQ?dydpy - “ Y , Y Y
N \\\\: __a ~ g 9
: d (g

T — o | I < (a) (b)
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Extended fitto include“large” py Drell Yandata

Jefferson Lab Angular Momentum (JAM) Cao Barry, Sato, Melnitchouk, Phys.Rev.D 103 (2021)

New Monte Carlo QCD analysis of pion parton distribution functions, including,
for the first time, large transverse momentum dependent pion-nucleus Drell-Yan cross sections
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L“M()re granular” 7, ~ &, < O access to the Pion TMDSA

To describe the transverse momentum “region” p, ~ k, << ( is the regime of TMDs of the pion

That require fitting “region” p;r ~ k; << Q differential pion-induced Drell-Yan cross section

b xr=0.05 TMD Factorization
JF 0.15
: doW d%b+ . .
o § I 0.25 — T 'prT'bT
: by f b xp =035 dQ? dz p dpA / (27)2 € W(zr,br, Q)
oo | E (. o W(zr,br,Q) = ZHJ‘I}Y(Q,M,GS(H))JZ/A(SUA, br;Ca, 1) f3/8(xB,b1;CB,) 1)
) ’ " | ! " ! ]
T 'y } t TMD Factorization
" | } + Collins Soper Sterman NPB 1985
‘ ‘ | +Ji Ma Yuan PRD PLB ...2004, 2005
. : : : : : } : + Aybat Rogers PRD 2011

+ Collins 2011 Cambridge Press
+ Echevarria, Idilbi, Scimemi JHEP 2012

Some earlier work on pion-hadron DY + ... many more refs

* F. Ceccopieri, A. Courtoy, S. Noguera, S. Scopetta, EJP 2018 CSS Evolution w/ NJL
* Vladimirov JHEP 2019 Pion-induced DY processes within TMD factorization

PT
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Leading Power TMDPDF's @ Quark Spin
TMD Factorization Quark Polarization
*Mulders Tang erman Un-Polarized Longitudinally Polarized Transversely Polarized
NPB 1995 (V) (W (T)
*Boer Mulders PRD |
1997 f1=® hi =®_@
Unpolarized Boer-Mulders
L[ siiip ‘
T L 2
f(CB, kT?ST) — 5 f{r(xv kT) | h71r (SE, kT)
iz
Factorization carried out Fourier by space FT TMDs f(x, b C, j) TMD Factorization
Real QCD need QFT definitions of TMDs LC & UV divergences 4+ Collins Soper Sterman NPB 1985
TMD Evolution depends on rapidity ¢ and RGE scales 14 +Ji Ma Yuan PRD PLB ...2004, 2005
% 2 + Aybat Rogers PRD 2011
y dO’ o d bT szbTW b . .
§dQ2 dz - dpgr — (27)2 € (zF,br, Q) + Collins 2011 Cambridge Press

+ Echevarria, Idilbi, Scimemi JHEP 2012,

W(zr,br,Q) = EHEY(Q,M,%(H))JFJ'/A(-’EA,bT;CA,H)fJ—/B(SUB,bT; (B, 1)
j



r

.

rsub

S(b yAayS)
f €T, b7 122 CPDF lim funsub(x b,,U,,TLB(yB)) 5
J/H( ) YA—ITO0 S(bayAayB)S( ysay ——

Yyp—>—00 -

|

(T, b g, yp — YB) =

db—
27r

runsub

o 1TPTb” (PY(0)y U 519 (D) P) |1,

(=2*Mpe?? %, and np(ys) =ypr —yB

-'TMDs depend on two scales { and 1 resulting from
need to regulate light cone & UV divergences

- In full QCD, the ¢ and u dependence of TMDs reflected
in solution to the 1 W b+
*Collins-Soper dQ?dzpdp — J (2m)?
*RG equations

ePTOTW (2 p, by, Q)

I;V(mFa br, Q) — Z Hg]?y'Y(Qa U7aS(U))ﬂ/A(xA7 br;Ca, u‘)fj/B (mBa br; (B, H)
J
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. Renormalizationand Evolution- -, TMD

Oln fj/H(xa br; 1, C)

¥ Collins Soper Eq. 5ln/C = K(br, )

= 1 8 S(bT,yn,_OO)
K = ——
b 1) = 3 B ™ S(or, ym, —00)

3 RGE for C.S. kernel dK (br;p)
dln 1 = 7k(as(,u‘))

*  RGE for TMD )
dln f]/H(wv bT;/'l'a C)

dln p

= —yr(as(p), (/1)

Solve simultaneously and get evolved renormalized TMD — ( = Q2 » H=Ho "™ O

fl(aj, bT;Qza “’Q) ~ (éfl(x/fvab*(bT);M%*aﬂb*aas(Mb*)) ®f1(§3§l$b*))

Collins (2011); ... X exp [—Spert(b*(bT); iy, , Q, 110) — Sip(br, Q)}



X exp [_Spert(ﬂlb* (bT); Hb., Q2) _ SNP(bT’ Q)]

perturbative Sudakov factor non-perturbative Sudakov factor
f1 Q/Qo)
same for unpol. and pol. different for  universal
each TMD

b2
b.(br) = \/1 n sz > po, = C1/by(br)



* In small-py region, Use the CSS formalism for TMD evolution

do
dQ? dy d¢4

Non-
perturbative
TMDs to extract

d2bT S anis
Z HDY Qa/l'Q7a's(:u'Q))/(27r)26(JT "

1 JAIB

9Q2

X 6_[qj/A(mA,bT;bmax)] dg/

A

Aybat Rogers 2011 & Collins 2011

=, A
T iasa(Eaiin.) 535(5—,b*;ug*,ub*,a.s(ub*))
xA

I 3 T
ebuntenintnn)) [ e, ) OFPF (22, buin . 0o )

zp &B

2 2 HQ
X exp {gK(bT; bmax)}ln Q— . K(b*; po, ) In — Q— / d“
O /’Lb* Hb 4 M

- Perturbative content calculated from first principles of QF T

content (as for collinear case) to be fit to data

27 (. (1) - In

2

(W')?

’YK(%(H'))] }

W — term



' g ;\:\
Q'\ on—perturbatlve Universal content
- Perturbative content calculated from first principles of QF T
- Non-perturbative content (as for collinear case) to be fit
2 2
gob b br
* gK(bT; bmax) — 2NP In (1 + —b2T ) = ggb?vp In b_
NP ¥ Aidala, Field, Gamberg, Rogers PRD 2014 “Large by “
lim gK(bT; bmax) ~ @b’%
bT—)O 2
Cros(ps)b?
* 9k (b7; bnaz) = 90 (1 — exp [— s (1o )2 A ]) Collins Rogers PRD 2015 “Large b “
790(bmaz ) bmaz

g2 Vladimirov JHEP 2019 “Large b “
% 9k (b3 bmaz) = = -brbs '
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- Perturbative content calculated from first principles of QF T
- Non-perturbative content (as for collinear case) to be fit

g1 10zxg
* 9, (fE, bT) — b% — 4+ g193 log Aybat Rogers 2011
2 (x + xo)
(91 + g32)b7,
% g (IE, bT) — 579 Vladimirov JHEP 2019
\/1 + |g4|:c bT
2.2
X L0054 ;b,,,ax)=exp[ —ln( i b;") {g1[(67) %= (b7,0) 1+ 82(b>— by, )} — 82(b° = b1, Qiu & Zhang PRL 2001
C

*  For,z,Q =N

1+v l-v o
My () kaow (Mbr22255) x (1+ Abr + B/br)

14v 1—v T
bﬁlj(,,) (bi*> k1 (Mbr (31:04-_::;(?)) X (1 + Abrs« + B/bry)

Bessel parametrization has
large exponential behavior
in bT



da(m 5 qr 5 Q7 Q)

dydq?dp?

1)

10-%

10

10—%

W(P, Q) + FO(pr, Q) — AY (pr,Q) + O (m> C

rF = 055

Q

Y =F0—-AY

E615 DY Data

(E537 also)
also need proton data

E288
E605

E772

Fixed Target Data only!



1) We have fit the NP parameters will show in simultaneous fit

2) Open TMD & collinear params to all pion data
Preliminary Vladimirov’'s NP content

Open proton and pion TMDs and pion collinear

Fit all pT-integrated DY,
LN, low-pT DY data from

pions and protons

Includes now a fit of the
universal NP TMD
parameter

reaction: DYpT
filters: Q<9
filters: xF<0.8

filters: pTmax<0.4*Qmin

reaction: DYpT

idx col obs| tar npts chi2| chi2/npt
12881 ||E288 ||Ed3sigma/dp3 pp ||52.00 ||86.43 |1.66
12882 E288 Ed3sigma/dp3 ||pp ||54.00 73.36 1.36
12883 ||E288 ||Ed3sigma/dp3 pp |51.00 ||95.59 |1.87
10605 E605 Ed3sigma/dp3 ||pp 25.00 63.89 2.56
10772 ||E772 ||Ed3sigma/dp3 pp 1|139.00 1105.65 12.71
1001 EB15 d2sigma/dpTdm ||pi-p 59.00 210.18 3.56
1002 |[E615 |d2sigma/dpTdx pi-p |48.00 (112.10 |2.34
15371 ES37 d2sigma/dpT2dm||pi-p 61.00 50.59 0.83
15372 (ES37 |d2sigma/dpT2dx pi-p |45.00 (43.28 (0.96
reaction: dy-pion
filters: Q2>4.16**2
filters: Q2<59.0
filters: xF>0
filters: xF<0.9
reaction: dy-pion

idx. col obs tar npts chi2| chi2/npts
10001 E615 dsig/drtau/dxF|[pi-W 61.00 |[50.23 0.82
10002 |INA10 ||dsig/drtau/dxF |[pi-W 36.00 |[22.34 10.62
10003 NA10 dsig/drtau/dxF|[pi-W 20.00 |[21.05 1.05
reaction: In
filters: y<0.2
reaction: In

idx col obs. tar npts chi2|| chi2/npts|
1000 [H1 |IF2LN |lep->e'nX  ||58.00 121.72 (0.37
2000 |2EUS IR |lep->e'nX  |[50.00 |[69.84 [1.40

nchi2

0.01

0.01

0.09

0.25

0.04

493

0.01

1.77

0.49

nchi2|

0.00

.96

6.30

nchi2.

1357

[0.36




2) Open TMD & collinear params to all pion data
Preliminary

Open proton and pion TMDs and pion collinear

DYpT 12881 1.03e+00
idx dist type value 17 DYpT 12882 1.03e+00
- 18 DYpT 12883 1.08e+00
1 pdf-pion gl N 3.75e-01
> If-oion 1o 1030500 19 DYpT 10605 1.07e+00
P g : 20 DYpT 10772 9.80e-01
3 pdf-pion glb 2.65e+00
4 pdf-pion ula -9.12e-01
5 pdf-pion ulb 5.49e+00
6 pdf-pion ubv1a -3.13e-01
7 pdf-pion ubvlb 9.70e-01 21 DYpT 1001 1.36e+00
8 p->pi,n lambda 1.37e+00 22 DYpT 1002 9.81e-01
. 23 DYpT 15371 1.17e+00
9 universal g2 9.61e-03 >4 DYT 15379 5.090-01
10 tma g 2.55e-02 25 dy-pion __ |[10001 1.00e+00
11 tmd g3 /.81e-01 26 dy-pion 10002 8.27e-01
12 tmd gé -5.27e+00 27 dy-pion 10003 7.74e-01
13 tmd-pion gl 4.65e-02 28 In 1000 1.18e+00
14 tmd-pion g3 5.89e-01 29 In 2000 9.76e-01
15 tmd-pion g4 -2.24e+00




2) Open TMD & collinear params to all pion data
Preliminary

nb. fixed target DY experiments, the expected constraints will be on the collinear valence distribution.

Open proton and pion TMDs and pion collinear

PDFs look somewhat o

— u, ht
different with the inclusion 04l " fit
of pT data. —— /10 fit
. . 03¢ — U, N0 pr
Gluon is larger at higher X, 8 ‘ — %10 Pr
while sea is smaller % 00l —— /10 no pr

Valence has some
reduction at larger x

0.0 0.2 0.4 0.6 0.8 1.0



2) Open TMD & collinear params to all pion data

Open proton and pion TMDs and pion collinear

Proton data -- E288

E=200Ge

Observable:

10 F

Preliminary

1]
) | ¢ 1077 r fit
' 10"t AN ¥ } ) } 8.0<Q <90
] “] -r }
} 107 ¢ }
+ ) ' 1072} } ’ } *
} } } }
fit fit 102 fit 1074} 1073}
t L0 < Q<50 } t 2.0 < Q < 6.l } b 60<Q<T70 } 0<@Q <80 I l
0.5 1.0 0.5 1.0 5 0 2 0 1 2 0 p) '
4\ 4 4 4 24
0g q
b W (b 10-1}}
1 f
’ } ! : * * }
} : 10 . }
10"+ t ' } |
| | * 10 }
} * 1072} } |
fit fit - fit f fit fit
} 1L0<Q <50 b 5.0<Q < { b 60<Q<7.0 } j b T0< Q<80 10-3] b 80<Q <90 L
0 1.0 05 10 15 0 1 2 0 1 0 i 2
rr Pr Pr Pr 144\
lnnl
10
10
10".- ' 10
1! i
. : . . | 4 P\
‘ hit : ht 10 fit fit
55 x WP } 10 < Q < 5.0 } < Q <6.0 t i } 6.0 < Q < } T0< Q< t } 8.0<Q <!
| 10
095 0.100 )L105 0 1.0 1.5 0 1 '
Pr Pr Pr Pr rr




Open proton and pion TMDs and

Proton data

Observable:

E605

E772

10%F —4

pion collinear

2) Open TMD & collinear params to all pion data
Preliminary

N *
y
b
10~} 1
} !
N
fit ) ‘ it }‘ +
10-1} } 70<Q <80 b 8.0<Q <90 }
0 1 2 0 1 >
Pt Pt
b
l[)“; R
10"}
n—11
10 | \
fit fit ‘ fit
; b 5.0<Q <60 b b 60<Q<T0 t | ¢t 70<Q@Q<80
10"t A : '. .
0.5 1.0 1.5 1 0 1
PT Pr Pr

10V

10~}
)
}
10 21 fit }
b 80<Q <90 r
0 1 )
P




Open |
pen proton and pion TMDs and pion collinear

2) Ope |
pen TMD & collinear params to all pion data

| b
I 10-31]
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I ) | | |
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» ’ ' ]“ |
| 3
| 10-9 |
‘ , 1 ht ‘ | ‘ ‘
b 40<Q <45 1 ht 10 b
I : -' "r
0.5 1.0 | Q < 5.0 "l | |
A 0 ' t 0 < Q <54 5 |
N 1).0 1.0 1.5 ' | '“
) 5 nd<QQ<dH9 " .
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10-H . | . ; —)
10-34} ' | | |
: 1034 b 10~ o P
fit ’ |
00 < zp < 0.1 fit } i
: S fit
. 'y 0.2
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N .0 1.0 * . i
I)I 7 = 1” 0 r's 0.4 ’ nt
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v F
fit I
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0.5 . 1.0 0. ol S
. 5 1.0 :
N .o 1.0
rr




Open proton and pion TMDs and pion coll

10~}
I N
: 13

Pion data - E537

2) Open TMD & collinear params to all pion data
Preliminary

near

d?o

dpa.dQ .

} < Q<
11
[ "
| 4
10-34
h |
.'.1,} i 10-HL } n"_-'. e <03 . :}
. | |
) } zp < 0.1 ‘ rp < 0.2 l ’ ) <05 {
0.5 0 1.5 - ) 1.9 . 0.5 1.0 1.5 (0 ) 1.5
4 m 5
AN
1 ! 105} 1
J 10~ fit
} 0.6 [ rp < 0.7 0.7 < xp < 08 l
1.5 0 1.5 0.5 1.0 1.5
| 241




Open TMD & collinear params to all pion data
Preliminary

Simultaneous fit for CSS and Bessel

1) Fit both proton and pion to only DYpT data -- get proton parameters
2) Fit collinear and TMD to pion DYpT data
3) Fitcollinear and TMD to all data



Open TMD & collinear params to all pion data
Preliminary

Bessel and CSS -- fit proton and pion to DYpT

reaction: DYpT
filters: Q<9
filters: xF<0.8

filters: pTmax<0.4*Qmin

reaction: DYpT

idx col obs tar npts chi2| chi2/npts rchi2 nchi2

12881 E288 Ed3sigma/dp3 ||pp 52.00 105.90 2.04 0.00 0.03
12882 £288 Ed3sigma/dp3 ||pp 54,00 70.32 1.30 0.00 0.07
12883 (E288 Ed3sigma/dp3 | |pp 51.00 87.94 1.72 0.00 0.02
10605 E605 Ed3sigma/dp3 ||pp 25.00 62.44 2.50 0.01 0.02
10772 (€772 |Ed3sigmardp3  |[pp [39.00 12468  |[3.20 0.68 [2.10
1001 E615 d2sigma/dpTdm ||pi-p 59.00 202.03 3.42 0.00 3.35
1002 [E615 [a2sigma/dpTdx |[pi-p 48.00 15519  |[3.23 0.00 [0.13
15371 ES537 dZSigma/dedef pi-p 61.00 49.93 0.82 0.00 1.51

15372 ES37 d2sigma/dpT2dx [pi-p 45.00 41.67 0.93 0.00 0.62

idx dist type value
1 universal g0 6.44e-02
2 tmd CA 5.18e+00
3 tmd CB 1.33e-03
4 tmd M 1.98e+00
5 tmd nu 3.17e+00
6 tmd x0 5.30e-02
7 tmd-pion CA 3.22e+00
8 tmd-pion CB 9.28e-02
9 tmd-pion M 1.02e+00
10 tmd-pion nu 1.85e+00
1 tmd-pion x0 6.62e-02
12 DYpT 12881 9.56e-01
13 DYpT 12882 9.33e-01
14 DYpT 12883 9.63e-01
15 DYpT 10605 9.77e-01
16 DYpT 10772 8.55e-01
17 DYpT 1001 1.29e+00
18 DYpT 1002 9.41e-01
19 DYpT 15371 1.16e+00
20 DYpT 15372 8.98e-01




Open TMD & collinear params to all pion data
Preliminary

Bessel and CSS -- fit collinear and NP pion to pion data

Collinear PDFs 0.5
| S

Noticable change in 04l Z ﬁf;t
gluon distributions at — ¢/10 fit
lower X _ 03} — i, old

= — wu old
Valence does not % 09l —— ¢/10 old
change too much \

0.1} \\

0.0 0.2 0.4 0.6 0.8 1.0



Open TMD & collinear params to all pion data
Preliminary

Bessel and CSS -- fit collinear and NP pion to pion data

Click to add text

idx dist type value
1 pdf-pion g1 N 313e-01 14 DYpT 1001 1.20e+00
2 pdf-pion gla -1.90e+00 15 DYpT 1002 8.61e-01
3 pdf-pion glb 1.49e-08 16 dy-pion 10001 1.01e+00
4 pdf-pion ul a -9.54e-01 17 dy-pion 10002 8.33e-01
5 pdf-pion ulb 6.89e+00 18 dy-pion 10003 7.80e-01
6 pdf-pion ubv1 a -2.91e-01 19 In 1000 1.17e+00
7 pdf-pion ubv1 b 1.01e+00 20 In 2000 9.72e-01
8 p->pi,n lambda 1.40e+00
9 tmd-pion CA 1.00e+01
10 tmd-pion CB 4.29e-01
1 tmd-pion M 2.71e+00
12 tmd-pion nu 1.74e+00
13 tmd-pion x0 2.40e-02




Open TMD & collinear params to all pion data

Bessel and CSS -- fit collinear and NP pion to pion data
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Next step(!) Toward 3-D Pion structure

* 3-D imagining / TMDs using Drell Yan
X Entails the study of TMD factorization & Matching in Drell Yan

G(pT) ~ W(pT) + Y(pT) - Collins Soper Sterman NPB 1985

-Goal to use p; (gy) data over full range &
- simultaneous fit of pion pdfs & TMDs

- Cross section different “regions”-“two scales”

- W valid for Ayp ~ pr < Q TMD factorization
- 1O valid for App < pr~ Q  Collinear factorization



4 Beyond the W term MATCHING p; in CSS 'y
+ Collins Soper Sterman NPB 1985 E615
+ Collins 2011 Cambridge Press '
4 Collins, Gamberg, Prokudin, Sato, Rogers, Wang PRD 2016 - improved matching Hr H T k H
do(m S qr $Q,Q) do" (g7,Q) | 40"%ar, Q) ~ do?®Y (g1, Q) ‘ | - th
2 A2 o 2 2 2 A2 2 A2 - —
dydq=dpr, dydg*dpt | o o ~WOTdPT | o Wdgidpp | o[ = T
’++ +++ h, +
=W (pr, Q) + FO(pr, Q) — AY (pr, Q) + T *w “ fr
EW(pTv Q) + Y(pT7 Q) + ",
K E615 DY Data
f
1t

- Cross section in terms of different “regions”

- W valid for g ~ kr < Q TMD factorization
. 'O valid for kr < pr ~ Q Collinear factorization

- ASY subtracts d.c. & in principle

- ASY - W, pr = coand ASY - FO,p; = 0

Drill down —
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1034 - Normalization control Thru W term
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Results — E288 pp data

¢ 40<Q <50 b 50<Q<60 | gl

—
<

* Perform
simultaneous fit of
small-pr TMDs to
E288 (pp) and E615
(rA) data

10%
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60<Q < 7.0

* FO is prediction
using collinear PDFs
and scale u = pt/2

Hardscaley ~ Cp,, C~1
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Results — E615 W data

* Proton and pion TMDs are different, but gx are same
* Perform simultaneous fit of small-n+ TMDs to E288 (pp) and E615 (tA) data

¢ 00<zp<0.1 . ¢ 0l<zp<02 | ¢ 02<zp<03
fitted points : ¢ fitted points : ¢ fitted points
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. Summary

* We've used pdfs extracted from JAM 20 to describe the full p; cross section for DY

* First simultaneous fit of pion collinear PDFs & TMDs

* Generally diagnosed challenges of matching o(p;) ~ W(p;) + Y(py)
*Entails the study of factorization & Matching

* Perform simultaneous fit of pion (and nucleon/nuclear) pdfs from

da.DY
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Figure 5. Comparison of the theory prediction (solid line) to E615 differential in ). The dashed
line is the theoretical prediction after the addition of systematic shifts d;. The values of the y?
and d; are calculated for the each @Q-bin with 16% correlated error. The vertical dashed line

shows the estimation of the boundary for TMD factorization approach.
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Bethe-Salpeter LC Wave Function methods for TMDs
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Extracted from E615 DY Data

(r.k7)

COMMENTS =010
Alot of engineering in the non perturbative TMD parametrization

and modeling y? on normalization
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Vladimirov JHEP 2019 kr 370 02 x
Bacchetta et al. 2019 Pavia 10 (DY TMD analysis) FIG. 2. Upper panel: DSE result for the time-reversal even u-
Scimemi & Vladimirov JHEP 2020 (DY + SIDIS TMD analysis) quark TMD of the pion, fg(x.k7), at the model scale of

us = 0.52 GeV?2. Lower panel: Analogous result evolved to a
, , , scale of u = 6 GeV using TMD evolution with the b* prescrip-
we dLﬂ@WDS& W+FO @ Leaolw»g oroler SLVWPLC NP tion and g, = 0.09 GeV [51]. The TMDs are given in units of
GeV~? and k7 in GeV>.



Recent work FO DY calculations
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The predicted cross sections fall significantly short of the available data even at the highest accessible values of g,
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FIG. 6. [E288. Experimental data vs NLO QCD predictions for y = 0.4 and different invariant mass bins.



