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Outlook

This talk is mainly based on [Scimemi,AV,1912.06532] = SV19 fit

Main features of SV19
» Joined description of DY and SIDIS
» NNLO matching and NNLO/N3LO TMD evolution (NNLL’ or N3LL)

» (-prescription and independent defenitions of non-perturbative elements
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TMD factorization formula (in {-prescription)

N g u L T
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anomalous dimension L & | Wy
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» Each data-point is a product (convolution) of three independent
non-perturbative functions

» Functions do not “cross-talk” and could be modeled independently

» FEach function is responsible for a separate kinematic variable
» Rapidity AD: D — Q and b

» TMD PDF:

» TMD FF:

F —
D —

z and b
z and b
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Each TMD distribution is independent non-perturbative function

Fa.0) = [ e Glaten + b)zn + b, —oon -+ by [~oon, 04(0)1p)

F(x,b) has too much parametric freedom

Matching to PDFs at small-b

n=2 ng er order OPE

F(z,b) = C1 ® f1(z) + b%(Ca ® f1(z) + C3 @ T(x)) + ....

Pefrturbative
on—Perturbative

Leading order OPE

» O is known at N3LO [Ebert,Mistlberger,Vita,2006.05329]

» All b2-powers with twist-2/3 [Moos,Av,2008.01744]

Small-b reduces parametric freedom
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b<<1/Q

Each TMD distribution is independent non-perturbative function

Fa.0) = [ S0 (laten +b)zn + b, —oon -+ by [~oon, 04(0)1p)

Perturbative
»=2 Higher order OPE

~ Leading order OPE

on—Perturbative

The model for TMDs

F(z,b) = C1 ® fi(z)fnp(z,b)

» SV19 (& Pavial9) uses C; at NNLO
» fnp is subject of fitting

» 5 parameters for TMDPDF
» 4 parameters for TMDFF
» No flavor dependence

Iup(.b) = exp (_)\1(1 — o)+ how + (1l — I)A,,bz)

NiED
mz+ (1 - z) b ( bz)
Dyp(z,b) = exp | ——F——m—=— 14+n—
~p(2,b) P ( @) 2 M
w
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Each TMD distribution is independent non-perturbative function

ig Jiy dB(O|Fyr(—Xn + bB)Wer|0)

Db, p) = A2
(1) =25 0o T0)
[AV,Phys.Rev.Lett. 125 (2020)]
Small-b OPE for CS-kernel
@ D(b, 1) = Do(b, p) + b*D1 + ...
5 -
E g E % %
2 § 212 2 » Dy is known at N®LO [av,1610.05701]
= [}
£Z g 5
o =73 = 5 Model for CS-kernel
- jes)
v — o~ o
= (RN D(b, 1) = Dresum (b, 12) + cobb*.
VAR e a—— :

» SV19 (& Pavial9) uses Dy at N3LO

» Linear asymptotic at b — oo

L
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Universality & the chain of extractions

Low-energy

E228, E605,...
PHENIX

Unpolarized DY

.

Drell-Yan fit
X2/Npt = 1.2

uTMDPDF (5

A
A

params)

[V.Bertone,I.Scimemi,AV;1902.08474]
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High-energy
ATLAS, LHCb
CDF, DO

RAD (1 param)
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Universality & the chain of extractions

Low-energy

E228, E605,...

Drell-Yan fit
X2/Npt = 1.2

Unpolarizec; HS;X / \

High-energy
ATLAS, LHCb
CDF, DO

RAD (1 param)
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[V J#rtone,I.Scimemi,AV;1902.08474] /
.
= ~

e

@

Universitit Regensburg

/ HERMES SIDIS fit

i COMPASS - x2/Npt = 1.0

. Unpolarized SIDIS

1

\ [L.Scimemi, AV;1012.06532]
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Universality & the chain of extractions

Low-energy

E228, E605,...

Unpolarized DY /

Drell-Yan fit
X2/Npt = 1.2

High-energy
ATLAS, LHCb
CDF, DO

pooo

AN

1
1

1

1

:

1

: uTMDPDF (5 params)
1 - A et e

1

1

1

1

\

1
| HERMES
1
1

COMPASS

. Unpolarized SIDIS

\ [L.Scimemi, AV;1012.06532]
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Universality & the chain of extractions

PHENIX CDF, DO

Unpolarized DY
uTMDPDF (5 params) RAD (1 param)

N\
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1
i HERMES
: COMPASS

.
’

) E615

:7TDY E537

) NA3

1

| [AV;1907.10356]
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Universality & the chain of extractions

. Unpolarized SIDI

1
\ [1.8cimemi, AV;1912.06532]

HERMES COMPASS
COMPASS RHIC
JLab X2 /Npt = 0.8
X2 /Npt = 0.9

[Bury,Prokudin,AV, in prep.]

Transverse SSAs
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Universality & the chain of extractions

HERMES —0. COMPASS
COMPASS RHIC
JLab X% /Npt = 0.8
X2/Npt =09
[Bury,Prokudin,AV, in prep.]

Transverse SSAs
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Role of the COMPASS data

COMPASS
RHIC
X2/Npt = 0.8

COMPASS (v +d' — )|

COMPASS v + dtT — 7+
y+d = nE
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There are plenty of details/questions

» Where is the limit of TMD factorization?
» How to cut the data?
» Power corrections:

» Induced (ATLAS, LHCDb) (linear in g7 ?)
» Kinematic

» In the definition of collinear frame

» Target mass and produced mass

v

Universality and correlations

v

. many others ...

» What do we learn from it?

artemide
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Limits of TMD factorization

Test by inclusion of the data with

qr <6-Q

unpolarized DY unpolarized SIDIS

o<
o
~
e
o
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Q) >2GeV _ /
Q 1GeV
’ .

SO =W
Shououno
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ot om ar/Q [Pavial9]

[1.Scimemi,AV,1706.01473] X 0. 5 1 045
[SV19]
<0.2-0.25
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Q[GeV]

150

100+

601

301

Data survived after the cut

LHCb

Total:
457 DY points
582 SIDIS points

ATLAS(46<Q<66)

160

104

1073

artemide

4150

4100

High energy DY: 194 points
Low energy DY: 263 points
(Low energy) SIDIS: 582 points
TOTAL: 1038 points

NNLO: X2} pa1/Npt = 0.95

N3LO: X2} ppa1/Npt = 1.05

artemide v.2.02
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p—oat
(2:64)
06 (6.45)

Example of SIDIS data
No contradiction between
HERMES ang COMPASS

16. < Q* <81

021 <2< 0

.

0 <x <02

&l

0.7

15.0.25]GeV

t = +0.05

© pref0.45,0.6)GeV
offset = +0.35

z
© pr€l0.,0151GeV
offset = +0.
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Possible sources of agreement/disagreement

Perturbative corrections

» At low-Q perturbative corrections:

» NLL — NNLL ~ 40%
» NNLL — N°LL ~ 7%
» NLL [Pavial7?] — N3LL [SV19] ~ 45%

do /dQ*dxdzdg>

SIDIS p — 7+
s = 300GeV?

1.1

0.0

artemide
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Possible sources of agreement/disagreement

Final state interpretation

g SIDIS d — h*
< s = 300GeV?
B/ GeV
~
» COMPASS measured v +d — ht %’—
v i [z =] s
> [SVI19] h* ~ 7t 4 K*
» Kaon channel gives ~20% contribution b ~
» Proton channel gives ~2-3% contribution
(neglected in SV19) S
1.
0.8} s s s - R AR MR R ML DL Ll
0.1 02703 0.4 05 0.6 0.7 0.8
qT[GeV
v
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Eda [d*qrnb/GeV] x 10°

Example of low-energy DY
Some problem with normalization

E228(200GeV)

E228(300GeV)

E228(400GeV)

e
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i
ot T E

3o,

il

0.5

1 L5 2. 25

1. 5 2.

el<@Q< .;ch 05 < Q< 6GeV 06 < Q< TGeV
e 8<Q < 9GeV oll < Q < 12GeV 012 < Q < 13GeV
+30% +25%

Norm.error of data 25%

PHENIX
2/Npu =028 (0.3)
o) =—0.1%(—0.7%)

qar

0:5 lI 1.5 2. 25 3.
e 7<Q< 8GV
013 < Q < 14GeV

+15%

107!

t
¥

1072

&d
i

L
0.5 1. 1.5

2. 2.5 3.
o7 < () < 8GeV 8 < Q < 9GeV
ollh < () < 13.5GeVeld < (Q < 18GeV

+15%

I bet that this discrepancy is due to large-x.
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Situation is worse in the case of DY

<102

(dl0)=59.6%
1.05<Q<45

of x102 XUIN,=055 + 158 =2.13
(d/0)=40.3%

195<Q<5.4

% 3 0 s 20 25 4
aof x10° XCIN=1.56 +0.86 = 2.42 x10° XIN,=1.98+0.53 = 251 of *107 XIN,=0.61+0.27=0.88
25| K3 H (d/0)=36.4% 15 | (0)=30.8% @/a):zi]%

5.4<Q<5.85 5.85<Q<6.75 6| 6.75<Q<7.65

4
1

() 05 0 s 20 25 g 00 05 0 5 20 3 o s 20 25 g4

. =107 XIN,=1.60 +0.30 = 1.89 35f «107 XIN=132+1.60=2.92 2F x107 XIN,=1.08+0.31 =139
7} . } N I (dm)::‘zb 2% 39 (dloy 10 (d/.n=z4.“4‘

| | Lt 765<Q<9.0 s 10.35<Q<11.7

o 05 0 s 20 25 47 00 05 0 s 20
8 107

(dI0)=23.5%
5

11.7<Q<13.05

artemid

0

25 g, 25 g4

Huge normalization deficit
Corr.uncertanty=16%
X?/Np = 0.67 + 0.77 = 1.44

R

Universitit Regensburg
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4.0<Q<4.5

5.0<Q<5.5

A.Vladim!

doldQdqy [nb/GeVv?]

Data is worse
Corr.uncertanty—8%

B537 01<x<10 %2 /Np = 0.50 + 0.11 = 0.61

X537/ Np=0.85+0.12=0.97  (d/0)=15.3%

artemide
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s 280 GeVie
© 200 GeV/e

* 150 GeVic

2280 GeV/c i

©200 GeV/c
«150 GeVic

i Qe L Goasaal
o

aw (nb Gev~c* /nucleon)
3

i +— $ T f
| p A . :
! i J; £ ¢ |
| ‘o_c’ | ) +
| + v;,:_ F o<yfos + +
| | 1 v sr 41<M K 47 Gev/c? {
I ) 10 i
10l 1 original figure from & F i original figure from
| Phys.Lett. 117B (1982) 372-376 t | Phys.Lett. 117B (1982) 372-376
. ;
. : I DS 3 a 3
1 2. 3. a, 5.
Py (Gevic) PrlGeve)

7wDY-data from NA3 abd E537 does not show such anomalous behavior
Waiting for unpolarized 7DY by COMPASS

'R

Universitit Regensburg

artemide November 17, 2020 16 / 29




LHC data within TMD factorization

o ATLAS TTeV ATLAS TTeV ATLAS TTeV
5 [y] € [0.0,1.0] = [yl € [1.0,2.0] Jul € [20,2.4]
1 X2/Nye =1.66 (0.81) - X2/Nye =5.94(4.09) X2/ Npe =1.49 (1.26)
3
2
1
5 I 7 T
3 1
ML 3 Tz T T T
IET T T T TY i1 1
== ATLAS 8TeV = ATLAS STeV  § == ATLAS 8TeV
Iyl € [0.0.0.4] \'IIEIOJ 03] lvl € [0, 12]
2N, 2

(3.40)
% (2.6%)

T I
x = I3
S B R, T Ty = — 1
== ATLAS 8Tev x4 ATLAS 8TeV/
Jul € [1.6.2.0] vl € [20.24]
J, 3) X?/Npe =147 (0.68)
(d/ﬂ) =4 zf/( x W; {d/o) =4.9%(4.1%)
025 1
! 10=< = T Ts N
0975 - B
7 14 21 2 35 7 14 21 2 35 7 14 21 2% 3
ar
T CLHCH 7TV {2 LHCD 8Tev 3X0.5 LHCD 13TeV
z :

69 (2.38) X2/ Npe =4.89 (4.24) X2/ Npe =0.91 (0.81)
% (5.2%) (d/o) =5.8%(5.1%) (/o) =6.4%(
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Evolution : 2 parameters
TMDPDF : 5 parameters + PDF
TMDFF : 4 NNFF
Bxpco At A2 Az Mg As i 2 13 T parameters -
05 03 Different NP functions are almost
decorrelated

Bxp

A
A2
A3
Ay
As
Ui
2
3

T NNLO

@
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Evolution : 2 parameters
TMDPDF : 5 parameters + PDF

Bxpco M Ao ds A Xs My T s s TMDFF : 4 parameters + NNFF

Bxp
o Different NP functions are almost
A decorrelated
1
A
A3
" Fit quality essentially depends on the
As collinear input.
M Vary NNPDF within the 1o band
nz N
2
s X~ /Npt €10.8,6.]
i NNLO

We cannot estimate accurately the
PDF uncertainty.

@
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F(z,b) = C(z,b,porr) ® fi(z,popre) fnp(z,b)
+6 f(reweighted) +6fnp

d-quark x=0.01 u-quark x=0.01 s-quark x=0.01
7o) 80 50,
© 40|
50, ©
40| !
w0
30| »
2 20
10
10
1 2 3 A ' T 2 3 0 ' 1 2 3 4
d-quark x=0.1 u-quark x=0.1 s-quark x=0.1
4 07,
5
06|
5
3 05|
4
04|
2 3
03|
2
s 02|
' 01
T 2 3 4 " 1 2 3 4 1 2 3 3
d-quark x=0.5 u-quark x=0.5 $-quark x=05
012 04l 0015
010
03]
008 0010)
006 02
004 0.005|
01
002
+ : | Unbureit5t Regensk
1 2 3 0 " 2 3 0 1 2 3 4
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F(z,b) = C(z,b,porr) ® fi(z,popre) fnp(z,b)
—_— —

+6 f(reweighted) +6fnp

d-quark x=0.01 u-quark x=0.01 s-quark x=0.01
10 10, 10
05 05| 05
05 05 05
-10 -10 -10

d-quark x=0.1 u-quark x=0.1 s-quark x=0.1
10 10 10
s 0| 0s

e ] T ————aan T e e

-05 05 -05
-10 10 10

d-quark x=0.5 u-quark x=0.5 s-quark x=0.5
10 10, 10 /
05 05| 05

T —e——_ 3 = . T ——— 3 = 4 4
05 05 05
\ Universitit Regensburg
-10 10 -10
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unpolarized TMD-distributions

unpolarized TMDPDF unpolarized TMDFF
=107 z2=02
! . uncertainty
uncertainty 0%
0%

z Fyep(z,b)

2 Dyt (2, b)

15%
10%
-1
: / 30%
12} ’ 209
| 20%
091" 4
06"
031"
0

... systematic error 10-20%
.. evolution does not have th'ﬁstematics

November 17, 2020 20 /29
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All distributions are different!

0.8

0.6

04

0.2

Proton
A
Fm—p(z» kT)
4 08
i 06
| 04
| 02
"kr[GeV] o

Fu(—n* (ry kT)

@
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In SV19 no flavor /particle dependence
What if I try to add it?

m 72 73 N4
- = L | Pion
——— | Kaon
| ' B B Pion+Kaon
0 1 2 3 4 0 1 2 2 3 2 3 4

“krlGev)

*kr(Gev]

I see definite difference between w/K TMDFFs, however, uncertainties are large and
current data could be fit with single TMDFF
COMPASS SIDIS with identified particles is very welcome!

November 17, 2020
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Universal TMD evolution kernel

Drp(br, = 4GeV)

06

/ 1 2 3 4 5

br[GeV ™)
Dp (b, 1) = Dperp(b*, 1) + cobb™, b*=b/\/1+b2/B%p
Byp o x 100,
e et NNPDF31(PDF unc.)
e CT14
PDF4LHC

—re—— MMHT14

—e—
» Linear asymptotic at b — oo e e NNPDF31(N'LO)
e
—

— ——i NNPDF31
» RAD is independent on PDF set - e HERA20(NLO)
e [ e | HERA20
s, ="
- —o— NNPDF31&DSS
1.38 193 248 239 4.09 579
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Universal TMD evolution kernel
Comparison

> SV19 ~ b
> SVI7 ~ b2
» Pavial9 ~ b*
» Pavial7 ~ b?

04

SIDIS+DY

————— SV17 [1706.01473]
——— Pavial9 [1912.07550]
77777 Pavial7 [1703.10157)
—— Pavial9 with by,
7 i } 2 3 7 5

br[Gev ]

only DY

@
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]

[ CS-kernel is the window to a QCD vacuum!

CS-kernel measures the properties of QCD vacuum [AV,2003.02288]

ig Jiy dB(O|Fyr(—Xn + bB)Wer|0)

D(b,p) = A=
G =245 (OWer[0)
Power correction
2 ™ G 2 1
D(b, p) = Do + b?Dz + ..., Dy~ ———— ~(L.—5)x 107 2GeV ™
72 Adcp
|| Pavial7 | SV19 SV17 | Pavial9 | BLNY(03/14)
Dy x 102 || 28£05 | 29406 | 0.7552 | 0.94+02 [  20-35
v

Amazing function...
» String tension
» Confining potential

> ...

A.Vladimirov artemide November 17, 2020
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First measurement of CS-kernel on lattice
based on [AV,Schafer,2002.07527]

see also [Ebert,Stewart,Zhao,1811.00026]

Regensburg lattice group

1.0 15 2.0 2.5 3.0 35 4.0
b[GeV~1]
1 gir(P* =227GeV) §  Aler=22716en)
gir(P™ =125GeV) A(PT =125GeV)
§ me * =2.27GeV)

(P~ =227Gev) ¢ SV19(1912.06532) eR
hi(P¥ =1.25GeV)

(=]

c
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Where to measure CS-kernel?

Q[GeV] e~
540,

0.

Q[Gev)
510,

410,

350.

2.

200,

150.

y (0.5%] (0 < [y] < 0.4)

1. 2345678 1012.46.20 2425, 36.42. 50. 60

%,

LHC

—0.25110

L B

o r(GeV] 2345075 INAL6.202125. 9

Q[GeV]  co — sensitivit %) (1.6 < |y| < 2.0)
510,

Lo
350,

0.75
.

0.5 20
150,

—0.25 110,

l ™
0. "

L Gl .
rlGeV] 1. 2.3.45678 10016202125 36,42, 0. 60

Q6] o~

(6]

40,

m
0.5 20

150

— 02

S arlGev]

QIGeV]  ¢q — sensiti
510,

78 1002146.202428. 36.42. 50. 64 9

y (0.5%) (08 < |y] < 1.2)

SoarlGev]

v [0.5%)] (2.0 < |y| < 2.4)

o dr(GeV]
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Where to measure CS-kernel? ]

EIC

1000. | - - A?—f"——— -
] : L e |
| . . o ' Pa I
8 all energies/all particles ‘ = e R e
4 ACC_opth wh L LT L e
100 co sensitivity e | || Lo Lo |
| . 3 | P |
- - feasible bins : 458 e e e
N NN DS Y [ORS L g [ amllee |
SR |t | ) i e il i e |
10 - ##0.75 ) ] ] o] ] ] ] s il il Lo
i . el ] P U U S D U O
o NSRS EE RS
=025 o5
o 2
. x
1 "r'”T”'T"'T'”T”'*”’T”’T”’T”"\”"”"\””I """" L I B B [ N
0.00001 0.0001 0.001 0.01 0.1 L
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Expected impact of EIC

0.06
0.04
0.02
0.00
-0.02

-0.04

-0.06
0.0 0.5 1.0 1.5 2.0 2.5 3.0

b[GeV

8fi(x =107 kr) 8fi(x =107 kr) filx = 10" ky)/4

0 0T 0 0608 0 0T 0T 0608 0 [ 1
krlGev]

8Dy (z = 0.25. kr) 0.45,kr)

FrlGev]
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Conclusion

Unpolarized TMD distributions are known
But this is only the first step

Problems to solve in the nearest future
» Uncertainties
» Flavor dependence

» Issue(s) with normalization of certain data

y
What to expect

» Inclusion of new observables (COMPASS your turn!)

» New tools (TMDlib)

» Lattice

» Non-perturbative modeling

> . )

Universitit Regensburg
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Backup slides
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In {-prescription: p ~ @
Matching scales popg are intrinsic for each function

o SIDIS p — 717 DY pp = Z/vy a&
< s =300GV? Vs = 25GeV g %:ppsi\g /v
= Q = 4GeV =t Q = 8GeV S = 91GeV
= z=0.1 < y=02 S
Ol == wz=04 ~ =
g : £ s
S ~
~=

0_9(7 .................................................... 70_9

01 02 03 04 05 0.
ar|GeV]

~ 3% ~5% ~7% ~2% ~2% <1%
Difference between NNLO and N3LO is not that important

Universitit Regensburg
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TMD factorization for SIDIS

Proof of factorization is done in the Breit frame

Breit frame Lab frame

In practice: g < 0.25Q
» Most part of data is not TMD factorisable.
» Low 2’s are not accessible
» H1, ZEUS data have no TMD points, too low z.
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Test of importance of power correction

These are not all power corrections,
but only those that we know how to account

include (m/Q) ves | no | yes | yes | no | no
include (M/Q) yes | yes | no | yes | no | no
include (gr/Q) in kinematics || yes | yes | yes | no | no | no
include (g7/Q) in xg, zs yes | yes | yes | yes | yes | mo
Xz/Npt 1.00 | 1.00 | 1.09 | 1.06 | 1.16 | 1.31

Most important corrections are % and % from the rotation Breit—Lab
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