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® Global analysis of Drell-Yan and Semi-Inclusive DIS data sets: 2031 data points

®  Perturbative accuracy: N 3LL )

Normalization of SIDIS multiplicities beyond NLL

@ Number of fitted parameters: 217

¢ Extremely good description: xz / N data = 1.06
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TMD PDF

¢ The W term dominates in the region where qr «Q

¢ Y term has been excluded in the Pavia analyses
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¢ Fourier-transformed space to avoid convolutions
¢ TMDs formally depend on two scales, but we set them equal f1 (z, b%; w1, C)
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Fixed-target low-energy DY
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Fixed-target low-energy DY HERMES data
RHIC data COMPASS data
LHC and Tevatron data
Q > 1.3 GeV
9 < Q <11 GeV excluded (Y resonance) 0.2 < 2 < 0.7
47 | max = 0.2Q Pir|max = min[min[0.2Q, 0.52Q] + 0.3 GeV, 2Q)]

484 experimental points 1547 experimental points
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Hard factor and Ingredients in perturbative
matching coefficient Sudakov form factor
\
Accuracy Hand C K and‘y{ \ YK PDFs/FFs and as evol.
i 3 0 1
""""""""""""" N.L 0 1 2 1w
NLL 1 1 2 NLO
NNLL 1 2 3 NLO
""""""""""" NN 2 2 .3  NNO
Nl o2 3 s NNLO (NLOFF)
NSLL 2 3 4 NNLO

N°LL = N°LL but with NLO collinear FF
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Accuracy SIDIS DY Z production N of points X2/Ndata
arzxarﬂigng%fw NLL ‘/ ./ t/ 8059 1.56
ar)(i?:\{ 92:(2}.1(:195532 NSLL v v 1039 1.06
MAPTMDZ22 NeLL v v v 2031 1.06
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High-Energy Drell-Yan beyond NLL
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SIDIS multiplicities beyond NLL High-Energy Drell-Yan beyond NLL
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SIDIS multiplicities beyond NLL

Q ~ 2 GeV
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The description considerably worsens at higher orders!!
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COMPASS multiplicities (one of many bins)
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The discrepancy amounts to an almost constant factor!!
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— Parameterization of TMDs
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_ D22 — Parameterization of TMDs
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. + 1 for NP evolution + 9 for TMD FF
= 21 free parameters

')

16



HERMES

MAPTMD22 — Results of the fit

0.12 < = < 0.2

0.2 < x < 0.35
R T S

0.35 < = < 0.6
e 5 L LT A LD O ) B R

]

-IIII.
Thp - KT

Multiplicity [GeV 1]

gt b

e

o e

—a—-

: : + L : 1-*
0.2 F + . ! T !
E i 2 ; _ :
e 5 N T ¥ T E ]
o " f m: ; i o ¢
[]-..ﬂ | g 1 I 1 P [ ok | PR T [ | R I T [ S S T T S | ST NI N S BT -
3 SRR 2 i T ) RE L R R A T SR L R T R o L R R LR R
p =+ K~
1 osf + + -
R T S G 7 T g
= | i 1 ]
202 e fa .
5 -
_ . . }
=
= |
0.0 I, '! -|. f ! - | | el PRI PPN PP
Al . LI 4 r LEN e F-1 i L -1 | I I £ 3L I Lo | ! ] I L
L75Ep — ot i 2 T I
T: 1.50 — “ 3
5 1.25 = 4 = 4 2 3
== + : E : I
:’:‘T 1.00 F £l E3 -
o 3 1 = I
2 0.75 = L - E Kt -4 g ;-3 ®
-*é 0.50 | T & ¥ A
S o2k * . 8 8 1+ s —8 a1 % L |
* 1 - : = L]
0L00 gttt B ! et : : —t- - : — -
Lo P =+ 7 T 1
= Y
= 0.8 4 - -
7 0.
55 : I ,IL
o, 0.6 | : + + -
= [ O | ]
g [ 4 T S i | o
:'é-' 0.4 |- L { ? T 4 v s 3 + *
= s =4 E 3=
= o * L 1 [ ]
U'U_J....i..nnln...l....l..._-'_l|...I....I.....I..|.I. .__I.....I.n..I....I....I..
00 01 02 03 04 00 01 02 03 04 00D 01 0.2 0.3 0.4

|Par| [GeV]

A 0375 < 2 < 0.475 (offset = 0.2)

|Prr| [GeV]

F 0475 < = < 0.6 (offset = 0.1)

| Par| [GeV]

B 0.6 < = < 0.8 [offset = 0)

9 )
\‘ ﬁ 'l‘
COMPASS h~ 2 N A%
R b
& D2<z<0D3 ¥ 04d<z<08 E tﬁ T",,:;
® 03<z<04 A 06<z<08 = "y .
0.1 ;-1 1‘*1
l.i -
n _ g
% LY "*-‘ ':,1“.
--II'I.:"al ri.ﬁi \.‘ \'-I- "‘-
"‘E i Hﬁ_ i 'l!* ‘.i'- y T
= h ; \. \.' .
'E rh,! ..I'+ - *’
i ;T‘— " tf"' Tl? I TT*-
> =ab BTN T
o 0L, o ", .
—_
2.65] o o 0,01 006 0.09
@ ‘;-.&‘1' ‘lt“"l- ‘I-...'j. ...‘in ‘.‘i- Pﬁrjqi
3 |
et L " [ h
= 4 fa * :
E F.#T- i hl'i"" hl‘;'j. . *‘"1..' *-.. o
EE TJ-" ‘r*?-l- ' .li.lr L*
ﬁ 'rTT -|-+ ‘.‘L' -._ -_
= , ” i
E Il‘f".'— ..‘.;'I'ﬂl- “."iir .,...li "I.....
I -+- Lo #."T.. h'- -- --
0.1 AF% ITT -i-.- ".... I.'-"'—
1.73 . g L)
T N i . . 0.04 D08 0.12
R *h, "2 L g Pl
P
£l ; by h... LY.,
a, T o Ly ki g+
.= -+ e o & ilas . 13
S | . “
l"i. &1 | i g 1 i1 --;-I M
113- “.1-- il saal ! . i sl 3 a sk acd S S .l.. a i . .
008 0,1 015 0086 0.1 0,15 005 01 045 0.05 0.1 0d5 408 0.1 D15
F ool g Pl /qQ* Pi LR Po/q°
0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4

4 i

17



HERMES

MAPTMD22 — Results of the fit x*/Naata = 1.06

'.']12{:1:{[)2 0.2 <z < 0.35 ﬂﬂﬁ{z{ﬂﬁ
T
0.7 F p — K"‘ E3
T osf i
8 03 : } I 9
20| i J t. \
= 0.3} i + —{ i = ) \1
2 . $ COMPASS h g M '\
‘= 0.2 =3 o 1My 7
0.1 B : <] A ¢
: | L E E : [ ] E E ] & 02<z<03 Y 0d4<z<08 § _{: ﬂ"‘:"‘
i - PSP EPEFFENN EFIF S PN AN i ® 03<z=<04 A 06<z<08 E -,T .?_
- .1 TTll 1I+i.
[ ] [
% 0.3 1 = A
< I %, \ N,
Bo2f L— T & h’l: \' \: \...'r
- = P :"i L™
= i 1 = 3 -
= K i = | . 1} LA A I
 SRENE S S e T Good agreement for AN N NG
E : o % mlhi- +T'I’ i 'T"'.l.
: T T ¥ "
S oos et S almost all bins BN N N T
1.75Fp = ot + + [ R e ", L
Tl . i o4 , | M S L
; 1 ; _ 0.03 0.06 0.0
i L35 | 2 + 78 ] ""u,Ll ..‘-".t ."-u__ PL./G*
=Lo0f I * 1 " *
= 0.75 F s + - + My ! "
B : A L x= L X 4 4 4
2 oso . | - i x |ty | o
S osf  * s B —8-1—® s —8—a—1% + A N ®
010{15::::’::: ettt : : '::.:1:::::::: |- : l: ....k’.._ ,‘..“'._ h.."
e 1 uE T+ -'T.,. i 18 " --‘- m
T + I Ly - ' ' ' [ 004 0.08 042
} .8 -_ I - _"_ Ir‘" T .I.:.‘. :,l :d - o
S | I I E Ty o ™ 2 = 24 LT
> 0.6 | + + >,
i B i 1 e & i £ T
- N e : G I - E ‘g i Toi i L] Tay
e S I e L T e
E [ T — T : :E 'I‘_r_ = -1-_1_ -y *.L
E 0.2 | * 2 B+ - 1 [ ] =
| b i L | = | ik =~ -y
5 = . L | ) d | b [
1% 1) el EOTRTERS) (PORRRNT LOTIN| (RIS EUNE.» v IS0, [EHITL A | ...l;.f'l;;.?l...Ll....l.”.l... .‘ﬁq"’-_;_ ...‘-.-é_'_ -‘-.-\-"'-L‘_ '*'ﬁ; -t_
00 01 02 03 04 00 01 02 0.4 00 01 02 03 04 T T - £ -
| Prr| [GeV] | Prr| [GEV] |Par| [GeV] 1.3 01k | —— AT | Y . L
0.05 0.1 0.15 0056 0.1 .15 0.06 0.1 0.5 0.06 0.1 0.5 0.056 0.1 0.18
Pip/ar Fip/Q* P/ Pir/Q* Fip/Q?
0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4
& 0375 < 2 < 0.475 {offset = 0.2) § 0475 < = < 0.6 {offset = D.1) B 06 < = < 08 (offset = 0) -

17



25 ' {II |  CDF Runl ': !IIIII " ODF Run II
A L S £ P T B
v | I E % #
Sul 1 . t
i", : I I I ] ® .
!:-‘Elﬂ i I I E 4 10r [ ] X E <
e ¢ ] s LR .
5| . 5
= i o
o it . T T — | | —
El.ﬂl} }.- K] +3 $.3.4 ¢ I--E-I--I---I ] + § $ EI I—E + i—- 1o OB B ) L S B Psse8855 5 i_.i_i_.i_i_},. 4
= 0.75 i P! . b L . .4 0.9E .I. . = TR bi |
a 0 2 4 6 8 10 12 0 2 4 6 8 10 12
lgr|[GeV] lgr|[GeV]
0.060 I CMS : CMS 8 I I I CMS :
: VE=TTeV 0065 ﬁ=ﬂTeV-: ) Va=13TeV
0.0%a 1 I 0 < |yl < 2.1 { 0< |yl <21 7 t ¢ O0<lyl<o04
- | 0.050 - | )
?} u.ﬂsui— _ :h} 6 3
v ;_ | 0.045} 13 []
g;nms; | 2 5 ¢ (] .
‘E ;.—? '. ] 0.040 - :‘;E,Ed ¢ -
=% 0,040 I Sl
_. | 0.035| 3|
U.UEE; . { [
-u“”f’?i t { 0.030} ‘¢ &
s ' R . 1.1 frist bttt TP :
E L7 7 ¢t i i | '
- 1.0- 4 — g e o e o - 1.0 = pr_ s P | Hof SR p— ] i 1 E
m n-g _EI ke ;-'I._ i 4 é_..........u IJEI_ EI il E_- ok ; .....é‘ e E_.._...-.. ]j:.ll.' '.EI._.. aikommil _i;.u....u...:i__...tli.... i ....é.. ....EI-.II.}_.......i]E.“. Ii-la‘-

E288
E = 200 GeV
] 4 <Q <5 GeV
7 L .
L -
56t -
|> 5 L ]
5 "
L 0 |
-E". 5 - T _
ﬁ""]nF ,
| L
€3
4r ]
3t
o 1.2 F :
i
] - |
i ! ]
L i .
E E :
0.8 =

1‘8_}* 5<Q<6GeV

1.6

1.4

1.2

0.8

1.0 [EEm—

1.0 -

0.6

E288
E = 200 GeV

1.:::}

0.8

®
& ® -
—
| | | L.
J 1 1 =




MAF TMU2Z — HOSUlS 07 the it X7 /Nuws =

der

Data / Pred

2] ' IHIII T T ormanr ] [ TP ~ CDFRmm | E288 | H2e8
Tﬁg“f' II i | 20f . o . : , E = 200 GeV | - E = 200 GeV
> | it : ' . : 4<Q<bGevi LB 5<Q <6GeV
® sl 1 15} L - ] ‘
% 15} [} i3 i3 -: ., : T |
S ol ¥ IIIE [ 10} = e —- § 1 2
LQE t385 4 o h 1.6 _
’ _ .I s - 1 1
p—————————1——— — — ] 116 F—— ———]— — ] —]— ——— _
Lm}_ ..... I_ETE.E_H_EE_IILI_E_I_E_E__I_I_E t I E_E .+-__ 1.0 ___I_il_!_i_il!}i!_ﬂ_}i_ing_ii_ii_i_l ..... _
R T S T S T R U T T S T T R T R
lgr|[GeV] lgr|[GeV]
ﬂ.ﬂﬁﬂi— { CMS ] : CMS 8L I I CMS
i Vi | 0.055 B g : 4 -
-. 5=7TeV | | VE=8TeV . : ) V7 =13 TeV
i_ I 0< |yl < 2.1 { 0< |yl < 2.1 Tr E I 0< |yl <04
i 1 0.050 ] e
F : . I
:, | 0.045F 1% 4 g (] .
: | B (]
I 0.040 { - -E‘%‘d 2
| 0.035 | { { s}
0.035 - ] ; ; :
i P f 1.2f 1 132 y
% E ! 0.030} | 2 = E : :
-Eo‘la?[“:---:---:-u--.-r...:‘ ] 1 e A I : _
:E ¥ I I : 1.1 _ I _ { 1 i :1_“ -J_ ....... I ................... Iv- 1‘{} W R } S
B e —] 10} s 3 T - Z :
| {1 os 3 b ol }}£}{{IHIE P 1 0.8f }-
=3 ﬁ ﬁ 4 6 8 1|ﬂ ﬁ 2 ai é 5'5 | 10 1} 10 12 14 L e S T : . -

|gr|[GeV] lgr|[GeV] |qT| [GE’U] 0.2 0.4 0.6 0.2



CDF Run I

le Ndata = 0.93
(DY Tevatron)

CDF Run II |

t

CMS

VE=TTeV |
0 < |yl < 2.1]

: n.uss}

{ 0.030
1.1}
1.0+
0.9+

CMS ;
VE =8 TeV

{ 0 < |yl < 2.1]

|||||||||||||||

E288 E288

E = 200 GeV | : E = 200 GeV

4<Q <5 GeV] I‘Ef_- 5<Q <6 GeV |
| 1.6F

B S B e S

Data / Pred

1 12}
f_,.. i 1.0

- ELB:-

D22 — Results of the fit x*/Naw. = 11




A A LIEe — TIRRIES BT T8 TIE 27/ = 108

CDF Run I

T
S
B 15}
i :
E
ar
- .
& X - '
S rppdeiipeatpaatiphiggdbd
2 0.75 Ay 5 0.8L
a 0 2 4 6 8 10 12 0 2
lgr|[GeV]
0.060 { cMS CMS
vi=7Tev | 0058 V3 =8 TeV |
0.055 } 0 < |y < 2.1 : { 0< |yl <21
| 0.050 :

CDF Run II |

I—Eijj I !_I_!_I_E_!_!_I_!_I ¥ H ——————— E—Iii ..... __

4 E 1[] 12
|'!‘T|[Gev]

||||||||||||||||||
||||||||

. ---—1 LH H Hrm ﬁ

0 2 4 6 8 10 12 14
|gr|[GeV]

[pbGeV 7

d’c
diq

E

Data / Pred
sk
o

lllllllllllll

4<Q <5 GeV]

| 1.6

| 1.4}

118‘ __

|||||||||||||||||

5<Q <6 GeV |




o W i S B i e W o Y B, R, i s st s e (M . o ety e i A W1, s, e P e et (VAN L i s . e, . i 4 e A e e, e S W 5 e,
0.06 z 1 F 1 F .
= ATLAS 1 [ ] L 1 ATLAS 1t I ATLAS -

VE=TTeV | | V3=TTeV | | VE="TTeV |
0<|lyl<1 | L 1<|yl<2 1L 2 < |yl < 2.4
{1 = 11 ]

]

0.05

[GeV ']
S
&

P
o

1 do
ad|qr|

=
o
e

|

|

1

1

|

i

=
B =5
.

u o L 4 A I I_J. . A J . . J_t i 1 e I. . . A J . | N i | H l & . i I | o ik t . . i l [ b = J i . b A " i I L

0 2 4 6 8 10 12 0 2 4 6 8 10 12
|gr|[GeV] |gr|[GeV]

Data / Pred




D22 — Results of the fit x*/Nuxa

0.06 -

1 do [GEV_II
<
&

ad|qr|

0.03

Data / Pred

0.05 -

IIIIIIIIIIIIIIIIIIII
llllllll

VE="T7TeV .
2 < |yl < 2.4

||||||||||||||||||||||||||

1.-:!5‘;1
1.00

0.95F

19



— Results of the fit x*/Nu -

0.06 -

|||||||||||||||||||||||||||

VE="T7TeV .

llllllllllllllllllllllllll

Possible justifications:

19



L e UIES OF T8 TI X/

IR L SRS e e e e S e e e s ot mn Il e e e e s e e i . M L S i i B e o T A B e S e .
' I 3 ATLAS
8 =TTeV |
':l'_l 0.05 2< |yl <24
> ®
<
O,
—0.04
b & [ ]
M
| b -
0.03
g L]
Elﬂﬁ e
~ 1.00 - ol e
‘;E IR L T - I T T e S - I A T l I
A 0 2 4 6 8 10 12
ar|[GeV]

Possible justifications:

[§] Small experimental uncertainties

19



D22 — Results of the fi

IR L SRS e e e e S e e e s ot mn Il e e e e s e e i . M L S i i B e o T A B e S e .
' 3 3 ATLAS
vs=TTeV |
':l'_l 0.05 2< |yl <24
> ®
o
=
—0.04
b & [ ]
M3
| b -
0.03
g $
E]ﬂﬁ ——————————
~ 1.00 - ol e
‘;E IR L T - I T T e S - I A T l I
- 0 2 4 6 8 10 12
|gr|[GeV]

Possible justifications:

[§] Small experimental uncertainties

@ Implementation of lepton cuts




— Results of the fi

0.06 -

|||||||||||||||||||||||||||

VE="T7TeV .

||||||||||||||||||||||||||
||||||||||||||||||||||||||

Possible justifications:

[§] Small experimental uncertainties [§] Effects of power corrections

@ Implementation of lepton cuts




— Results of the fi

e
- 3 3 ATLAS _
ve=TTeV |
"T_I 0.05 2< |yl <24
> . |
@
)
bvg{].ﬂrl )
.—L|E =
0.03
3 T AT T T S S
I e privermbrrrired
S, 1 T —
5 0.5 N TR T
A 0 2 4 6 8 10 12
ar|[GeV]
Possible justifications:
[§] Small experimental uncertainties @ Effects of power corrections
@ Implementation of lepton cuts ©  Effects of the matching between

perturbative and non-perturbative physics



mﬁ‘*(m, kia Q, Qz)

Visualisation of TMD PDFs

e o« o

e
o

0.0 T_________________________________________________________________________________-______________

= (0.1
x = 0.01
x = 0.001

Q = 2 GeV

-
b

n
=

:Bf;"(m, kﬁ_a Q, Qz)

=11
xr = 0.01
x = 0.001

Q = 10 GeV

— - 0.0 ___________________________________________________________________________________________________________________________________________'_________

0.00

0.25

0.50

0.75

1.00

1.25 1.50 1.75 2.00 0.0 0.5

k1| [GeV]

20



Visualisation of TMD PDFs

i »=0.1

x = 0.01

x = 0.001
Q = 2 GeV

——

0.25

0.50

0.75 1.00 1.25

k1| [GeV]

1.50

1.75

2.00

=1l
xr = 0.01
x = 0.001

Q = 10 GeV

0.5

20



Visualisation of TMD FFs
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Collins-Soper kernel

Kernel of the rapidity evolution equation

8lllfl($: br; 1, C)
aln.\/z —K(bTﬂy’)

K (br, b, ) = K(bx, v, ) + 9x (br)
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Collins-Soper kernel

Kernel of the rapidity evolution equation

8lllfl($: br; 1, C)
aln.\/z ——K(bTﬂH’)

K (br, b, ) = K(bx, v, ) + 9x (br)

v
perturbatively calculable
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Collins-Soper kernel

Kernel of the rapidity evolution equation

(9111f1($: br; 1, C)
aln.\/z ——K(bTﬂp’)

K (br, b, ) = K(bx, v, ) + 9x (br)

!

to be fitted

v
perturbatively calculable
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Collins-Soper kernel

Kernel of the rapidity evolution equation 08f Db, 2GeV)

8111f1($: br; 1, C)
aln\/c__ —K(bTHu’)

K (br, b, ) = K(bx, v, ) + 9x (br)

. — CASCA.
to be fitted — SVI9
-== MAP22
» == Pavial9
perturbatively calculable -===  Pavial?

Martinez, Viadimirov, arXiv:2206.01105

SVZES
ETMC/PKU
SV7Z

LPC20
LPC22
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Summary Future Plans

e MAPTMDZ22: simultaneous extraction of @ Code and TMD grids available at the MAP
unpol. quark TMD PDFs and FFs Collaboration GitHub page (ask us!!)
® Global analysis of 2031 sIDIS and DY @ Improve perturbative accuracy (reach N°LL)

: - nd incl le uncertainti
experimental data at N 3LL and include scale uncertainties

e Normalization prefactors of SIDIS @ Matching with fixed-order
multiplicities beyond NLL

@ Extremely good description (except for ® Flavor dependence
ATLAS dataset): y? /Ngqtq = 1.06
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Logarithmic Accuracy

Sudakov form factor Matching coefficient
2
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| ogarithmic Accuracy
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Structure of a TMD - NP content
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Non-mixed terms in collinear SIDIS cross section
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Cut qT/Q for SIDIS dataset
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Results of the baseline fit

Error propagation

l

250 Montecarlo replicas

92 Niay o1 A N3 31 01 71 ArN;gINigpINic A2 as a3 03 03 B2 02 Vo
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Error propagation

l

250 Montecarlo replicas

Correlation matrix

l

Hints of the
appropriateness of the
chosen functional form

Results of the baseline fit

92 Niay o1 A N3 31 01 71 ArN;gINigpINic A2 as a3 03 03 B2 02 Vo
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Parameter | Average over replicas
g2 (GeV] 0.248 = 0.008
N; [GeV?] 0.316 £ 0.025
o1 1.29 + 0.19
o1 0.68 £+ 0.13
A [GeV™1] 1.82 + 0.29
N3 [GeV?] 0.0055 £ 0.0006
531 10.23 + 0.29
01 0.0094 £ 0.0012
Y1 1.406 = 0.084
Ap [GeV—2 0.078 £+ 0.011
N3p [GeV?] 0.2167 £ 0.0055
N g [GeV? 0.134 + 0.017
Nic [GeV? 0.0130 + 0.0069
A2 [GeV™1] 0.0215 + 0.0058
9 4.27 + 0.31
3 4.27 + 0.13
o2 0.455 £ 0.050
o3 ¥2.71 = D21
Ba 4.17 £+ 0.13
09 0.167 + 0.006
Y2 0.0007 + 0.0110

Results of the baseline fit
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