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Introduction

@ Thetransverse-momentum (gr) distribution of a generimgh-
mass (Q) system has two main regimes:

=

@ forgr! Q collinear factorisation atPxed perturbative adgpropriate:

d —ﬁldxﬁldxf(x Q)f »(x Q)db+o%!QCD .
- = 1 21 1(X1, 2(X2, ) 7—

qu f.o. 0 0 qu Q

@ forgr" Q transverse-momentum-dependent (TMD) factorisation at

Pxed logarithmic asdappropriate:

I . o - - m -~
dd—. " 1H(Q)  dPbr€PTETF (x1, b, Q, Q¥)F2(x2, bT,Q,Q%) + O pit
qT res. Q

-

@ Collinear and TMD factorisations may eventuallyrnatched to produce

accurate results over the the fullspectrum.
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Pxed logarithmic asdappropriate:
Main subject of this talk

1 oH(Q)  d?b7€ePT@T Fy(x1,b7,Q, Q%)F2(x2,b7,Q,Q%) + O

e m -
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TMD factorisation

@ TMD factorisation introduces two independent scales:
@ therenormalisation scale !, originating from the UV renormalisation,
@ therapidity scale ", originating from the cancellation of rapidity divergenc

@ The respectivevolution equations are:

Oln F - H du

alnf K (Ho) ! W Lk (" s (1))
OME o (a(11)) — vic(as()) In L
Oln p [

@ In addition, for small values &, TMDs can be matched on coll. dist

F(p, ) = Cp, Q) ® f(n)

@ The solution is:

F(u,o:exp{ff( >1n—+ / i’ [w(oze(u))—w(as(u'))ln \:—,Z]}C(MO,CO)@)JC(#O)

@ Anomalous dims. and matching funpsrturbatively computables
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TMD factorisation

@ When integrating ovebr, large values of by give raise to low scales
the non-perturbative region. 2 D E—

1 —

0.8

@ Introduce the so-callelok-prescription

br
b* b 04 |
( T) \/1 + b max >

. 0 ‘ ‘ ‘ ‘ ‘
@ and rewrite: o 1 2 3 4 5 6

by

b (br)

0.6

F(QZ, bT7 M C)
F(i’, b*(bT>7 s C)

F(z,bp, i1, ¢) = F(x,b.(br), 1, ¢) = fnp (2, b, Q) F (2, by (br), 1, C)



TMD factorisation

@ When integrating ovebr, large values of bt give raise to low scales
the non-perturbative region. 2 D E—

1 —

0.8

@ Introduce the so-calleok-prescription

be(by)

0.6

br f
b* b 0.4
( T) \/1 T b2 /bmax 021
@ and rewrite: 0 1 2 E P
Purely perturbativ
F(x.,b
F(CE,bT,'u,C) — (377 Ta:uJC) F(;E,b*(bT),,U,C) Epr(:Ij’bT,C | (Z,b*(bT),,u,C)

F(:IZ, b*(bT)a M C)

| Non-perturbative,
@ Properties ofnp:

determine from data

=

@ has to go twne asbr goes to zero: reproduce the fully perturbative regime

G

@ has to got t@ero asbr becomes large: mimic the Sudakov suppression.

@ Bottom line: avoidance of the non-perturbative region upon mtegra
In br iImplies the presence bbth b--prescription andne.



TMD factorisation

@ Final expression:

Fie (5, bt 1) = Cry (5 bispeME) ! fip (X, Hb)
J
K (b ; pp)| L ra
ex ; n— + —
P ', Mo ™ LK

exp gp (X,br)+ gk (br)in ¢




TMD factorisation

@ Final expression:

Fip (X, b1 W,!1) =

~ matching onto the collinear regionfat” 1/! ocp,

- factorises asard perturbative) antbngitudinéle.
collinear, non-perturbative).



TMD factorisation

@ Final expression:

Fip (X, DTl 1)

© matching onto the collinear regionlat” 1/! ocp,

> factorises asardperturbative) antbngitudinéle.

collinear, non-perturbative). - CS and RGE evolution,

> evolution inp and”,
© perturbative.
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TMD factorisation

@ Final expression:

Fip (X, DTl 1)

- matching/onto the collinear regionfat” 1/' ocp

> factorises asardperturbative) antbngitudinéle.

collinear non-perturbative). - CS and RGE evolution,

> evolution inp and”,

- avoid the Landau pole, © perturbative.
> fnp accounts for the introduction dif,
> fnp IS Non-perturbative thust to data. 11



Factorising processes

@ Processes for which leading-power TMD factorisation has fresen :
Drell-Yan Semi-inclusive DIS ete annihilation

DIt w1ty 1£1° # hihp X
@ Two TMD PDFs: @ One TMD PDF oneFF: @ Iwo TMD FFs:
@ Lots of data: @ many precise data pointt @ di-hadron prod. from:
@ low-energy: FNAL, @® HERMES at DESY, @ BELLE at KEK,
@ mid-energy: RHIC, @ COMPASS at CERN. @ BABAR at SLAC.

@ high-energy: Tevatron, LHC

-

@ Examples of other precesses:

-

@ thrust andpnt distributions in single-hadron productionate,
@ hadron-in-jet production,
E
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Logarithmic counting

d! TMD i T
— = 1oH(Q)  d?b7ePTdTE (x4, b7, Q, Q%)F2(X2, b, Q, Q%)
qu res.
| # T T TRy T T
F = L f; exp K In—+ — "F# "k In —
Accuracy HK Hr K H FFs/PDFs$s
LL I 5 - - 1 1 -
NLL | £ | 5 | 5 1 1 LO
NLLO | 2 | o | o | | o LO
N2LL | 3 | 2 | 2 | o | 5 NLO
N2LLO | 3 | 2 | 2 | 2 | 2 NLO
NS3LL | & | 3 | 3 | 2 | 2 NNLO
N3LLO | & | 3 | 3 | 3 | 3 NNLO
N4LL | 4 | & | & | 3 | 3 N3LO




d!

Perturbative convergence

AT T T T T T T T T R
I — LL
: NLL
3_ —
I_ _/
o
o
520
S | |
/ |\IangaParbat —
I " §=13Tev
i Q = z,y:O
1.05 [+ —+—————+—+—+—+——+—+—+—+ |
1.00
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TMD, g7 resummation, SCET

d!

Ratio

1.0
0.9

I I 1 1 1 I 1
—— NangaParbat (TMD)

— SCETIib (SCET)
—— DYRes ( gy resum.)

Three different formalisms ]
agree very well




Unpolarised TMD extractions
A selectionibé

Accuracy SIDIS Drell-Yan N. of points
DWS 1984, CERN-TH.3987/84 NLL ! § a few
BLNY 2003,hep-ph/0212159 | NLLO-NNLL | " 116
Pavia 20131309.3507 No evolution " ! 1538 (HERMES)
Torino 2014,1312.6261 NoO evolution N ! 576 (H) 6284 (C)
DEMS 2014,1407.3311 NNLL ! ¥ 223
Pavia 20171703.10157 NLL " " 8059
SV 2017,1706.01473 N3LL ! " (LHC) 309
BSV 2019,1902.08474 N3LL ! " (LHC) 457
SV 20191912.06532 NS3LL ) ¥ " (LHC) 1039
Pavia 20191912.07550 N3LL ! " (LHC) 353
SV+ 2022,2201.07114 N3LL ! " (LHC) 507/309
MAPTMD 2022, 2206.07598 N3LL ) § " (LHC) 2031
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Unpolarised TMD extractions
Many more studies and extraction:

TMD fragmentation functions frone*e data

W production inpp collisions

Dijet and heavy-meson pair production in DiS
Dijet production inpp collisions

nadron-in-jet production

Model-independent prescription to extract TMDs
Parton-branching methods

gr-resummation based extractions

Study of the Sivers TMDs

Pion TMDs

TMD [3avour dependence

E 18


https://arxiv.org/pdf/2108.04182.pdf
https://arxiv.org/pdf/1704.08882.pdf
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Main settings oL e

1.2 F bmax
@ b- prescription:
: 1/ 4 # o8|
1! e bt / By o =2e 'E o6l
b = with o e
' (bT) bmax 1 | e b4 / bfmn bmin - bmax /Q 0.4
0.2 _bmin
@ Non-perturbative functiorfinp: e ——
- b2 0.00 0.25 0.50 0.75 15(3_0 1.25 150 1.75 2.00
@ evolution: gx(b3) = —g3 =+ )
@ PDFs: . . 2 2
, g1(z) e~ (@) 4+ N2 g2 () [1 — 91B(x)b—T] e=915@) % + A2 g1o(z) e 1@ ¢ gx (b2)/2
b.: —
fwe(2,b75¢, Qo) 91(@) + X g5 (@) + M g10(@) lcza]
@ FFs: b2 o7
2 g93(2) e—gs(z)4 2 _|_ 933(2) [ 933(2)4_T] 6—933(z)4 2 ¢ g5 (b2)/2
Dinp(2,b7;¢, Qo) = [ ]
g g93(z) + z—g 935 (2) Q5
o o? B{1,2} 5 )(]_ _ z)’Y%l,z}
17{1,2,3} (1 _ 3;) {1,2,3} (z + {1,2}
z) =N S 9¢3,3B}(2) = N{33B ;
9{1,13,10}( ) {1,1B,1C} 5701293 (1 — @)a{l,z,g} { } {3,3B }(25{1 2} 5%1 2})( B 2)7{1,2}

11 (PDFs) + 9 (FFs) + 1 (ev@l:free parameters to Pt to data.

Perturbative accuracieBI3LL(-).
Monte Carlo method for the experimental error propagation. *°

¢ ¢ &



Experiment I Nat | Observable I Vs [GeV] | Q [GeV] I yor g Lepton cuts I Ref. |
E605 50 Ed3c/d3q 38.8 7-18 zp =0.1 - [55]
E772 53 Ed3c/d3q 38.8 5-15 |01l<zp <03 - [51]
E288 200 GeV | 30 Ed%c/d%q 19.4 4-9 y = 0.40 - [56]
E288 300 GeV | 39 Ed3c/d3q 23.8 4-12 y=0.21 - [56]
D t t E288 400 GeV | 61 Ed3c/d3q 27.4 5-14 y = 0.03 - [56]
a aS e STAR 510 7 do/d|qr| 510 73 - 114 lyl < 1 PT'—’|n>e|2i (139" ]
PHENIX200 2 do/d|qr| 200 48-82 | 1.2<y<22 - [52]
- - CDF Run I 25 do/d|qr| 1800 66 - 116 Inclusive - [57]
a ata . CDF Run II 26 do/d|qr| 1960 66 - 116 Inclusive - [58]
DO Run I 12 do/d|qr| 1800 75 - 105 Inclusive - [59]
o DO Run II 5 (1/o)do/d|qr| 1960 70 - 110 Inclusive - [60]
@ bxed-target low-energy DY, ot 10 | 8 | (eviraant | w0 [ erus | piors [P 5] o
pre > 20 GeV
6 Q H I C data LHCb 7 TeV 7 do/d|qr| 7000 60-120 | 2<y<45 |FT7 T TS| [62]
20 GeV
] LHCb 8 TeV 7 do/d|qr| 8000 60-120 | 2<y<45 |PF f<>m < 15 | 63]
20 GeV
- LHCb 13 TeV 7 do/d|qr| 13000 60-120 | 2<y<45 pzT f<> <a5 | 164
@ LHC and Tevatron data, S<m <t
CMS 7 TeV 4 | (1/o)do/d|qr| 7000 60 - 120 ly| < 2.1 Tfnel <21 [65]
~ " CMS 8 TeV 4 | (1)o)do/dlgr| | 8000 | 60- 120 y <21 | PTe>15 GeVleq
@ selection cutyr / Q< 0.2, LS TR
04< |y <08 925 GeV
- . CMS 13 TeV | 70 do/d|qr| 13000 | 76-106 | 0.8 < |y| < 1.2 | PT¢~ 4e (53]
@ 484 data points. faSpiSie) i<
. Yy .
6 Iyl <1 > 20 GeV
- . ATLAS 7TeV | 6 | (1/o)do/dlgr| | 7000 66-116 | 1<y <2 |PT¢ 67]
|me| < 2.4
a. a. 6 2< |yl <24
" 6 [y| < 0.4
- 6 04< |yl <0.8
ATLAS 8 TeV | 6 08 < |yl <1.2 | pr¢ > 20 GeV
O H E R M ES an d CO M PASS, on-peak 6 | (/o)do/dlar] | 8000 1 66-116 | 1o -1 206 | mel <24 | O
6 16 <yl <2
- . . 6 2<|y| <24
— ATLAS 8 TeV | 4 46 - 66 > 20 GeV
O PhT |max = mln[mln [02@, 052@] -+ 0.3 GGV, ZQ] oﬁ_peake g | (/o)do/digr| | 8000 | Tl ly| < 2.4 prmI Zoa | 168
- ATLAS 13 TeV | 6 | (1/o)do/d|gr| | 13000 | 66 - 113 ly| < 2.5 ”Tl‘fnZ f;i}ev [54]
2 Q> 1.4 Ge\/, 0.2 <z< 07, T Total | 484 | | | | | ]
- . | Experiment I Nyat l Observable | Channels | Q [GeV] | T | z | Phase space cuts | Ref. |
@ 1547 points. -
p—> T
p— KT
p— K~ 0023<2<06 |01<2z<11| W?2>10 GeV?
HERMES | 344 | M(z,2,|Phar|,Q) | g, p+ | 1- V15 (6 bins) (8 bins) 0.1<y<085 | 46
d—> 7~
d— K+t
d— K~
d— ht 1-9 [0003<z<04]02<2<08| W?2>25GeV?
2
COMPASS | 1203 | M(z,2, Pi,Q) | 4, b= | (5 bins) (8 bins) (4 bins) 01<y<09 | ™
Total | 1547 | | | | | | | |
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Klnematlc coverage

109

- —— E605
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MAPTMD 2022
Fit quality

N3LL™

Data set Naar | X% X3 X2

CDF Run I 25 0.45 0.09 | 0.54
CDF Run II 26 0.995 | 0.004 | 1.0
DO Run I 12 0.67 | 0.01 | 0.68
DO Run II 5 0.89 0.21 | 1.10
DO Run IT (u) 3 3.96 0.28 4.2
Tevatron total 71 0.87 0.06 | 0.93
LHCDb 7 TeV 7 1.24 | 0.49 | 1.73
LHCb 8 TeV 7 0.78 0.36 | 1.14
LHCD 13 TeV 7 1.42 0.06 | 1.48
LHCbH total 21 1.15 0.3 1.45
ATLAS 7 TeV 18 6.43 0.92 | 7.35
ATLAS 8 TeV 48 3.7 0.32 | 4.02
ATLAS 13 TeV 6 5.9 0.5 6.4
ATLAS total 72 4.56 0.48 | 5.05
CMS 7 TeV 4 2.21 0.10 | 2.31
CMS 8 TeV 4 1.938 | 0.001 | 1.94
CMS 13 TeV 70 0.36 0.02 | 0.37
CMS total 78 0.53 0.02 | 0.55
PHENIX 200 2 2.21 0.88 | 3.08
STAR 510 7 1.05 0.10 | 1.15
DY collider total 251 1.86 0.2 2.06

E288 200 GeV 30 0.35 | 0.19 | 0.54
E288 300 GeV 39 0.33 | 0.09 | 0.42
E288 400 GeV 61 0.5 0.11 | 0.61
E772 53 1.52 1.03 | 2.56
E605 50 1.26 | 0.44 1.7
DY fixed-target total 233 0.85 0.4 1.24
HERMES (p — ©1) 45 0.86 | 0.42 | 1.28
HERMES (p —» 77) 45 0.61 0.31 | 0.92
HERMES (p —+ K™) 45 0.49 | 0.04 | 0.53
HERMES (p - K7) 37 0.18 | 0.13 | 0.31
HERMES (d — ©™) 41 0.68 | 0.45 | 1.13
HERMES (d — 77) 45 0.63 | 0.35 | 0.97
HERMES (d - KT) 45 0.2 0.02 | 0.22
HERMES (d - K—) 41 0.14 | 0.08 | 0.22
HERMES total 344 0.48 | 0.23 | 0.71
COMPASS (d - hT) | 602 0.55 | 0.31 | 0.86
COMPASS (d -+ h~) | 601 0.68 0.3 0.98
COMPASS total 1203 | 0.62 0.3 0.92
SIDIS total 1547 | 0.59 | 0.28 | 0.87
Total 2031 | 0.77 | 0.29 | 1.06
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Fit quality: SIDIS
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Fit quality: DY
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Correlation betweearameters
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TMDs at the LHC

@ Measurements of gr distributions have reachedib-percent level uncs.:

P ~ ATLAS ~ (s=8TeV,203b" =
(310-1 GGGeVsr_rliIIGGeV IyI<24 é
o 0 = ?;
$10° =
B g4 . ee-channel ®e =
2 e = —¥— uu-channel 'o‘ -
10 . = —¢— Combined e E
100 E Statistical uncertainty .0. E
107" £ [l Total uncertainty ® 3
10_8_ ' — e ] ' M| ' , %
. ] | I L] ]
—_— —Y— mm |, .
qc) GE) 101 ‘ | . nédi'“"--" V. N
g | : R 1+gu|||| -
Ol | x __
©0.99[ . 2/NDF=43/43 +" Wl
— : : : 1
o 2r -
% O... ........................................................................ -—
o -2 [Eur. Phys. J. C 76(5), 1-61 (2016)] -
1 10 10°
p!. [GeV]
@ State-of-the-art calculations are thus necessary to describe this data.
@ Non-perturbative corrections ar@eryelevant a very lowpr. 26



Perturbative convergence
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Perturbative convergence
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TMDs at the LHC
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TMDs at the LHC

The W mass

6

6

&

¢

&

A precise determination of thWy mass plays an important role in
testing the Standard Model and thus BSM physics.

This Is a central task of thédC physics programme

In order to minimise experimental systematic effects, the most pror
procedure relies on the measurement of WHZ ratio cross section:

-

@ theW mass is basically determined through tembdeof:
d'W  dtWidg T g1 Z

dqr d! 4/dqg 1 dgr

exp . th .

Therefore, an accurate and reliable prediction of Zh&pectrum Is
essential.

TMD-based predictions are currently playing an important role
within the LHC electroweak working group aloather formalisms30 .



Conclusions

@ TMD factorisation provides a valuable tool to descrdasdistribution:
at small values afr (resummation of large logs),

-

written in terms ofTMD distributions,

@ Non-perturbative component of TMDs is to be determined fitata .

@ A lot of effort is being invested on the extraction of TMD PDFs and

?

?

&

&

&

tremendous progress made over the past few years,

wide and precisdatasets (COMPASS, HERMES, LHC and Tevatron exps.
state-of-the-artheoretical computation  moving to even higher accuracy,
more data to come from the LHC,

looking forward to th&IC to pin down TMDs to an unprecedented accurac
31
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Logarithmic counting

@ TMD factorisation providesesummation of large log& = log(gr/Q):

i

@ Iimplemented through th8udakov form factR.

@ A perturbative expansion In powers ofl s of Rwould give:
One SUdako\e—p o  (2n) €= Double-log expansior

for each TMD HY— Z ZS(”’f)L’f

@ that can be rearranged as:

2 — Z Rl%ImLL with Rlz\TmLL — Z §(n’2n_m) CL?LQn_m
m=0 (n=[m/2]) Integer part of m/2

@ Therefore, multiplyindR by a powelp of ! s gives:

agRlz\ImLL — Z g(j_p72j_(m+2p)) a‘ngj_(m+2p) ~ RQNmL
j=[(m+2p)/2]

@ Bottom line: any additional power &fs causes a shift ¢fvo units In
the logarithmic ordering.



Pavia20

Dataset

@ DY data only:

¢ ¢ €& @& @

bxed-target low-energy DY,
STAR data

LHC and Tevatron data,
353 data points,

selection cutyr / Q< 0.2.

Experiment | Naa¢ | Observable | /s [GeV] | Q [GeV] yorxrr Lepton cuts | Ref.
E605 50 | Ed*c/d%q 38.8 7-18 zp = 0.1 - [79]
E288 200 GeV | 30 Ed’c/d%q 19.4 4-9 y = 0.40 - [80]
E288 300 GeV | 39 Ed*c/d%q 23.8 4-12 y=0.21 - [80]
E288 400 GeV | 61 Ed*c/d*q 27.4 5-14 y = 0.03 - [80]
STAR 510 7 do /dqr 510 73 - 114 ly| <1 pre>25 GeVi |
me| <1
CDF Run I 25 do/dqr 1800 66 - 116 Inclusive - [81]
CDF Run II 26 do/dqr 1960 66 - 116 Inclusive - [82]
DO Run I 12 do /dgr 1800 75 - 105 Inclusive - [83]
DO Run II 5 (1/o)do /dqr 1960 70 - 110 Inclusive - [84]
DORunll (1) | 3 | (1/o)do/dgr | 1960 | 65- 115 ly| < 1.7 pTlf >|i'°1G7€V [85]
ne| < L.
LHCb 7 TeV | 7 do /dgr 7000 60-120 | 2<y<4s5 |PTC7 20 Ge_V [86]
2<n <45
20 GeV
LHCb8 TeV | 7 do/dqr 8000 60-120 | 2<y<ds5 |PTC7 0 e
2< <45
2
LHCb 13 TeV | 7 do | dgr 13000 | 60-120 | 2<y<das |PTe> 206V g
2<me <45
CMS7TeV | 4 |(1/0)do/dgr | 7000 | 60 - 120 ly| < 2.1 pT|‘17>| io;iev [88]
¢ .
CMS8TeV | 4 |(1/o)do/dgr | 8000 | 60 - 120 y| < 2.1 pTl‘nT ioflev [89]
¢ .
6 ly| <1
: , > 20 GeV
ATLAS7TeV | 6 | (1/o)do/dgr | 7000 | 66-116 | 1<y <2 |PT¢> 20 GV o5
. Ine| < 2.4
6 2< |yl <24
6 ly| < 0.4
6 0.4 < |yl <08
ATLAS 8 TeV 6 . 108 < |yl < 1.2 | pre > 20 GeV
1/0)do /d 8 66 - 116 ' 90
on-peak 6 (1/0)do /dqr 000 1.2< |yl < 1.6 Ine| < 2.4 190]
6 1.6 < |y| <2
6 2< |yl <24
ATLAS 8 TeV | 4 46 - 66 pre > 20 GeV
1/0)do/d 8000 y| <24 90
off-peak g |(1/o)do/dar 16-150 | Y el <24 | 10
Total 353 - - - - - -

34
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Kinematic coverage
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Pavia2019

Main settings . — o=z}
@ b- prescription: -
: e ot /b 1/ 4 H# b Cog it %0.8—
b! (bT) - bmax 11 en b?'/bfnin with bmin — hnax/Q 0.4 F
@ Non-perturbative functiorie: e
@ evolution: | ," b2 "’
Ok (br) =1 g2+ g28b7 3
2 PDFIS. D " 2
Fnp (X, b7) = = T Lexp ! gig(X)—
1+ g1(X) 4 4
N 1 - 1 5 X N 1B ) X N
= |l — = I -
g1(X) = exp ! T In® - Jig (X) 0 exp ! 212 In® - -

@ 9 free parameters to bt to data.

@ Perturbative accuraciestLLO, NNLL, NNLLO, N3LL
@ Monte Carlo method for the experimental error propagation. se



Pavia2019
Fit quality

T T
e NOLL

[pb/GeV]

do
dqr
=

i E605 data
5 0.08
>
o
A 0.06
2
=
6 ‘ = 0.04
o) )
h-R -
R 02k vs =388 Gev = | ]
10.5 GeV < Q < 11.5 GeV T
91.25
= 1.00
0.75 1 1 1 1 1 1
0.00 0.25 0.50 1.00 1.25 1.50 1.75 2.00
qr [GeV]
0.8 T
mm NCLL
§ STAR data
— 0.6}
>
[
O
~
L 041
B
S ’ & V35 = 510 GeV l
T 02t 73 GeV < Q < 114 GeV * } .
IyI <1 et
pre > 25 GeV, || < 1
0.0 t t t t t
21.25
® 1.00 f--¢------ ---W ------ }----
0.75 F , ) X , J—
0 2 6 8 10 12
qr [GeV]
0.06 T T
m NULL
; 3 § ATLAS data
'%‘ 0.05
@)
= — 8 TeV
= oo0al Vs =8Te ——
b|5‘. 66 GeV < Q < 116 GeV
= B 1.6 < |y| <2
—
0.03 + P1¢ > 20 GeV, || < 2.4 h
o &
1.05 t t t + t t
o)
ot y——1—
5100 P_L s e t
0'95 1 1 ' 1 1
0 2 4 6 8 10 12
qr [GeV]

do

[1/GeV]

1 do

o dqgr

15

1.2
1.0

Ratio

[pb/GeV]

dqr

V3 = 1.96 TeV

L)
E NOLL
§ CDF Run Il data

66 GeV < Q < 116 GeV

£ 116 GeV < Q < 150 GeV

Lyl < 2.4
Pre > 20 GeV, |n/ < 2.4

1

0 2 4 6 8 10 12
qr [GeV]
' i ——
M § LHCD data
[ VE=8TeV ===
60 GeV < Q < 120 GeV
2<y<45 *
| pre>20GeV,2 << 45 ]
[ S—
2 6 10
qr [GeV]
* '- N’Lll..
i § ATLAS data |
Vs = 8 TeV

12.5

" gr [GeV]

17.5  20.0

Experiment Xb/Naat  X5/Naat x°/Ndat

7T GeV <@ < 8 GeV 0.419 0.068 0.487

8 GeV < Q <9 GeV 0.995 0.034 1.029

E605 10.5 GeV < Q < 11.5 GeV 0.191 0.137 0.328

11.5 GeV < Q < 13.5 GeV 0.491 0.284 0.775

13.5 GeV < Q < 18 GeV 0.491 0.385 0.877

4 GeV < Q <5 GeV 0.213 0.649 0.862

5GeV < @Q <6 GeV 0.673 0.292 0.965

E288 200 GeV 6 GeV < Q < 7 GeV 0.133 0.141 0.275

7T GeV < Q < 8 GeV 0.254 0.014 0.268

8 GeV < Q <9 GeV 0.652 0.024 0.676

4 GeV < Q <5 GeV 0.231 0.555 0.785

5 GeV <@ <6 GeV 0.502 0.204 0.706

6 GeV < Q < 7 GeV 0.315 0.063 0.378

15288 300 GeV 7T GeV < Q < 8 GeV 0.056 0.030 0.086

8 GeV < @Q <9 GeV 0.530 0.017 0.547

11 GeV < Q < 12 GeV 1.047 0.167 1.215

5 GeV < Q < 6 GeV 0.312 0.065 0.377

6 GeV < Q <7 GeV 0.100 0.005 0.105

7 GeV < Q < 8 GeV 0.018 0.011 0.029

E288 400 GeV 8 GeV < Q < 9 GeV 0.437 0.039 0.477

11 GeV < @Q < 12 GeV 0.637 0.036 0.673

12 GeV < Q < 13 GeV 0.788 0.028 0.816

13 GeV < Q < 14 GeV 1.064 0.044 1.107

STAR 0.782 0.054 0.836

CDF Run I 0.480 0.058 0.538

CDF Run II 0.959 0.001 0.959

DO Run I 0.711 0.043 0.753

DO Run II 1.325 0.612 1.937

DO Run II () 3196 0.023  3.218

LHCb 7 TeV 1.069 0.194 1.263

LHCb 8 TeV 0.460 0.075 0.535

LHCb 13 TeV 0.735 0.020 0.755

CMS 7 TeV 2.131 0.000 2.131

CMS 8 TeV 1.405 0.007 1.412

0<|yl <1 2581 0028  2.609

ATLAS 7 TeV 1< |yl <2 4333 1.032  5.365

2< |yl <24 3561 0378  3.939

0< |y <04 1.924 0.337  2.262

0.4 < |yl <0.8 2342  0.247  2.590

ATLAS 8 TeV 0.8 < |y < 1.2 0917  0.061  0.978

on-peak 12< |yl < 1.6 0.912 0.095 1.006

1.6 < |y| <2 0721  0.092  0.814

2< |yl <24 0932 0348  1.280

ATLAS 8 TeV 46 GeV < @ < 66 GeV 2.138 0.745 2.883

off-peak 116 GeV < @Q < 150 GeV 0.501 0.003 0.504
Global 0.88 0.14




SV2019

<QT>

_ . 2
Dataset DY =45 <01 <025 if <o
= . Experiment ref. | /s [GeV] Q [GeV] fiducial Vw
@ Both DY and SIDIS data: | s |« s ek
E288 (200) [64] 19.4 . (4‘6'\,9}"" | o1<ar<o7 - 43
- | eV DINsS
@ Ked_targ et OW_energy DY1 E288 (300) 64 | 23.8 4-12In 1 69 < 2p < 0.51 - 53
1 GeV bins
- E288 (400) 64 | 274 S-ldin ot < ar <033 76
@ PHENIX data I I R I
y ——
E605 [65] 38.8 r-18in 0.1 < zp < 0.2 - 53
- 5 bins
@ L H C and Tevatro n data; E772 [66] 38.8 58'}1_5 . 0.1 <zr <0.3 - 35
DINS
- PHENIX || [67] | 200 48 - 8.2 1.2 <y <22 - 3
@ HERMES and COMPASS, &rown [0 w0 | w1 : ; %
CDF (run2) [69] 1960 66 - 116 - - 39
. _ = 4 DO (runl) 70 | 1800 75 - 105 - - 16
457 + 582 — 1039 data OINTS o0 a2 71 1960 70 - 110 - - 8
@ (run2) |
~ i i pr > 15 GeV ‘
.) ! - ! :
DO (run2),, [72] 1960 65 - 115 ly| < 1.7 nl < 1.7 3
< T> Iyl <1 ' reV
I D I Q > 2G€V ) = \T/ < 0.25 | ATLAS (7TeV) || [45] | 7000 66 - 116 1< |yl <2 pr > 20 Gel 15
-~ In| < 2.4
2 < |yl <2.4
Noo ATLAS (8TeV) || [46] | 8000 66 - 116 I <124 pr > 20 GeV 30
Experiment Reaction | ref. Kinematics £t P ; in 6 bins [nl < 2.4
alter cuts , eV
red ATLAS (8TeV) || [46] 8000 46 - 66 ly| < 2.4 "T|v>| io;f\ 3
po 24 ,}> 20 Gov
N 7 : 2 » P eV -
p— T 0.023<x<0.6 (6 bins) 24 ATLAS (8TeV) || [46] 8000 116 - 150 ly| < 2.4 ’TM <24 7
P — K+ 02<Z<08 (6 binS) 24 pr > 20 GeV
= CMS (7TeV 47 7000 60 - 120 y| < 2.1 8
HERMES |22 59 1.0<Q</20GeV 24 (TTev) | 17| : Ivl < nl < 2.1
Dt 24 e e 1 . , pr > 20 GeV ,
CMS (8TeV) || [48] | 8000 60 - 120 ly| < 2.1 8
D W2 > 10GeV? 24 Inl < 2.1
D— K" 0.1<y<0.85 24 LHCb (7TeV) || [73] 7000 60 - 120 2<y <45 ”2T <> 22(4’9: 8
— n < 4.!
b= K+ , 2 LHCb (8TeV) || [74] | 8000 60 - 120 2<y <45 pr > 20 Gev 7
d—h 0.003<x<0.4 (8 bins) 195 . ' 2<n<4.5
COMPASS |/ —0=5=—1 P | 0,08 (4 bi 195 pr > 20 GeV
— :2<2<0.8 (4 bins) LHCb (13TeV) || [75] | 13000 60 - 120 2<y <45 ”2T s 9
1.0<Q~ 9GeV (5 bins) <n<4:
Total 532 Total || | | 457

*Bins with 9 < @Q < 11 are omitted due to the T resonance.
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Kinematic coverage
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SV2019

Malin settings
@ b- prescription: b (br) =

b7 B e
bt + BRp

@ Non-perturbative functiorinp:

@ evolution: - b%
ok (br) = ! cobrh (br) 0

@ PDFs and FFs:

forbr ™ O
| coBnp br for by "#

1 — A I —2)A
fnp(z,b) = exp Ml ma)+ Ar 4 2 - 2) " b’
\/1+)\3£L')‘4b2

_ - mz+ne(l—z) b b_2
Dnp(x,b) = eXp( STt 13(b/2) 22> (1—|—774 )

11 free parameters to bt to data.
@ Perturbative accuraciestNLLO(NNLO), N3LL(-) (N3LO)

@ Monte Carlo method for the experimental error propagation. 4o

<



SV2019
Fit quality

@ Remarkably good totdlz,

@ DY and SIDIS data are separate

well described,

@ Important achievement

e

?
and DY data within t

simultaneous description of SIDIS

ne san#g at

high perturbative orc

er.

NNLO N°LO

Data set Nyt X°/Npe | (d)a) | x°/Np: | {d/o)
CDF runl 33 0.66 8.4% 0.67 7.8%
CDF run2 39 1.28 2.8% 1.41 2.1%
DO runl 16 0.72 0.1% 0.78 -0.5%
DO run2 8 1.38 - 1.64 E
DO run2 (pu) 3 0.62 - 0.69 -
Tevatron total 99 0.97 1.06
ATLAS 7TeV 0.0<|y|<1.0 5 1.66 - 0.81 -
ATLAS 7TeV 1.0<|y|<2.0 5 5.94 - 4.09 -
ATLAS 7TeV 2.0<|y|<24 5 1.49 - 1.26 -
ATLAS 8TeV 0.0<|y|<0.4 5 2.51 3.5% 3.40 2.8%
ATLAS 8TeV 0.4<|y|<0.8 5 2.95 3.5% 3.03 2.7%
ATLAS 8TeV 0.8<|y|<1.2 5 1.30 3.7% 1.45 2.9%
ATLAS 8TeV 1.2<|y|<1.6 5 2.03 4.2% 1.53 3.4%
AFLAS 8TeV 1.6<|y|<2.0 5 1.47 4.9% 0.70 4.1%
yLAS 8TeV 2.0<|y|<2.4 5 264 | 5.6% 2.10 | 4.8%
ATLAS 8TeV 46<Q<66GeV 3 0.31 1.1% 0.31 0.2%
ATLAS 8TeV 116<Q<150GeV 7 0.84 1.9% 0.97 1.2%
ATLAS total 55 2.12 1.82
CMS 7TeV 8 1.25 . 1.24 -
CMS 8TeV 8 0.77 - 0.76 -
CMS total 16 1.01 1.00
LHCb 7TeV 8 2.68 5.8% 2.37 5.2%
LHCb 8TeV 7 4.81 5.8% 4.16 5.1%
LHCb 13TeV 9 0.91 6.4% 0.81 5.7%
LHCD total 24 2.63 2.31

» High energy DY total 194 | 151 1.42
PHE200 3 0.28 0.2% 0.29 -0.3%
E228-200 43 1.00 35.7% 1.12 35.0%
E228-300 53 0.90 29.2% 1.01 28.3%
E228-400 76 0.86 20.6% 0.96 19.5%
E7T. 35 1.84 9.5% 1.91 8.5%
E605 53 0.57 21.3% 0.60 20.1%

[ Low energy DY total 263 I 0.96 1.04
HERMES (p - 7™) 24 2.20 1.7% 3.06 2.2%
HERMES (p — 7)) 24 1.12 0.6% 1.45 0.9%
HERMES (p - K™) 24 0.71 -0.1% 0.66 0.0%
HERMES (p - K7) 24 0.69 0.0% 0.66 0.0%
HERMES (d - 7™) 24 0.57 0.3% 0.78 0.8%
HERMES (d - 77) 24 0.74 0.5% 0.96 0.7%
HERMES (d - K™) 24 0.52 -0.1% 0.53 0.0%
HERMES (d - K7) 24 1.27 0.0% 1.17 0.1%
HERMES total 192 0.98 1.16
COMPASS (d —+ h™) 195 0.61 3.3% 0.76 5.1%
COMPASS (d —- h™) 195 0.68 -2.3% 0.92 -0.5%
COMPASS total 390 0.65 0.84

| SIDIS total 582 | 0.76 0.95

[ Total

| 1039 |{ 0.95
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Fit quallty

1 v R B e T T S B I T T T T T R S T

ATLAS 7TeV ATLAS 7TeV
ly| € [1.0,2.0] ly| € [2.0,2.4]
X2 /Nyt =5.94 (4.09) X2 /Ny =1.49 (1.26)

ATLAS 7TeV |
ly| € [0.0,1.0]
X2 /Ny =1.66 (0.81)

+———t——+ ———+——+ —————t ——————t +—+ +——+ st ——t——t—t—t—t———— bttt

ATLAS 8TeV
LAE[OOO{

X2 /Nyt =2.51 (3.40)
(/o) =3.5%(2.6%)

ATLAS 8TeV
lyl € 0.8,1.2]
x2/Npe =1.30 (1.45)
(d/o) =3.7%(2.9%)

ATLAS 8TeV -

ly| €[0.4,0.8]

X2 /Nyt =2.95 (3.01)
(/o) =3.5% (2.7%)

...... ;4,.',,;4.,4,.;...,....§ Q,.,<,.¢,.....;..,,..;,4..4,.4,,.,..Aq..A,,..}..,..,Q.....,'
k3 3 3 t
. _. ¥ _
--------_________ﬁ_____?I’;f N - I—____ff:_____ﬁ__________‘f'ﬁ"_;ﬂ:-i-_g___i: _________________
~\TLAS 811\ x1.25 ATL AS 8TeV _‘><4 »\TLAS 8'11\

ly| € [1.2,1.6]
X> /Nyt =2.03 (1.53)
(do) =4.2%(3.4%) *

ly| € [1.6,2.0] + === ly| € [2.0,2. -1]
X2/Npt =147 (0.68) 1 X2 /Nyt =2.65 (2.10)
(dfo) =4.9%(4.1%) = (d/o) =5.6%(4.8%)

1.025 : . TR F ¢
1) et e o g=— == r— S s s Ib_' _______________________ B St ok ELE e EESSSS
0.975 ‘ | ; :
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Fit quality
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MAPTMD 2022
Normalisation of SIDIS

NP predictions NLL

"HERMES multiplicities — P ot

m— NP predictions N3LL

A Q ~ 2 Gev [ data
— e
o
_~3
-
Ny
Q.
. — ;
X 2 — ——
= [) —_
1
%.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Pht

@ Description of SIDIS multiplicities considerably worsens moving frc
NLL to higher perturbative orders. .
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Normalisation of SIDIS

4.0

COMPASS multiplicities o N
Q~2GeV

3.0

3

2.5

2.0 L [
15

1.0

2 0.3 0.4 P()fZ:ST 0.6 0.7 0.8
Normalisation problem already observed Iin the literature.
Large perturbative corrections particularly to the hard function:

Hsipis (Q) =1+ !iﬁ.Q)CF. | 16"‘; + O(! 2)
#

$%U_ &
" 17

6
6
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Normalisation of SIDIS

o d! d!
@ SIDIS multiplicity: M (X, z, Ppt , Q) = /
plicity: M ( Q= GxdodzdR | dxdo
@ The SIDIS cross section integrated okgy (d! /dxdQdz) Is oK.
0.7 F 2p
S | i i i : COMPASS !
0.3 = O.g:o.'s ‘o.'s oTFE
y Z o.é:-"-
02 - aF
0.15 = O.g_o.';,ffo.'s R S e — T m e FvEcR oIV
dMm ' 2l . 2
0.1 1= dz ” _0.'3770.'5 0.7 _0.'3T.o.'5 0.7 _o.'3..0.'5 0.7 _ofsffo.'s 0.7 _o.'sffo.'s 0.7 _o.'sf}c;.'g"d."?
| | | ’ | ’ | ’ | ’ | ’ | . | |
0.004 0.01 0.02 0.03 0.04 0.06 0.1 0.14 0.18 0.4

X

@ Normalise predictions such that integral ovgrgivesd! /dxdQdz:

d! d!
dxdQ dzdP dxdQ d
M(X,z,Pnt,Q)= N XQd!Z - N = dp = Zd!
dXdQ hT dXdQ dzdP nt1

@ Theoretically determined normalisatiompt pPtted . 46
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Normalisation of SIDIS

10° 9 =g O excluded bins
3 ) T included bins
T%CEZTCEZ
N p e COMPASS
o ¥ 3
N $
DI_E 10' 1 - $ §
= | NBSLL by
* 265<Q< 4GeV ¢ }
= ] 0.032 <x< 0.055 { } {
= 0.4<z< 0.6 {
10' 2 |
© 1.2 A
T e e o s e e S
C\G * o ¢ ¢ o ¢ oL 1 ¢ L | '
"C_U' 0.8 A 7 ' .
Q 0.I1 O.IZ 0?3 0?4 0?5 0?6

Phr/Q
@ EXxcellent agreement upon normalisation. 47
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Normalisation of SIDIS

S - 3 i [ ] excluded bins
:I: . 1§ : ® included bins
b g COMPASS

]

%.' 10° 1 ! i
~lz - |

o : N 3I_I_
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E
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- | T i
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@ Agreement extends well above the expected validity region. To keedl:
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Collins-Soper kernel
D(br,pu)="! K(b(br),n)! ok (br)

D (br,p =2)

0.2 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
!
br [GeV 1] 49
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Collins-Soper kernel

081 Db, 2GeV) [ A
0.6 [2206.0110p !

0.4}

0.2}

-0.2

— CASCADE o SVZES
— SV19 + ETMC/PKU
-—= MAP22 -~ SV7
-—-= Pavial9 v LPC20
- Pavial7 = LPC22
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