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Introduction

@ lhe transverse momentum (g7) distribution of a high-mass (Q)
system has two main regimes:

=

@ for gr = Q collinear factorisation at fixed perturbative order 1s appropriate:

<qu>fO / diCl/ defl L, )fQ(x27Q) | O _<AQQCD> _

(<

@ for gr € Q transverse-momentum-dependent (TMD) factorisation at

fixed logarithmic order 1s appropriate:
<d—0-> Tl\:/ID OOH(Q)/deTeibT.qTFlcxlabTaQaQQ)FQ(:CvaT)Qan) + O [<QT> ]

@ Collinear and TMD factorisations may eventually be matched to produce
accurate results over the the full gt spectrum.
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@ for gr € Q transverse-momentum-dependent (TMD) factorisation at

fixed logarithmic order 1s appropriate:
Main subject of this talk

@ Collinear and TMD factorisations may eventually be matched to produce

accurate results over the the full gt spectrum.



TMD factorisation

@ 1MD factorisation introduces two independent scales:
@ the renormalisation scale 4, originating from the UV renormalisation,

@ the rapidity scale (, originating from the cancellation of rapidity divergences.

@ The respective evolution equations are:

(,fl;“ ? K (j0) — %ﬁ'm%(u'))
OME oy ()) — yac (s (1)) In X2
Oln p [

@ At small b1, TMDs can be matched onto collinear distributions:

F(p, ) = Cp, Q) ® f(n)

@ |'he solution final 1s:

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

@ Anomalous dims. and matching funcs. perturbatively computable. 4
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TMD factorisation

@ When integrating over br, large values of bt give raise to low scales in
the non-perturbative region. 2 A S

1 —

@ Introduce the so-called bs-prescription: _ |
L 06 |

br °
b* b _ 0.4
( T) \/1 + b%/b?nax >

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

F(QZ, bT7 M, C)

F(:EabTa,UMC) — F($,b*(bT>,/L, C) F(:E7b*(bT)7/'L7C) = fNP(ajabTa<)F(:Eab*(bT)mu7 C)




TMD factorisation

@ When integrating over br, large values of bt give raise to low scales in
the non-perturbative region. R N | —

1 —

0.8

-
2 06

@ Introduce the so-called bx-prescription:
bT ° 0.4 |

b.(br) =
( ) \/1 + ble“/b?nax >
@ and rewrite: o 1 2 : + 5 6

Purely perturbative

F(.T, bT7 M C)

F(zabT7:u7<) — F(iB,b*(bT),,u, C) F(I,b*(bT),,U,C) = fNP(CEabTac / (z,b*(bT),,u, C)

Non-perturbative,

@ Properties of fne: determine from data

@ has to go to one as br goes to zero: reproduce the fully perturbative regime,
@ has to got to zero as bt becomes large: mimic the Sudakov suppression.

@ Bottom line: avoidance of the non-perturbative region upon integration
in bt implies the presence of both b«prescription and fnp. 7



TMD factorisation

@ lnal expression:

Fep(x,bryp, () = Z Cp i (2, bi; iy, 1) @ f7p(, o)

J

By
X exp{K(b*;ub)lnﬁqL/ 'Lf
L

y M

X exp <
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g;/p(x,br) + g (br) In

{WF — vk In
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TMD factorisation

@ lnal expression:

X exp<gj/p(x,bT)+gK(bT)lnF>

© matching onto the collinear region at b1 « 1/Aqgcp,

© factorises as hard (perturbative) and longitudinal (1.e.
collinear, non-perturbative).



TMD factorisation

@ lnal expression:

Fep(x,bryp, () = Z Cp i (2, bi; iy, 1) @ f7p(, o)

X eXP 4 gj/P(xabT) + gk (br) In \/— 0

\
GF
CF,0

© matching onto the collinear region at b1 « 1/Agcp,

© factorises as fard (perturbative) and longitudinal (1.e.
collinear, non-perturbative).

- @GS and RGE evolution,
~ evolution 1n u and
© perturbative.

|10



TMD factorisation

@ lnal expression:

~ matching jonto the collinear region at b1 < 1/Agcp
© factorisesfas fard (perturbative) and longitudinal (1.e.

: : ~ GS and RGE evolution,
collinearjnon-perturbative). ..
~ evolution 1n u and
© avoid the Landau pole, © perturbative.

~ fnp accounts for the introduction of bx,
© fnp is non-perturbative thus fit to data. ¥



Factorising processes

@ Processes tor which leading-power 'T'MD tfactorisation has been proven:

Drell-Yan Semi-inclusive DIS e+e- annihilation

v/ Z

gigqi — h1h2 X

PP —s /=0T X

One TMD PDF one FF: @ Two ITMD FFs:

@ Two ITMD PDFs: *

@ Lots of data: @ many precise data points: @ 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.

-

@ Lxamples of other precesses:
@ thrust and psr distributions 1n single-hadron production 1n ete-,

¢

hadron-in-jet production,
12
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Logarithmic counting

(d_0> T%D JOH(Q) /deTGibT'qTFl (ZEl, b, Q, QQ)FQ(m% br, Qa Q2)

Hody! T 1)
Fi=) ( <§§>J"}')€XP{K1H\/Z IL - VF—”YKIHL,Z >

. b e pol
Accuracy VK VF K H FFs/PDFs/a,
LL s - - 1 1 -
NLL Os? s Qs 1 | LO
NLL Os? s s s Qs LO
NZLL s> OLs? O s s NLO
N2LL’ s> OLs? Os? Os? Os? NLO
N3LL OLs? s> s> Os? Os? NNLO
N3LL OLs? o s> s> s> NNLO




Perturbative convergence
3 L B L R A B L L B
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TMD, qT resummatlon, SCET

do

N3LL
Vs =13 TeV
Q MZ? Yy — 0

1 1 I 1 1 1
S NangaParbat (TMD)

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

Three different formalisms |
agree very well




Unpolarised TMD extractions

A selection of fits

Accuracy SIDIS Drell-Yan N. of points
DWS 1984, CERN-TH.3987/84 NLL X v a few
BLNY 2003, hep-ph/0212159 NLIJ-NNLL X v 116
Pavia 2013, 1309.3507 No evolution v X 1538 (HERMES)
Torino 2014, 1312.6261 No evolution v X 576 (H) 6284 (C)
DEMS 2014, 1407.3311 NNLL X v 293
Pavia 2017, 1703.10157 NLL v v 8059
SV 2017, 1706.01473 N3LL X v (LHC) 309
BSV 2019, 1902.08474 N3LL X v (LHC) 457
SV 2019,1912.06532 N3LLY v v (LHC) 1039
Pavia 2019, 1912.07550 N3LL X v (LHC) 353
SV+ 2022, 2201.07114 N3LL X v (LHQC) 507/309
MAPTMD 2022, 2206.07598 N3LLY v v (LHC) 2031



https://inspirehep.net/files/379c95978e38eb5384453a99699e7814
https://arxiv.org/pdf/hep-ph/0212159.pdf
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1312.6261
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https://arxiv.org/pdf/1902.08474.pdf
https://arxiv.org/abs/1912.06532
http://arxiv.org/abs/arXiv:1912.07550
https://arxiv.org/pdf/2201.07114.pdf
https://arxiv.org/pdf/2206.07598.pdf
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Unpolarised TMD extractions
Many more studies and extractions. . .

TMD fragmentation functions from e*e- data
W production 1n pp collisions

Di-jet and heavy-meson pair production in DIS

Dijet production in pp collisions

hadron-in-jet production

Model-independent prescription to extract 1'MDs
Parton-branching methods

gr-resummation based extractions

Study of the Sivers TMDs

Pion TMDs

TMD flavour dependence
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https://arxiv.org/pdf/2108.04182.pdf
https://arxiv.org/pdf/1704.08882.pdf
https://arxiv.org/pdf/2011.05351.pdf
https://arxiv.org/pdf/2008.07531.pdf
https://arxiv.org/pdf/2111.03703.pdf
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https://arxiv.org/pdf/2203.05394.pdf
https://arxiv.org/pdf/1308.5003.pdf
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MAPTMD 2022

Man settings Sf T e
@ b+ prescription: o _

=08

4 /34 1/4 =
1 — e_bT/bmaX . bmax = 2e” 7F So6f
b*(bT) — bmaX ( 1 —b4 /b4 ) Wlth { bmin — bmaX/Q 0.4 1

min

0.2 " Broin
@ Non-perturbative function fnp: oof
b2 0.00 0.25 0.50 0.75 15(3_0 1.25 150 1.75 2.00
@ evolution (CS kernel): gk (b7) = —g5 - 5
@ PDFs:

2 5 )
g1 (iB) e_gl(m)bTT + \2 g%B(x) [1 _ ng(x) ﬁ] e—ng(a:)bTT + )\% 910(33) e—glc(m)bTT

l ¢ ]gx(b%)/Q

leP(mab%’;CaQO) — Q2
0

@ FFs:

g1(2) + A gip(z) + A3 g10(2)

b2

- < %ﬂ —g3B|\<?
g3(z) e 9 )15 + 2 933(Z)[ 93B(Z):7] e 95 (2) i ¢ 79D/
5]

(P + 8 )1 = 2)h

Dl NP(zab’?T';CaQO) — gB(z) + A—Fg2 (Z)
z2 J3B

xr%{1,2,3} (1 — x)a%1,2,3}

— N z) =N
9{1,1B,10}(T) {1,1B,1C} 2702 (1 — 5;)0‘?1,2,3} 9(3,38}(2) {3,3B }(25{1 2y 5{1 2})( B z)7{1,2}
11 (PDFs) + 9 (FFs) + 1 (evol): 21 free parameters to fit to data.

rturbative accuracies: N3LL().

Pe
Monte Carlo method for the experimental error propagation.

19
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Experiment I Ngat | 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 Ed%c/d%q 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 Ed%c/d%q 23.8 4-12 y=0.21 - [56]
D E288 400 GeV | 61 Ed3c/d3q 27.4 5-14 y = 0.03 - [56]
a a.S e STAR 510 7 do/d|qr| 510 73 - 114 lyl < 1 PT'—’|n>e|2§ (139" ]
PHENIX200 2 do/d|qr| 200 48-82 | 12<y<22 = [52]
- . CDF Run I 25 do/d|qr| 1800 66 - 116 Inclusive - [57]
é D l d ata . CDF Run1I | 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]
‘2 ﬁxed'target IOW'energy DY; DORunll (u) | 3 | (1/o)do/dlgr|| 1960 | 65- 115 lyl < 1.7 pTI’-’nZ ffﬁv [61]
pre > 20 GeV
6 RHIC data LHCb 7 TeV 7 do/d|qr| 7000 60-120 | 2<y<45 o< <45 | 162
b) LHCb 8 TeV 7 do/d|qr| 8000 60-120 | 2<y<45 |PF Qi}fiie;’ 63]
- LH C d T d LHCb 13 TeV 7 do/d|qr| 13000 60-120 | 2<y<45 pg Qi’fii'esv [64]
‘2 an cvatron data, e
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/dlqr| | 8000 60 - 120 ly| < 2.1 pre > 15 GeV [66]
@ selection cut g1/ 0 < 0.2, p<t [ i<al
04 < |yl <08 95 GeV
< . CMS 13 TeV 70 do/d|qr| 13000 76-106 | 0.8 < |y] <1.2 | PTE [53]
@ 484 data points. ta<i<ie | Im <2
16 < |yl < 2.4
6 Iyl <1 > 20 GeV
- ATLAS 7TeV | 6 | (1/o)do/dlgr| | 7000 66-116 | 1<y <2 |PT¢ 67]
. [me] < 2.4
ata 6 2< |y <24
* 6 ly] < 0.4
- 6 04< |yl <08
ATLAS 8 TeV | 6 0.8 < |yl <1.2 | pre > 20 GeV
O HERMES and C OMPAS SD on-peak 6 (1/o)do/dlqr| 8000 66 - 116 12< |yl < 1.6 Trngl <24 [68]
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 GeV, ZQ] oﬁ_peake g | (/o)do/digr| | 8000 | TS| |yl <24 pTlenZ Zoa | 168
pre > 27 GeV
- ATLAS 13 TeV | 6 | (1/o)do/d|qr| | 13000 66 - 113 ly| < 2.5 Tlenel <25 [54]
& 4 Q> 1.4 GG\/, O.2<Z<O.7, [ Total | 484 | | | | | |
- . | Experiment I Ngat l Observable I Channels | Q [GeV] | x | z | Phase space cuts | Ref. |
@ 1047 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) 01<y<o085 | 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, Pyr,@) | 3 _, b~ | (5 bins) (8 bins) (4 bins) 01<y<o09 | ™
Total | 1547 | | | | | | ]
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Rinematic coverage
10° p——————7—————

Vo i i ]

103 3

 —— E605
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1 L LHCb
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MAPTMD 2022
It quality

N3LL~ E288 200 GeV 30 | 0.35 | 0.19 | 0.54
Data set Naat | X5 | X3 | X3 E288 300 GeV 39 | 0.33 | 0.09 | 0.42
CDF Run I 25 | 0.45 | 0.09 | 0.54 E288 400 GeV 61 0.5 | 0.11 | 0.61
CDF Run II 26 | 0.995 | 0.004 | 1.0 E772 53 | 1.52 | 1.03 | 2.56
DO Run I 12 | 0.67 | 0.01 | 0.68 E605 50 | 1.26 | 044 | 1.7
0 fun 1 o | 089 ] 021 ) 110 DY fixed-target total | 233 | 0.85 | 04 | 1.24
DO Run II (p) 3 3.96 | 0.28 | 4.2
Tevatron total 71 | 0.87 | 0.06 | 0.93 HERMES (p—»7¥) | 45 | 0.86 | 042 | 1.28
S HOD T ToV = T9a | 020 | 173 HERMES (p — 7)) 45 | 0.61 | 0.31 | 0.92
THCh 8 TV - 078 | 036 | 112 HERMES (p —» K+) | 45 | 0.49 | 0.04 | 0.53
LHCb 13 TV - 122 1 006 | 148 HERMES (p - K~) | 37 | 0.18 | 0.13 | 0.31
LHCb total 51 | 115 | 03 | 145 HERMES (d — 7) 41 | 0.68 | 0.45 | 1.13
ATLAS 7 TeV 18 | 6.43 | 0.92 | 7.35 HERMES (d > 7~) 45 0.63 | 0.35 | 0.97
ATLAS 8 TeV 48 | 3.7 | 032 | 4.02 HERMES (d > K7) | 45 0.2 | 0.02 | 0.22
ATLAS 13 TeV 6 5.9 0.5 6.4 HERMES (d - K7) 41 0.14 0.08 | 0.22
ATLAS total 72 | 456 | 0.48 | 5.05 HERMES total 344 | 0.48 | 0.23 | 0.71
CMS 7 TeV 4 2.21 | 0.10 | 2.31 COMPASS (d > ht) | 602 | 0.55 | 0.31 | 0.86
CMS 8 TeV 4 1.938 | 0.001 | 1.94 COMPASS (d -+ h~) | 601 0.68 0.3 0.98
CMS 13 TeV 70 | 036 | 0.02 | 0.37 COMPASS total 1203 | 0.62 | 0.3 | 0.92
CMS total 78 | 053 | 0.02 | 0.55 SIDIS total 1547 | 0.59 | 0.28 | 0.87
PHENIX 200 2 2.21 | 0.88 | 3.08
STAR 510 = Tos 1 o010 | 115 Total 2031 | 0.77 | 0.29 | 1.06
DY collider total 251 | 1.86 | 0.2 | 2.06 22
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Correlation between fit parameters

3@933553555§3395y393$

gNaal)\N,35'y)\FNNN)\aa30'0',35’Y 23
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Collins-Soper kernel
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https://arxiv.org/pdf/2206.01105.pdf
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It quality: DY
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MAPTMD 2022
it quality: DY at LHCD

v v | v ' ' | v v v 1 ' v v | v ' ! |
I e N3LL ]
6.5 ﬁ— § LHCD data |

6.0 - —

% 5.5 F
O | -t
~ - —
> 500 Vs = 8 TeV
B 60 GeV < Q < 120 GeV
B [
_g‘_§44.5: 2 <y <ds —

4.0 _ pre > 20 GeV, 2 < 1, < 4.5




Rapidity-differential data
1 he role of x-dependence of I MDs

@ In (predecessor of MAPTMD22) we studied how the

¢

&

¢ @

x-dependence of T MDs aftects the fit quality.

To do so, we employed a particularly simple and x-independent

parameterisation for the '1'MD PDFs:
Np > (br, ¢) = exp [—1 (91 +g21n < c )) b?r]
2 2092

We found that x-dependence 1s crucial to achieve an accurate description

of rapidity differential data (from ATLAS):

Full dataset | No y-differential data
Global x?/Ngat 1.339 0.895

Indeed, in DY: 12 = Qeiy

NE
It 1s particularly important to have rapidity-dependent data:

)

@ forward data 1s important to pin down PDFs at small and large x.



Perturbative convergence
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Perturbative convergence
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TMDs at the LHC

006 ————7T 71— 71 T T " " T T T
Z § ATLAS data
:  E—— B N°LL w/o N.P. -
S 0.05 | N3LL + PV19 -
8 i s [JHEPO07(2020) 117]°
N ! _
» _
—  0.04 | . -
RS
Rl I V5 = 8 TeV
=10 : 66 GeV < Q < 116 GeV '
0.03 1.6 < |y| < 2
o . | pre > 20 GeV, || < 2.4
gl-l:"'l"'l"'l"'lH-I- |
e I
o 1.0 Eassdana oo ; — PN =
+ PR TR S T SR SR SN SN SN SN S S S S S SN S S S S S S S S . .
s 0 2 4 6 8 10 12
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TMDs at the LHC

@ Measurements of < gt distributions have reached sub-percent level uncs.:

PO - ATLAS ~ (s=8TeV,20.31b" =

Q L 66 GeV =m, <116 GeV, ly | <2.4 ]

©,10 , —o—*deq, =

5107 E

o) 104 s ee-channel °, =

g _5§ —¥— uu-channel .0‘ =

10 . = —4— Combined % E

107 g Statistical uncertainty % 5

7 _ ® -

10" & [ Total uncertainty e =

-8 [ __E_

U1O - | . e . — ""I“l || &sj

=3 1.01=1— . £ T Ay —

sfg 1 | : | 1+gu|||| -

O[3 | - __

©0.99™ . 2/NDF=43/43 +" Lt .
—_— : : : 1

B o -

% O-- ------------------------------------------------------------------------ -

@  -2[[Fur. 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 are very relevant a very low gr.



TMDs at the LHC

6

6

&

¢

&

T he W mass

A precise determination of the W mass plays an important role 1n

testing the Standard Model and thus for BSM physics.
T'his 1s a central task of the LHC physics programme.

In order to minimise experimental systematic eftects, the most promising
procedure relies on the measurement of the W/ ratio cross section:

-

@ the W mass 1s basically determined through template fits of:
doW (da'W /dgr ) (da'Z )

o Z
dqr do4 /dqr oxp. dqr | .

T'herefore, an accurate and reliable prediction of the Z spectrum 1s
essential.

TMD-based predictions are currently playing an important role
within the LHC electroweak working group along other formalisn?,l35.



Conclusions

@ TMD factorisation provides a valuable tool to describe gt distributions
at small values of gr (resummation of large logs),

?

written in terms of TMD distributions,

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

@ Alotof effort 1s being invested on the extraction of TMD PDFs and FFs:

?

?

¢ @

@

tremendous progress made over the past few years,

wide and precise datasets (COMPASS, HERMES, LHC and Tevatron exps.),
more data to come from the LHC,

state-of-the-art theoretical computation moving to even higher accuracy,

looking forward to the EIC to pin down 1 MDs to unprecedented accuracy.
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TMDs at the EIC

@ An important step 1s the definition of the relevant observables to be
measure and the respective binning.

@ 1MDs are cruaial to take this step.

@ Binning in x and Q2 under discussion:

i 1 1 1 LI II 1 1 1 LI II
i Phase space
- | Bins
-y € [0.01 : 0.95]
101
100 - 1 1 1 L1 1 11 L1 11 L1 11
10— 1073 102 1071
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TMDs at the EIC

[pb/GeV?]

dxdQdzdqr
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Gluon TMDs

@ L'he linearly polanised (hr) and unpolarised (f) gluon TMD PDFs contribute to
the low-¢gr1 spectrum of Higgs production in gluon fusion:

do Ogg—H . 2 —i(bgr) ( ¢ ‘ L |
d’yd2qT — (27‘(‘)2 /(1 be q1 (fl,g(.’IIA,b)flﬁg(.‘IJB,b) +11’1,.(]('/1’./47b)h’l,g('flf.Bab))

@ Despite linearly polarised gluons enter at NNLL, their eftect on the cross
section can be assessed but below current LHC data accuracy:

Influence of hi hi in pp — H + X pp — H(— vy) + X
10r T } T T ‘ T T [ T T ‘ T T { [T T ‘ T T T 1]‘ ‘ [ ‘ ‘ | ‘ | | ‘ | ‘ ‘ | | [ B
artemide v2.01 T artemide v2.01
§ i . 0.88— CMS Data
O Xy > - :
S Xy @) L
O O X < )
~ o TRy —
= G at NLO =) \ T N
o [N +hitht at NNLO S & )
E=2 e D E— —hht at NLO < | 1
et ] .
1y hy at NNLO

| | | |

O]-L [ I3J L 15‘ L1 I7l | . 9‘ L] 11\1 [ 11J3| [ | JIE OO 11 | | l | 22 | | | | 33 | | | | 44

| GeV
QT(GGV) Gutierrez-Reyes et al., [1907.03780] QT( © ) 38



Logarithmic counting

@ TMD factorisation provides resummation of large logs L = log(g1/Q):

-

@ 1mplemented through the Sudakov form fact R.

@ A perturbative expansion in powers of asof R would give:

One Sudakov _?@ > @tm Double-log expansion
for eachTMD = Z a, Z SV L
n=0 k=1

@ that can be rearranged as:
o o
R2 — E R12\ImLL with RIQ\ImLL _— E S(n,Zn—m) a?L%’_m

m=0 (n=[m/2]) Integer part of m/2
@ lherefore, multiplying R by a power p ot a; gives:
o0

agRQNmLL _ Z G(i—p,2j—(m+2p)) agL2j—(m+2p) ~ Rlz\lmL
j=[(m+2p)/2]

@ Bottom line: any additional power of as causes a shift of two units in
the logarithmic ordering.



MAPTMD 2022
Normalisation of SIDIS

5
HERMES multlphcmeslt e hretons L
4 Q — 2 GeV T T Zlai;redlctlons N3LL
<
_~3
=
Q
; = []
X 2 T — —_
= [) —_—
1
%.O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Pht

@ Description of SIDIS multiplicities considerably worsens moving from

NLL to higher perturbative orders.
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MAPTMD 2022
Normalisation of SIDIS

4.0

¢ @

COMPASS multiplicities o rionnL
O ~2GeV
0.2 0.3 0.4 P()rZ:ST 0.6 0.7 0.8
Normalisation problem already observed in the literature.
Large perturbative corrections particularly to the hard function:
2
o 7
Hgipis(Q) =1 - ) Cp | =16+ — | + O(a})
A 3
—_— 41

~—17



MAPTMD 2022
Normalisation of SIDIS

d d
@ SIDIS multiplicity: M (x, z, Pyr, Q) - .

- dmdezdPhT/ dzdQ
@ The SIDIS cross section integrated over P,; (do/dxdQdz) is ok.

0.7 + 1§—! [ i i i _ _
0.;::" I I I I [ COMPASS =~
05 | “ammeea [T L el e [ e L
1.5-_ - L L
1 [
0.5r ~- R T T r-.
0.3 = %305 07fF — B '
y 0.;,:-'—,* R [ . e L
0.2 ple e[ e [ e [ T S ~
1.5 F r ~ ~
- - - - - Tf = -
0.5F ~- L = LT LT L. L. L [~
0.15 I~ %0305 0T N N " R N ¢
dMﬂ- o 17, S e - T - z
0.5 . - - L L T .
0.1 — dz OI3 0I5 OI7 OI3 0I5 OI'T 0I3 OI5 0I7 0I3 0I5 0I7 0I3 0I5 OI7 0I3 OITE). O|77
I I I I I I I I I I
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 over P, gives do/dxdQdz:
do do
dxdQdzd P, dxdQdz
Mz, z, Par, @) = N =5 A T p—
dzdQ hT qzdQdzd P, r

@ Theoretically determined normalisation, not fitted.


https://arxiv.org/pdf/2105.08725.pdf

MAPTMD 2022
Normalisation of SIDIS

10° 1 [ 5 O  excluded bins
: K2 TT%CFT%: included bins
B p e COMPASS
«; L
" ? 3
& ., $
<= 10 §
=" N3LL Py,
& 2.65 < Q < 4 GeV f
= 0.032 < = < 0.055 { i
E 0.4< z2<0.6 { {
102 §
e,
O 1.2
Q—l ) ¢ | ) | . _
R R R T T D S, i-RHH
« * ¢ P les oL 1 ¢+ | !
R 0.8 i *
Q T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6

Pnr/Q

@ Lxcellent agreement upon normalisation.
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MAPTMD 2022
Normalisation of SIDIS

:I::I: 3 excluded bins
+@'
. ; included bins
_ "B, COMPASS
S 100 B
& |
: NSLL | :
) i
§ 1.3<Q < 1.73GeV |
E 0.02 < ® < 0.032
0.3 <204
=01
&)12.2 - S +
Sz 1.0 - +-““_:“--I-“-::“-I-“-——---+---—L----EI- ________________________________________________________________________________________________
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
| Prr|/Q

@ Agreement extends well above the expected validity region. 1o be clarified.



Pavia2019

Dataset
@ DY data only:

¢

fixed-target low-energy DY,
STAR data

LHC and Tevatron data,

¢ ¢ @

353 data points,

¢

selection cut gr / 0 < 0.2.

Experiment | Naa¢ | Observable | /s [GeV] | Q [GeV] yor xr Lepton cuts | Ref.
E605 50 Ed’c/d*q 38.8 7-18 zr = 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 GeV |
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/dqr 1800 75 - 105 Inclusive - [83]
DO Run II 5 (1/o)do /dgr 1960 70 - 110 Inclusive - [84]
DORunlIl (p) | 3 | (1/o)do/dgr | 1960 | 65- 115 wl <17 |PTE> GV e
|ne| < 1.7
LHCb 7 TeV | 7 do/dqr 7000 | 60-120 | 2<y<as5 |PTE>20GV [86]
2< <45
. pre > 20 GeV |
LHCb8 TeV | 7 do/d - 12 2 4. 87
Cb 8 Te o/dgr 8000 | 60 - 120 <y<4s |0 4 [87]
. pre > 20 GeV
LHCb 13 TeV | 7 do/d 13 60 - 12 2 4.5 92
e o/dgr 000 0 - 120 <y< 2 < <45 [92]
CMS7TeV | 4 |(1/0)do/dgr | 7000 | 60 - 120 ly| < 2.1 pTlfn>| io;iev [88]
¢ .
CMS8TeV | 4 |(1/o)do/dgr | 8000 | 60 - 120 y| < 2.1 pTlfn>| f;iev [89]
¢ .
6 ly| <1
' , > 20 GeV
ATLAS7TeV | 6 | (1/0)do/dgr | 7000 | 66-116 | 1<y <2 |P7¢7 " =V | (93]
. |me| < 2.4
6 2< |yl <24
6 ly| < 0.4
6 0.4 < |yl <08
ATLAS 8 TeV | 6 | 08< |yl < 1.2 | pre> 20 GeV
1/o0)do/d - 11 90
on-peak 6 (1/0)do /dqr 8000 06 0 1.2< |yl < 1.6 Ine| < 2.4 190]
6 1.6 < |yl <2
6 2< |yl <24
ATLAS 8 TeV | 4 46 - 66 pre > 20 GeV
1/0)do/d 8000 <24 90
off-peak g |(1/o)do/dar 16-150 | Y el <24 | 10
Total 353 - - - - - -

45




Pavia2019

RKinematic coverag
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Pavia2019

Main settings L. T

1.2 'bmax

@ b+ prescription: o

=08

4 1/4 S
1 — G_b%/bmax . bmax = 2e” 7F So6f
P01 = b (1 — e~ b7 /bhin ) with { bmin = bmax/Q o4}

02 _bmin

@ Non-perturbative function fxp: oo oh o Th T T T e
@ ecvolution: b2 y
gk (br) = — (92 + g28b7) ?T
@ PDFs: i -
~ 1— A b2,
fne(z, br) = 75 ] A exp _ng(w)Z
1+ g1(x)-F ]
N 1 N 1
gi(x) = 1 exp [—— In? <£>] gi1B(x) = 1B exp [— In? (i)]
To 202 o TopB 20% ap

@ 9 free parameters to fit to data.

@ Perturbative accuracies: NLL’, NNLL, NNLL’, N3LL

@ Monte Carlo method for the experimental error propagation. 47



Pavia2019
It 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
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qr [GeV]
0.8 T
mm NCLL
§ STAR data
— 0.6}
>
[
O
~
L 041
B
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T 02t 73 GeV < Q < 114 GeV * } .
IyI <1 et
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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
DdtdS@t DY +¢= 0 <01 §<025 if <o
i fiducial N,
) Both DY and SIDIS data: | === [« [ven] omn | o
e Ot an a a ® ' . region after cuts
E288 (200) [64] 19.4 . (48\9};::1 | o1<ar<o7 - 43
=] eV S
@ ﬁX@d'target IOW'CnergY DY; E288 (300) | [64] | 238 | “ée\m} iz .| =009 < 2 < 0.51 - 53
€V DIns
: - 5-14 in o . i -
6 PHENIX data E288 (400) [64] 274 1 GeV bins® 027 < zr < 0.33 76
) —
E605 [65] 38.8 ‘5'b1,8 lf’ 0.1 < zp < 0.2 - 53
I ms
[ 4
2 LHC and Tevatron data, E772 [66] 38.8 58}112 “" 0.1 <zr < 0.3 - 35
DINS
- PHENIX || [67] [ 200 48 - 8.2 1.2 <y <22 - 3
& 4 HERMES and COMPAS S, CDF (runl) || [68] | 1800 66 - 116 - - 33
CDF (run2) [69] 1960 66 - 116 - - 39
- . . DO (runl) [70] [ 1800 75 - 105 - - 16
2 4‘5 7 + 582 — 1 039 data pOlIltS. DO (run2) 71 | 1960 70 - 110 - - 8
. ) N ‘ pr > 15 GeV )
DO (run2),, [72] 1960 65 - 115 ly| < 1.7 nl < 1.7 3
T lyl <1 | "oV
> 2G€V 5= @ < 0.25 | ATLAS (7Tev) || [45] | 7000 66 - 116 1< |yl <2 pr > 20 Gel 15
= Q) sllaas | <2
N, ATLAS (8TeV) || [46] | 8000 66 - 116 I < 2.4 pr > 20 GeV 30
Experiment || Reaction | ref. Kinematics g P . in 6 bins [nl <24 :
atter cuts ATLAS (8TeV) || [46] 000 46 - 66 ly| < 2.4 ”T|,}>| ZOQ(f\' 3
¥ n| < 2.
p— T 24 ‘ —
P 0.023<x<0.6 (6 bins) 24 ATLAS (8TeV) || [46] | 8000 116 - 150 Iyl < 2.4 [)T|r>| ioz(f\ 7
p— KT 0.2<z<0.8 (6 bins) 24 _ —~ S
pa—ee 1.0=Q<v/320GeV 24 CMS (7TeV) || [47] | 7000 60 - 120 ly| < 2.1 ol < 21 8
HERMES 58 ' '
¥ . eV
g - W2 s 106y Zj CMS (8TeV) || [48] | 8000 60 - 120 ly| < 2.1 ’)T|n>| 302( le\ 8
— T > e :
D— KT 0.1<y<0.85 24 LHCb (7TeV) || [73] 7000 60 - 120 2<y<45b P 2T <> ,21(49*: 8
T = T4
D — K~ 24
o o | - . - pr > 20 GeV H
Al 0.2<z<0.8 (4 bins) 195 LHCb (13TeV) || [75] | 13000 60 - 120 2<y<4b pr > 20 GeV 9
1.0<Q~ 9GeV (5 bins) 2<n<45
Total 532 Total || | | 457

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

10 10-3 10-2 10-! ]
150 - ' r ' ' 1150
ATLAS(116<Q<150) ATLAS
,CMS
(i :
100 - 1100
| | | [
[ - O ] = [ ]

60 \\_;

60
LHCb
CDF, DO

ATLAS(46<Q<66)

Q[GeV]

30+ 130

l llil{lMliS

10 PHENIX 110
Total:
457 DY points - 4
: COMPASS . Soeenes )
582 SIDIS points ’,:_":::“:"ii!==:/
1k ¢Luansannmanl ae_ - 1
10~ 1073 102 10-! 1
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Main settings
> b, (br) = \/

b7 BXp
bz + Bép

@ b+ prescription:
@ Non-perturbative function fnp:

—cob7 for br — 0

gx (br) = —cobrb.(br) —coBpbr  for by — oc

@ PDFs and FFs:

@ evolution:
% {

pr(:r:,b) = exp (Al(l _ 37) + Aoz + 33(1 — :L‘))\5 b2>

\/1 + )\3.%')‘4 b?

oy [ mE (L —2) b b*
Drplz,b) = p( V1+n3(b/2)? 22> (1+774 )

@ 11 free parameters to fit to data.

@ Perturbative accuracies: NNLL’(NNLQO), N3LL(-) (N3LO)

@ Monte Carlo method for the experimental error propagation.
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@ Remarkably good total y2,

@ DY and SIDIS data are separately

well described,

@ Important achievement:

@ simultaneous description of SIDIS
and DY data within the same fit at
high perturbative order.

NNLO N°LO
Data set Npt X>/Npt | {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 E 0.81 -
ATLAS 7TeV 1.0<|y|<2.0 5 5.94 - 4.09 -
ATLAS 7TeV 2.0<|y|<2.4 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%
ATLAS 8TeV 1.6<|y|<2.0 5 1.47 4.9% 0.70 4.1%
ATLAS 8TeV 2.0<|y|<24 5 2.64 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%
LHCDb total 24 2.63 2.31
High energy DY total [ 194 I 1.51 [ 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%
ETT: 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 l 1.04 |
HERMES (p - 7™) 24 2.20 1.7% 3.06 2.2%
HERMES (p - 77) 24 1.12 0.6% 1.45 0.9%
HERMES (p - K7) 24 0.71 -0.1% 0.66 0.0%
HERMES (p — K ) 24 069 | 0.0% 066 | 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 - K7) 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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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 ‘ | ; :
71 21 28 35 7 14 21 28 35 7 14 21 28 35
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2* x M(z,pr)
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