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J’étais aftecté du mal aigu de la précision
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J’étais aftecté du mal aigu de la précision

Three of the most precise measurements of
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Dilepton production plays a central role in the LHC precision programme
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Drell-Yan production and precision

NC DY lepton-pair invariant mass === 7 properties (Z resonance) and sin* 0% (Apg(my,))
CC DY lepton-pair transverse mass sl 1y, (\/ resonance)

NC/CC DY charged lepton p?. * m, (£ resonance), my, (W resonance)

NC DY lepton pairpf"ﬂ * a, (low p?’ﬂ)

+ important PDF constraints using multi-differential distributions (rapidity, transverse momentum...)

+ Constraints on BSM models
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Drell-Yan production and precision

NC DY lepton-pair invariant mass === 7 properties (Z resonance) and sin” 0% (App(m,,))

Reliable predictions through fixed-

CC DY lepton-pair transverse mass * my, (W resonance) order perturbation theory
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Drell-Yan production and precision

NC/CC DY charged lepton p?. * m, (£ resonance), my, (W resonance)

All-order resummation needed for
meaningful predictions due to

| NC DY lepton pair pf”ﬂ * a, (low P?’ﬂ) sensitivity to QCD radiation
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Drell-Yan production and precision

Theoretical understanding of fixed-order and all-order

structure of QCD/EW radiation in Drell-Yan process is crucial
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Precision physics at the LHC: setting a limit on infinite error

Input
parameters:

strong coupling

PDFs

o(s, Qz) — Z de1dxz fa/hl(xp Qz)fb/hz(xza Qz)gab—»((Qza X1X,S) -

f

a,b

few percent
uncertainty;
improvable

collinear factorisation

TUM/MPP Collider Seminars Series, 10 Jun 2025

- O(A?

N\

ocn’ €9

Non-perturbative
effects

percent
effect; not
yet under
control



Precision physics at the LHC: setting a limit on infinite error

collinear factorisation

o(s, Q%) = Z de1dxz fa/hl(xp Qz)fb/hz(xza Qz)gab_g((Qza X1%,8) + O (AQCD Q")

§ / Y

P ~(0,0 1,0 2,0 30 ~
ab_ Elb)_l_ A )_|_( )_|_ ( )_|_ on 0.1
+(,<o Dy a ~ 0.01
T aa, ~ 0.001
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Precision physics at the LHC: setting a limit on infinite error

collinear factorisation

o(s, Q%) = Z de1dxz fa/hl(xp Qz)fb/hz(xza Qz)gab_g((Qza X1X%,8) + O(A QCD/QP)

a,b / ’

b = 600 4 51015000 4 560y a, ~ 0.1
+60D 4 a ~ 0.01
FLD 4 aa, ~ 0.001

O(1) accuracy
(order of
magnitude)
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Precision physics at the LHC: setting a limit on infinite error

collinear factorisation

o(s, Q%) = Z de1dxz fa/hl(xp Qz)fb/hz(xza Qz)gab_g((Qza X1X%,8) + O(A QCD/ Q")

§ / Y

+(,<o D, a ~ 0.01
F 0D 4 aa, ~ 0.001
010 — 20%)
aCCuracy
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Precision physics at the LHC: setting a limit on infinite error

collinear factorisation

o(s, Q%) = Z de1dxz fa/hl(xp Qz)fb/hz(xza Qz)gab_g((Qza X1X%,8) + O(A QCD/ Q")

§ / Y

by = 600 4 6104 giO)J“ 500 4 o ~0.1
L0 4 a ~ 0.01
ab
FoD 4 aa, ~ 0.001
O — 10%)
accuracy
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Precision physics at the LHC: setting a limit on infinite error

collinear factorisation

o(s, Q%) = Z de1dxz fa/hl(xp Qz)fb/hz(xza Qz)gab_g((Qza X1X%,8) + O(A QCD/ Q")

§ / Y

+(,<o D a ~ 0.01
y oy aa, ~ 0.001
O(1 — 5%)
aCCuracy
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The purest and most thoughtful minds are those which love colour the most

* QCD corrections by and large dominant

NNLO differential cross sections

[Anastasiou, Dixon, Melnikov, Petriello (2003)], [Melnikov, Petriello (2006)] [Catani, Cieri,
Ferrera, de Florian, Grazzini (2009)] [Catani, Ferrera, Grazzini (2010)]

N>LO inclusive cross sections and di-lepton rapidity

distribution

[Duhr, Dulat, Mistlberger (2020)] [Chen, Gehrmann, Glover, Huss, Yang, and Zhu (2021)]
[Duhr, Mistlberger (2021)]

N°LO fiducial cross sections and distributions

[Camarda, Cieri, Ferrera (2021)], [Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli
(2022)] [Chen, Gehrmann, Glover, Huss, Yang, and Zhu (2022)], [Neumann, Campbell
(2022) and (2023)] [Billis, Michel, Tackmann (2024)]
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Drell-Yan: NNLO QCD

Reliability of state-of-art predictions is crucial. Several public codes available reaching fully differential NNLO

QCD accuracy.

¢ [ocal subtraction: FEWZ, NNLOJET

0.15
e
ICING: Tl i Z-->1T
o .Sllc.lng. DYTL.JF.{BO, MATRIX (g slicing), MCFM (0O- E | FEWZ 3.1 o0 Gey
jettines, g7 slicing, ) = 01 DYNNLO 66 <M,<116 GeV
> -V vaTrix m;,1<2.5
< R 2.5 <In,I<4.9
. . . | - V- MCFM (1=0.0004)
Slicing methods suffer in the = f’ -
presence of symmetric / ©
asymmetric cuts on the leptons: 7o ~ 0.01 0 :
. u ' R S ek e
percent-level differences when e e s
compared to results obtained with 005 | -
local subtractions may be present :
due to linear power corrections in “cut ™ 0.0005 - 0.001 - Wl ,-"
. . . 0.1 -  P!>25Gev ]
the slicing variable  PY>25GeV ;‘
M., >40 GeV i
Solutions: -0.15 ‘ L
. - 0 2 1 2.25 3.5
e Transverse momentum recoil for g slicing My My

[Buonocore, Kallweit, LR, Wiesemann’21] [Camarda, Cieri, Ferrera '21]

* Projection to Born for jettiness-slicing
[Vita 2401.03017][Campbell et al 2408.05265]
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Linear power corrections

Linear power corrections in g; have a purely kinematical origin and can be predicted by factorisation
[Ebert, Michel, Stewart, Tackmann "20]

r

cut
/ sing recoll __ @Born
dr [d(f ]@(aﬁ)((acuts ®cuts

'\

.

A GlinPCS( q%ut — J'
0

et AO‘(F cut)/ AO-exac:t o

Resorting to the recoil prescription
allows for the inclusion of all

missing fiducial linear power

corrections below g5, improving )

dramatically the efficiency of the

non-local subtraction O(a) correction
[Buonocore, Kallweit, LR, Wiesemann’21] [Camarda, Cieri, Ferrera '21] /
Feut ™~ 41 0

O F cut
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Linear power corrections

Linear power corrections in g have a purely kinematical origin and can be predicted by factorisation

Feu

IinPCs/ ,cuty __
A (q cuts cuts

dl” [ d Gsmg] @(ak)(®recoil _ @Born

Z
S
=
o

Q
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& =
= 7
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available public codes once

improved slicing is used
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[Ebert, Michel, Stewart, Tackmann "20]
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Linear power corrections and perturbative instability

Problems related to symmetric / asymmetric cuts have been known since a long time

Perturbative instability induced by sensitivity to soft radiation in configurations close to the back-to-back limit
[Klasen, Kramen "96][Harris, Owen ’97][Frixione, Ridolfi "97]

Linear sensitivity of the acceptance at small g leads to a (alternating sign) factorial growth

Visible artefacts in H — yy when comparing to the inclusive case

Ratio to NNLO
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[Salam, Slade "21]

NNLOJET + RapidiX p p = H (= y y) + X

Js = 13 TeV

0 8.5 1 1.5
ly

[Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni, "21]



Linear power corrections and perturbative instability

Problems related to symmetric / asymmetric cuts have been known since a long time

Perturbative instability induced by sensitivity to soft radiation in configurations close to the back-to-back limit
[Klasen, Kramen "96][Harris, Owen ’97][Frixione, Ridolfi "97]

Linear sensitivity of the acceptance at small g leads to a (alternating sign) factorial growth
[Salam, Slade "21]

301 ]
Solution 1: Linear fiducial power corrections can be C ATLAS Proliminary (139 fb-1) -
resummed at all orders in perturbation theory 281 g -
o = 13.80[1 4 1.291 + 0.783 + 0.209] pb g “°F I E
kD /By = 6.928 1+ (1.300 4 0.129¢,c)| & S E
+ (0.784 > %20 1 NNLO -
3" = | _
-+ (0.331 pb : S 20 gg— H —~v(13TeV) -
18 - Aro rEFT, myg = 125 GeV -
. | NLO -
16

[Billis, Dehnadi, Ebert, Michel, Stewart, Tackmann ’21]
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Linear power corrections and perturbative instability

Problems related to symmetric / asymmetric cuts have been known since a long time

Perturbative instability induced by sensitivity to soft radiation in configurations close to the back-to-back limit
[Klasen, Kramen "96][Harris, Owen ’97][Frixione, Ridolfi "97]

Linear sensitivity of the acceptance at small g leads to a (alternating sign) factorial growth
[Salam, Slade "21]

30r i
Solution 1: Linear flduc!al power cgrrectlons can be - " ATLAS Preliminary (139 fb=") B
resummed at all orders in perturbation theory - -
=) 26 = I -
a};? / B, = 6.928 : & 24F NSLL+NNLO -
3 220 1 NNLL+NLO -
S 200 -
~ Aro ] -
18
- | NLO g9 — H —~v (13 TeV) -
16 - rEFT, mg = 125 GeV -

[Billis, Dehnadi, Ebert, Michel, Stewart, Tackmann ’21]
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Linear power corrections and perturbative instability

Problems related to symmetric / asymmetric cuts have been known since a long time

Perturbative instability induced by sensitivity to soft radiation in configurations close to the back-to-back limit
[Klasen, Kramen "96][Harris, Owen ’97][Frixione, Ridolfi "97]

Linear sensitivity of the acceptance at small g leads to a (alternating sign) factorial growth

Solution 1: Linear fiducial power corrections can be  Solution 2: Resorting to alternative definition of cuts can

resummed at all orders in perturbation theory resolve the issue of linear fiducial power corrections altogether
[Salam, Slade ’"21]

4 cut
| . prl>pr 4+ A
Symmetric pL,pi2 > pit Asymmetric { 2 S Zut
Pr° = Pr
Product
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Linear power corrections and Drell-Yan@NNLO

[Alekhin, ..., LR et al 2405.19714]

(A)Symmetric cuts: impact on DY rapidity distribution

1.04 NNLOjet
Double ratio of

NNLO/NLO K-

1.02

incl
Knnwo/ nLo/ KNnNLo /NLO

factors fiducial/ 1.001 .
inclusive cuts 0.08F B
0.96__cuts: asy - —._5.0 _
i | | | | | | | | | | | | | | | | | | | | | | | | ]

Better and SmOOther 0.0 0.5 1.0 1.5 2.0 2.5

behaviour of 2]

hroduct cuts,

although overall 104" NNLOk -
smaller effects with | £ :
respect to the ;\% :
é n |
H — yy case 2 Tl :
@) - _
= 0_96__cuts: prod - = _5.0 _
| | | | | | | | | | | | | | | | | | | | | | | | ]

0.0 0.5 1.0 1.5 2.0 2.5

1yz|
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Linear power corrections and Drell-Yan@NNLO

[Alekhin, ..., LR et al 2405.19714]

(A)Symmetric cuts: impact on DY rapidity distribution

. 04" NNLOjet - R iNNLo | NLLANNTO - Impact of all-order
Double ratio of : g - o Lo1f w1 resummation of linear
NNLO/ N LO.K' ;5 1'025 - ; } = power corrections
factors fiducial/ i : £ 1| studied at N3LL" with
inclusive cuts © 008" . 3 ) gof LR sVl 31 SCETLIB and RadISH

< o.gﬁz—cut& asy Ty - ﬂ:AEZ;‘S“' —3

Better and smoother 0._()' - |0[5| - .110. - '1{5' - '210' B '2_.5 “%00 |015I - |1{0| - |1{5I - |2[0| Y Effects below 0.5%
behaviour of y7] vzl with respect to the

NNLO prediction

hroduct cuts,

1.02 I I I I I I I I I I | | | | | | | | | |
although overall o 1.04 NNLOjet ] i SCETL1£+NNL0j|et | N3LL—||—NNLO i Impact Of the ChOiCe Of
smaller effects with | = : o 1o1f et cutlz relatively minor
2 B - - i /
respect to the pi2 : z. 0 : . .
o P < : 2 ool 1| although in perspective
— VY case % : : 2 1l the underlying
- | (v} _
5 i . i ~ 0.99 x; constrained : gg - amblgUIty may be d
0.96_|C1-Ttsl: :I[)r|ocll | | | | | | | | | | | I_ .I_|. _I5.I() | I__ O 98: I:I:IAlgglSnS |r- | | | | | | | | | | | | I_ .I_|. _Is.IO | | : i nsu rmOu ntab I e issue
0.0 0.5 1.0 1.5 2.0 2.5 . 0.0 0.5 1.0 1.5 2.0 2.5 Wlth Iegacy data
1Yz lyz|
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Linear power corrections and Drell-Yan@N3LO

doy 0 = N'° Q doy© + (dﬂfﬁ? — [doh ] @(a@) O(pr > ps™) + O((py™/M)")

ATLAS fiducial region p?i > 27 GeV M"ﬂi\ < 2.5

NNPDF4.0 NNLO, 13 TeV, pp = Z/v*(— ¢7¢7) + X
4:0 I I I I ! I | I I I I I I I I |
. . Symmetric Ecuts
* When using symmetric cuts, mandatory to 30 - ; l 8l
- 5 - . : ®© 0o
include missing linear power corrections to reach R e$e00¢ ° =
a precise control of the NkLO correction down to
cut ull 10 — i |
small values of p7 2 . el
: 0 —e ® ® @ o e o 0 o000 00 ¢ —
e Plateau at small p7** indicates the desired RRERT - T -
- S ! " . . . X q
independence of the slicing parameter 00 'l P e = = R
: { NLO
—30 "With poweni corrections ¢ NNLO m
Without power corrections $§ N°LO
_ 40 | I R N B | | | I R N R
10° p<t [GeV] 10!

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli ’22]
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Linear power corrections and Drell-Yan@N3LO

dO.N3L() - %1\\;3LO R d G\I/‘ ( dGNNLO . [ d0‘1>I3LL] @(a’ﬂ) @( pr > pcut) 4 @(( pcut / M)n)

V+jet

- At - /T ==
Product cuts \/ 1pL 1L | > 27GeV min{ |p/ |} > 20GeV 1777 | < 2.5
[Salam, Slade ’"21]
o Alternative set of cuts which does not suffer from O | T
linear power corrections T R
20 —

* Improved convergence, result independent of the
recoil procedure

:b..-:;-o—-—o—ﬁ—‘—Oﬁg

$§ NLO (x1/4)

—30 rWith power corrections ¢ NNLO
Without power corrections ¢ N°LO

— 40 | | I R | | | | I R
100 101

pi}“t (GeV]

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli ’22]
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Linear power corrections and Drell-Yan@N3LO

doy 0 = N'° Q doy© + (dﬂfﬁ? — [doh ] @(aﬁ)) O(pr > ps™) + O((py™/M)")

Product cuts
[Salam, Slade ’"21]

Alternative set of cuts which does not suffer from
linear power corrections

Improved convergence, result independent of the
recoil procedure

Exquisite control on the fixed order component

(from NNLOJET) allows to push to low values of

the slicing parameter ps™

Computation extremely demanding
computationally in the NNLO V+j component:

O(several M) CPU hours

40

30

20

10

— 20

— 30

—40

min{ |p/ |} > 20GeV 77| < 2.5

Product cut'ts

o—o—9o0—o o ¢ 0 o 6 ¢ & o

o o o o g o oo o @ 0O

$§ NLO (x1/4)

“With power*: corrections ¢ NNLO
Without power corrections ¢ N°LO
| | Lo | | | | I

10° 10t

pt (GeV]

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli ’22]
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Drell-Yan: transverse observables

Kinematic distributions which involve the production of a lepton pair in association with QCD radiation play a
special role, as they are sensitive to accompanying hadronic activity only through kinematic recoil

Measurement of transverse and angular observables e, E————
: s X L ATLAS :
often lead to very small experimental uncertainties = 8l {18 Tov. 364 fo
= - Zy*—uu (normalized)
o 160
Q " — Statistical Unc. _
_8 1. 4'_ - |epton Efficiencies
i . . . . o E —— Lepton Scale/Resolution | E
Fixed-order perturbative description breaks in the .20~ Model Unc
. . S N 1 |
pr — 0 limit, due to the appearance of large o R -_I: K
logarithms of p/m,,, which must be resummed lest 5 08 -
they spoil the perturbative convergence O 0.6f _I_ -
Resummation for DY production performed within a P =
. . : : 0 5 10 15 20 25 30 100 300 900
variety of formalisms (direct QCD in b or ol [GeV]
momentum space, SCET, TMD) with high-
logarithmic accuracy N3LL ( ag In=2 qr/M anc [ATLAS 2019]
o In*"~% g-/M). NALL ingredients partially available
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https://arxiv.org/pdf/1912.02844

Drell-Yan: precise description of the transverse momentum spectra

State-of-the-art predictions achieve N3LL'/aN4LL+N3LO accuracy

101

Le
t

1.00

0.95

Ratio to data

0.90

I I I =
NNLO-+NNLL 3
_ s N°LO+4N°LL
- %= ATLAS data 3
- NNLOJET+RadISH E
;_NNPDF4.0 (NNLO) _;
=13 TeV, pp — Z/~*(— €T27) + X 3
g—symmetric cuts =
- uncertainties with ugr, g, @, matching variations =
| | | | | |
I I I I I I
i /7
| |
0] 10 20 30 50 100 200 500 1000
pfe [GeV]

direct-space approach (RadISH)

[Chen, Gehrman, Glover, Huss, Monni, Re, LR, Torrielli 2022]

— H50-
% Olg OL::
CD 40' ) | I
~ (0 CMS
fo) i
[ 30 S
~ i
_8_ 20
T 0=
-O O-ll | 1 lIlllll | 1 1 lllli | 1 lilll
1 2 5 10 20 50 100 200 500
1.4 -
©
©
©
0p)
=
@)
O
O
© 35___:4—
. —|__\__‘_,_,_l_
0'6-ll | 1 lIlllll | 1 lllnl'—l | 1 IIIII
1 2 5 10 20 50 100 200 500
I=1*
qr [GeV]

SCET formalism (Cute-MCFM)

[Neumann, Campbell 2022]

Excellent description of experimental data, with residual scale uncertainties at the few % level
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W and Z production: understanding correlations

Precise data on g% spectrum can be employed in measurement of my, [ T
only indirectly, by modelling the differences between Z and W -~
production processes 1.4
1.2
1.0

1% 0.8
1 dgtheory

RadISH+NNLOJET
13 TeV, pp = ZWH (=270, 07 + ) + X

NNPDF3.1 (NNLO)

mm NLL+LO
e NNLL4-NLO
e N3 LL+NNLO

w V4 0.6 -
1 dU 1 dddata Ut‘l/‘lleory qYW

1.2
~Y

1.1 -

0] W q YW O 4 q % 1 dat%leory

zz-:!{{{{{{r/WIlllll'l/lll//IIIF-v---h

————————————— oAl L L L L

VAVA & .VAS W .ViVAE VO.VAS .
b vave -« -

Wr, R variations correlated

data 1.0 — S
Oheory 41 09 -
e.g. my, determination by ATLAS 05 -
1.1
Z and W production share a similar pattern of QCD radiative to
0.9

corrections, but a precise understanding of the correlation

K F variations unco

0.5 L
between the two processes is crucial to propagate consistently |

1.1 B35

[ ] ° A ( '
@, SOQR/ fa e 0.0.927070 09070 0,970 0.9
t I l e I I l f() r I I l Ei t I ( ) I l 202052520%00,95% %, XREEK :,:t&:,:,:.‘o,o,g,g.‘g ¢
1.0 : e srar e R RIS IO KRN AN
) 0200050505 %% 7070'0'0"'07070""'070'."‘?.;":'-—T:i o= e —A}';'; V‘ VA: .‘ 2 'nAv-v, vt '-Q' Y ‘4_4 "'Av‘vv-v-57(‘ :’_v—: X/ _v
0,9,%0%.0,9% 0, 0,%%.0,0.%%0. = 77 AL K AT A AN ACTERIF A A0 SR ALK SR NI X X
0.9, %% 0000 OO/ 0000' SR/ ) ZZ7oA X 22X CRHANIX X XD PIEEX AN
KIS ISEICT 773 AL 7 FAREXIEIRKIEIREIL KK KR KK,
0.9 202020 202020204 0250 WY 4 0009020030526 200,9:%*
Bl 0570. 0,970 0.0.%" °0. 0.9«
- % 7.

R IRIRKLRRS
SRS
10200952 20.9.%%

R. to NNLL4+NLO R. to NNLL+NLO R. to NNLL4+NLO

Alternative uncertainty estimate: each resummation order only

OQ
<y,
0500 %020 30,9090 2050, %%0 XX L7 ///'
fofo?:?:tofé?ofo._0:?:2:2029.A,2{43?.?02«_/[l///// I,

Z

Wr, r variations©

0.8

depends on a few semi-universal parameters: treat them as 1

theory nuisance parameters [Tackmann, 2411.18606]
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Transverse momentum in W production

Direct measurement of W transverse momentum would provide a direct way to test W/Z modelling and reduce the
related uncertainties in a measurement of my;,

R L IR 1 Low-pileup runs in recent ATLAS measurement show
" ATLAS _ ,
G 102 = v/s=13TeV,338pb-' -  remarkable agreement with N3LL+N3LO (RadISH+NNLOJET)
T 17 and NNLL+NNLO (DYTURBO) predictions
51078 = =
O — _]
E B |
=104 = W+ — (v E
- —¢— Data =
(g-5 | NNPDF3.1 -
= m== DYTURBO PDF unc. =
~ ——— DYTURBO scale+PDF unc. N
10-° =~ = RadISH scale unc. ‘ =
-+ R A N R =
1.1 £ =
£ 1.05 & =
0 — -
2095 = —
0.9 = L =
0.8 — Y I I B ‘ N I T I I ‘ | N
10 102
pr’ [GeV]
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Transverse momentum in W production

Direct measurement of W transverse momentum would provide a direct way to test W/Z modelling and reduce the
related uncertainties in a measurement of my;,
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Low-pileup runs in recent ATLAS measurement show
remarkable agreement with N3L

+N3LO (RadISH+NNLOJET)
oredictions

W/Z ratio is perturbatively stable but differs by a few % from
the data assuming 100% correlation



Transverse momentum in W production
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Direct measurement of W transverse momentum would provide a direct way to test W/Z modelling and reduce the
related uncertainties in a measurement of my;,
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[Buonocore, LR, Torrielli '24]

Low-pileup runs in recent ATLAS measurement show
remarkable agreement with N3LL+N3LO (RadISH+NNLOJET)

and NNLL+NNLO (DYTURBO) predictions

W/Z ratio is perturbatively stable but differs by a few % from
the data assuming 100% correlation

Tuned MC predictions (POWHEG+PY8) display the same level
of discrepancy and are relatively insensitive to choice of tune,

intrinsic k7, MPI and hadronisation effects

Hints towards a perturbative origin of this

discrepancy
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Fiducial distributions and transverse momentum resummation

e Transverse momentum resummation affects observables sensitive to
soft gluon emission as the lepton transverse momentum in Drell-Yan

[Balazs, Yuan ’97] [Catani, de Florian, Ferrera, Grazzini ’15]

® Leptonic transverse momentum is a particularly relevant observable
due to its importance in the extraction of the W mass

* Inclusion of resummation effects necessary to cure (integrable)
divergences due to the presence of a Sudakov shoulder at m,,/2

[nb /GeV]

0
1

do/dp

0.25

[Catani, Webber '97]
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[LR, P. Torrielli, A. Vicini 23]
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relevant for correct shape
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Drell-Yan: NLO EW

VaN

0]

ab —

_ A(OO)_l_ (10)_|_ (20)_|_ (3O)+...

ab

+0(1 1)+

® NLO EW corrections

known since long time ago
[S. Dittmaier and M. Kramer (2002)], [Baur,Wackeroth (2004)], [Baur, Brein, Hollik,
Schappacher, Wackeroth (2002)], [Zykunov (2006,2007)]

automatised and readily available in different generators
[Les Houches 2017, 1803.07977]
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Impact of QED corrections and interplay with QCD

0.1

< 0_085_H+|Q|E[|)FISIRI Wy LHC
Both p? and m features large radiative corrections ooy | Do+ mixed QED-QED cor
due to QED final state radiation at the jacobian peak 004ty

0.02

The precise shape ofpf at the Jacobian peak determined
by the interplay of QCD and QED corrections

-0.06[

-0.08— -0.08

Data/Theory comparisons made at the level of pure 0. g
QCD models |

[Carloni Calame, Chiesa, Martinez, Montagna, Nicrosini, Piccinini, Vicini 1612.02841]

Large FSR QED removed relying on MC modelling
(PHOTQOS) [Barberio, van Eijk ,Was "91][Golonka, Was, 06]
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Impact of QED corrections and interplay with QCD

6reI

Both p? and m features large radiative corrections
due to QED final state radiation at the jacobian peak

The precise shape of p? at the Jacobian peak determined
by the interplay of QCD and QED corrections

Data/Theory comparisons made at the level of pure
QCD models

0.1
0.08
0.06
0.04

0.02

-0.06
-0.08

J¢I|II*Ij|III|III

.
.
.

-0.04F
-0.06[

-0.08

| | | | | | | | | | | | | | |
~+ QED FSR W —
—= QED FSR + mixed QCD-QED corr.

uv

LHC

Large FSR QED removed relying on MC modelling
(PHOTQOS) [Barberio, van Eijk ,Was "91][Golonka, Was, 06]

Overall good description of the main QED effects;
however, impact of full EW effects and the interplay
with QCD corrections not transparent (assumption of
complete factorization)
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Mixed QCDXEW corrections

by = 600 4 50105000 1 560 4

ab — % 4p

+6'00 + .
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Mixed QCDXEW corrections

8 — "(OO)_l_ (10)_|_ (20)_|_ (30)_|_

ab — ¥ p

+6'00 + .

Neutral current DY NNLO QCDxEW

[Bonciani, Buonocore, Grazzini, Kallweit,Rana, Tramontano, Vicini 21] [Armadillo,
Bonciani, Devoto, Rana, Vicini ’22] [Buccioni, Caola, Chawdhry, Devoto, Heller, von
Manteuffel, Melnikov, Rontsch, Signorile-Signorile ‘22][ Armadillo, Bonciani, Buonocore,
Devoto, Grazzini, Kallweit, Rana, Vicini ’24]

Charged-current DY (2-loop amplitude QCDxEW)

[Armadillo, Bonciani, Devoto, Rana, Vicini "24]

+ Results in pole approx
[Dittmaier, Huss, and Schwinn (2014,2015)] [Dittmaier, Huss, and Schwarz (2024)]
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Mixed QCDXEW corrections: results at NNLO

! . . 10° £ 7224 NNLOGeD 3
C NNLOQCD+NLOEW :
,;, NNLOqgcp4+Mix+NLOgw A
) =] )
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= 2 |
< o -
2 = -
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.% \10 _|—|
@) -
%28 NNLOocD = =5
NNLOQCD—I—NLOEW _|_'—|
NNLOqcp+Mix +NLOgw B
=) | 1 Ql |+| " | =) 100 | | I T 1 |_‘_|E_‘7\_| 3
X : : | % = I 1 I I =
T | 10 | SN NNLOgep +NLOgw -
- S ESSEEESSSaS. g C I NNLOQCD+MIXfaCt+NLOEW N
L—ﬂk ﬁl_ 5o NNLOgcp+Mix +NLOgw 7
R S N S g A aas N ]
O 5 S .
< o 0 N
8 S NNLOgep+NLOgw 8 :I m s ?
% B NNLOqep+Mmixg,  TNLOEwW % _5F -
% NNLOqgcp+Mix+NLOgw ,% - :
™~ 1 1 1 ~ B
S S —10 I I I I
e [ I I 1 ] = C I | I I B
—— NLOgw/LO 2 —— NLOgw/LO -
E 2 —— NLOQcp/LO ] 5[ —— NLOqcp/LO ]
Q —— NNLOgcp/LO + I —— ]
ch i 7 % - NNLOQCD/LO i
1 - -
— ] F =
< 10k . ]
I I I I I I I
—2 —1 0 1 2

[ Armadillo, Bonciani, Buonocore, Devoto, Grazzini, Kallweit, Rana, Vicini '24]

Factorised approximation fails below the Z
resonance; impact on sin” fof extraction

Small but non-trivial distortion of the rapidity
distribution (absent in the naive factorised
approximation); impact on PDF fits
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Mixed QCDXEW corrections: results at NNLO
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[ Armadillo, Bonciani, Buonocore, Devoto, Grazzini, Kallweit, Rana, Vicini '24]

Factorised approximation fails below the Z
resonance; impact on sin” fof extraction

Small but non-trivial distortion of the rapidity
distribution (absent in the naive factorised
approximation); impact on PDF fits

How about recoil-sensitive observables?
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Intermezzo: direct space approach to transverse momentum resummation

Direct-space resummation in the RadISH formalism is based on a physical picture in which hard particles incoming

to a primary scattering coherently radiate an ensemble of soft and collinear partons
[Monni, Re, Torrielli 2016, Bizon, Monni, Re, LR, Torrielli 2017]

da(sing)( g ) dasing dk
o J dqy - [ ~ (kq)e R F (g7, Pp, k1)
d(DB kﬂ

4 Wy q m
R(k;) = [ —[A(a(@))ln —= + B(a,(g*)]
Z (k) = Z | M g ‘?EZ |1C..; ®fi(kt1)](x1)[cgj ®]§.(kﬂ)](x2) ki 4 9
“ N Universal Sudakov radiator:
Collinear and functions exponentiation of soft-collinear

emissions, accounts for the tower
of aa"In"™"q;/M terms

Logarithmic accuracy defined in terms of L = In(k, ;/m,,)
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Intermezzo: direct space approach to transverse momentum resummation

Direct-space resummation in the RadISH formalism is based on a physical picture in which hard particles incoming

to a primary scattering coherently radiate an ensemble of soft and collinear partons
[Monni, Re, Torrielli 2016, Bizon, Monni, Re, LR, Torrielli 2017]

da(sing)( q ) dasing dk
o J dqy [ ~ (kq)e Rk F (g7, Pp, k1)

dD, dgdd, ) k,

Goal: combine higher-order QCD resummation with the resummation
of leading EW and mixed QCD-EW effects for bare muons

Result: flexible “analytic” resummation tool, including matching to
available fixed-order results
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Resummation: combined radiator at NLL

QCD radiator

RSH?LI,) (k1) =J %@[A(as(qz))ln Ay B(ay(g?))]
ki 4 q

QED radiator encoding ISR can be obtained by abelianisation of the previous result

Ry (ki) =J Mﬁ[A’(as(qz))ln iy B'(a,(g*))]
ke 4 q
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Resummation: combined radiator at NLL

ROEP(k,) = J "M A g)in .+ B
ke 4 q

In presence of charged, massive final state particles (e.g. pp - u™"u=,pp — /ﬁyﬂ) one needs to take into account the
effect of additional QED soft wide-angle radiation (analogue to resummation for heavy quark pairs) [Catani, Grazzini, Torre "14]
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Resummation: combined radiator at NLL

RYP(k,) = J %ﬁm’(aS(qz»ln " 4 Blag)]
ke 4 q

In presence of charged, massive final state particles (e.g. pp - u™"u=,pp — ,u+1/ﬂ) one needs to take into account the
effect of additional QED soft wide-angle radiation (analogue to resummation for heavy quark pairs) [Catani, Grazzini, Torre "14]

Rﬁf{’ (k1) = J ’ ﬁ[A’(aS(qz))ln k22 B'(a(q*)) + D'(a,(g%))]
ki 4 q

Mpep d N
=J A (g)In =2 + Bla,(g)))
ke 4 q
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Resummation: combined radiator at NLL

RYP(k,) = J %ﬁm’(aS(qz»ln " 4 Blag)]
ke 4 q

Finally, to construct the combined QCD and QED radiator, one has to include the mixed QCD-QED contributions to
the running of the QCD and QED couplings

d In CIS(//tz) - o) d In as(/’tz) _ 2 2
dln,uz _ﬂ(as(/’t )) > dhl//tz _ﬁ(as(//t )90((/4 ))

dIn a(u?) P dIna(u®) PSR 2
T = fla(u”) — T2 = pla(u?), a(u))
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Resummation: combined radiator at NLL

Final form of the combined QCD and QED radiator at NLL (see also [Cieri, Ferrera, Shorlini, 2018][Autieri, Cieri, Ferrera, Sborlini, 2023])

RYDYIP(L) = — Lg (a,L) — gy(a,L) — Lgi(aL) — gi(al) — g y(a,L,aL) — g (aL, a,L)

At this accuracy, the same form can be used in direct space formulation

—

kt,n+1 ‘ ) )

d . d D+QED 7
Vi J' ¢1 —RQCDHQ (VD) R (Vl) AdF 06O (QT— ‘kt,i'l'

V1

o(qr) = GOJ'

0 27z

n+1 27
dZ—gR(krl)z 'HJ dCJ %R/@Vl)
n

n=0 lzeiO

Formula now describes an ensemble of gluons and photons recoiling against a colourless (possibly charged) system
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Resummation: direct-space formulation at NLL

Final formula at NLL, fully differential on Born variables, now including also the effect of hard-collinear radiation

do(qy)  ([dv, [T de, . . | , ’
D= | S| o 0Ly R (1) 0 (g7 1y Fypa )
d(I)B V1 0 27
d| My
I = ), —— =[x 00, 1)
B

c,c’
Formula can be straightforwardly promoted at ‘prime” accuracy by including the hard-virtual and hard-collinear terms*

d| Mgl o (' dzy
vy = Z AD Z 7 f(vl’xl)f(vl’xz) *EW term also includes a
c,C' i,j] -~ I Jx . contribution from soft
> Cl C] 5(1 B Zl) 5(1 B Zz) [ > ]ST Hl ( ﬂR) | . H,l ( ﬂR)‘ W|de-angle radiation

a 04 : )
[2_71_ ci, 15(1 o ZZ) 7 ) 7 ci, 15(1 i ZZ) {Zl’c’l < ZZ’C’]}]
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Resummation: mixed QCDxQED corrections suonocore, L&, Torrietii 221

do(qr) [dv, [Tdo, . _ | ) B}
dq)T - J_IJ 1 0L(€ R(Vl)gNLL/(Vl))R (Vl) dfzo@ (qT — ‘ kt,i -+ “.kl‘,l’l+1 | ))
B

Provided that relevant mixed QCDxQED corrections are included in the evolution of the PDFs (which is the case for e.g.
NNPDF31luxQED PDFs) the above formula already contains the bulk of the mixed O(aa,) corrections

The expansion of the above formula at order O(aa,) matches the fixed-order result at small g, with the exception of a

single logarithmically enhanced term, whose contribution is included in the (NNLL) coefficient B;;, which can be
obtained by direct abelianisation of the NNLL QCD coefficient B,

By exponentiating the B term the NLL radiator can be promoted to

5QCD+QED, 7\ _ »QCD+QED a a
RITDHOP(L) = REPHOPL) + 2By L

Such that the formula above also predicts all the O(aa,) logarithmically-enhanced terms
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Resummation: mixed QCDxQED corrections uonocore, 1g, Torrielli 221

—

kt,n+1 | ) )

do(qr) _ I dvy r” dep,

0 (e KWL\ L AV)IR’ (vl) d£ 0 (qT — |k it
dDp

Finally, the luminosity can be upgraded to contain also the hard-collinear mixed terms entering at O(aa,)

d| My’ < (' d
o ZL ZlJ F XD 1)

ij 1Zl X2

L) = Laedvy) + Z

X Q4 0070(1 — zp)o(1 — zz)

H
27r 27 11('“R)]

U

2T 2w

_|_

Cei110(1 — Zz)5c'j + {21,601 < 2, C'»j}]

Allows for a consistent matching at O(aa,)
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Resummation: direct-space formulation beyond NLL

The RadISH formalism can be extended beyond NLL accuracy by including consistently higher towers of logarithmic
terms

d2(v) dk, d¢ _ -
d(p — [ t1 _laL (_e R(kll)‘gN3LL’ (ktl)) [dZ@ (V - V({p}’kl’ coes kn+1))
B

V\dE [ <R’(kt1):f sNLLlk) — 0L NNLL(kt1)>

0 G 2nm

Formula at N3LL'qcp accuracy

" 1 1 " 2 1 ’ ﬂ() 2 p(0) 1

k) A A S(kyy) [ A Dy A A J(k | P
+_as (zﬂ)-P(O) ® PO® Ly (k) = o Gtk (P(O) RCH+ M P(O)> ® Lk + % ) 26 In PO PY® Lrnik)

T 72 72 g

N3LL qcp+NLL Qep resummation can be
straightforwardly achieved by modifying
the contribution entering at NLL

o (kyp)
_I_—
212

(p«» & P 4 p) ®p<o>) ® gNLL(k(ﬂ)} X {@ (v = VP ks s k1 k) — O (v = V(P &y, ...,kn+1))}

1 (dk, d Lde ., d Yde ., d 1 1 1 1
+— [ —ﬂﬂe‘R(kﬂ) [d?f J S J 2 40 R'(ky)8 Ltk (R"(kﬂ))z In —1In — — 9, L 1. (k,DR"(kyy) <111 — +In —>
2 ktl 27[ 0 Csl 277: 0 Cs2 27[ Csl s2 Csl Cs2

a’(k,) . az(k,) 1 1 R R 11
+7”P<0> ® PO Q@ Lnprlk,y) + ﬂz’l In— +In o R'(k, )P? ® PO @ Ly (ky) —In T In —(R"(k; )0, L np (k)
s1 s2 s1 §2

2
k) ~
as( tl)P

T

+ 0o PYe PO 3NLL(kﬂ)} X {@ (v = VAP ki, ookt K1, k) = © (v = V({Bhky, ooy kg1, kp) ) —

1
© (V o V({ﬁ}akl’ ""kn+1’k32)) + 0O (V - V({ﬁ},kl, ""kn+1)) } + O <a;7 ln2”_7 _>

v

28 [Re, LR, Torrielli "21]
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Validation

We expand the resummation formula and we compute (N)NLO predictions via gr subtraction

k k k—1 k
Aoy 0 = N0 @ dok® + |do 1O ~ [doY ] o) Ol MY
qr>qf™

Comparison against independent (N)NLO computation in MATRIX guarantees that resummation coefficients + hard-
virtual / soft-wide angle terms are correctly implemented

NB: above cut part in RadISH predictions always computed with MATRIX

Validation performed for all individual channels up to O(a,a); photon-induced contributions in NC DY implemented
only up to O(a)

Percent-level control of O(a), O(a,a) corrections at the level of the total cross-section within fiducial cuts in the
setups considered
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Validation: fiducial predictions for Z production
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W and Z production: the role of EW corrections

QED and mixed QCD-EW correction patterns in W and Z production differ due to the different number of charged

legs in NC and CC Drell-Yan production

LL QED and (factorizable) QCD/EW corrections are typically estimated by interfacing QCD Monte Carlo programs with

dedicated QED shower programs, such as PHOTOS
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NLL ew+nNLL mix (including non-factorisable contributions)
resummation available for the first time at the level of bare
muons, allowing for a level of flexibility comparable to that
of dedicated EW MC generators

Availability of such a tool allows to compare QED showers to
predictions with higher formal accuracy

Alternative assessment of robustness of QED FSR treatment in

current analyses



Impact on recoil-sensitive observables
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Differences between ‘best’ predictions and
results with lower formal accuracy obtained
with approximate corrections in parton

showers based on a factorised approach
[Barze’ et al (2012,2013], [Calame et al (2017)]
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Impact on recoil-sensitive observables
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Differences between ‘best’ predictions and
results with lower formal accuracy obtained
with approximate corrections in parton

showers based on a factorised approach
[Barze’ et al (2012,2013], [Calame et al (2017)]

However

Resummation of large logarithms of the lepton
mass associated with fiducial cuts is missing
Fixed-order terms retrieved upon matching.
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Impact on recoil-sensitive observables

P;ﬁ >27GeV, |y, |<25, 66GeV<m, <116 GeV
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Differences between ‘best’ predictions and
results with lower formal accuracy obtained
with approximate corrections in parton

showers based on a factorised approach
[Barze’ et al (2012,2013], [Calame et al (2017)]

However

Resummation of large logarithms of the lepton
mass associated with fiducial cuts is missing
Fixed-order terms retrieved upon matching.

O(a,a) matching mandatory: it induces large
corrections

The situation can be mitigated by an improved
treatment of the quasi-collinear photon emission
region (WIP)
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Summary

* Modelling of theoretical uncertainties crucial for EW precision programme at the LHC

* High-accuracy fixed order predictions, supplemented with resummation for observable sensitive to soft/
collinear radiation, needed to treat the acute disease of precision which aftlicts us

® Perturbative QCD predictions have reached a remarkable level of accuracy

* Interplay with QED/mixed QCD/EW predictions mandatory for a successful precision programme, alongside
comprehension of NP physics, PDF uncertainty, including MHOU (not discussed in this seminar)

* Availability of analytic tools allows us to compare parton showers showers to predictions with higher formal
accuracy

* Monte Carlo tunes for sub-percent precision must be handled with care. Availability of accurate perturbative
calculation may provide insight on tuning parameters to avoid unphysical correlations

33 TUM/MPP Collider Seminars Series, 10 Jun 2025



Backup
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Non perturbative corrections and g7

Collinear factorization valid up to power corrections O(Aqcp/ Q")

In principle, easy to imagine mechanisms for linear power corrections, which would be a disaster for precision
programme at the LHC

recocls Linear term could be generated when
L aém‘nst- integrating over soft d.o.f. which is not
Z € So+4t 3luoh azimuthally symmetric

Luckily, for g this does not happen!

[Ravasio, Limatola, Nason 2021]
[Caola, Ravasio, Limatola, Melnikov, Nason 2022]

[G.P. Salam]

No linear power corrections affect the

transverse momentum spectrum
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Treatment of non-perturbative corrections

Nevertheless, NP corrections can be sizeable in the first g, bins. Often supplemented by introducing a non-

perturbative correction determined from data

e.g. in TMD factorisation

FeMPOey, by, ) = FoF O, by if NPy, %, 1, )

Properties of fNE(x;, b, u) determined by TMD factorisation; function is not universal, as it depends on the

strategy used to regularise the Landau pole

Extraction from data of the non-perturbative
component to the Collins-Soper kernel can be
compared with recent lattice QCD computation

Progress in lattice computations opens the door for
future first-principles QCD predictions of the CS
kernel and to possible combination with fits to data
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The role of PDFs

NNPDF

Non negligible differences in absolute value between — T
different groups (NNPDF, MHST) e

Discrepancy explained by fitted (NNPDF) vs. _ :
perturbative (MSHT) charm and different value of the S \ —
charm mass, still state-of-the-art PDFs set can differ at
the few % level
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EW corrections: ratio ¢, /g

Comparison with PWGew+PY8+PHOTOS, PWGqcp+PY8+PHOTOS and NLL G + NLOGep + NLLgy + NLOgy

* Nice perturbative stability and robustness against shower tuning
* Better agreement of “simpler” PWGqcp+PY8+PHOTOS to RadISH, residual difference similar to pure QCD case

* PWGew+PY8+PHOTOS result deviates significantly from our best prediction
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