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Where Do We Come From? What Are We? Where Are We Going?

> Astonishing measurements of SM processes, ag

> Wealth program of searches at few TeVs

Standard Model Total Production Cross Section Measurements

Status: June 2024
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Contact
Interactions

Dark Matter

Extra Dimensions RPV

Excited
Fermions

Heavy
Fermions

Heavy Gauge Bosons

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k2 =1/2

Scalar Diquark

tt+ ¢, pseudoscalar (scalar), g7,, x BR(¢-22) > =0.03(0.004)
tt+ ¢, pseudoscalar (scalar), Qfgp X BR(¢—21) > =0.03(0.04)
pp+Zly+X

X-¢¢, My =0.02My, $~(yy) merged diphoton pair

Wy Resonance leptonic

SUEP Offline, Tp = 3 GeV, my = 3 GeV, Br(A’-»nmn) = 100%
Split SUSY, HSCP gluino with infinite lifetime, fzg =0.1

stau pair production, HSCP with infinite lifetime
Doubly-charged tau', HSCP infinite lifetime, DY production

quark compositeness (££), Nurr = 1
quark compositeness (), Numr = — 1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (q4), go=0.25, gou = 1, my, =1 GeV

vector mediator (£), gg = 0.1, gow =1,9; =0.01,my > 1 TeV
(axial-)vector mediator (gq), gq=0.25, gou =1, m, =1 GeV
(axial-)vector mediator (xx), gq = 0.25, gom =1, my =1 GeV
(axial)-vector mediator (££), gq = 0.1, gp =0.1, My > Mmeal2
scalar mediator (+t/tf), gq =1, gom =1, my =1 GeV

scalar mediator (+tf), g =1,gom =1, my =
scalar mediator (fermion portal), A, =1, m, =1 GeV

pseudoscalar mediator (+j/V), gq=1,gom=1,my=1 GeV

pseudoscalar mediator (+t/tf), gq =1, gom =1, m, =1 GeV
pseudoscalar mediator (+tf), gq =1, gom =1, m, =1 GeV

complex sc. med. (dark QCD), Mg, =5 GeV, cTx,, =25 mm

Baryonic Z', gq = 0.25,gom =1, my =1 GeV/

7' mediator (dark QCD), Mark = 20 GeV, finy = 0.3, taark = Aoy

7'~ 2HDM, gz = 0.8, gow = 1, tanB = 1, m, = 100 GeV

Leptoquark mediator, B=1, B=0.1, Ay, py = 0.1, 800 < Mo < 1500 GeV
axion-like particle, 1 =12 Tev~!

inelastic dark matter model, y =107%,ap=0.1

inelastic dark matter model, y=10"7,ap=0.1

dark Higgs, gq=0.25,gou=1,6=0.01, m, = 200 GeV, mz =700 GeV

RPV stop to 4 quarks

RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

ADD (jj) HLZ, ngp =3

ADD (yy, I£) HLZ, nep = 3

ADD Gk emission, ngp =2

ADD QBH (jj), nep =6

ADD QBH (ep), ngp =4

ADD QBH (eT), nep=4

ADD QBH (ut), ngp =4

ADD QBH (yj), nep =6

RS Gyk(21), kiMp = 0.1

RS Gix(qd, 9g), kiMp =0.1

RS QBH (jj), nep =1

RS QBH (y)), nep =1

non-rotating BH, Mp = 4 TeV, ngp = 6
3-brane WED gkk(d + 9= 999), Ggrav =6, g, = 3, £=0.5, m(9)/m(gxx) = 0.1
split-UED, pu =2 TeV

ADD (yy) HLZ ngp =4

RS Gix(yy), kiMp = 0.1

excited light quark (qg), A=mj

excited light quark (qy), fs=f=f=1,A=mg
excited b quark, fs=f=f=1,A= m;
excited electron, fs=f=f=1,
excited muon, fs=f=f=1,A=m;

=m;

UMSM, [Vey|? = 1.0, |Vjul? =1.0

UMSM, Ven|2 = 1.0, |Vyw[2=1.0

UMSM, VeV /([ Vel + [Vinf2) = 1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Vector like taus, Singlet

Zp, narrow resonance, €2 =8 x 1076 (90% C.L.)
Zp, narrow resonance, £2 =4 x 107° (90% C.L.)
Zp, narrow resonance, €2 =7 x 1077 (90% C.L.)
Zp, narrow resonance, e2=3x 1075 (90% C.L.)
SSM Z'(21)

SSM Z'(qq)

Z'(qq)

Superstring Z;,

LFV Z', BR(eu) = 10%

LFV Z', BR(eT) = 10%

LFV Z', BR(uT) = 10%

SSM W'(Zv)

Leptophobic Z’

SSM W(qd)

LRSM Wi (uNg), My, = 0.5My,

SSM W'(Tv)

LRSM Wi (eNg), My, = 0.5Myy,

Z'(B3-La)

LRSM W (TNR), My, = 0.5My,

Axigluon, Coloron, cotd =1

Z', HSCP tau' 600 GeV mass with infinite lifetime
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) theory predictions

Overview of CMS EXO results

March 2024
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Where Do We Come From? What Are We? Where Are We Going?

The LHC is not only a discovery machine, it is a precision machine!

[ATLAS, 2309.12986]

LEP A e 0.23099 = 0.00053
LEP P, — 0.23159 + 0.00041 AMC}MS the wost F»’T'QCESQ | | | |
LEP A2 [ — - | 0.23221 = 0.00029 . ATLAS -® Hadron Colliders
Ei — — SLMS} Le me&surQMQV\&s C}"F —-@- Category Averages PDG 2022
LEP A’ = = = 0.23220 + 0.00081 : .
FB | _ ~®- Lattice Average FLAG 2021
LEP Qo = = .| 0.2324 +0.0012 “F undamental Skandard MOd@L —@- World Average PDG 2022
SLDA’. | — . | 0.23098 + 0.00026 8- ATLAS Zp_8 TeV
o S S, | param ebters
CDF 1.96 TeV —A—— 0.23221 + 0.00046 ATLAS ATEEC ¢ 0.1185 = 0.0021
— ] CMS jets — 0.1170 = 0.0019
DO196Tev | —a— _ | 0:23095 = 0.00040 1 s o 01147 2 00025
ATLAST7TeV ] © | | 02308 =00012  Reagylts of more than a decade of HERA jets . 0.1178 x 0.0026
LHCb 7+8 TeV : e , 0.23142 + 0.00106 1 d CMS tt inclusive ® i 0.1145 + 0.0034
— ] - - Tevatron+LHC tt inclusive 0.1177 = 0.0034
cMs8Tev | —0— | 023101 = 0.00053 experlmenta 1mprOVementS dan ODF Zp, . 01191+ 0.0015
CMS 13 TeVv e S T R 023157+ 0.00031 5 {vancements Tevatron+LHC W, Zinclusive | ________ 7T o— 0.1188+0.0016__
. . . . . . T . += U.
0.229 0.23 0.231 0.232 0.233 0.234 d_ecays and low Q _r 0.1178 £ 0.0019
Sinzeiff QQ bound states 0.1181 = 0.0037
PDF fits — e+ 0.1162 = 0.0020
[CMS) 2408. 07622] CMS e*e jets and shapes ® 0.1171 = 0.0031
T Electroweakft | & —— | 0.1208 + 0.0028
See balle bj Abdelmotteleb o oak it My in MeV Latice | T 011842 0.0008. _
+ World average 0.1179 = 0.0009
PRD 110 (2024) 030001 O - [ e e S o
(2024) 030! ATLAS Z p_ 8 TeV 0.1183 + 0.0009
LEP combination 80376 + 33 —_— ! | | | |
Phys. Rep. 532 (2013) 119 0.115 0.120 0.125 o.13? |
DO e | ay(m
PRL 108 (2012) 151804 80375 % 23
CDF 4 4 ——f
Science 376 (2022) 6589 804335+ 9.
\lj_Hl_Elg(l% (2022) 036 80354 +32 | ' S Lol L Y dilepk ducki
ecial role of DY dilepton production
ATLAS 036655159 e P oy By Guhepton p
RV 2 for the LHC precision program
SQQ %O\Uﬁ b‘j Ailmwe This work 80360.2 % 9.9 N
. | . | . | . |
[CMS, 2412.13872] 80300 80350 80400 80450

mw (MeV)



Where Do We Come From? What Are We? Where Are We Going?

General remarks (very basic)

The determination of these fundamental SM parameters is model-dependent

3 Input from SM theoretical predictions is required, usually for template fits
(Already introduce some bias)

Concerning the measurement outcome, both the central value and its uncertainty are very important (IMHQO, the uncertainty
is even more important!)

——@ Not a race for the smallest uncertainty!

CMS | . .
T . . > A measurement remains “valid” unless challenged by
. my INn vie . o (o
Electroweak fit 80353 1 & strong scientific consensus
PRD 110 (2024) 030001 -
LEP combination s T . 1o :
Phys. Rep. 532 (2013) 119 80376 £ 33 7 Credlblhty of Commumty
DO 80375 + 23 ———
app Pt etees > Stringent test of the Standard Model, Guide for
! 80433.5 + 9.4 — . ey 4o . .

[l 976 (022) 6569 serious model building, Constraints for parametric

80354 + 32 e ——
JHEP 01 (2022) 036 uncertainties
ATLAS + o
arXiv:2403.15085 2030652 159
%}SAV?WK 80360.2 « 9.9 Ho—i

3 The outcome is what it is: alignment with the Standard

. | . | . | . |
80300 80350 80400 80450

mw (MeV) Model does not justify being less critical of uncertainties



Where Do We Come From? What Are We? Where Are We Going?

Tremendous and steady progress
in theory calculations of collider
observables

Amplitudes ( ‘

Uncertainties: embarrassing situation!

Aty > Agxp

Requires a robusk
understanding of the
correlakions!

Use data to constrain theory
uncertainty

TH umaer&am&v: Fhe Convenkional
Apprc)m:h
> Missing higher orders (MHO): scale variation

prescriptions, rough order of magnitude, no
probability interpretation, no correlations

| » Matching/Merging/Shower/Hadronization/UE:

variation of algorithms, parameters, PSMC
programs

MHO, OAiEtAWO:
Simplegneat, but many Limitations

> Ad-hoc prescription. Is there a best central scale?

» Uncertainties can be underestimated

> No probabilistic interpretation of the

uncertainties
New Amaroathes as “Tkeor:j

Nuisance parame&ars”

(also progress within the
<— Bayesian Approach, AHuss)

Talls bj Marinellt & Lim

» No correlations



Outline

DY status of theoretical: review of (some) recent progress/ results
Some thoughts and considerations on current&future precision measurements

Conclusive discussion
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DY status of theoretical: review of (some) recent progress/ results



DY th-status: Transverse momentum resummation

The transverse momentum of the lepton pair is an instrumental distribution for precise measurements

hl = ’::
| | 2 | L L II_irl]elarlsca:el L L L | | I 11 Logarithmi? Scfle | | I 1
fa X farlas T '
= 1.8 V(s=13TeV, 36.1 fb™
s - Z/y*—uu (normalized)
Q  1.6F -
O - = Statistical Unc. |
.8 1 4'_ - |_epton Efficiencies
fo B " [ —— Lepton Scale/Resolution B
h, L ‘:: ............... =  1.2F — Model Unc. B
e, LCUTEHMCFM: Becher, Campbell, Neumann, et al.; c - Others ]
b, / RadISH:Monni, Re, Rottoli, Torriellti; g I .... Total |-
"""""""" NangaParbat: Bacchetta, Bertone, Bozzi, et e [
7 al.; Artemide: Scimemi, Vliadimirov; DYTurbo: © 0'8;_ B
Catani,Grazzini, Ferrera, Cieri, Camarda, et © 0.6F |
al.; SCETlib: Billis, Ebert,Michel, Tackmann, - : a
et al.; reSolve: Coradeschi, Cridge;Resbos: = 04}
Isaacson, Yuan, et al.; ..] o '
B A
T L1 | | [ I I
At small transverse momentum g; << M, breakdown of fixed-order 0 5 10 15 20 25 30 100 300 900

, pT[GeV]
perturbation theory

> Large soft/ collinear logarithms In g;,/M must be resummed to all orders

Exper&mem&ai. uncertainties:
few per mille on the normalised
diskributions

> Very advanced status: variety of frameworks (b-space/ momentum-
space, QCD/SCET, TMD) and high-logarithmic accuracy N3LL'
(a2 In"% gp/M and af In*"~° g;./M). NLL partially available



DY th-status: Transverse momentum resummation

The transverse momentum of the lepton pair is an instrumental distribution for precise measurements

[ATLAS, 2309.12986]

OB S NSLL'/aN4LL ( plus fixed order matching at O(az))
> - ATLAS ] 1.1+ == NangaParbat
o, I ] _ -
O e Damews - g > remarkable agreement with data and few-% QCD residual
004 o - B uncertainty in the resummation region (scale variations)
0.02_— + ) ! — o o . o1 o
PR Z Iyl <16 e : & == » Non-Perturbative physics required for describing
_F=8Tev 20.2 fb™ e o - _
e = CuTe-MCFM — 14—  ==DYTubo - | qr <5GeV B
1-0—0-;—..:—.—-7—0-_-0-7—7:—_0— 1 ho=——0—0—o—8——w——9 =9——o——g==g= -0 M | Chen Et al 2203 01565]
N - . . . ] ELI NLO—I—{\TLL | TUt = 0. 81 GeV
P U ) ] Community success: O v
S 11 == RadISH n 3 _ == SCETIib _ 40 -ESS N°LOLN?LL |
e f 2 =
o) —_ Q 1To—0—e—e— < _ —o— _ —0—o—0—0— o)
© 1 IS )
i _ i - ] > 30 _
........................................ 08 T &
O 5 10 15 20 25 30 35 40 O 5 10 15 20 25 30 35 40 |
P [GeV] o [GeV] w%& 20 — Y, _
> = NNLOJET+RadIgf
3 .0 ANLO
L@.F'&c)u Eransverse momenbum: qT-resumma’uon restores the 10 - Yo mev o 2 (s £y 4 X
Symme fic cuts
validity of perturbation theory at the Jacobian peak p%. ~ m,/2 5 |\ ungAaintics with un. pr, @ variations
% o g | | | | i
> No sensible fixed-order descrition [Catani,Webber,9710333] T 1=~ 77
’ ’ 10 u-eilv'l,ﬂ’ﬁ’lﬂ’/"’f////%f{/ﬁvf ',::f{///////////////
Z SE B \\N A ;{\\\{* I”"’ "I////I/
» Requires resummation of (kinematics) linear power correction g 00 | | | | -
E 30 35 40 45 50 55 60

[Catani et al 1507.06937][Ebert et al 2006.11382]

p? [GeV]



DY th-status: Fixed-Order Predictions

0 = de1dx2ﬁz/hl(x1aﬂF)fb/hz(xz» HE)O (S, s i) + O(AQ)

A\ A\

— 500 1 5(L0) 4 =(2,0) 4 =(3,0)
Oup =0 ) " TO /10 71T 0 7~ T...
+60D +
ab e o o

+ 6D +
D4 ..

‘Z QCD corrections dominant effects ‘Z NLO EW corrections
* NNLO differential cross sections e known since long
[Anastasiou, Dixon, Melnikov, Petriello (2003)], [S. Dittmaier and M. Kramer (2002)], [Baur,Wackeroth
[Melnikov, Petriello (2006)] [Catani, Cieri, Ferrera, de (2004)], [Baur, Brein, Hollik, Schappacher, Wackeroth
Florian, Grazzini (2009)] [Catani, Ferrera, Grazzinti (2002)1,
(2010)1]

3y o~ - . : , * nowadays automatised in different available
e N'LO inclusive cross sections and di-lepton
generators

rapldlty distribution [Les Houches 2017, 1803.07977]
[Duhr, Dulat, Mistlberger (2020)] [Chen, Gehrmann,

Glover, Huss, Yang, and Zhu (2021)] [Duhr, Mistlberger
(2021)]

e N°LO fiducial cross sections and distributions

[Camarda, Cieri, Ferrera (2021)], [Chen, Gehrmann,

Glover, Huss, Monni, Re, Rottoli, Torrielli (2022)]

[Chen, Gehrmann, Glover, Huss, Yang, and Zhu (2022)],

[Neumann, Campbell (2022) and (2023)] [Billis, Michel,

Tackmann (2024)] 7



DY th-status: Fixed-Order Predictions - NNLO QCD

Availability and reliability of state-of-art predictions is a crucial aspect
[Alekhin,Amoroso,LB et al 2405.19714]

bins of ATLAS data (7 TeV, 4.6 fb™)

Public and reliable codes & Benchmarking SRR
20015 -~ DYTURBO - - .
» Codes based on local subtraction S0 e : :
FEWZ, NNLOJET (since last week) 2 | *
0.005 7
» Codes based on slicing: 0 /“A\/MU/ et /’:'I.gg;f":i;_zjl.\,\ S \/ Iwiere
DY-TURBO, MATRIX, MCFM ows L e
| -0.01 | W' Tty - Wy ~ Z-->TT (central) ~ Z-->TT (forward)
[(+ NNLO+PS implementations, e.g. MiNNLOPS, GENEVA, but : : * A ;
. -0.015 S S Y A T
not “pure” fixed-order accuracy) ) 0 2 0 2 g0 2 o1 225 35
(A)Svmmeﬁria cubs on (hardest/softest) leptons Excellent agreement among
challenges slicing approaches. Solutions available public codes when
improved-slicing is used
> Transverse momentum recoil for g;-slicing
[LB et al 2111.13661][Camarda et al 2111.14509] pent
Vad *f
> Project to Born for jettiness-slicing boost

[Vita 2401.03017][Campbell et al 2408.05265] /- “«

g7 =0 gr # 0

L



DY th-status: Fixed-Order Predictions - NNLO QCD

(A)Symmetric cubs: old [Frixione,Ridolfi,9707345] and more pro{ouv\d probi.em [Salam,Slade,2106.08329]"

> Linear sensitivity of the acceptance at small g, = factorial growth of perturbative expansion
> Perturbation theory rescued by resummation of kinematic linear power corrections

> Alternatively, design of “better” fiducial cuts with quadratic (or better) scaling of the acceptance
[Salam,Slade,2106.08329]

NNLOJET + RapidiX pp — HxBRyyy Js= 13 TeV NNLOJET + RapidiX p p — H (= y y) + X Js= 13 TeV
i 59 LO B==23 N3LO - V
NLO NNLO x Ky3q i
=== NNLO ’Detaj Ehe W\SMT‘SQH&Q O¥ the
- 48 k., - -
2 — 22 B problem extending the
= : 3| =l - domain of fixed-order
= = s pva N perturbation theory (used, for
5 20 F - s 29 = e I ] . - e
2 — example, in PDF £iks)
vy —
i
10 - 10 = -
LO NLO E=== NNLO E===4 N3LO =
e | | | | e | | | |

T r r r r - T r r r r - In H — yy, visible artifacts in

R o =N the rapidity distribution
- , , , 999,98,

8o (LLL LSS L 20.9 tompared to inclusive case
. 0.8 | 5 0.8 |
5g.7L | 57l ‘_* .

86 B | | | ] 86 B | | | l\ ]

|yH] | 9

|y



DY th-status: Fixed-Order Predictions - NNLO QCD

(A)Sjmmeﬁrw cuks: imga& on DY rap&di&v diskribubiown [Alekhin,Amoroso,LB et al 2405.19714]

4 4
Sym: PrhPrt > D

cut

T

1.04 __ NNLOjet

1.02

incl
KNNLO/NLO/ KNNLO/NLO
R
o
S

- App [GeV] -
0.98—---- 50 —
- — 0.0
0.96— cuts: asy - =---5.0 —
| | | | | | | | | | | | | | | | | | | |
0.0 0.5 1.0 1.5 2.0 2.5
|yz|

1.04 __ NNLOjet

1.02¢

incl
KNNLO/NLO/ K\NLo /NLO
[y
o
S

Apr [GeV] A
0.98— . -50 —
_ — 0.0
0.96 | cuts: prod - =. .50 —
B | | | | | | | | | | | | | | | | | | | | | | | |
0.0 0.5 1.0 1.5 2.0 2.5
lyz|

Asz

Fixed-order amatvsis
> Double ratio of NNLO/

pr' > pit+ A

cut

4
Pr° > Pr

NLO K-factors fiducial /
inclusive cuts

> As expected, better and

smoother behavior of
product cuts

> Smaller effects with respect

to the Higgs case (as
expected from Casimir
scaling)

Ratio to NNLO

Ratio to NNLO

[see also Amoroso et al 2209.13535]

Vi > pf+ A

) cut
Pr” > Pt
1.02_ I T T | I T T | [ I | T T I | I T T ]
. SCETLiB+NNLOjet N3LL+NNLO _
i cuts: asy _
1.01- -
1.00F

0.99 . —--50 _
- x; consttramed 0.0
- EART == -5.0
0.98_ | | | | | | | | | | | | | | | | | | | | | | | |
0.0 0.5 1.0 1.5 2.0 2.5
lyz|
1.02_ I I I I | I I I I | I I I I | I I I I | I I I I ]
. SCETLIB+NNLOjet N3LL+NNLO |
i cuts: prod |
1.01_— ]

1.00+
Apr [GeV]
0’99:_ x; consttrained R (5)8 B
- AT == 5.0
0.98_ | | | | | | | | | | | | | | | | | | | | | | | |
0.0 0.5 1.0 1.5 2.0 2.5

|yz|

Resumnmmakion av\atvsis

» Resummation of linear power

> Ratio to NNLO predictions
» Effects below 0.5%

corrections at N3LL with
SCETLib (checked with
RADIiSH)

- @NNLO: wminor meac& of
(a)svmmeﬁric cubks when
campareci to current
theory/exp uncertainties

- But putting it on a fubure
perspective, it may lead to
tssues with LEGACY daka!

10



DY th-status: Fixed-Order Predictions - N3LO QCD

So far, a slicing approach is the only viable option to perform differential N3LO calculations for DY production.

All available predictions are based only g;-slicing
[Chen,Gehrmann,Glover,Huss,Monni,Re,Rottoli,Torrielli,2023]

Qequéres a very stable and reliable NNPDF4.0 NNLO, 13 TeV, pp — Z/~*(— £7¢7) + X
implementation of V+ 1j@ NNLO in the +0 C ] T T
d@.@.p iwfrarad reqgion 30 - - L
og ¢ —9—¢—e¢ 9o o o o 00 eeo o 9 ‘_.
Necessary g;-slicing ingredients efficiently computable - 7 ' -
time load: O( < 1%) f 0L o o b o o e aa9ecceccce o ®°°°]
)

Calculation of Z + 1] @ NNLO —10

(ANTENNA subtraction as implemented in the NNLOJET) Y e e ————— v W S T =

time load: ©(99%) o § NLO

- T - TS corrections ¢ NNLO-
] ¢ N3LO

Knowledge of linear power corrections crucial for this E— [ —

application Pt [GeV]

- As of now, two F'u,bi.ic implementations of V+1jet@NNLO: MCFM (1-jettiness

subbrackion) [Neumann,Campbell,2207.07056] and NNLOJek (Antenmna Subbraction) [Huss et
al,2503.22804]

Running time: O(SM)
CPU hours for single

differential distributions - However, the situation is still far from maturity: the calculation remain delicate

=P  and time-consuming (Is there a better wwj?) 11



DY th-status: Fixed-Order Predictions - Mixed QCD-EW

0 = deldxzﬁz/hl(xla//tF)fb/hQ(XZa HE)O (S, g, fip) + O(AQ)

~ _ 2000 ~(1,0) ; ~(2,0 ~(3,0
Oub = ngb ) + ng )+a£lb ) 4 g;b )+ ... Own-shell Z/W prcwciuc:éwm (2 -1 Prmcess)

i &0 1) n - mixed QCD-QED corrections to inclusive on- shell Z production
ab " — [De Florian, Der, Fabre (2018)]

- mixed QCD-EW corrections to inclusive on- shell Z production
[Bonciani, Buccioni, Rana, Vicini (2020)]

- fully differential NNLO QCD-EW to on-shell Z and W

production [Delto, Jaquier, Melnikov, Rontsch (2019)]1 [F. Buccionti,
F. Caola, M.Delto, M.Jaquier, K.Melnikov, R.Roentsch (2020)1,

- A(1,1)
| (Tab

Theoretical c!&evei.c;wpmem&s

- renormalization [Behring, Buccioni, Caola, Delto, Jaquier, Melnikov, Rontsch (2020)]
[Dittmaier, Schmidt, Schwarz (2020)]
- 2-loop amplitudes for 2 — 2 neutral current DY BQUOM‘& on-shell ﬁompuﬁa&mns

for massless leptons : L .
- roximate corrections in parton showers based on a factorised
[Heller, von Manteuffel, Schabinger, Spiesberger appro ate COTIECtions parton sho

(2020)] approach

. [Balossini et al (2010)]1, [Bernaciak,Wackeroth (2012)], [Barze' et al
- 2-loop amplitudes for 2 — 2 neutral current DY (2012.2013], [Calame et al (2017)]

- NNLO QCD-QED corrections to neutrino-pair production

[Armadillo, Bonciani, Devoto, Rana, Vicini (2022)] [Cieri, Der, De Florian, Mazzitelli (2020)]

- 2-loop amplitudes for 2 — 2 charged current DY - Mixed QCD-EW corrections in Pole Approximation

(retajning ]Ogarithms of the lepton mass) [Dittmaier, Huss, and Schwinn (2014,2015)] [Dittmaier, Huss, and
[Armadillo, Bonciani, Devoto, Rana, Vicini (2024)] Schwarz (2024)]

(retaining logarithms of the lepton mass)

12



DY th-status: Fixed-Order Predictions - Mixed QCD-EW

Vs = 14TeV
NC current Drell-Yan )
d (171)
. . —U0pp
Bare muons (massive calculation) LD
""" —ao

fact

[Bonciani, LB, Grazzini, Kallweitt, Rana, Tramontano, Vicini ’'21]

do/dmy,, [pb/GeV]

Impact at large invariant masses (massless leptons)

[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel,
Melinokov, Rontsch, Signorile-Signorile et al ’'22] +10

do/doro [%]
o

Two independent calculations
70 30 90 100 110 200 400 600 800 1000

Different subtraction schemes My [GeV] My [GeV]
(g;-slicing / Nested-Soft-Collinear Subtraction)

Independent calculations of the 2-loop amplitudes

— — Invariant mass of the dilepton system

myp > 200 GeV, pr,>30GeV, |y,| <25, \/P1.cP1.2 > 35 GeV

Non-negligible impact

» Negligible? ; —_llll‘llll‘ll ________ - - at high invariant masses
mixed QCD-EW parametrically of similar 008 = E .
importance as N3LO in QCD B o096 E Well described by the
=5 oon E product of QCD and
» Factorized ansatz? 0.92 §_ ROCD Ew /s = 13.6TeV _% EW (la%*ge Sudakov log)
is a multiplicative combination of QCD and EW 0.9 - L 1 ., , 3 | COITECHONS
]U_Stlfled7 1 " i 2 My [TeV]3

13



DY th-status: Fixed-Order Predictions - Mixed QCD-EW

200

100

—100

—200

BéMﬂhm&r‘fﬁhg an Eha &wo @QL&MLQELQMS [Armadillo,Boncianti,LB,Devoto,Grazzini,Kallweitt,Rana,Vicini ’'24]

In general, emission of photons collinear to a final state lepton requires the definition of collinear-safe observables:

P

=

['he mass of the lepton acts as a physical regulator of collinear divergences, therefore “bare” leptons.

Fiducial cuts (e.g. on p? or m,,) lead to an unbalance between real and virtual corrections = (potentially large) Inm,/Q,

Relevant for muons

> For massless leptons, collinear-sate objects must be detined similarly to jets in QCD.
Definition of “dressed” lepton via photon-to closeby lepton recombination procedure = In ¢ (6 recombination cone)

Relevant for electrons (calorimetric measurement)

I I
qq channel 3

20

15

10

- qvy channe I o@D (rene), me = 1GeV ]
X < (1,1) -
L extrap i
- I o@D (reny), me = m, = 0.10566,GeV 7
: oS :
T .
3 \q\ NMInn NI
N 38} NN MMMNIN LUK
] AU R e e
eliBi ) ]
-l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -
[ | LI N O I By [ B N B N B N B B B N N B B N B B B N B B B |
C g~y channel 1
'/ HTTT NG 5 o o PRGNy e 7
%73
/,/jj T
Soakey S
§§ N
:I PN SN S I T T T T N T T T T T T T T T T T T T T T T T TN T T N T Y 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Observakiown: cross sections for dressed leptons
‘can be computed startign from a parton-level
calculation with massive lepton up to power
correction of the lepton mass

Repeating the calculation at different lepton masses
finding, we verifie that the residual mass dependence
is power suppressed

Residual power corrections in the lepton mass are

phenomenologically negligible for m, = m,

14



DY th-status: Fixed-Order Predictions - Mixed QCD-EW

BQM&L\MO\TM’EMQ onf Eha Fwaro @QL&MLQEQQMS [Armadillo,Bonciani,LB,Devoto,Grazzini,Kallweitt,Rana,Vicini '24]

In general, emission of photons collinear to a final state lepton requires the definition of collinear-safe observables:

=

['he mass of the lepton acts as a physical regulator of collinear divergences, therefore “bare” leptons.

Fiducial cuts (e.g. on p? or m,,) lead to an unbalance between real and virtual corrections => (potentially large) Inm,/Q,

Relevant for muons

> For massless leptons, collinear-safe objects must be detined similarly to jets in QCD.
Definition of “dressed” lepton via photon-to closeby lepton recombination procedure = In ¢ (6 recombination cone)

Relevant for electrons (calorimetric measurement)

mgp > 200 GeV, pr,>30GeV, |y, | <25, \/P1.cP1.2 > 35GeV

Observakion: cross sections for dressed leptons

can be computed startign from a parton-level

o [pb] OLO o(1,0) o(0,1) 5(2,0) 5 (1:1)
qq 1561.52(5) | 340.3(3) | —49.77(5) | 44.6(4) —17.2(7)
ag — 0.0601(3) | — | —32.7(2) | 2.09(9)
q7 — — —0.30(2) — —0.230(3)
vl — — — - 0.2648(17)
99 — — — 2.02(6) —
vy | 59.645(6) — 3.174(9) — —

 calculation with massive lepton up to power
correction of the lepton mass

Good agreement between the two calculations
(after the correction of a bug in massless calculation)
Important to build confidence in their correctness!

Additional checks are ongoing (in particular, direct
comparison of the 2-loop amplitudes)

14



DY th-status: Fixed-Order Predictions - Mixed QCD-EW

New pheno results for bare muons in NC-DY

Cresonaince

p" > 27 GeV, pt > 25<3ev, vl <2.5

do/donnLoqcp+Ew — 1[%]

K-factor

66 GeV, <my,, <

16 Ge

¥4 NNLOgcD
NNLOQCD—I—NLOEW

NNLOqcp+mix +NLOgw
1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1

PR7R

NNLOQCD—I—NLOEW
NNLOqcp+mixg, ., TNLOgwW

NNLOgcp4+Mix +NLOgw
I I I

r NLOEw/LO 7
I —— NLOgcp/LO 1
I —— NNLOgqcp/LO 1
L ——] 4
1 1 1 1
—2 —1 0 1
Yuu

Staggered cuts on
transverse momentum
of positive /negative
muon. Restoration of
quadratic sensitivity

of the acceptance

[Grazzini et al,
1711.06631] [Alekhin
et al, 2104.02400]

Overall small mixed QCD-
EW corrections, but non-
trivial shape distortion up

to 0.8% at |y,,| 2 1.5

do/dm,, [pb/GeV]
S
I@

[Armadillo,Boncianti,LB,Devoto,Grazzini,Kallweitt,Rana,Vicini ’'24]

Clarge nvariant masses
pL > 53 GeV, |y,| <24, my, > 150 GeV

T T T T I T T T T I T T T T
24 NNLOgcep

NNLOQCD +NLOgw
NNLOGgcp+Mix+NLOgw

6000

1077 F .
-8 L i
10 cos0* >0
1077
'_o‘ 1 1 1 1 1 1 1 1 l
2% k T T T T T ]
| 0 \
E \
+ =5 %
A
@)
S 10 :
3 NNLOqQcp+NLOgw |
Z —15 NNLOqcp+mixg, . TNLOEwW
'% NNLOqcp+Mix+NLOgw
E —920 1 1 1 1 1
= 15F
5 L ; NLOgw /LO
£ 10k —— NLOgcp/LO ]
:xl: Tk —— NNLOgcp/LO |
I I I I I ]
1000 2000 3000 4000 5000
muy [GeV]

do /dm,, [pb/GeV]
3
I@

1077

T T T T I T T T T I T T T T
EZ4 NNLOgcep

NNLOQCD+NLOEW
NNLOGgcp+Mix+NLOgw

cos* <0

|
ot

I
—_
ot

£

NNLOQCD +NLOgw
NNLOqcp+mMixg,  TNLOEwW
NNLOGgcp+Mix+NLOgw

do/donnLoqep+Ew — 1[%0]
L
S

—20
5

K-factor

|

1. i
10%

NLOgw /LO

O(5%) mixed QCD-EW corrections at TeV scales, relatively well
described by naive factorisation of QCD and EW (large EW

Sudakov logs)

6000

—— NLOggcp/LO __
—_— NNLOQCD/LO 4
| | | | |
1000 2000 3000 4000 5000
My [GeV]



DY th-status: Combined QCD-QED ¢g;~resummation

Data/ Theory comparisons usually made at the level of pure QCD models considering “Born” lepton
Large FSR QED removed relying on Monte Carlo modeling (PHOTQOS)  [Barberio, van Eijk ,Was "911[Golonka, Was, "06]

I I ] I I I I I I I I I I I I l I I I
QED FSR W — uv LHC
QED FSR + mixed QCD-QED caorr.

» The definition of “Born” leptons is theoretically not rigorous

o

» It provides a good description of the main QED effects but
makes less transparent the impact of full EW effects and the
interplay with QCD corrections ( underlying assumption of
complete factorization)

o
o
=
II|III|III|III|III|
A
vy
3t
&
V.
»
-
‘ kS
i
_om
IIIIIIIIIIﬁHIIIIIIIIIIIIIIIIIIIIIII

ooat. 1?”**:13:; BRSNS » Modeling and uncertainties through different dedicated MC
0.06 . . - o
0.08F 00gh el c. codes (PHOTOS, HORACE, PYTHIA). Better way?
0.1 I I L I
® » » ® ® ‘G VE;O » Unfolded data for bare/dressed leptons for LEGACY data?
P e

& OAL: combining higher-order QCD resummation with the resummation of leading EW and mixed QCD-
EW effects in a flexible “analytic” resummation tool, including matching to available fixed-order results

First results obtained in the on-shell approximation; no realistic treatment of leptonic final-state

[Cieri, Ferrera, Sborlini, 2018][Autieri, Cieri, Ferrera, Sborlini, 2023]

16



DY th-status: Combined QCD-QED ¢g;~resummation

First implementation in the RADiSH framework  [LB, Rottoli, Torrielli, 2404.15112]

d> dk
(V) J leg(le) e~ ") F (v, Dp, kr1)
T.1

7N

Luminosity: includes O(a) and O(a,a) constants and Radiator: accounts for the tower of a*a"In"""q,./M
photon-initiated channels terms, including soft wide-angle photon radiation

17



DY th-status: Combined QCD-QED ¢g;~resummation

First implementation in the RADiSH framework

pL > 27 GeV,

[pb/GeV]

dO‘/dp/t“L+

60000

50000

40000

30000

20000

10000 =

Ratio to QCD+EW

d2(v)

[LB, Rottoli, Torrielli, 2404.15112]

dkr

dd,,

kr.1

Lkry) ¢ —R(kz1)

F (v, Pp, k1)

Formal power counting
qr < my, Q)

L/

Resummation of large logarithms of the lepton mass associated with fiducial cuts is missing

'Fixed-order terms retrieved upon matching.

|y, | < 2.5,

66 GeV < m,, < 116 GeV

1 1 1 1 1
POWHEGQCD+EW +PY8QCD+QEDISR +PHOTOSQEDFSR

| &= NLOqcp+NLOpw+NLLy . +NLL{

NNLOgep+NLOgw +N3LL, . +NLL/  +nNLL/

MIX

QCD

NNPDF3.1 LUXqged (NNLO)
13 TeV, pp — Z/¥*(—= putp7) + X
unc. with pgr, pup, ¢ variatiops

XIHLVIN+HSIP®Y

Ratio

1.0 ==

0.9

POWHEGQCD+EW{

—l—nNLL’

/\>

Wikh ma&mmﬁu okt O(a, a)

-
-

| NNPDF3.1/NNPDF3.1 LUXqged (NNITC—;_
13 TeV, pp — Z/~¥*(—= pTp7) + X
unc. with pgr, up, ¢ variatiops I I

NNLOQCD—I—NLOEW+N3LL

.

XTHLVIN+HSIPeYH

<

QED SR—l—PHOTOSQED PSR

30 35 40 45

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

The situation can be
mitigated by an improved
treatment of the quasi-
collinear photon emission

region (WIP)

17



Outline

Some thoughts and considerations on current&future precision measurements



See bkalle bj Marinelli

QCD uncertainties [Tackmann, 2411.18606]

Events/GeV

Data/Pred.

if you have a qood understanding of all-order structure of the observable [CMS, 2412.13872]
do LA 1esw(eTen om0 168 (13Tey
()] 8; CMS Prefit m WE S py | % . I CMS lPOStfit | | | "
—_— ) I 1 t Data
_dq2 =H®B,® B, ®5(a, L) + Ogr/Q) ¢ ') = forpronel G 08 X-IH0  mm Wy -
T g - W o : c T ee B Nonprompt
Wy L B - L% 0.6f B Z/y* - pp/tt
. . . . N W 5 1v
Parametrise missing higher orders as TNPs 6 ° 0.4
anomalous dimension, boundary conditions . — ___’ 0.2
( ’ Y ) £ 1.08f | BquVl == IBF qgV | \;,J .
- R S [ — BFag BFQUAS == Tawp 00
. 13 . . . > N ? el BFagS == vy Hard func. - : R L S B B
Assign probability distributionto §  Seleckion Bias: S ol [t T10025) 26 0Mev Vodel une. |
N IS == : L1 0000 fttitep ot et Y H T T
Assume 100% correlation among the @ 5 i T A 1
0 8 0.99} SIS _f 009975 ]
I T T T T 30 35 40 45 50 55
. v
Constrain @ from data pY (GeV) p¥ (GeV)
x10° 16.8 fb™' (13 TeV) o 168" (13 TeV)
o[ CMSl B o +' Data > 8o CMS {  Unfolded data
- MINNLOps 2 ol —
i . ZlyT s 2 [ — mz (pt.n*.q") |
4l Bl Other . & 40} — Prefit s
i ] Q
"o 20} ]
© i

| 1
[ Lq
- 4
1'0__l_|—'. = e I -
__|.0 ————————————— ]
09k Fixed-order+matching CS-Nonpert.
T Resum. TNP Nonpert.
i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 ]
0 10 20 30 40 50
pt" (GeV)
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QCD uncertainties

See kalle bv Marinelli
[Tackmann, 2411.18606]

Events/GeV

Data/Pred.

If you have a good understanding of all-order structure of the observable

do

— =H®B,® B, ® S(a,,L) + O6(q;/0)

dq?

(anomalous dimension, boundary conditions)

Assign probability distribution to 0

Assume 100% correlation among the 0

Constrain 5 from data

x10° 16.8 fb~! (13 TeV)
6 ; I I I I | I I I I | \- I I I I I I I | I I I I | I ;
- CMS Prefit ¢ Data
5 - MiNNLOps -
B Z/ly* > up
4F Bl Other ]
T T
- 1
1.0F e T —— -
L ol il
0 9:_' Fixed-order+matching CS-Nonpert. -
- Resum. TNP Nonpert.
i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 ]
0 10 20 30 40 50
uu
pr (GeV)

-

Parametrise missing higher orders as TNPs 6

Seleckion RBias?

80}
60}
40}

20}

16.8 fb~' (13 TeV)
T ] T T

{ Unfolded data -
— (pr".yM)

— mz(pr.n*.q¥)
— Prefit -

[CMS, 2412.13872]

Pull + Constraint

CMS
Preliminary -, 1 0 1 2

’:m l
SCETLIib Nonpert. A4(Z) } o

J | |

I
i‘ SCETLib Nonpert. A2(Z) |
| SCETLib Nonpert. AN(Z) | L : ®
| -
|
|

'SCETLib Nonpert. CS c.
Resum.-FO transition Z [diff.]
Resum.-FO transition Z [avg.]

Resum. TNP y, -

Resum. TNP Y,
Resum. TNP I,

[from K.
Long talk,
https://
indico.fnal
.gov/event/
66577/

Resum. TNP qgqAS BF
Resum. TNP qqV BF
Resum. TNP qqV BF
Resum. TNP qqS BF

Resum. TNP qg BF

Resum. TNP Soft func.

Resum. TNP Hard func.

FO pr.Mg Z [diff.] F ®
FO Wr,HE Z [avg.] : o

= (e y“:J) fit H
Talk by Bertone
Incorporates a model of leading Non-Perturbative corrections
based on TMD factorization (in terms of the Collin-Soper
evolution kernel and a x-indepentent non-Perturbative model)

@ m;(p" ¥ g¥)fit

TNPs in the low-g; region. In fixed-order large-g; region,
standard scale variations p, . Which correlation model?

Small pulls/constraints on TNPs. Non-Perturbative most

important
P 18



PDF uncertainties

\,

PDF uncertainties among the dominant sources See talle by Stegeman

-7 Profile/reweighting: use correlation to tame their impact!

[CMS, 1806.00863]

—— Apply Bayesian reweighting

[Bodek et al 1507.02470]

| POWHEG : .
........................ Reduction of PDF uncertainty by
—— bsinel, = +0.0004, 20.0008, 000121 a]lmost a factor of 2

- NNPDF3.0 uncertainty et
NNPDF3.0 replicas

R

[ATLAS, 2309.12986] Can profiling induce a

The situation is even more delicate for bias?
extraction of the strong coupling as PDF
and a, are strongly correlated!

Mature?
v// | R

Nominal prediction is obtained by profiling MSHT20an3lo consistently

Warning: this data carries effectively a very high weight
sin? 0%, = 0.23101 + 0.00036 (stat) 4 0.00018 (syst) - 0.00016 (theo) -+ 0.00031 (PDFK\

[CMS, 2408.07622] Similar size! I
sin? 0, = 0.23157 4 0.00010 (stat) & 0.00015 (exp) % 0.00009 (theo) + 0.00027 (PDF)(/

New test: simultaneous extraction of PDF and sin? Hfff provides
similar results for both central value and uncertainty!

30 Hominel NNPDFS.0 weighted NPEFS0 1 with the aN4LL+IN3LO baseline. PDF uncertainty: Appr = 0.00051
. Mean 0.23102 Mean 0.23101 _
20 :_ Std Dev  0.00057 b Std Dev  0.00030 E
: 1 1 PDF set as(mz) PDF uncertainty & [ amas _
10— g ] g B 2 _ m2 N
: . ! MSHT20 [37] 0.11839 0.00040 E10  MsHTR0andio
oL 1. e Cl ] o | & MSHT20an3lo-profiled
0229 023 0231 0232 0233 NNPDF4.0 [84] 0.11779 0.00024 g [
Sin“0L CT18A [29] 0.11982 0.00050 2102

GO N N\

| QSRR IR RSN o'o'o-v{ CEEONN
QR R IR I IIXHIIRICLIRHI I RN
0502000 %6 %076 %076 %626 %020 %0 20 2602 0-0.0,0, 50 0000 20 %0 0 Y0 %o %0

B0 202075022 %0 %% %0 %0 %% %3 202 %% % %%
020207 4266222 %0 %% ROORERIRKS
&w%%%%&&&&&aaﬂ!??????b;&&&&&&g&
PRI

S0t te e

ete %%

\ g

X

X

@,

HERAPDF2.0 [65] 0.11890 0.00027

4
o

NSLL/+NSLO == Apprnnio = 0.001

o
X

%

0.98

ATLAS also has performed
simultaneous fits of PDEF, a(m,) and

non-perturbative parameters including

DIS data
L

1073 1072 107"
X

Does it affect other datapoints
in the PDF global fit? 19




Alternative/complementary strategies

1. Different schemes are formally equivalent,
but some schemes are better than others

2. Develop alternative observables with belbbter
Fheoretbical conkrol

Example: renormalization scheme with the leptonic effective Example: Jacobian asymmetry for W mass determination

mixing weak angle an an input parameter [Rottoli,Torrielli,Vicini,2301.04059]

[Chiesa,Piccini,Vicini, 1906.11569]

0.005 [ (G,sin? 0%, ;, My) scheme L—-—U p%mid do p%max do
P (s M, Mz) scheme Ay = L= [ ?—f U = J dpg—f
Op>rermr - - -7 : L+U Pf min dp I Pfmid dp r
—0.005 | Better perturbative
Q
S ool convergence 01550 — .
4 NLO-+NLL
(reduction of missin NOANLL Corresponds to the eigenvalue
g; —0.1575 == NNLO-+N°LL . o e e
—0.015 . . . pseudo-experiment syst+4stat Wlth largeSt SenS].t].V].ty tO mW
wolid = NLO - LO higher-order uncertainty) Coute00 i d shift in n? distributi
—0.02 | dashed = (NLO-+h.o.) - NLO; (l‘lgl shift in PT 15tr1 ut1on)
1 1 1 1 1 —0.1625
60 70 80 90 100 110 120 .
Mivr (GeV) 3 o000 1B Excellent perturbative
00008 o G 0y ) s — e convergence (Amy, ~ 5 MeV in
0.0002 | :',I:-n S rl:: Coaron 14 perturbative QCD)
0.0001 | 'rm . Tl :::: ] . P < 15 GeV
m 0 N S _—I:::, g Smaller parametrlc Tpi™in=32 GeV, p™4=37 GeV, pt ™ =47 GeV Impact of PDF, QED, Non-
Ky s .
y uncertainty (for example, \ \ \ \ \ Perturbative QCD to be

—0.0001 F

—0.0002 F

—0.0003

?AAFB = AFB(TT

d+ A) — App(my)

solid = A = +1 GeV
dashed = A = —1 GeV

60 70

80 90 100 110 120
MlJrlf (GGV)

dependence on the top
mass)

Same slope at different perturbative
QCD orders: QCD ISR factorised from
my~sensitivity in propagation/decay

assessed but likely clean
disentangling of effect

Experimentally viable?
20



Alternative/complementary strategies

3. Dakta-driven measurements [CMS, 2412.13872]
Example: CMS determination of W mass with alternative “helicity fit” strategy

Main Assumption: pure QCD model, spin 1 particle decay

do 3 d6U+L , 7
— (1 + COS 9*) + 2 Ai(QT’ m, y)Pi(COS 9*9 ¢*)
dg?dmdydcos 6*dg* 16z dg? dmdy =0

Main observation: W polarizations induce changes in ( pg, n?) different from the one induced by variations of my,. ~ [CMS, 2008.04174]

Constrain simultaneously my, and angular coefficients/helicity from a likelihood fit to ( p?, n’, my)

- Reduce theory modeling
Nowminal

q 168t (13TeV) el 168fb'(13TeV) . -

= ol ems T ot oot g2 I cms T oo postit my, = 80360.2 = 2.4 (stat) £ 9.6 (syst) = 80360.2 = 9.9 MeV
o I —— Helicity fit prefit | ~ ' —— Helicity fit prefit
2 o0sl ] O 6} s .. .
= ] = | | My, = 80360.8 = 15.2 MeV nfrom Helictlh ﬁf&
= = - J
= °F : 4r E
© 5 B ] .

0.4 - 3f » Currently, used as a cross-check (for systematic errors)

: 1] :

N D e N | o | * » Statistically dominated, some theory input still injected
"E:, i o é HelicityI fi‘t postfitI — Hellicity fi‘t prelfit “E:; i B I:—: Heliciity f‘it postlfit | —l Helicitylfitprefit to not 1OOS€ sensitivity
o 15w - o 1.5 -
e | e g to what QX&EM&?
-_,C_,—D 1.0 st ——aediSS____ g 1.0 e ——— e . . . .
s ——— N > Room for improvement in methodology and statistics

0.50 - ‘1|O‘ - ‘2|O‘ - ‘3|0‘ - ‘4|0‘ - ‘5|O‘_ O?);) ~ ‘0!5‘ ~ ‘110‘ ~ ‘1!5‘ ~ ‘2!0‘ - ‘2!5‘ ~ ‘3_.0 21




Conclusive discussion

Focus on precise measurements of SM parameters

Experimemﬁai side - ALL Ui all, robust amatvses, still some room for improvememﬁs

[CMS, 2412.13872] Dominant source?
my, = 80360.2 £ 2.4 (stat) £ 9.6 (syst) = 80360.2 £ 9.9 MeV \
Experimental uncertainty +0.44
Dominant sources: Calibraktion #(PDF PDF uncertainty 7051
Data-driven approach s&a\&s&aattv dominated Scale Yariation uncertainties +0.42
[ATLAS, 2309.12986] Matching to fixed order 0 —0.08
a(m,) = 0.1183 = 0.0009 Non-perturbative model +0.12 -0.20
Flavour model +0.40 -0.29
Different treatment of TH uncertainty? QED ISR +0.14
See Falie bfﬁ Marinelli N“LL approximation +0.04
[CMS, 2408.07622] Total +0.91 -0.88

sin’ fof = (0.23157 £ 0.00010 (stat) = 0.00015 (exp) = 0.00009 (theo) = 0.00027 (PDF)

@omma&ed, tompi,ememﬁar&j between different
LHC experiments can be very beneficial See talk by Abdelmotteleb

[LHCb, 2410.02502]
sin® 0%, = 0.23152 £ 00044 (stat) £ 0.00005 (exp) £ 0.00009 (theo) % 0.00022 (PDF)

S&&&E,sﬁtattv dominaked!

No PDF F’roﬂumsf
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Conclusive discussion

Focus on precise measurements of SM parameters
Theory side

Uncertainties: embarrassing situation!

P  OPPORTUNITY
Aty > Agxp

Tremendous community effort and progress in computing more loops, more legs, more logs. The show must go on, but there are
now other clear pressing problems

Serious rebhinking, some ideas on the table, More work and time
(After 40+ years) go beyond scale uncertainties  to build consensus on a new pres«ﬁripﬁom (kopa{uttv from an
improved understanding)

PDFs Bottleneck for precision measurements of SMm parameters at hadrown
colliders. Uncertainty already reduced by profiling by factors 2-3...

Non-perturbative effects Except for rare exceptions, as DY production at small g7, N?
physics is described relying solely on Monte Carlos.

. AP
O = Z de1jdxz fa/hl(xlnuF) f}a/hz(xza pp) (S, pug) +0 (@) For exampte, whakb is p A V+1 je& i QCD?

ab [Ferrario Ravasio et at, 2011.14114] 23



Conclusive discussion

Focus on precise measurements of SM parameters
Theory side
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New ideas/observables (EECs (Waalewijn, Pathalke) ? Lattice?). Imyar&an&e of i.egaaj data .
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(A few) percent precision phenomenology: theory challenges

Compute more loopsé&legs, but not only ...

AP

o= ) |dx, [dx, f (1o i) fygn, (o 1|6, pg) + O o
ab T *

CMS

| —— CT18Z
- . . - . — . —o—— - CT18 -
Parton diskribution Functions Preliminary | + NNPDF40
—te = MSHT20an3lo
> Enter any predictions/simulations for i | - ITIAEIF—)IFI)'Fm ) Among largest
. J! 20 r
hadron-collider processes i PDF4LHC21 uncertainties
|
> Theory input (splitting functions and - Sl B -
- Hheofy INput SpUting fnCtons an i ) [MSHT&NNPDF, 2411.05373]
coefficient functions) + non-perturbative : o
‘ component (initial conditions) from global | L | \/%g=|u1?_|285+2\/
| £; d collider d 80300 80335 80370 80405 8044(C 1.25-
it to DIS and collider data my (MeV) A PDF4LHC21 NNLO
o 10 1 MSHT20xNNPDF40 aN3LO
> Approaching %-level (?) Z 1.15- == MSHT20xNNPDF40 aN3LO QED
How to estimate uncertainties? W&rnw\g from aPProxamQ&e g 1.10
o N3LG PDFs T 1O
2 1.00 -
> 4-5% difference wrt NNLO (not z o5
covered by uncertainty bands) S
0.90 -
> Caretul assessment required 0.85 ————
101 102 10°

My (GeV)



(A few) percent precision phenomenology: theory challenges

Compute more loopsé&legs, but not only ...

0 = Z jdﬁ dez fa/hl(XpﬂF) fb/hz(xza Ur) 6(S, ug) +

ab

No Linear renormalon ua DY F:'E spea&rum
from a simplified renormalon calculation

[Ferrario Ravasio et at, 2011.14114] NoWn per&urbaﬁive correckions

§ % § - Observable dependent

% Y > With A $1GeV and O ~ 100 GeV

A P
| \ — | 1% forp=1
0

A P
<§> ~001% forp=2

Linear infrared renormalons plague the
definition of top pole mass

Renormalon ambigui&j 100-200 MeV



DY theory: Fixed-Order Predictions - Mixed QCD-EW

Sosme pheno results for bare muons

Forward-Rackward
asym me%rj

> Relevant for extraction of the

leptonic effective weak
mixing angle

» Considering forward dilepton

q

rapidities helps to reduce the =

dilution of asymmetry due to
symmetric pp collisions

>, Double-differential

distribution computation
demanding

» Relatively large mixed QCD-
EW eftfects, driven by QED
FSR

> Demaning calculation: O()
CPU hours

0.20

0.15

0.10

0.05

0.00

—0.05

—0.10

AArp

0.08

0.06

0.02

0.00

[Armadillo,Bonciani,LB,Devoto,Grazzini,Kallweitt,Rana,Vicini '24]

+ 00— _ =t
F—-—B X X LO e y,ulu z(pﬂ—p'u"‘ pﬂ—plu+
App = AA;, =Az,— A cos 0* =
FB F+B FB FB FB | y | 5 5
HH mﬂﬂ\/ M+ PToyy
R LIO L e S L E L T T T T T T ]
[ —— NLOgeo ‘ pri>25GeV, pr,>15GeV, |y, | <24 — =
[ NLOgcp + NLOgw 1 T T T |
- NLOqop 4 NLOzw + NNLOwix 1 60 GeV,7<m,, < 120GeV T = T F=1 1
i i I == ]
- \/E =3 TeV T T T == T 5
] e = =
_ -+ —— -+ r—- L r —_ r ]
I ] - = I r ]
: = F - ; d r 1
. — T T * T ‘ T [ )
- el T i -
0 < yu, < 0.4 I 0.4 < yuu < 0.8 ="— 0.8 < Ypp < 1.2 1.2 < yu, < 1.6 —J 1.6 < yu, < 2.4
1 | 1 | 1 1 | 1 1 | 1 | I I | I _—gg; | 1 | 1
| | - NLOIQCD | | | | | | | | | | | |
NLOgw
- NNLOmix =+ - - - =
t= - e — ek -
70 90 110 70 90 110 70 90 110 70 9 110 70 9 110
My [GeV] My [GeV] My [GeV] muu [GeV] My [GeV]



DY theory: Fixed-Order Predictions - Mixed QCD-EW

Smsme Pheuo T‘qu&s Afc)r bagr@_ VALLOIA S [Armadillo,Boncianti,LB,Devoto,Grazzini,Kallweitt,Rana,Vicini ’'24]
- . Yot n- —p—pt
Forward-Backward _F-5 X _ X _ ALO g% — Yuu  2Pu-Py+ = Py-Py)
App = B AApy = App — Apg COS ]
O\SUMMQ&T’? + Yy mﬂﬂ\/m/%/,t +p%,,upt
0.205‘ ~2 o s(amiete) =10 100 1 pri > 25 Gj’, Pra > 15 GeVi |y, <2.4 1 ‘5
0.15 - T 60 GeV, < m,, < 120 GeV T ]
0.103— \/E = 8 TeV + __ ___ 1T ]
= 0.05 ¢ __ | __ I __ _
Target sensitivity on AAgp A : I I ff ;
Smy, = 10 MeV < 8(sin*0%) = 19x 107> __JJ”'_: T T T T :
~0.05 - T __ ‘ 1 __ _
0 < yup < 0.4 04<y, <08 T —  08<y,<12 T | 12 <y, <16 T | 1.6 < yuu <24 ]
~0.10F I I 1 I ]
0.0006 i I I I T I I I T I : I 7 | : I T T T T T 7
- = LO, 6 (sin?6f) =19-107° T il : I ]
0.0004 1 T T T T .
{ 1 M t % | :
—0.0002 F = I | T I ]
~0.0004 { 1 { : :
~0.0006 70 % 110 70 % 110 70 % 110 ; 70 % 110 70 % 110



First “pheno” studies

RadISH+Matrix predictions

> N3LL6CD + N*LOgp (pure QCD model, SETUP-NCDY (LHC @+/s = 13 TeV)
e NNPDF31 nnlo as 0118 luxged

e pr,>27GeV, |y, [<25 66GeV<m, <116GeV

NNPDF31 nnlo as 0118)

massive muons (no photon lepton recombination)

. 37 1 7/ 2 / / e G, scheme, complex mass scheme

o fixed scale pp = pp=m,,

> Caveak: not matched at O(a,@)

Compared with

(no hadronization, no MPI, AZNLO tune) SETUP - CCDY (LHC @+/s = 13 TeV)

e NNPDF31 nnlo as 0118 luxqged

> PWGey+Py8+ProTos: include NLO QCD + . 26 GeV <p;, <55GeV, |y,| <24, m"= \/2p/;p;(1 — cos AD*) > 40 GeV
NLO EW with massive leptons (and

factorized mixed contributions )

e massive muons (no photon lepton recombination)

e G, scheme, complex mass scheme

P> PWGQCD‘|‘ Py8+PHOTOS: Slmple NLO QCD + PS o fixed scale Up = Up = \/mlgy + (p¥0)2
generator interfaced with PHOTOS to —
include FSR QED




Phenomenology impact on NC DY

Impact of EW

> Large effects in observables where either all-order resummation or radiative kinematic effects are relevant

> FSR QED drives the impact of the corrections

> EW effects exceed the uncertainty bands of the pure QCD model: not unexpected as they are genuine “new”

10° I I T | =
3 E IS
NNLOQCD+N3LL§CD 12
NNLOQCD+NLOEWJrNi”LLgQCDJFNLLjEWjLnNLL’MIX 1 C£
2l =
U -
S 1H
oy
= 104 = = ;
S '
g =
3
~
% 103
- NNPDF3.1/NNPDF3.1 LUXged (NNLO) =
[ 13 TeV, pp — Z/~¥*(—= pTp7) + X
[ unc. with luR, ur, Q, po variations
E 1.2 | | | | ]
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3 i
G 1.0 _
0 _ 1
+ I -
0 09 = __
2
O‘g 0.8 | | | |
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L =1 <
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o
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o O
o ©
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1a
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Phenomenology impact on NC DY

Comparison with PWGey+Py8+ProTos / NLLGep + NLOgep + NLLgy + NLOgy,

> PWGry+PY8+PHOTOS: uncertainty bands only scale variations ( no estimate of resummation uncertainties)

» Good agreement for Born observables with some shape distortion at the Jacobian peak of pf

» Relative good agreement at small transverse momentum, large differences in the transition region; delayed
matching to fixed order result for PWGzy+Pv8+PHoTOS (accidentally closer to the higher-order result)

XTI LVIN+HSIP®Y

10° ¢ j j j j ) 60000 I I I I I oy | | | | | | | |
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(Normalised) Ratio p)/p?

Key ingredient in experimental strategies for measuring the W mass
» The impact of EW effects on the normalized ratio is mild but not negligible

> Under the assumption of correlated py and uncorrelated py variations, barely overlap within uncertainty bands
[Bizon,Gehrmann-De Ridder,Gehrmann,Glover,Huss,

1.3

1.3

Monni,Re,Rottoli,Walker '19]
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Ratio p}V / p%

Comparison with PWGgy+Py8+PHOTOS, PWGoept+Py8+PHOTOS and NLLp + NLOgep + NLLLy, + NLOgy

» Nice perturbative stability and robustness against shower tuning
» Better agreement of “simpler” PWGycp+Py8+PrOTOS to RadISH, residual difference similar to pure QCD case

» PWGgytPyY8+PHOTOS result deviates significantly from our best prediction
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