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talk by M. Schott

LHC — FROM A DISCOVERY TO A PRECISION MACHINE

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

CMS [CMS 2412.13872]
! | ! | |
y y e In MV | | [ CMS 24?8.@7622]
ectroweak fit 0, | | | .
PRD 110 (2024) 030001 | 80353 +6 LEP A | - | 0.23099 = 0.00053
LEP combination 80376 + 33 i LEP P, — 0.23159 + 0.00041
Phys. Rep. 532 (2013) 119 LEP Ao’b — . — 0.93291 0.00029
DO 80375 + 23 e E——— FB | |9 + 0.
PAL 108 (2012) 151804 LEP A = . = 0.23220 + 0.00081
CDF 80433.5 + 9.4 o o [ —
Eciu_leg:g 376 (2022) 6589 LEP Q™ = = . |0.2324 =+0.0012
+ [r———————
JHEP 01 (2022) 036 00954 = 92 SLD A’ —— 0.23098 = 0.00026
ATLAS . . S B .
EPUG 84 (2024) 1309 80366.5 + 15.9 f—e—| CDF 1.96 TeV | A _ | 023221+ 0.00046
\Y » 803602 + 9.9 o B D0 1.96 TeV ——A—— 0.23095 + 0.00040
l g E ) A F _
| | | | ATLAS 7 TeV = O = 0.2308 =+ 0.0012
80300 80350 80400 380450 LHCb 7+8 TeV O 0.23142 = 0.00106
gocen  [ATLAS e | Mw (MeV) CMS 8 Tev —o0— 0.23101+ 0.00053
A (s=7Tev, 46" | ((cMS13 Tev | e | 0.23152 = 0.00031 )
Eur. Phys. J. C 47 (2006) 309 - . - : : e : :
F 21856 2 a0 Vv 0.229 0.23 0.231 0.232 0.233 0.234
L3 - - N
Eur P17 200 20 y sin%o
: : : I;I eff
?;IEEE/E J. C 47 (2006) 309 u o u I:|
w = = 108 MeV : ; —
Combination | — < [ATLAS 23089.12986]
B ncassewve e A | | |
DO : O
P S Lot s oomaatanz | ue <o Electroweak fit ® 0.1208 + 0.0028
w Measurement : : R il i R R B Rl it i
CDF oo oo omeor | []StAL Une e o Latice. | 0.1184£0.0008_
M I, 203272 Mev B Total Unc. . | . - | % World average 0.1179+ 0.0009
G ATLAS 1 M Prediction N - l (ATLAS Zp_8 TeV 0.1183+0.0009 |
r,, =2202 =+ 47 MeV | ‘ | { I I I I
1500 2000 2500 0.115 0.120 0.125 0.130

r,, [MeV] o, (m)



WHY & WHAT? GLOBAL EW FIT SO
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SM: constrained system - is it self-consistent? W
sensitivity 60 ~ Q*/A5, w per-cent @ EW scale probe Axp ~ TeV

';' 805 ! | ! ! ! ! ! ! ! ! ! ! ! ; . . T T [ r r Tt T 1 r T T 1 1 L B I B B B T
8 ~ 68% and 95% CL contours ] 8 — 68% and 95% CL contours e (rfr'lb';z]j7 oy -
— B direct M,,, and sinz(efeﬁ) measurements a — 805 [ Fitwlo M,, @hd m_measurements - =046 GeV ) —]
25 B fitw/o M, sin®(6] ) and Z widths measurements _ 23 - Direct M, and m_measurements —0=046®0.50, , GV .
80.45 — fit wio M, , sinz(eeﬁ) and MH measurements _ B CDF Il M,,, CMS TOP-20-008 m . -
fitw/o M, sinz(e‘;ﬁ), M and Z widths measurements _ 80.45 — () —
80.4 [~ AN —
80.4 = ~1 2
R B 2 / ......................................... -
80.35 — M,, comb. = 1o > e ]
[ M, =80.369 = 0.016 GeV ) ol _
80.35 80.3 :_ _:
N . 9 -~ _
| S c° (€ A —
sin?(6/, ) = 0.23153 - . | 8025 — 7 N2 o Jr - -
B " . 0.00016 f|tter SMI§ - RN W RN KW VE: fitter sM|x _
80.3 ] | ] ] ] ] | ] | 1 1 B ] ] ] ] ] ] ] ] ,l" ] ] ] L~ | I: ] ] ] | ] ] ] ] | ] I_

0.231 0.2315 0.232 140 150 160 170 180 190

2(nl

sin“(6 ) m, [GeV]



PRECISION TESTS @ THE LHC
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My, & sin® fof from fit <> smaller uncertainties than direct measurements!
high priority as most “bang for the buck”

.« g ) [Freitas, Hollik, Walter, Weiglein '62] + 2. n  [Dubovyk, Freitas, Gluza,
bOth are SM predlctlons. MW [Awramik, Czakon, Freitas, Weiglein ’03] S11] geff Riemann, Usovitsch '20]

full 2-loop EW results
+ subset of even higher-order terms talk by G. Degrassi

Parameter Measurement Fit w/o “input” Theory calculation

my |GeV] 172.47 £+ 0.68 175.24+2.4 Input parameter

My |GeV] 125.20 £ 0.11 100722 Input parameter precision targets
My [GeV]  91.1880 =+ 0.0020 91.1956 + 0.0105 Input parameter often limited by:
[, [GeV] 24955 + 0.0023 2.4943 4 0.0016 2.4942 4 0.0004 = TH modelling
(My [GeV]  80.3692 4 0.013 80.354 + 0.007 80.353 % 0.004 ) > PDFs

Ty [GeV]  2.14+0.05 2.091 + 0.001 2.090

(sin? 0% 0.23153 & 0.00016 0.23154 =+ 0.00010 0.231488 = 0.000045

[Gfitter '22] 5



OUTLINE

MOTIVATION
© THEORY STATUS FOR SINGLE BOSON PRODUCTION
1. Drell-Yan process at fixed order

2. Transverse momentum

©® PARTON DISTRIBUTION FUNCTIONS & MORE

1. PDF uncertainties & profiling, N3LO

2. Theory uncertainties & modelling

CONCLUSIONS



o125 ATLAS Simuiaton | e =
DRELL-YAN — THE STANDARD CANDLE @ LHC oap TP p—

0.08

0.06

Normalised to unity

0.04

0.02

ttttttttttttttttttttttttttttttttttttttt

g' 1.012_ .............................................................................................................................................. . _z
s R e e ERRERERa = — — === —mems
L('B 0.99;_ .............................................................................................................................................. _:_:
=~ 60 65 70 75 80 85 90 95 100
clean signature (7%, EM) L 6.8 (13 ToV) My [GeV]
> S LA B IR B I B
& large cross section: & o OMS Ao
(~1000Z & ~ 4000 W¥) / sec S o
z

c.f. target
of O(5 MeV)

detector calibration, BSM searches,
luminosity monitor, quark PDFs

precision measurements: sin“(6,,), My, B | qos, = mextaMev Pred. unc. } :

5 R e
~ AMy; ~ 10 MeV § 1000 ﬁ 2 *&@Hffl = +14 MeV
W C()ntr()l Shﬂpe a.t %0 0.995__| | |3|OI - |3|5| - |4|OI - |4|5| B |5|OI B |5|5| B |60

big TH challenge! -
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fala(za) \\ /I foB ()

~— X —

~p

B

1 1
~ P P
oap =" /O dz, /0 Ay fua(a) forp (@) Gup(as 25) (1+O(Kgen/Q))
ab ¥ 2

parton distribution functions (PDFs)
(non-perturbative, universal)

non-perturbative effects
(power suppressed)

hard scattering

(perturbation theory)

Drell-Yan: '\ Perturbation theory:

high momentum transfer a, ~ 0.1 & a,, ~ 0.01

“oocl ignat
clean signature %o target < O(a3, a, a,,) & beyond



A S 1GeV

power p depends on the observable
< ¢ Drell-Yan w» p =2
S jets > D= 1 (hadronization & MPI)

parton distribution functions (PDFs) numerical impact (Q ~ 100GeV)

(non-perturbative, universal) /
p o (AQ) ~ 1%
hard scattering )
(perturbation theory) <~ (A/ Q) ~ 0.01 %

for p < A, <03%

exp ~
Drell-Yan: Perturbation theory: < p><{ apotential disaster
(study based on IR renormalons)
hlgh momentum tranSfeI' as ~/ ()1 & (Xew ~ O()l [Ferrario Ravasio, Limatola, Nason '21]

] ignat
clean signature %0 target PN @(as39 as aew) & beyond



Opy = G(O’O) 1 a, 0(1,0) 4 asz 6(2’0) + as3 6(3’0) + as4 0(4,0) 4

AL (BN + ad"Y + aaclV + otV +
P faja(za) \\ /I Jo15(zb) B + (12 0(0,2) 4+

\X/

1 1 . p P
oap =" /0 de, /0 A, Faya(2a) foip(@n) Gap(ar ) (1+O(Koen/Q))

parton distribution functions (PDFs)

(non-perturbative, universal)

N non-perturbative effects
(power suppressed)

hard scattering
(perturbation theory)

Drell-Yan: Perturbation theory:

high momentum transfer a, ~ 0.1 & a,, ~ 0.01

“oocl ignat
clean signature %o target < O(a3, a, a,,) & beyond



DRELL-YAN @ FIXED ORDER opy =(E;<O’O>+ozS o'+ a?6®) + 26PN ot et

+ ac™) + aac) + alactV + L

QCD corrections + o602 4+

NNLO differential

[Anastasiou, Dixon, Melnikov, Petriello '83],
[Melnikov, Petriello '86], [Catani, Cieri, Ferrera, de Florian, Grazzini '869],
[Catani, Ferrera, Grazzini '16]

< public codes: DYNNLO, DYTurbo, FEWZ, Matrix, MCFM, NNLOJET, ...

NSLO inclusive / rapidity binsof ATLASdata (7 TeV, 4.6 fb™)

0.02
N i
[Duhr, Dulat, Mistlberger ’20], [Duhr, Mistlberger ’21], E - —— FEWZ31 i i ;
[Chen, Gehrmann, Glover, AH, Yang, Zhu ’21] (V) w0.015 = - DYTURBO N , -
8 . —— MATRIX (v2.1) i i
< public code: n3loxs % 001 | -~~~ NNLOJET - * -
: : 0.005
NSLO differential :
Camarda, Cieri, Ferrera '21], o |
Chen, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli '22],
[Chen, Gehrmann, Glover, Huss, Yang, and Zhu '22], 0,005 JIAVA
Neumann, Campbell '22, '23], [Billis, Michel, Tackmann '24] ' |
001 | W' > v WY - Z->1"T" (central) - Z->1"T" (forward)
-0.015
0 2 0 2 0 2 1 2.25 3.5
n n Yii Y
° : |
per-mille level agreement [Alekhin et al. '24]



DEFINITION OF THE FIDUCIAL CUTS

symmetric/asymmetric cuts — linear acceptance (g — 0)

[Frixione, Ridolfi ’'97] [Ebert, Tackmann '19 + Michel, Stewart '21] [Alekhin et al. ’21]

“ induces IR sensitivity: “fiducial power corrections”

(perturbative instabilities with factorial growth)

EXCImpleZ Higgs @ NBLO [Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

Ratio to NNLO

o ©
o~

Ratio to NNLO

1.2

—
L ]
— Y

o ©
oo O

ATLAS

p%l Z 0.35 ° MH

fip = fo+fi - pi+ 6((pr)?)

Product cuts [salam, Siade ’21]

4 /p%l p%2 Z 0.35 ¢ MH

pri? Z 0.25 ¢ MH

o = f, )( £ f - (P2 + 0((pHy)

----------------- 77 GeV
Passes cuts ,
Pr
®
Final state (e.g. Higgs/Z) with
p? zero transverse momentum
----------------- 27 GeV
Fails cuts !
Pr
.% Final state with non-zero
ps transverse momentum
NNLO X KN3LO N3LO
very flat

no “features”
robust

10

1703304 *7 Ag yo3ays]

[22. JHTONS



DEFINITION OF THE FIDUCIAL CUTS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Drell-Yan @ NNLOIAlekhin et al. '24] N

o 1.04__NNL0jet o - o l__
_ : z : .
A =0 symmetric (black) ;e 1 Asymmetric cuts
X - I
ratio of Kynp o W-r-t. inclusive 3 ™% | I
S oesbo I TITI LT Apr [GeV] - por > pstt
. 2 L -=--15.0 - o
smooth behaviour w/ . 0 = S+ fi - pY + O
o o b b b by
pI'OdU.Ct cuts 0.0 0.5 1.0 1.5 2.0 2.5
1yz|
smaller effect than in Higgs e T T T
(Casimir, I, smearing, ...) : 102: 1 Product cuts [salan, Slade '21]
Eo 1.00F \/P{’f P{fz > psit+ A
2 : pfz > pcut
S 0.98 - . o
. . 2 T 1wy = 1o+ Y +h - P2+ 0(0})
impact more minor but € s cuts: prod o
more robust (errors) and 00 |0{5| - llﬂol B |1{5I B |2{O. " 55 notthe only way (studies needed)
preferable for |egacx data |yz| cut on A7, », asymmetric on pT -

* Can also be cured through g resummation [Ebert, Tackmann ’19] 11



FIDUCIAL CUTS AND LINEAR POWER CORRECTIONS — NB3LO SLICING

fiducial cuts can jeopardise g slicing
O© ((q%“t/ Q)z) O© (q%m/ Q) V+jet - NNLO
[¢5" < 1GeV] [¢5" < 1072 GeV 7]

NNPDF4.0 NNLO, 13 TeV, pp = Z/~v*(— £7¢7) + X

4:0 [ [ | | | | [ J ) ' | | | | | > q
[RadISH+NNLOJET '22] T
30 |
20 |
0 no stable plateau
2 extrapolation unclear
b.
d
Without power corrections ¢ N3LO
—40 | | | | : | i | | | | | | | | i
10° 10t
ptt [GeV] 12



FIDUCIAL CUTS AND LINEAR POWER CORRECTIONS — NB3LO SLICING

fiducial cuts ~ can jeopardise gt slicing

Ao [pb]

O ((g"/1Q)?) vs.

(g5 < 1GeV]

( cut/Q)

(g5 < 1072 GeV 7]

NNPDF4.0 NNLO, 13 TeV, pp — Z/fy*(—> 0TeT) + X

V+jet - NNLO

> T

4:0 [ [ [ [ ! [ | [ [ | [ [ [ [ |
30 — |
® ® L' P ° e o 0o 8 000000 o669 0,
20 — ; —
10 — —
o 00 q
0O —e PS » ® e e o a 0 c0oc0o0 o ©° _
_ ¥ |
10 § ’ ] 1 N ; ) {
N e T S O A
$é NLO
—30 r'With powen corrections ¢ NNLO-
Without po‘wer corrections ¢ N3LO
—40 ! ! N | ! ! ! ! N R
10° 101

can compute & subtract the linear term:
< simple boost of V — £ system

(pure kinematics & acceptance effect)

[Catani, de Florian, Ferrera, Grazzini ’15]
[Ebert, Michel, Stewart, Tackmann '21]

12



FIDUCIAL CUTS AND LINEAR POWER CORRECTIONS — NB3LO SLICING

fiducial cuts ~ can jeopardise gt slicing

6 ((g3"/Q)?) vs. 6 (g/Q)

[g7" < 1GeV] (¢S < 1072 GeV 7]

V+jet ©» NNLO

40 | | — ! ] | T T T ] > qT
Product cuts [RadISH+NNLOJET '22]
0 L e o o o o o o o o 0008000 o o 0 0ay
20 — ; _
b i
O |
R o © 0 ° ® ¢
o 0 —e o o o o oo o o 0o oo 00 - .
T L | or use a setup that is not plagued by
O s £ linear power corrections to start with
$ NLO (xX1/4) .
—30 "With power‘i corrections ¢ NNLO — L> here' prOdUCt CutS
Without power corrections $ N3LO
_40 | | | | : | | | | | | | | | | |
10° 101

pott [GeV] 12



DRELL_YAN @ N3I—O o YV DISTRIBUTIONS [Chen, Gehrmann, Glover, AH, Yang, Zhu ‘21, °22]

_ % _ _ -
SCET+NNLOJET pp-=1717(y") V5 =13TeV SCET+NNLOJET pp-WT(-L7v) + X VS =13 TeV SCET+NNLOJET pp-W (—>L70) + X VS =13 Tev
110.0 3.2
—— L0 —— NNLO ] L0 == NNLO xy S— L0 == NNLO
1Q7.5 | —————— ........................................... ........................................... N NLO - N3LO 31_ ..................... E :] NLO |:| N3LO :] NLO :l N3LO
' ' — ' ' Y] T — — , R —
_CC) 3.0 T i LC} | | 7—point <cale variation
_ _ 2. HE = HR = My,
S s S s — e I S ,
= =
) N S
3 3
o) o)
S <+  _ NNPDF31pnlo o
~ 7-point scale variation

MF = Hp = Myy

Ratio to
NNLO

0.0 05 1.0 1.5 2.0 2.5 3.0
lyw+|

same collider @ 13 TeV almost universal NNLO — NS3LO corrections!

NC & CC* processes probe different parton content across Y;,

13



W PRODUCTION — ABSOLUTE SPECTRUM My’ = \/ Er Ex (1 - cos Agy,)

INCLUSIVE FipuciaL (CDF II)

SCET+NNLOJET pp->W=(-1Lv) + X vV =1.96 TeV SCET+NNLOJET pp->W=(-1Lv) + X VS =1.96 TeV
: _ £ pmiss
0.061 LO o NNLO e 0.025 1 LO = NNLO P> ET S [30, 55] GeV
] NLO N3LO : NLO N3LO / 1
S’ 0.05 s - > 0.020- <
E E 0.020° — In°|
: _ \WY%
5 0.04 NNPDF40 nnlo = 'Wi g 0.015] = NNPDF40 nnlo pr < 15GeV
.E. 7-point scale variation M .E, ; 7-point scale variation
%,\ 0.03 HF = HR = My, T L 0 010_:_1 f .UF-= IJR-= my, |
- 0.02 - j . " CDFII fiducial region
S 3 0.005 -
o b MY
S 0.01 S T .
0.000 4
0.00 -
QO 1.06
]96TeV —_ be"er EI 1.04 LO
convergence as < 1.02{ NLO
. tot +— 1.00-;
seen in o © gogl @ TE e e CEEETR - B e R T NNLO
i) 1 : : : ' : e
m 096_ ......................... : : ...........................................
“ooqt L N3LO
0 20 40 60 80 100 120
m%~ [GeV]

remain largely flat around peak; larger corrections at low M%V

fiducial cuts impact pattern of radiative corrections

fiducial power

larger N3LO corrections (—1 % —4 % [5id.]) corrections?

14



DRELL-YAN @ FIXED ORDER iy = 6@0 + 0,600 + a26@0 + a36@0 + o640 4

[+ ac®V + aacV) + alac> +

EW corrections L 26502 4
NLO has been known for a long time

[Dittmaier, Kramer '82], [Baur,Wackeroth '04], : .
[Baur, Brein, Hollik, Schappacher, Wackeroth '62] SYStemth enhancements pOSSIb|e

automated in different generators

SUDAKOV LOGARITHMS FINAL-STATE RADIATION
< comparison: [Les Houches 2017, 1883.87977]

(kinematic tails) (resonances, shoulders, ...)

dictionary for EW corrections

< “Electroweak Radiative Corrections for Collider Physics”
[Denner, Dittmaier ’20]

EWWG benchmark exercise

< “Precision Studies of Observables in [DY] processes at the LHC”

[Alioli et al. ’16: 1686.02330] 2 ( s

dressed: In(R)
ML) + sub-leading (collinear) ~ an i’ <_)

0(10-20%) 0(10-100%)

corrections!

corrections!

[Kuhn, Smirnov, Penin], Structure function (LL up to O(a?)),

[Ciafaloni, Ciafaloni, Comelli], MC: Photos, Pythia, Sherpa, ...
[Denner, Pozzorini '81]

15
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HIGHER-ORDER RADIATIVE EFFECTS & SCHEME CHOICES

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Universal h.o. corrections

NCin G, scheme: leading m,

2 =2 _ 2 2 2 -2 __ =2 ( ) —2
Sy — Sy =83, +Apcy, c, >C,=1—35,=(1—Ap)c,
1'01 T T T T T T T 1.01
NLO-EW-+ - NLO-EW
LHC 8 TeV SANC LHC 8 TeV SANC
SANC SANC
muon bare h.o. ren. ZGRAD ---eeeeee muon bare ZGRAD --oeoveeee-
1.005 + . 1.005
_do_ do
dp', dM, 4~
R=code/NLO-EW R=code/NLO-EW
1 s o 1 Hidddsasaaasaadfisix KXEK reYvUTILes “—-*
0.995 0.995 +
)
[EWWG "16] it
099 | | 1 1 1 1 1 099 1 1 1 1 | |
25 30 35 40 45 50 55 60 65 50 60 70 80 90 100 110 120
GeV Ml+l (GGV)
| ||gher-orc|er QED emissions
1-02 T T T T T T T T 1.07 T T T T
LHC 8 TeV NLO EW ............. LHC 8 TeV NLO EW .............
HORACE s HORACE, s
1015 L NC, muon bare | 1.06 | N(;lamuon bare -
do_ dM, ¢
dp’, _ 1.05 + R= code (NLO EW-multiple photon)/NLO EW
1.01 | R=code (NLO EW+multiple photon)/NLO EW. :
1.04 | -
1005 | x 103}
102 b
i 1.01 | -
0.995 |-
[EWWG )} 1 6] T hoooanannnananann LT TR Wk oax ox ]
099 1 1 1 1 1 1 1 1 099 1 1 1 ‘n 1 1
25 30 35 40 45 50 55 60 65 70 50 60 70 80 90 100 110 120
(GGV) Ml+l— (GGV)

AArp

. inl2 At
Input scheme: sin“ 6’ as parameter

(G,, M, M) vs. (G, sin” @

< make POI an input parameter

effa MZ)

< leading m: G, —>VGM (1+ Ap) + Ap))

[Chiesa Piccini, Vicini '19]
0.0003 |
0.005 (G, sm %ff MZ scheme .”, Gu,sm Geff,MZ) scheme
_ (G, Mw, M) scheme ST ’:' uy My, Mz) scheme ———r
- - T T ee o, 0.0002 | P .-,L -
) T ™ T i S R T I | T LR
- E -1 Ny
0.0001 | :
—0.005 I
|
A 0
<
—0.01 4
—0.0001
—0.015
solid = NLO - LO —0.0002 solid = A = +1 GeV ]
0.02 dashed = (NLO+h.o.) - NLO dashed = 4 = —1 GeV
—0.02 | ashed = .0.) -
—0.0003 FAApp = App(md + A) — App(my) i
60 70 80 90 100 110 120 60 70 80 90 100 110 120
M+ - (GeV) M+~ (GeV)

improved pert conv. smaller param. sensitivity

(smaller “+h.o.” effects) (smaller dependence on m,)
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DRELL-YAN @ FIXED ORDER opy = 690 + 4,67 + 26?7 + a6 + ol ™0 4
DY S S S S

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Mixed QCDXEW corrections
RESONANT /' ON-SHEILL

pole expansion

[Dittmaier, AH, Schwinn '14,'15]
[Dittmaier, AH, Schwarz ’24]

+ ac®V 6— asom(l’l) T 0582050(2’1) T

+ a’ol"? +
FULLY OFF-SHELL

\\

[Buonocore, Grazzini, Kallweit, Savoini, Tramontano '21]

(Té?t [de Florian, Der, Fabre '18]
/
on-shell Z [Delto, Jaquier, Melnikov, Réntsch '19] o o _ o
[Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '21]
tot o o L [Buccioni, Caola, Chawdhry, Devoto, Heller,
%% [Bonciani, Buccioni, Rana, Vicini '20] von Manteuffel, Melnikov, Rontsch, Signorile-Signorile '22]
on-shell qr slicing, dressed leptons Nested-soft collinear, dressed leptons
[Buccioni, Caola, Delto, Jaquier,
Melnikov, Roentsch '20] o [pb] oLO o (1,0) o(0,1) g (2,0) g(L1) O[fb] o(00) 5o (10) 5o(0:1) 6o(20) | §o(L1)
Behri Buccioni, Caol _
e e smtsch 1281 q7 | 1561.52(5) | 340.3(3) | —49.77(5) | 44.6(4) | —15.7(7) qq | 1561.42 | 340.31 | —49.907 | 44.60 | —14.78
q9 — 0.0601(3) — —32.7(2) | 2.15(7) VY 59.645 3.166
qy - — —0.30(2) — —0.231(9) q9 0.060 —32.66 2.07
gy - - - _ 0.266(1) qy —0.305 —0.227
99 - - — 2.02(6) — gy 0.2668
vy | 59.645(6) — 3.174(9) — — 99 1.934

17



NC-DY — QUALITY OF APPROXIMATIONS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

do/dm,, [pb/GeV]

do/doo [%)]

[Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '21]

bare muons

(“dressing” -~ X 1/2)

Vs = 14TeV

1072 LN do (LD

 E oV

- ----- —da(l’l)

fact

— GNNLO

s@ew

........ o N Osgew

PA

... S\NLOg,

naive prod.

naive product not able to capture
kinematic entanglement
fails below resonance (m,,)
fails away from shoulder (p¥ )

pole approximation (PA)
captures full result around M,
deteriorates in high-mass tails
performance: faster caln

18



pp — Z/y = LT +X Vs = 13TeV

0.009
0.008 | o QCD EW
NC-DY — FORWARD-BACKWARD ASYMMETRY ..
.................................................................................................................. 0006 | s QCD<EWs
One of the main observables to measure sin? Hfff ) Zﬁﬁi : QCD?
O'F(Mgg) — O-B(MM) 2]% 0.003 F
Arp(Myy) =
FB( E@) O'F(Mgg) _|_ O'B(Mgg) 0.002 r
0.001 |- | bare muons
G do 0 do 0L ] (“dressing” -~ X 1/2)
or (M) —/0 dcos 6 Joos O o (My) 2/1 dcos 6 P 0001 F'J_LI—\ — '_‘I_.:._Im‘l .—I—.j
_0002 are rmuoins | | | |
. . . 60 70 80 90 100 110 120
Impact of radiative corrections (PA) My[GeV]
AA%B — A%gﬂsx — A%g 0.008 iz./vég_liﬂrx . . \/glz i
_ Di<EW
LEP/SLC «» AAgg ~ 107 ooor || - — - QEDI .-
target for LHC: few 10~* @ Z resonance Hoe R Q otos
0.005 - [ | o
multi-photon ~ 1077, EWHO ~ few 10~ - 0004 5
QCD2 ~ few 10_4 (QCD3 likely Similar), 3 0003 E=
QCD~EW ~ few 107> (FF ~ 10~%, II/NF ~ 0) 002 - g
0.001 | >
QCD®Photos degrades c.f. other observables or S
—0.001 i

. : Bl 60 70 80 90 100 110 120
cos 0* Collins-Soper angle e =5 ) My [GeV] 19

k?ﬁ My,




NC-DY — FORWARD-BACKWARD ASYMMETRY

[Armadillo, Bonciani, Buonocore, Devoto, Grazzini, Kallweit, Rana, Vicini '25]

0.20

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

- == NLOgcD

51.2 <

Ypr <1.6

0.15 | B
- === NLOqgcp + NLOgw a
o _ _ r slope :
< _ - + her y,,
0.00 | - - - - :
B =iy ) ) '
_ I

—0.10

0.08 I I I I I I I I I
0.06 impact of QCD
o NLOgw suppressed
Q U.
0.02 - T | £
: I L —
0.00 ;=-==——|=|::L 4,—=g-:::5=——|=- ,
70 90 110 70 90 110 70 90 110
muu [GeV] mup (GeV] My [GeV]




o
¢+ — THE TRANSVERSE MOMENTUM ddr

direct sensitivity to a fixed order
PDFs 107! 1 10 100 103
gr [GeV]

precision TH tests
non-perturbative QCD ) quark masses
resummation ) fixed-order

EW Sudakovs

crucial ingredient in many
.. O(a.) for N"LO, for e.g. N 'LO. for nV
precision measurements Drell-Yan 6 M,,, Yy, pl ... Drs -

21



o S\
¢+ — THE TRANSVERSE MOMENTUM dar

o

o

resummation fixed order

= direct sensitivity to o,

& PDFs (high-x gluon) 10-! 1 10 100 10°
. . gy |GeV]
precision TH tests N
c = 0y EXP (ag‘L” + ol L" + +)

< non-perturbative QCD ) quark masses )

resummation:

) resummation ) fixed-order ) N —
CATLAS

) EW Sudakovs ) F s [ATLAS arXiv:1912.02844]
< crucial ingredient in many

precision measurements

) 5 10 15 20 25 30 100 300 900,
pl[GeV]

big TH challenge!



¢+ — THE TRANSVERSE MOMENTUM

direct sensitivity to o
PDFs

precision TH tests

non-perturbative QCD ) quark masses

resummation ) fixed-order
EW Sudakovs
crucial ingredient in many
precision measurements

do/dgt [pb/GeV]

ratio to CMS data

1.0

0.8-

0.6- ]

2 5 10 20

aN4LL'+NNLOq

50 100 200 500

_'—\_|_,_‘_,_l—_

1

o o] E:%T_::r

50 100 200 500

2 5 10 20
dr' [GeV]

[22. TT8qdwe) ‘uuewnap]



BOSON TRANSVERSE MOMENTUM DISTRIBUTION

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

state of the art:

NSBLL /aN4LL + NNLO;, s [ATLAS :
' ~ o' 0.06(— —e— Data —
(residual scale unc. ~ few %) :!;3 . S et :
Comparison to ATLAS data 0.04F o -
n - :
overall good agreement w/ data 0.02|- -~ -
" pp— 4, |yl<1.6 - i
matching ambiguities (transition) [ 1s=8TeV,20.2fb" "¢ -e-o
1.1— — CuTe-MCFM —
NP modelling (pr — 0) i SRR
1re= = —a— e ——— O —
estimates for missing h.o. effects : - : -
o U 4 e ,
can vary significantly g 11 sRadisH 1 & 7 &= SCETIib
O ®) i 7
g o o 0w —w - . —o . 0 —v—0—0—
IS re—e—e—=— 0o = - @ =~ @ @ | s
v — — o . _
ongoing benchmark o8 "
exercise in EW WG 1 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 4
p_ [GeV] p_ [GeV]
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LEPTON TRANSVERSE MOMENTUM DISTRIBUTION

o
-

3 3 3 3 50
doN LO+NLL = q,;NLL -+ doDNLO _ [dGN LL] =9 NLO-LNLL ' pSit = 0.81 GeV
|4 |4 V+jet V Oay) NNLO+NNLL
40 —BSSY N°LO+N3LL —
>
fully differential calculation 5
S g %9 i
< access to fiducial observables =
< &
. . Q20 N
& decay kinematics < el
S NNPDF4.0 (NNLO)
lepton transverse momentum 0 13 TeV, pp — Z/~7 (= £547) + X
. symmetric cuts
< 1mportant in My, extraction 3 | uncertsinties with ur, up) Q varistions
. . Z.
< challenging due to Jacobian peak A
. : : @,
@ p{f ~ MV/ 2 (integrable singularity) =
. Z.
< resummation mandatory S
@)
reduced uncertainties 2 30 35 40 15 50 55
pé [GeV]

& some impaCt on Shape how would it translate to
M,y shift in W* production?
23
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Z / W RATIO @ NS3LL+NNLO;

1 7 7 =sns NLL4LO
— (dU /de) == = NNLL+NLO

e NSLL+NNLO

central in p% w> p%V modelling

ratio of quantities [num/den.] (Ug, g, Q)
< how to assess perturbative uncertainties?

S matching scale O — correlated (same y)
< Up, Ug — vary correlation (different PDFs)

= stable ratio «»» strong correlation between sources
of perturbative uncertainties

(1/odx/dp?) / (1/odx/dp!")

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

2.0

1.8

0.3

0.6
1.2
1.1
1.0
0.0
15
1.1
1.0
0.9
13
1.1
1.0

0.9
0.3

RadISH+NNLOJET
13 TeV, pp = ZWH (=278, + 1) + X

NNPDF3.1 (NNLO)

= NLL+LO
== = NNLL4+NLO
e NSLL4+NNLO

a5 e
x 4 .- E '-'

e, wr variations correlatec

i rF variations unco

Wr, wr variations

1 I 1 1
10 100

pY

[61, JoxqTepm ‘T70330Y ‘@Y ‘Tuuol ‘Hy ‘Janory ‘uuewdysy ‘JsppTy 8(g-uueudysy ‘uozig]
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COMBINED QCDXEW RESUMMATION

on-shell gauge bosons (CC: radiation off W included)

do/dqr (pb/GeV)

RATIO to (NNLL+NNLO)qcp

NLL

[Cieri, Ferrera, Sborlini '18]

[Autieri, Cieri, Ferrera, Shorlini '23]

NNLL (Z) [Autieri, Camarda, Cieri, Ferrera, Sborlini '25]

| | | | | | | | | | | | | | | | | | |
2000

I = = = (NNLL+NNLO) g¢p +(LL) grp |
1500 L —— (NNLL+NNLO) qop+(NLL+NLO) ggp |
- QCDXxQED ISR :
1000 —
- O(few %) .
I (NNLL very small)
500 —
1‘ pp—>ZO+X, Vs=8 TeV, NNPDF3.1_luxqed N
i Hr=pr=RQ=up=2Q'=Mz, 1/2<{up /Mz,Q"/Mz,Q"/ug <R )

l l l l l l l l l l l l l l l l
1.03 = | | | | | | | | | | | | | | | | =
1.01 = = =
— — ——________________mﬁ
10— 07— =
099~ _ _-—--—~~"~" T —
0‘98 ;_ ] | ] ] ] ] | ] ] ] ] | ] ] ] ] _;
0 10 20 30 4

0

W/Z RATIO

W/Z RATIO to (W/Z RATIO)qcp

1.05

1.00

0.95

1.005

1.000

0.995

0.990

decorrelation between spectra

W / Z RATIO
R

(NNLL+NNLO) gcp
(NNLL+NNLO) gop +LLggp

(NNLL+NNLO) oep + (NLLggp +NLOgy)

pp-V+X, Vs=13.6 TeV, NNPDF4.0
pr=pr=2Q=up=2Q'=My, 1/2={up/My,2Q"/My,Q"/up}<2

1 L | | | L | | L | | \

Illllllll’il

not differential in

lepton kinematics!
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COMBINED QCDXxXEW RESUMMATION

Extend RadISH framework w/ NLL

< abelianized heavy quark pair production

40000

< fully differential in lepton kinematics
< BUT: only resummation of p(£¢) not coll. FSR

W
-
-
o
-

20000

do/dp"" [pb/GeV]

(FSR logs at fixed order via matching) 10000

[Buonocore, Rottoli, Torrielli '24]

|

&= NLOgcp+NLOgw+NLL, . +NLL/

QCD

#8% NNLOgep+NLOgw+N°LLg . +NLLL . +nNLL

NNPDF3.1 LUXqged (NNLO)
13 TeV, pp = Z/~v* (= pTp7) + X

/

MIX

XIYLVIN+HSIPeY

. unc. with ugr, pur, ¢ variatiops
< not yet matched to mixed QCDXEW _— | | |
62
13 + 1.2 NS
3T | | | | | 1= a - x-’a‘
I NNPDF3.1/NNPDF3.1 LUXqged (NNLO) ] ) O 1.1 . "‘\"“’h '_:15::
y ane. with i o Q vriations (fully core) | S == S o e e e
< B s T F = T NN TR SR e S R N A N
) ] = = NN
Tt W Z RATIO — & Eé 0.8 | | | | | N\
3 ] 30 35 40 45 50 55 60
2 p"" [GeV]
< 1.0 . ,I
3. I
s simuar == POWH-LGQCD+EW +PY8QCD+QEDISR _I_PHOTOSQEDFSR
? 3 / / /
effects B NNLOqep+NLOgw +N3LLY,  +NLL{,  +nNLL{
0.8
== NNLOgqep+N?LL{
[ @8 NNLOgqop+NLOgw +NPLL,  +NLL,  +nNLL,,
0'70 5 10 15 20 25 30 26

p;* [GeV]



COMBINED QCDXxXEW RESUMMATION

[ Buonocore, Rottoli,

Torrielli '24]

Extend RadISH framework w/ NLL

abelianized heavy quark pair production
< fully differential in lepton kinematics
< BUT: only resummation of pr(£¢) not coll. FSR
(FSR logs at fixed order via matching)
< not yet matched to mixed QCDXEW

= POWHEGQCNEW{

= NNLOgepsaix +NLOg

e,

#88 NNLOgcp+NLOgw +NLLY,

NNPDF3.1/NNPDF3.1 LUXqged (

13 TeV, pp — Z/¥*(—= puTp7) + X

—|—PHOTOSQED -
L+NLL! +nNLL

C
4@5 +nNLL/,

QED;g

M

E

NNLUC

unc. with pg, pur, § variatiops
%
2 1]

(92, doysxJop SII/\II:] aJooouong] XTHLVINTHSIPUY

1.3 I I I I I 1.1
i 1= :
1% o) : " _'4'
NNPDF3.1/NNPDF3.1 LUXqged (NNLO) 12 0 A, ” 7o, 1 !l_"
unc. with pg, prp, Q variations (fully corr. ) A C>£ 5 1.0 /" ,"_E_'{-:gi-tigz’t?q_‘
12 1 e N et
< -ﬁ 0.9 - '#Av"q A o : ~
I+ 7 . = ” Z\
Q, 4 - {f
Tk W Z RATI O — L L I L
3 1 30 35 40 45 50 55 60
2 p"" [GeV]
; 1.0 | ° OI
3. i "
E i simiiar E POWH-LGQCD+EW +PY8QCD+QEDISR+PHOTOSQEDFSR
5 I 3 / / /
effects @ NNLOqcp+NLOpw+N3LL, [ +NLL, o +nNLL]
-0 = + mixed QCDXEW
0.8
[ &= NNLOgcp+N? LL{qp
[ @ NNLOqcp+NLOgw+N?LL,  +NLL{  +nNLL},
0

0.7

30

I
10

5 15

p;* [GeV]

20 25

26



OUTLINE

MOTIVATION
© THEORY STATUS FOR SINGLE BOSON PRODUCTION
1. Drell-Yan process at fixed order

2. Transverse momentum

©® PARTON DISTRIBUTION FUNCTIONS & MORE

1. PDF uncertainties & profiling, N3LO

2. Theory uncertainties & modelling

CONCLUSIONS



PARTON DISTRIBUTION FUNCTIONS

DATASET & TOLERANCES
0(4000) datapoints in a global fits more stable y* in the

< 1inconsistencies between data, progression of the orders

unknown /underestimated Total Dataset

. . 1.26 —
EXP/TH uncertainties, model, ... 4+ NNPDF40 1m0 MHOU | =
B =®- NNPDF4.0 MHOU B
A)(z = 1 for 68% C.L. not suited - *. ’ v
~ “tolerance” T? = 10-30 1.22)- 1=
THEORY UNCERTAINTIES IN PDFs = 10F 1=
~—
NNPDF4+ (scale variation) S LsE 4 i
MSHT alN3LO (nuisance parameter) L6 G T _
~
‘N ‘¢
mandatory in aN3LO as (almost) no L4 \\\ e -
predictions available at this order | I~ |
112 NLO NNLO alN3LO
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PDFS IN PRECISION MEASUREMENTS finy deviations in spectra

% control of correlations

Require precise & accurate PDFs:  Appp ~ O(% ) «» Agape S O(00)

Approaches

N, _ how we compute A
1. Scan/offset PDF eigenvectors: 00 = \/ 2o Lo = on2)? ( for cross fectiongDF)

< if APDF > Aexp “surely my data can constrain the PDFs?” (good strategy but caution advised)

0. Profiling: joint y* of new data & PDFs » fit together
< 1issue: global PDFs have tolerances: 6’1.P PE=+1 v Ay =T7> 1 Rt

uncertainty reduction

new data can

< assumptions: e PDF uncertainties included consistently (tolerance!)
e PDFs not altered much (central value & errors)

29



[CMS 1806.60863]

PARTON DISTRIBUTION FUNCTIONS
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0.2

dd

PROFILING / REWEIGHTING

-0.2 —

1mpact

to reduce

PDF uncert. often among dominant sources
exploit correlations

!

hted

welg
0.232 0.233

(

0.231

101

1
0.23

Andmma
PDF
0.00057

0.229

30
0
0
0

seollday 4dd

often a huge reduct

Sin

0.00018 (syst)

m, (GeV)

0.00031 (PDF)

0.00016 (theo) [

0.00036 (stat)

205 = 0.23101

SN

still almost
50% of A,

how plausible is such a large impact from ©(100) extra data points?

«v» this data effectively carries a very high weight!
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PARTON DISTRIBUTION FUNCTIONS as(mz) = 0.1183 £0.0009 =

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

PROFILING / REWEIGHTING FOR a, - o & | Amas -
profiling may bias probing X104 Q@=m2 _
. . . , direction of factorised approx. £ : gm&%gzgg:g-mmed
situation is even more delicate for «, S
. 21.02 <<
strong correlations between a, & PDFs (g) /\\\\\\}A\‘\‘\\\

/

PRy (/ = 0"
00000700 %022 207620067600 207070 0 0 o Yo e e e 0 0 % e e

)

9. 90.90.90.¢.7.0.0.0.0.0.0.0.90.0.0.0.0.0.0.5.60.0.0.0.0000

ted A =+ 0.00051 SRS R
quote PDF — — - : // thztzzzzzz
| Y / RRRR
| {XX / K
ATLAS -@- NNLO PDF profiling 0.98 &
e NNLO PDF fit -
- aN’LO PDF profiling 107 102 10!
X
NNLO MSHT20 o Spread in
NNLO NNPDF4.0 —o— NNLO PDFs back-reaction to other
NNLO CT18A ° : 5
measurements in the fit¢
NNLO HERAPDF20 | ‘e ~ 0.00203 ~ 2A
aN’LO MSHT20 o
underestimated unc. /

l | |
0.117 0.118 0.119 0.120 0.121

o, (m) unaccounted A .
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PDFS IN PRECISION MEASUREMENTS finy deviations in spectra

% control of correlations

Require precise & accurate PDFs:  Appp ~ O(% ) «» Agape S O(00)

Approaches

N, _ how we compute A
1. Scan/offset PDF eigenvectors: 00 = \/ 2o Lo = on2)? ( for cross fectiongDF)

< if APDF > Aexp “surely my data can constrain the PDFs?” (good strategy but caution advised)

0. Profiling: joint y* of new data & PDFs » fit together
< 1issue: global PDFs have tolerances: 6’1.P PE=+1 v Ay =T7> 1 Rt

uncertainty reduction

new data can

< assumptions: e PDF uncertainties included consistently (tolerance!)
e PDFs not altered much (central value & errors)

3. Two-step profiling: e Profile PDFs with tolerance 7% - consistently profiled PDF
e Scan PDFs while fitting with Ay = 1 other uncertainties

ongoing study

in EW WG 1
[Thomas Cridge]
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THEORY NUISANCE PARAMETERS SER

factorization in limit p = 0 ~ functional dependence known

do
T [H® B, ® B, ® S|(a,;: L) +6(p,/Q)  L=1n(p,/0)

—

parametrise unknown resummation ingredients using nuisance parameters (/
—
X, =Ny Oy

assign a probability distribution

Matrix Elements anomalous dimensions
0.7_IIII|IIII| IIIIIIII |II(II|III)I:
C Mentries = 79 In ny = 5 E
0'65 pw=—0.11+0.11 .

b5 0 =0.941+0.

o 0;
N =4"C.Ci (n— 1! N =4"C,.C}

(& X — X°toscale like A, _, ;) 33



THEORY UNCERTAINTIES & PROFILING

CMS My, MEASUREMENT

constrain Oyp using data

«106 16.8 fb~! (13 TeV)
C i | 1 | | | | | | I | | | I | | | | | 1 | 1 | 1 I 1 | | |
e 8- CMS ¢ Data _
—~ - . +
% - Preliminary - WEse ]
C - B Z/y* > g/t A
g’ 6 B Nonprompt
L] N W= 5 1V
4 Bl Rare
2
0 |
- : 1 I | | | | | | | | | | | | I | | | | 1 | | 1 | | I | | | :
3 1.03F qg BF --- qgS BF Hard func. Vo -
i i qqV BF qqV BF . A I_cusp i
B 1.02 :_——- qgAS BF —— Soft func. _:
©
-

Events/GeV

Data/Pred.

“theory uncertainties” session

8 X1|0|6 | | | | | | | | | | | | | | | | 1|6.|8|fp_|-I |(1|3|T|e|V)

. - CMS Postfit ¢t Data E =
- Preliminar W pv >

6 mm Nonprompt =

: BN Z/y* s pp/tt 4 2
: Wt = Tv =

4 Bl Rare N

driven by correlations



“theory uncertainties” session

THEORY UNCERTAINTIES & PROFILING

«108_ 16.8 fb- 1 (13 TeV)
.............................................................................................. > 8 | | | | | | | | | | | I | | - I;I
O CMS Postfit + Data - =
O 7 ] o
CMS My, MEASUREMENT O TV preliminar - o 13
. : = B Nonprompt =
constrain Oyp using data 0 1
TNP s u/TT -
2 Constraining theory from data 1o
«108 16.8 fb~! (13 TeV) ) 7 1=
s JeMs G b ® how “complete” is the model? i
2 | Preliminary - o < EW corrections, FSR, non-pert. model, 1=
C - Y* = HU/TT A — @
._% °F w= Nonprompt - m,, flavour dependence, ... 17
E W* - 1V i — 1 X,
4 == Rare @ initially all Op\p assumed independent ] —
5 but post-fit correlations allowed -
< what combination(s) is constrained?
0 l
8 1_03f—' | .qng.Fl o q'qslle|  Hadfune. - vu l— 'qc.; 1 002‘_: mwy = 9.9 MeV Pred unc N
o i qaV BF qaV BF Vv Fousp DL_ ' I
~ 1.02F qgAS BF — Soft func. N — ®
8 : © 1.000'“+'+ *"""+"+“—rf+"T+ . i_j _f____ﬂ
O 101 ‘ , - © 1 -“' "' %
ey 00 et S O 0.998} r
1.00fzzce -t a2 e e e - _
. '—:-.-o-. - I R I T T R T A T TR SN N NN T NN TN RN A NN SN SN AN NN NN SN N AN A
0.99] = : 30 35 40 45 50 55
TS0 3 40 45 50 55 : : pr (GeV)

; driven by correlations
pr (GeV) 34



CONCLUSIONS

status of Drell-Yan (f.0. & resummation) reached remarkable level of precision
N3LO QCD, NLO EW (+ h.o./FSR), NNLO QCDXEW

aN4LL /N3LL QCD, NLL QCDXEW
generators at  NNLO+PS

and yet, we are still often facing Ay > A opportunity!

exp
tremendous community effort for more: loops, legs, logs, ... & public tools

reached the state where better handle on non-perturbative physics needed

at this level of precision, it also matters how the measurement is done
are there more robust definition of the fiducial volume/setup?

(fiducial power corrections, “Born leptons”, ...)
profiling PDFs and theory uncertainties in situ

very powerful but “with great power comes great responsibility”
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CONCLUSIONS

status of Drell-Yan (f.0. & resummation) reached remarkable level of precision
N3LO QCD, NLO EW (+ h.o./FSR), NNLO QCDXEW

aN4LL /N3LL QCD, NLL QCDXEW
generators at  NNLO+PS

and yet, we are still often facing Ay > A opportunity!

exp
tremendous community effort for more: loops, legs, logs, ... & public tools

reached the state where better handle on non-perturbative physics needed

at this level of precision, it also matters how the measurement is done
are there more robust definition of the fiducial volume/setup?

(fiducial power corrections, “Born leptons”, ...) '
profiling PDFs and theory uncertainties in situ Thank yoOu.

very powerful but “with great power comes great responsibility”
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INCLUSIVE N3LO VALIDATION

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

fully independent calculation of the

SCET+NNLOJET pp-1T1=(y") V5 =13 TeV . . .
inclusive cross section
- - - analytic result [Duhr, Dulat, Mistlberger 28]
R “take” plateau: q%“t e [2,5]GeV
0 ((g$"10)?) 12% error on oN3LO!

> dowsLo oniy [fb]

converges to correct result for

_ gr sub. total - == |nclusive qg

[ === Inclusive total —— gr sub. qq +qQ PDF4LHC15 nnlo qCUt < 1GeV
_20'_ ——— grsub.qg+qg0Q - == |nclusive qgq + gQ T ~

| -=- Inclusive gg+qQ@ ~— 9rsub-gg Ur = g = 100 GeV .

| — qrsub. qg -=- Inclusive gg fit & extrapolate?
_>5 N

100 101 102

g [GeV]
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FULLY DIFFERENTIAL HIGGS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Origin: Linear acceptance

[Frixione, Ridolfi ’'97] [Ebert, Tackmann ’19 + Michel, Stewart ’21] [Alekhin et al.

0.80 1 p; -

0.70 -

0.65

“with cuts” / “no cuts”

.............................
o® Yo

[12, Sayonoy s8] ‘wereS Ag SspTTsS Wodj’

| my=125Gev
0.0 12.5 25.0
pt 1 [GeV]

N
IR se

!
> | Ay(

N

HUATIEZARENN

3SLO
nsitivity

'21]

Y15 ¥2) | <09

N

v/
/
™

Ly = —2.37

péé;/\\

s

KL

y2=42.37

¥

Ly i

\\\\\\\\\\\Q\\\f\\\\\\\

.f\\ 47¢%
N\,

/
MIUTIVEINAY

Born acceptance

do/d|y"| [fb]

Ratio to NNLO

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

bo

46

36

20

10

Fiducial

NNLOJET + RapidiX pp — H (= y y) + X /5= 13 Tev

| | I I
- LO B===3 N3L0 _

NLO NNLO x Ky3Lg
E=——=4 NNLO
: ST 7]
e A v — HH
) (1(549[)
] L _
" = v il _
2=
R
e —

L —_ ]

] | | | I—
- ! I | | i
D 7 7 B i 7 T
i | | | | ]
6 8.5 1 1.5 2

|y
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f(pt, 1)

FULLY DIFFERENTIAL HIGGS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Origin: Linear acceptance

N3LO

IR sensitivity

[Frixione, Ridolfi ’'97] [Ebert, Tackmann '19 + Michel, Stewart '21] [Alekhin et al. ’21]

“with cuts” / “no cuts”

0.80 1

llllllllllllllllllllllllllllllll

0.70 -

.............................
o® Yo

| my =125GeV

0.65

[12, Sayonoy s8] ‘wereS Ag SspTTsS Wodj’

0

.0 12.5

p: 1 [GeV]

25.0

1
> 1 AY(r, 1) |

N

™

/\

-~ 1.49

LA

IR

NV

— yH

e ~ [0.47,0.62]

do/d|y"| [fb]

Ratio to NNLO

0o 00 ©

— —
. .

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]

bo
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36

20

10

(] [ )
Fiducial
NNLOJET + RapidiX p p — H (— y y) + X Js= 13 TeV
| | | |
i LO B===3 N3L0 4
NLO NNLO x Ky3Lg
=4 NNLO
- ST ]
——= /\Vv'/l _)H
=z doPP
I Léu/?.gﬁ?“! - |
- = e I -
S
-
) —
[ :E_ -
] ] ] ] ]
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FIDUCIAL Z CROSS SECTION @ NBSLO+N3LL

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Chen, Gehrmann, Glover, AH, Monni, Rottoli, Re, Torrielli '22]

800
Symmeh’ic cuts: Order o [pb] Symmetric cuts NLO:I.-NNL[\Il-LO+NN|_|_
762.5 T
- k N*LO N*LO+N*LL il
pL > 27GeV i AR it Athat
0 721.164:};:3;‘; — 725 v ¥ ¥
1 742.80(1)+27% 748.58(3)H31% NLO | NNLO 310
9 741.59(8)T0-42% 740.75(5) 1 1o% 0675
3 722.9(1.1)T908% £ 0.9 726.2(1.1)1}97% -
LO
Kasra~ — 2.5 % ; outside scale bands
N°L.O
['), «» regulator?
fixed order +resummation — similar central values

nonetheless, not negligible

. get rid of these
N3LO+N3LL more robust error estimate completely by solving

the problem at its core
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FIDUCIAL Z CROSS SECTION @ NBSLO+N3LL

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Chen, Gehrmann, Glover, AH, Monni, Rottoli, Re, Torrielli '22]

Product cuts: Ordor o NLO+NLL

. pb| Product cuts
[Salam, Slade ’21] 1. N*T,0O NkLO—FNkLL 837.5 f I NN!I‘O+NN|!-I-iN3|_O+N3|_|_

- , T NNLO
\/ pr+pr > 27 GeV 0 721.16713 5% — 775 NLO N3LO
. 1 832.22(1)12 1% 831.91(2)12.7% L
min {pf"} > 20 GeV 2 831.32(3)1029% 830.98(4) H074% nzs
3 816.8(1.1)T02%% + 0.8 816.6(1.1)1) 377 -
LO
Kys1 o ~ — 2 % ; outside scale bands
fixed order +resummation — virtually identical central values

very robust

N3LO+N3LL more robust error estimate
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NC-DY — FORWARD-BACKWARD ASYMMETRY

5(sin*Q5?) ~ 19X 107

!

6(Apg) ~ few 107

0.20

0.15

0.10

0.00

—0.05

—0.10

0.0006 1

0.0004

0.0002

0.0000

AArp

—0.0002

—0.0004

—0.0006 -

[Armadillo, Bonciani,

Buonocore, Devoto, Grazzini, Kallweit, Rana, Vicini '25]

[ — LO T T
== LO, § (sin? 64 ) = 19107 T

0.8 <wyuu < 1.2

70

| |
90 110 70 90 110 70
mup |GeV] M |GeV]

90
muu (GeV]

!
110
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90
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!
110

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

THEORY UNCERTAINTIES & PROFILING % sof CMS , Unfolded data -
.............................................................................................. O : - CO-}F“,y““) E
CMS My, MEASUREMENT a 9 My Pty
- & 40f ——  Prefit -
constrain 6 using data K =
O
%10° 16.8 fb~1 (13 TeV) O
>6_—IIII|IIII|I-IIIIllllllllll—_
(CIDJ CMS Prefit ¢ Data :
% sk o -~~~ MiNNLOps
*CIEJ - . B Z/y* > up
o 4F "'1 Bl Other -

O ]
D C
A .Up
3 [
cDU 09-_‘ Fixed-order+matching CS-Nonpert.
L Resum. TNP ~ Nonpert.
| | | | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 40 50

pr" (GeV)

[[x8-dBy] z/8EL 2Ly ATXJE SWI]



PuLL = CONSTRAINTS ON TNPs e
slide by K. Long]

x10® ___ 1681b" (13 TeV)
g ol CMS ¢ Daa 2y ppt CMS Pull + Constraint
‘% 5_ fjl:?hmmary——— MiNNLOpg Bl Other _ PI’EIImInaI’y . 1 0 1 ,
() IR ] ] )
it 4f—| I"_ — o SCpert A4(Z) P — o | |
_ : | SCETLIib Nonpert. A3(Z) |
» 'SCETLIib Nonpert. AN(Z) I
| SCETle Nonpert. CS ¢, |
" Resum -FO transmonZ[dlﬁ] |
|‘ Resum gliO transmon Z [avg ]L -
3 _:u'l' [; ResumTNPyVI
E 1.02—}5—%&*- _l__:I+ D = Resum. TNPy, |
§ O'Qj:r Fixed-orde_r:n;;(;l;i_n-g; CS-Nonper’[._: Resum. TNP rC“Sp |
[ Resum. TNP Nonpert. ] Resum. TNP qqAS BF |
T T TR Resum. TNP qqV BF |
ptt (GeV) Resum. TNP qqV BF |
Resum. TNP qgS BF |
Small pulls/constraints on TNPs Resum. TNP qg BF |
Nonperturbative terms most important Resum. TNP Soft func. :
- Different behaviour of A2 and CS e
. ~ FOURMe Z [diff] E
ems olue. to degeneracy . FOmemezlavel |
- Consistent impact on pt4 e

Kenneth Long
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THEORY NUlSANCE PARAMETERS [McGowan, Cridge, Harland-Lang, Thorne '23]

[ Tackmann 24], [Lim, Poncelet '24]

GENERAL IDEA & STEPS

@ parametrise the unknown order using nuisance parameters ¢ (TNP)

do = d6'V+a, do'V+a? daégp(é)

L~ ro (simplest case)

© assign a probability distribution P(6)
< stat. interpretation & correlation model

most interesting when we have

o e information on the functional
@ possibility to constrain 6 using data dependence of an observable

«» correlations
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THEORY NUISANCE PARAMETERS SER

RESUMMED PREDICTION

@ factorization in limit p, - 0 ~ functional dependence known

do
e H® B,® B, ® S|(a; L) +0(p;/Q) L=n(p,/0)
T
L
2(ag; L) =T (a,) epr dL’ {F(aS(L’)) L+ Y%(GS(L,)) }
0

boundary conditions:
L(a) = Logta, L i+a>Lot...
anomalous dimensions:
I'(a,) = a [F0+0‘s [+a’ F2+...] Yo(a,) = a [y0+(xs y+a? 7/2+...]
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THEORY NUISANCE PARAMETERS SER

RESUMMED PREDICTION

|

@ parametrise unknown resummation ingredients using nuisance parameters

boundary conditions: " € {H,B,.B,,S}

A=A gi) O [ actually functions: B;(x;)

anomalous dimensions:
(+ beta function f/ & splitting functions P, _, ;)

Yo Y&

implements a correlation model for the (low-ish) p; spectrum
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THEORY NUISANCE PARAMETERS SER

RESUMMED PREDICTION selection bias?

@ assign a probability distribution (statistics over 3 calculations)
<« assume universality in order n as well as processes/ingredients  valide

Matrix Elements anomalous dimensions

T e = 79 fa(ng = 5) - CHOICES («»» ambiguities)
OF 4= —0.1140.11 -

*é 0.5 0 =0.94+0. § scheme dependence
8 Z: o (scale, ren. scheme, IR subtr,, ...)
S 0.2 2 parametrisation freedom
0.1 (0 — 0" changes what is
0.0
S uncorrelated /independent)
0’";
N =4"C.Ci7 (n—1)! N =4"C.C{  “massaging”

(& & — X0 toscale like A, _, ;)
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THEORY NUISANCE PARAMETERS SER

3 e . o B e B 3 . B B B
RE SUMMED PRED|CT|QN - SCETIlib N3+1LL pp — Z (13 TeV) - = SCETIib N*T'LL  pp — W+ (13 TeV) -
- < 4:- MSHTaN3LO, Q=m, Y=O_E o 4 3 MSHTaN3LO, Q =mw, Y:O_E
@ 100% correlation of ¢ g 3k [, e TET :
large cancellationin W7/Z 7 b
dommant re51dual "% 10 15 20 25 30 LT T T T 200 25 30
qr [GeV] qr |GeV]

uncertainties from B _,

similar absolute errors to Ay W-|- /7

007171 T N e
= SCETIib N*+'LL W /Z (13 TeV) -

valid at low p

=
N

MSHTaN3LO, Q=my, Y =0 -

requires matching
@ high pr (ug, pir)

rel. difference [%)]

L1
Scooo9oo9o9
_ W N = O =N W

. . . ; == Lcusp - H qu E
missing: non-pert. modelling — o TS By
> — % :

—0-95 5710 15 20 25 30

qr (GeV] 48



