The 31st International

14 UALLY
™ PO PARTICLE
TME ATOM. T ? Al Tws
P . CSAmS AN ELECTR
" te“.\ux sPMce &ll’ 023 mg'
0]
o8 m&i‘ OF NEGATIVE VALLE,

» - ] } ; A l ‘(.) N

wm D GENER M ENERGY

. PROPERTIES OF M INERY
=COND GENE ’\““U:s]\, CATION ANALYSIS OF 5O DRONS {eb ot HADRON Whiica He
sioN CF GuARXS TV ""_" g §Y BOBTULATE 20"3"“-’ IHEY Fon g""“’“ S

It WO .. ».‘ -.‘ OPLD INCEFEADENTY Y(}‘_ & TALLED et " 3130 PARTONS [SNCE 1 YE YIERNG  CROS

‘f“q:“-ift—‘.“i\  Caciecs o Yok TRk AT KA ED A SCALNG OF l,‘:o,’,“ KT ALGEURA 5 JAN
4ot \_‘-._}.-4 e ! .“' TrEsd o MRS A L,\.at.u 1_-:’\::' \!""{ as '-;,V_‘Y 8"‘”’??.? RECEIVED AN 1::(6’\’1‘“ ?R" ED N AN
).::’. p ,'ii‘ ;l\f‘\’r;‘ N .'rr.:‘s\w“:‘:..’.;"; ‘;'f".',‘, TS BAS |0"L. PAKTONS “19(- S‘(&:’ ‘0(‘1((_7 GRSATI'.‘!‘Y.‘I.'GO YN‘A’T‘
- 3 . S PR CIOMAT € O N LUSED

: 8 B Al THY Wi ,,‘ :;N"\_,’,.{‘{.,C ," "L EXPERIMENT WA LD 3Moko ™ 1973 BY

T GAUGE 3YW _'V' w: U IARE GG ). e AND DAVID U_"ll“ THE
ULBORS (EPN-4f AND AR 0 .>qm.‘.." A (.:u DAVIO GROS .H:;h";l;\;}‘ TANLISHED. THI ’;8;‘.:
NIO OCTARA  Rxvons IO T ""V‘ SN B OvERY O NECTION X LATED BY SHEL . EVENT
. -l,';\“”.\’;(_;}".{‘l\' AN “ls 'f (_;"Y :’“‘3:":(- 14 QUARX “(t ‘0‘0 - ra MALANT IN fzfgi‘giv;a iCH
P IR 1964 A£0 TSR, ALCES TRRCE 0 e A 33&0‘%‘1“ n'ott\‘:'sc% cﬁg“a '?":w’a”mvﬂfl%nuogﬁv
Vo s e TN 'J [ ‘:, L-:, v ULD N X . MESON .
T e TN F LA OF e CoTETs OF IHE MO QO GO A:: “‘g {’“C‘”E“Y w D YLNSNEE“SGC?GMHON o,
A CLEVIR CONFLETSIR Y. HE ALSC CHOSE THE NANVE | YO BE CALLED 7’“{ 26 ” ANG 115 ANTIGUARR,
Y e A b <t~::;.;,ll":‘.:3;.‘.l: vY3 17 AR MADE OF & %) EneRATION 0 QUARKE
0 Ay Tksy: veid $ MARE R n YASHE ANC
g ‘~.*.’,'.~2‘L.X'5’4‘~‘~F°m SRS LN s siex  wAS v ;ng;?o 7 ARGT LigkD, 1At THE CHSERVED
guAscs mint AL N ot (e ! LATION OF Ch SYMBE TRY BY HEUT RO MODEL
oot vA.'»)-\' NG + ¢]g‘— ol - ~la VIGLA ATED INTO THE_S3 ANOA
. - . NOU 0% MM WIiTH momwekﬂms THE ;op 8 ARK IN
PP . - st L . THED IN 1377 AND ' 0
e pe—1 e WAS DICOr e TEVATRON COLLIDER N FERMILA

PLAICNG RTOANONG THE COMSITTURATS ©
* [ &

PHYRCS Wi

FAD DOWNS AND AN LY 3
a2zt N e ROl

(|v“(‘\,'l\|v
‘ ‘e CHMARGES ¢

PROTON AND N

™
R THAN st
2"“! TIL LATTER

B A AT E Ve
1
b’.‘\t:.s OF THE DOUND STAYE mss

"

T _B%

. MADRONZATION. GUARK ~MASSES CANNO
v ToiE ATOM. ONE O DUS _TO HADRONT K VNFERRLD FROM THE
“:'. n:.\y:- \v\v.‘c.: l'tif?‘“;“'lpﬂrc; HAVE mfﬁ% PASENT MADROY S PBO&'('RTI{S

UONS T}UJ BiND THE CONSTITUENT QUA

s THMEMESLVES THE
ouaf‘c‘o NEGLIGIBLE IN

FROM
18 ANY ONE MADRON, THI .?RIWO.‘ e MASR;S(E%S&' ek

Y
COUBARIEON TO THE FO aLE G ARE INE NS

NERQY, AND IT IS ¥

y 10 3
usm.\r D Gt
"%u COMPOSED O

A CONMON NA T
g;‘.‘ﬁ: 31 152 MAS AN RALL Woxnvmﬁ&.;
033 My, WHICH ) f QUARKS CONTREUTE ma
15 Moy, THE REMAI BENG THLED BY GLUONS O

N ACCOUNTS FOR. THiS MAXES THE
B‘tcﬂf 215 &&"3‘ ‘03% MASS V) OFICULT, AND THE

P RId P Soe POR T L :

F ALK \LA'-’JN O TR0 QUARK '\ el NOED BY THE Fact
~ee : oy A X . cOvMLETY '

:"‘..".'.;.-(-,”.',A’t.‘,.‘, B % PERIRTIATED ;:gﬁo&am v%?a 13 wofA msm'mv e r<>|7I 53

¥ i '.L: A Y?Jt;“;'k '\‘ .-.,' "'Y \'(Il\ Vv"lb‘toc £$naf“\3’"m{i’§ ?‘ég&,\‘zolzsz ‘0‘1:3;

BBIS AW T ASBEANQ TO CUARES i bl T X COMPONINTS. JOR

Sott NOT a1 C QUaRK 4 xnw‘ THE dow Mmoa 10 THE cau NEUTIRON WHERE

Q‘Jl W COAKK H‘i RELATIVE

THE MUTRON: NEUTRONE '-llVS T0 USE T ONE SUTHIX (EVEN

THE OF FERENCE BETWIEN THE 'wo

S ONE DOWN N GLIAIR T
MASSES AND THE MAS

) THE PRC Y C SITRENCES OF WioCH CAN THEN DF MEASURED BY THE
TIRACTION VATRIS E(S'i’b(( IN THE O\?’(ALL MASS OF THE TWO HADRONS

rn cb £XT MAME qurw\o YPAS co-\vn BY PNICO Fra UTRIND MAS rutsﬁ m
tquho FIRSY T CESCRMNG NEUTRIN cY
A lufrv.w; AS A r.f\ ON NL: mo«( THE ITALIAN NAME rst#aié htﬂ vmv m srme

Y"Cl.(m T -g A CONPLE " WORD, NOT A COMPOUNDS WMICH IN

:4 )u KAN Cru.\-. w.wo HH

" gt( Muu u
Vb( CWI% ¥

A\OA 0. WCoURE
IS MIUTRND CO\ltﬁ
WAS B WARTED MN ThE
NOw lWh\ L( YNS

m a2y A

n

S RUAN 0L WIARTZ AND JACK D i
TEMBERELR SwonT D INAT ORE TIAN BE TPrE DF ael T NREE
313 8Y nx?‘» CETECTIING ml'!’u MO !

TES A LARGE C5.¢ T, WHEREAS 4NO AC(A"SA (cmon :j g‘;}'
a

ﬂm
Tiee OEcAy OF 1
AY
' ) Yn “{,’,ﬁg‘m.‘,’{‘;‘ t MTN 3 :
‘\ »
m \vo ( RIMENT, NEUTRNGS
YIRONS AND POSITRONS B {w oF

RS 85 D 1 11 15 NOW ANOWN THAY B0
PROPOAED 2ND ml FVED PARTICAES WERE AN TINLUTRING S

PRI é m

irw\ S, IN 5%
W xuu,st

nnlc'bo\

‘8

CECAT WERT SwOf E NUMEE
LRE

RS OF Y
ALUTAING (ALREADY b THESISED Wit }%\‘uﬁiu[% ”%Oo” Nﬁ:l”’{“ ‘cs"

L MAS
SIANFCRD LInEAR ACCELTRATOR bu

»
FANT AN ASSOCATED KEUTIRWA Ser -\cmur e A 4 .

STANDARD MODEL PREDICTION UNCERTAINTIES

rm!t;‘i‘n "!ﬁg
N
$ LXPICTED 10

L no«i

C.A'IN W
1Y

Tive

5

..".‘-',: J\:‘_(:
DN ALSO CARRES
y Zu'

European Research Council

Established by the European Commission

Schweizerischer
Nationalfonds

Xuan Chen

Melbourne, Australia

17 July, 2023

ymposium on Lepton Photon Interactions at Hi

gh

Energies

XXXIII




Standard Model Prediction Uncertainties

»SM has a wide range of theoretical uncertainties U \\ o
i pp—H
a, = 116591810(43) x 10~" :
Phys. Reports 887 (2020) 1-116 § 8 & orRre)
a, = 1159652180.252(95) x 10-2  0.1/billion = 10/cent ¢ * =0
Nature (London) 588, 61 (2020 . I
o, anre (Fondon) (2020 Uncertainties i — vor
a~! = 137.035999166(15) i ;
Phys. Rev. Lett. 130, 071801 (2023) e

Collider Energy / TeV

F. Dulat, A. Lazopoulos, B. Mistlberger 2018
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https://www.nature.com/articles/s41586-020-2964-7
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1103/PhysRevLett.130.071801
https://www.sciencedirect.com/science/article/pii/S0010465518302479?via=ihub
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a2y

» Motivations of scrutinisation:
» To exercise our understanding of the Standard Model
> To establish new sector of the Standard Model (Higgs)

»To maximise sensitivity to new physics in measurements

G. Fontana
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» Direct discovery for new channels and new resonants CMS 138 fo' (13 TeV)
YR TEAREATRIRRIERIT RTERIEATERRIRY:

2500 + -

2000 — Signal

B uncertainty: E

1500 +1SD
1000 |

500 -

:

Background-subtracted data / 1 GeV

o

Nature 607, 60-68 (2022) -
oo v by b by b by

L 1 |
110 120 130 140 150 160 170

Xuan Chen Standard Model Prediction Uncertainties m,, (GeV) 4



https://www.nature.com/articles/s41586-020-2964-7
https://www.nature.com/articles/s41586-020-2964-7
https://doi.org/10.1016/j.physrep.2020.07.006
https://www.sciencedirect.com/science/article/pii/S0010465518302479?via=ihub
https://doi.org/10.1038/s41586-022-04892-x

Standard Model Prediction Uncertainties

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

»SM has a wide range of theoretical uncertainties

lllllllllllllllllllll

12;— k 6pp—>H
a, = 116591810(43) x 10~" M
Phys. Reports 887 (2020) 1-116 o §_ 8 N oD
a, = 1159652180.252(95) x 10-12 | 0.1/billion ~ 10/cent | § ¢ S—am ——
Nature (London) 588, 61 (2020) Uncertainties 4 N SPOFTH
a~' = 137.035999166(15) N ;
Phys. Rev. Lett. 130, 071801 (2023) e

Collider Energy / TeV

. ‘ F. Dulat, A. Lazopoulos, B. Mistlberger 2018
» Direct discovery for new channels and new resonants

» [ndirect discovery with high precision T 1
| . — ism & A2
» Wide resonance, Prepeak uptrend, Shape distortion BSM

~_ |
f (E £ 6E) — (Tgyy *+ 8Tgyy) & —
ABSM
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Precision (Rate)

Standard Model Production Cross Section Measurements

Status: February 2022
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Precision
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» The idea of factorisation in Quantum Field Theory
plays important role to help theorists understanding
complex high energy processes:

Time ordering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
Xuan Chen Standard Model Prediction Uncertainties 8


https://arxiv.org/abs/2203.11601

» The idea of factorisation in Quantum Field Theory
plays important role to help theorists understanding
complex high energy processes:

Hadronisation
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» The idea of factorisation in Quantum Field Theory
plays important role to help theorists understanding
complex high energy processes:

Hadronisation

Parton Shower

Time ordering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
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» The idea of factorisation in Quantum Field Theory
plays important role to help theorists understanding
complex high energy processes:

Hadronisation

Parton Shower

Time ordering

Hard Scattering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
Xuan Chen Standard Model Prediction Uncertainties 11


https://arxiv.org/abs/2203.11601

» The idea of factorisation in Quantum Field Theory
plays important role to help theorists understanding
complex high energy processes:

Hadronisation

Parton Shower
Hard Scattering
Proton—Parton

Time ordering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
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https://arxiv.org/abs/2203.11601

General Tools (perturbative-QFT)

ml,, = nl, Hard Scattering iﬁ;@@i

da a a\
255 = = _ a2 ) =800 4 (L) s00 S ) 5(10) S ) 520 o ...
0 07 plag) = — ag(by + bjag+ ) 6= 0,0 T <2 >0NL0 T 5~ ) ONLO T 5. ) CNNLO T

v M
b

R
<

/A /A /A
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General Tools (perturbative-QFT)

ml,, = nl, Hard Scattering E@@i

dag a a ag\’
0*—= = flag) = —ag(by + bjag+ ) 6 =600 4 <—>5<0a1> + <—S>a<1’0> + <—S> 6% ...

LO NLO NLO NNLO

27 27 27

dQ?

Special Tools (non-perturbative-QFT)

guark
Pl
« gluon

plaquette

CKM m B. Chalraborty
&——» @

Xuan Chen Standard Model Prediction Uncertainties 14



General Tools (perturbative-QFT)

> 1 ‘21 Hard Scattering Parton Shower i::j;@

m|

Ag Ag

dQZ LO NLO NLO 0% NNLO

27 27

dag a ’
0*—= = flag) = —ag(by + bjag+ ) 6 =600 4 <—>a<0’1> + <—>5<1’0> + <—> 6% ...

Special Tools (non-perturbative-QFT)

guark
plaguette « gluon
n
o A
CKM (A/Q) 5 Chafaory
*—r——r—0

Dedicate Tools (fitting) 5

| Proton-» Parton
Theory + Experiment

To fit NP model

Hadronisation Fragmentation

IH

Xuan Chen Standard Model Prediction Uncertainties

T LI B R T T T T
. ATLAS * 988 *
A

.08— NNLO pQCD; MMHT 2014 (NNLO)
- — aym,)=0.1185 """ (ATEEC Global)

06— | o (m,)=0.1179 + 0.0009 (PDG 2022)
B ) |

102

o DDincl. jet
arXiv:0911.2710
v CMSincl. jet
8 arXiv:1609.05331 |
a0 4 ATEEC 7 TeV .
arXiv:1508.01579
o ATEEC8TeV
arXiv:1707.02562

e ATEEC 13TeV 7




Perturbative QFT for Precision Predictions

Standard Model Production Cross Section Measurements Status: February 2022
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Perturbative QFT for Precision Predlctlons

Diagrams: FeynGame

Comput.Phys.Commun.
256 (2020) 107465

Xuan Chen Standard Model Prediction Uncertainties 17


https://web.physik.rwth-aachen.de/user/harlander/software/feyngame/

Perturbative QFT for Precision Predictions

Generalised polylogarithms
Riemann zeta values

Elliptic functions

Unitarity
Generalised Unitarity

Recursion

Twistors

Differential equations
Integrand/Integral

Sector decomposition

Numerical unitarity
Finite field
Auxiliary mass flow

Neural network amplitude

Xuan Chen Standard Model Prediction Uncertainties 18



Perturbative QFT for Precision Predictions

ey — ey @NNLO QED  — -

loops + legs + scale = 8 2

<
: : P S
: : S
; : LS
i | N
T v VvV IT I'IV VvV v v VvV

. . A. Broggio, T. Engel, A. Ferroglia et. al. JHEP 01 (2023) 112
» Complete NNLO photon corrections via McMule framework

> Full m, and m, dependence of RR, RV and factorisable VV (top). Vbonk o/ub OKW /%
. . . . . . Fiducial 31 g2 31 g2
» m, effects in mixed VV (bottom) estimated via massification.
, 00 106.44356 106.44356

. . . g
» Fully differential MC tool for MUonE experiment. Fy 107.41847(3) 103.18338(3) | 0.91589(3) —3.06283(3)
» Key input to extract Aahad(Qz) for 0% < 0. ; {— 106.97977(3) 102.88154(3) |/ —0.00992(4)  0.01799(4)

2

» Alternative dispersive approach from R-ratio to calculate af " w

Xuan Chen Standard Model Prediction Uncertainties 19


https://gitlab.psi.ch/mcmule/mcmule
https://doi.org/10.1007/JHEP01(2023)112

Perturbative QFT for Precision Predictions

PP — tlTW, }/JJ, tlTH @NNLO QCD loops + legs + scale = 7~8 Also available @ NNLO

» Rapid progress of NNLO QCD corrections to 2 — 3 scattering at the LHC PP RER R pp — yyJ
» Automation of tree and 1-loop scattering ME with OpenLoops. L pp = JJJ
» Processes dependent calculation/approximation for 2-loop-5-leg ME: | :
l p 1 1 litud I;p ) p1 g ..7 e
» Complete analytical amplitudes for ygggg, yqq at 2-loo -
p y p Y9988, v9999 I00p pp — Whb
» Eikonal or massification approximation to estimate Vitgg, Vitqqg @ 2-loop
» Mature machinery of NNLO subtraction methods for event generator: I i i 2
» STRIPPER (Sector-improved), MATRIX (qT-slicing) % LHC 13 TeV PDF: NNPDF31 Scale: | '
5 107! inclusive
800f | | | 1 8 2= S
I t ] \\8 E | == NNLO d /dEV §
I 1 QS G 10| e ATLAS N
~ 700 i + ] g § s SHERPA 0}/.]] T ~ B
§ [ 1 & JISealee Bl §\ °
S @ 600} 1 3 2w =~
IR | t MM S S -
< & s00] cm=MA | 3 F S
© i @ SRS
S 400f _ o uo=Hr/2 | = Nk
§ I GttW ’ ! N E lS
S 300 Ho=Hr/d 3% 5%
) : : : Q S . |
- LO NLO NNLO % S AN —

10°

— ———— E.(7) [GeV] Vs [TeV]
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https://doi.org/10.1140/epjc/s10052-019-7306-2
https://doi.org/10.1103/PhysRevLett.130.111902
https://inspirehep.net/literature/2651109
https://inspirehep.net/literature/2672565

Perturbative QFT for Precision Predictions
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2 — 1 @ N3LO (+ N3LL) QCD
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State-of-the-art Parton Shower accuracy
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State-of-the-art Parton Shower accuracy

pp — Z+ PS

» Standard parton showers are Leading Logarithmic (LL) accurate.

(SHERPA, PYTHIA, DIRE, GENEVA, HERWIG, VINCIA etc.) Leading jet transverse momentum (pu), as=0
» NNLO + LL PS established for 2 — 2 colour singlet and #7. pp=Z2,Vsimz=5,y2=0 4 NLL shower models
o / 1.00 ——baa—pbaa——bcd W
»pp — W*Z = 717", + [QCD, QED] shower CLenrt
J. M. Lindert, D. Lombardi, M. Wiesemann et. al. JHEP 11 (2022) 036 IRV ool
~ 0.95r $o et -
» Several groups working on new PS framework aiming for NLL: Sj o ’/,/ Z PS(A)

» CVOLVER: Forshaw, Holguin, Plitzer DEDUCTOR: Nagy, Soper W 0.90 L o 7 _
ALARIC: Assi, Herren, Hoche, Krauss, Reichelt, Schonherr <, | J / z N LL(}L) 0
PANSCALES: van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto- ¢ . Dinolek (local) U=
Ontoso, Soyez, Verheyen, Halliwell, Medves, Dreyer, Scyboz, Karlberg, % 0.85} ,* / IPOIE-Ketloca _
Monni, El-Menoufi VT v / = = « Dipole-k¢(global)

» Test of shower accuracy (PANSCALES): Ef s PanGlobal(Bes=0)
Y ' —°0.80 N i PanGlobal(Bps=0.5) .
I; ZPS()‘) _ ZNLL(/\) \ = o / PanLocal(Bps=0.5,antenna)
30 SNLL ) A= Qs 0.75 I PanLocal(Bes=0.5,dipole) )_
» PANSCALES: VBFH (initial and final NLL shower) -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

» First NLL shower uncertainty estimation at ~10% A= asinpu/mz

» ALARIC: massive shower (final NLL shower) More validations in:

. . ‘ PanScales Collaboration JHEP 11 (2022) 020
Alaric Collaboration 2208.06057, B. Assi, S. Hoche 2307.00728
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State-of-the-art Parton Shower accuracy pp = H (VBF) + PS
» Standard parton showers are Leading Logarithmic (LL) accurate. ? ' ' ' ' ' |
(SHERPA, PYTHIA, DIRE, GENEVA, HERWIG, VINCIA etc.) 0.14 |
» NNLO + LL PS established for 2 — 2 colour singlet and #7. 0.12
>pp - WZ — l+l_l’iv2 + [QCD, QED] shower 5 0-10

J. M. Lindert, D. Lombardi, M. Wiesemann et. al. JHEP 11 (2022) 036 0.08

1 doo

13.6 TeV, NNPDF40(LO)

» Several groups working on new PS framework aiming for NLL: 0.06 ; ; : e
. === PG(B=0), w=0.700
» CVOLVER: Forshaw, Holguin, Plitzer DEDUCTOR: Nagy, Soper 0.04F __pep=05),w=0704 L T
ALARIC: Assi, Herren, Hoche, Krauss, Reichelt, Schonherr 0.02L ... — PLB=05),w=0675 l I
PANSCALES: van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto- | minimal cuts | | ... Dk, w=0.694 s
Ontoso, Soyez, Verheyen, Halliwell, Medves, Dreyer, Scyboz, Karlberg, 0.00 ' ' ' ' ' : : N
Monni, El-Menoufi S 14T 1 1 1 1 1 1 1 18
T "
» Test of shower accuracy (PANSCALES): Q =
O =
. 2ps(A) — Enen (M) o 1.0 e f
lim , A= oL = _ 3
ots—0 YNLL(A) '% 3 NLL shower models :
» PANSCALES: VBFH (initial and final NLL shower) 09— 5 3 2 B% ¢ 7 3
> First NLL shower uncertainty estimation at ~10% AN
» ALARIC: massive shower (final NLL shower) M. van Beekveld, S. Ferrario Ravasio 2305.08645

Alaric Collaboration 2208.06057, B. Assi, S. Hoche 2307.00728
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a/f] YF Data driven vs. Lattice QCD

Data from SM White Paper Phys.Rept. 887 (2020)

SM contrib. aff"trib' x 1010
HVP-LO (eTe™) 693.1 4+ 4.0
HVP-NLO (ete™) -9.83 £ 0.07
HVP-NNLO (ete™) 1.24 4 0.01
HLbL-LO (pheno) 02 +19
HLbL (lattice usd) 7.8 + 3.4
HLbL (pheno-+lattice) 9.0 + 1.7
HLbL-NLO (pheno) 0.2 + 0.1
QED (5 loops) 11658471.8931  + 0.0104
EW (2 loops) 5.36 .
HVP (e"e™, LO + N(N)LO) 684.5 + 4.0
HLbL (pheno + lattice + NLO) 9.2 + 1.8
SM Total 11659181.0 + 4.3

(LO-HVP h

O[(%]ZLL] ~ 0(107) o[[;f%} ~ 0(1071)
i insdo the acon )
(HLbyL [ NLO-HVP )
+ ...
AN TN A

N N J

Table and diagram by L. Pareao at Zurich Workshop in June 2023
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a/f] YF Data driven vs. Lattice QCD

Data from SM White Paper Phys.Rept. 887 (2020)

SM contrib. aﬁ’"trib' x 1010
HVP-LO (eTe™) 693.1 4+ 4.0
HVP-NLO (ete™) -9.83 £ 0.07
HVP-NNLO (ete™) 124 4 0.01 D. Zeppenteld
HLbL-LO (pheno) 92 +£19 > Perturbative QCD is not valid for A = m, < Ayep
HLbL (lattice usd) 7.8 + 3.4 . . . Lo . .
HLbL (pheno+lattice) 9.0 +1.7 » Use dispersive approach to include e™e~ — Hadron data via R-ratio:
HLbL-NLO (pheno) 0.2 + 0.1 2 (>
04 \)
QED (5 loops) 11658471.8931 -+ 0.0104 aLzO)ZHVP =—— | —K($)R(s)
EW (2 loops) 536 -+ 0.10 H: 3n3 ) , s
HVP (e e , LO + N(N)LO) 6845 :": 40 m 6 — T 1 I~ T T T T |ﬂ| T T T |DaVi?r-Ho?0kerl-MalalescuiZhanlg 20119 z
HLbL (pheno + lattice + NLO) 02 +18 T L ol Iy (@S 1 5
SM Total e ' y 1 s
- 4040 - §
: ;‘P377 w41601p : Sﬁ-
4 _— E ‘ 4415 __ &‘
ol ) - 0w : f ] g
_ fQEDeﬁects 3 —_ _— ;.U
inside the hadron ) : - §
) ( NLO-HVP ) L 4 2
% - _ 1 o
% — \ B e'e — hadronsdata - e
Al legs : (HVPTools compilation) : (-
exchanges 1 | %BES — N\
l § + o - } KEDR 10
\/ N / \ — —— pQCD (massless) = g
J/ \ / O'_ | | | | | | | | | I | | | | | | | | | | | | | | | I— N—
O) |

Table and diagram by L. Pareao at Zurich Workshop in June 2023 0 1 2 3 4 5
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https://static.ias.edu/pitp/archive/2005files/Lecture%20notes/Zeppenfeld-3.pdf
https://doi.org/10.1140/epjc/s10052-020-7857-2
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a’V* Data driven vs. Lattice QCD

FNAL Phys. Rev. Lett. 126, 141801 (2021)

=
K o I
Data from SM White Paper Phys.Rept. 887 (2020) , BNLg2 S
SM contrib. afi’"trib' x 1010 ANALg:2 N
HVP-LO (eTe™) 693.1 4+ 4.0 (155> N
HVP-NLO (eTe™) -9.83 £ 0.07 | . ] S
HVP-NNLO (e+e_) 1.24 + 0.01 Standard Model with  Experimental =
HLbL-LO (pheno) 9.2 + 1.9 BMWc lattice LO-HVP Average 3
- 1. =3
HLbL (lattice usd) 7.8 +34 =~
HLbL (pheno+lattice) 0.0 417 < 20 b 3
L | ® = S
HLbL-NLO (pheno) 02 +0.1 White Paner d
QED (5 loops) 11658471.8931  + 0.0104 Standard Model | | | | 1 | 3
E\\//Vp(i loops) 0 4 NNILO) 5.36 = : 1775 18 185 19 195 20 205 21 215
e e — 684.5 4.0 9
' a, x 10 -1165900
HLbL (pheno + lattice + NLO) 92 4+ 1.8 H
SM Total 11659181.0 + 4.3
(LO-HVP A
o[(g]z%] ~ 0(107) 0[[‘]3% ~ 0(101)
L inside the hadron )
(HLbyL [ NLO-HVP )
+ ...
SN AN A

N N J

Table and diagram by L. Pareao at Zurich Workshop in June 2023
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HVP - : FNAL Phys. Rev. Lett. 126, 141801 (2021)
a, " Data driven vs. Lattice QCD S
LO-HVP az " ds LO—HVP o) % o) BNL.Q—Z
A, pr = 35 —K(5)R(s) A'rocp = 2@ t dtK(th)V(t) PR
7> Sz 8 Jo
" 00 {155 >
LO-HVP,w 2 2 )
. . a @ = tdtK(m, H)O® (1) V(¢) = P —
> Time < Energy Window e Jo ! St S
> [O, to] @ [to, tl] @ [tl, + OO] for SD, W LD. < 4.2 >
» SD and W precisely predicted by Lattice QCD in continuum. e |
. . . Stvavr?clitaercli: aI\l/?oec;el
» SD and W energy windows with precise e e~ EXP data. 1 l ' ' ' ' 1 1
175 18 185 19 195 20 205 21 215
> ay (intermediate window) has 3.7 o tension for DA vs. LQCD a, x 10° - 1165900
See a6lso light quark result from FL-HPQCD-MILC collaboration, Phys.Rev.D 107 (2023) 11 e | —
S RBC/UKQCD 2018 |- -
S ETMC 2021 |- -
~ BMW 2020 |- — _
N Mainz 2022 |- ——+ —
~ ETMC 2022 |- — -
S RBC/UKQCD 2023 |- A _
§ RBC/UKQCD 2018/FJ | -
S Aubin et al. 2019/CL/KNT | LQCD _
= BMW 2020/KNT |- =
; Colangelo et al. 2022 |- :
I I I I | I l
= |
= -1 224 226 228 230 232 234 236 238 240

05 1 15 9
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https://indico.psi.ch/event/13708/contributions/43408/attachments/25302/46408/uzh_parato.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://inspirehep.net/literature/2616291
https://doi.org/10.1103/PhysRevD.107.114514
https://inspirehep.net/literature/2616291

Parton Distributions and o,

State-of-the-art Parton Distribution Functions

» Theory input » Experiment input
» Option A: solve proton wave function with Lattice » All past and current measurements of DIS, DY, jets etc.
QCD Recent progress in D. Chakrabarti, P. Choudhary et. al. 2304.09908 pr ovide ﬁtting targets offa(x, Q)
» Option B: collinear factorisation f, — f,(x, ) » Differential and total cross sections provide sensitivity
with p-QCD evolution of factorisation scale in different regions of x € [0,1]
d fq Pq(_q Pq(_g fq » Various technology for fitting: functional form, neural
= X network, fast evaluation grids etc.
2 )
ding? \J, Focq Do Je 5 |7 e
107§ 4+ Drell-van Rapidity tDr::tur:aou:ion
DGLAP evolution with e
y) 3 0 L e ety Dt A
_ %Koo %5 ), K o = e ity PRI ¥
Poep=—0PFP T P oy —P h + D 105 o gl arantess o ity Dt e ;‘ ?g :
T a T a 71-3 a é : O Black edge: New in NNDPF4.0 - ﬂ‘a::? %
1970’s 1980 2004 = §w
(3) 1 N=1p(3) S
}/q<—q (N) = dxx Pq<—q(x) G. Falcioni, F. Herzog et. al. Phys.Lett.B 842 (2023)

0 % 102 4

3 1 1 p(3 SR

}/( ) (N) = doxx™V™ Pq(gg(X) G. Falcioni, F. Herzog, S. Moch, A. Vogt 2307.04158 S B -

N 40 S T N
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https://doi.org/10.1016/j.physletb.2023.137944
https://inspirehep.net/literature/2675638
https://inspirehep.net/literature/2652890

Parton Distributions and o,

State-of-the-art Parton Distribution Functions G. Magni (NNPDF) @ Les Houches 23
XPgq(X), as=0.2 nf=4 XPgq(X), as=0.2 ng=4
0.10 E
: BN4§EI(;T&N3LO quq = xpj-\']-s + xPps 0.10 - : II\\I/I;I:I(')THN3LO quq = XPI-\'/-S + xPps
» Approximated N3LO PDF available: ,, -7 e x P qq(x) Lo A PC]CI(X)
.... = 4 Mellin Moments only " 10 Mellin Moments
MSHT20aN3LO EurPhys].C83(2023)4 -’ -

0.04

NNPDFaN3L(O NNPDF preliminary .

» More precise 4-loop splitting
functions affect small x region.

. I L L ) TR T | 1
10~4 1073 1072 1071

» Large correction at aN3LO at small "
. . . - g at 1.651 GeV i} g at 1.651 GeV _
X region outside 68% c.l. reglorn. 224 /S \ 3250 aN3LO (68% c.l.+10) - 3320 aN3LO (MHOU+IHOU) (68% c.l.+10)
\ 7750 NNLO (68% c.l.+10) | 7757 NNLO (MHOU) (68% c.l.+10)
. . . 0 \ I 1.6 1
> Missing Higher Order Uncertainty | "} \ w/o Theory Uncertainties
. . 1.8« =)
(MHOU) not included in standard o | G 14-
£ 1.6- ‘9’
NNLO PDE X fo(X)
» Crucial to consider MHOU and 12 k 510
IHOU to understand consistency Lo \\\\ =
between NNLO and N3LO PDE o.s-\. — e, o8 \ A0 S— |
1072 1074 1073 1072 1071 100 1072 1074 1073 1072 1071 10°
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https://phystev.cnrs.fr/wiki/_media/2023:lh2023_16_06_23.pdf
https://phystev.cnrs.fr/wiki/_media/2023:lh2023_16_06_23.pdf
https://doi.org/10.1140/epjc/s10052-023-11451-9

Parton Distributions and o,

The running strong coupling
» Both non-perturbative and perturbative o, Q°— = f(a) = — a; (by + bja + bya; + bya] + byag + -+
determination depend on the beta-function. 973197199 e 20l

» More and more precision predictions and
measurements across 10° magnitude.
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Parton Distributions and o,

The running strong coupling —
» Both non-perturbative and perturbative o, - O'; Particle-level TEEC
8 o (s =13 TeV; 139 fb"

determination depend on the beta-function.

anti-k, R =0.4
» More and more precision predictions and 2 p_ > 60 GeV
3 : - Ml <2.4
measurements across 10° magnitude. E
a
1 ETEf, n =P,
TEEC d N Z Z (5(COS ¢ COS (,Oij) - 1600 GeV < H,, < 1800 GeV Gs(mz) —0.1180
o cos¢ a1 (Y, EA £ .
Tk S - ' MMHT 2014 (NNLO)
6 O 1 6 _I I I I I | I I I I I I I I | I I_ g - Data
= L . CMSHi _ DOR,, _ D@incl.jet u LO
dm — A TLAS arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710 — > - NLO
0.14— , CMS M, y CMSR,, v CMSincl.jet _~ 8 = NNLO
' | arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331 | |:
5 ATLAS R | 2
B -\ N N arXiv:1805.046A9¢1 ¥ !;EVE%BZJ;E%V — 8 *
012 T '=\4°‘|,~ - o TEEC8TeV _
B i arXiv:1707.02562 | = M. Alvarez, J. Cantero,
010 S e TEEC13TeV £ M .Czakon, J. Llorente,
Ok i Y ode - é A. Mitov, R. Poncelet
B TN WTRRRL L i a JHEP 03 (2023) 129
0.08— NNLO pQCD; MMHT 2014 (NNLO) 4 41 —
- (M ) =0.1175 " +0.0035 > (TEEC Global) <}> - &
B ] I—
0.06— N\ e (m) =0.1179 = o 0009 (PDG 2022) — 3 | H
B | | | | | | | | | | | ] | | | | ] CDU "I-
2 X e T T T . T T T T T T
10 10 -0.8 06 -04 02 0 02 04 06 08 -08 -06-04-02 O 02 04 06 0.8

Q [GeV] coS ¢ coS ¢
2301.09351
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https://inspirehep.net/literature/2625697
https://doi.org/10.1007/JHEP03(2023)129

Parton Distributions and o,

The running strong coupling

» Both non-perturbative and perturbative o,
determination depend on the beta-function.

» More and more precision predictions and

measurements across 10° magnitude.

FLAG2021

Ks

0.7%

FLAG + PDG

Lattice

FLAG estimate

vacuum polarization
Step scaling

Q-Q potential

Wilson loops
Current two points

Nonlattice

PDG 20 nonlattice average

I PDG 20 EW precision fits

PDG 20 Hadron colliders
PDG 20 Jets
PDG 20 DIS

1

PDG 20 Quarkonia-decay
PDG 20 Tau-decay

0.110

0.115

0.120

0.125

Flavour Lattice Averaging Group Eur.Phys.].C 82 (2022) 10
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The running strong coupling

» Both non-perturbative and perturbative o,
determination depend on the beta-function.

» More and more precision predictions and

measurements across 10° magnitude.

FLAG2021

Ks

Error budget of ATLAS Z p; 8 TeV

0.7%

FLAG + PDG

Lattice

FLAG estimate

vacuum polarization
Step scaling

Q-Q potential

Wilson loops

Current two points

Nonlattice

PDG 20 nonlattice average

I PDG 20 EW precision fits

PDG 20 Hadron colliders
PDG 20 Jets
PDG 20 DIS

1

PDG 20 Quarkonia-decay
PDG 20 Tau-decay

0.110

Flavour Lattice Averaging Group Eur.Phys.].C 82 (2022) 10
Standard Model Prediction Uncertainties
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0.115

0.120

0.125

QQ bound states
PDF fits
e'e jets and shapes

Electroweak fit

ATLAS Z P, 8 TeV

Experimental uncertainty +0.00044 -0.00044
PDF uncertainty +0.00051 -0.00051
Scale variations uncertainties +0.00042 -0.00042
Matching to fixed order 0 -0.00008
Non-perturbative model +0.00012 -0.00020
Flavour model +0.00021 -0.00029
QED ISR +0.00014 -0.00014
N4LL approximation +0.00004 -0.00004
+0.00084 -0.00088
ATLAS ATEEC
CMS jets
W, Z inclusive
tt inclusive
T decays

| —— I-iadron Colliderls |
ATLAS -@- Category Averages PDG 2022
Preliminary -@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-®- ATLAS Z P, 8 TeV
o 0.1185 = 0.0021
G 0.1170 = 0.0019
® 0.1188 + 0.0016
—@ 0.1177 = 0.0034
S 0.1178 = 0.0019
- 0.1181 = 0.0037
O 0.1162 = 0.0020
o 0.1171 = 0.0031
0.1208 = 0.0028
" 0.1184 = 0.0008
S e 0.1179 = 0.0009
o T 0.1183 = 0.0009

0.125 0.13
ATLAS-CONF-2023-015

as(mz)
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The runnin g stron g C Ouplin g Error budget of ATLAS Z p; 8 TeV Missing: MHOU from aN3LOPDF; Dominant

matching error; Systematic slicing error in
» Both non-perturbative and perturbative o,

nts : ) 00044  -0.00044
PDF uncertainty +0.00051 -0.00051
Scale variations uncertainties +0.00042 -0.00042
Matching to fixed order 0 -0.00008

DYTurbo and MCFM (double slicing);

— Optimistic uncertainty estimation

determination depend on the beta-function

NON-perturoative modade . . | | | |
. . Flavour model +0.00021 -0.00029 -@- Hadron Colliders
> More and more precision predictions and QED ISR +0.00014 -0.00014 |ATLAS — _g Category Averages PDG 2022
3 . N4LL approximation +0.00004 -0.00004 Preliminary ~@- Lattice Average FLAG 2021
measurements across 10° magnitude.
5 Total +0.00084  -0.00088 -@- World Average PDG 2022
-@®- ATLAS Zp_8 TeV
FIRG 2021 O | T
ATLAS ATEEC @ 0.1185 + 0.0021
0.7% .- FLAG + PDG CMS jets ® 0.1170 = 0.0019
i FLAG estimate W’ Z inclusive @ 0.1188 = 0.0016
L | vacuum polarization T . —@ 0.1177 = 0.0034
g il Step scaling t;t I—ns:lys—“ie ———————————————————————————————————————————————
3 i = Q-Q potential T decays . 0.1178 = 0.0019
[ L] = ilson loops ~
\évulrrentl thc)) points QQ bound states »- 0.1181 = 0.0037
PDF fits @ 0.1162 + 0.0020
@ PDG 20 nonlattice average
t @ I PDG 20 EW precision fits e+e- jetS and ShapeS . 01 1 71 * 00031
g @ : PDG 20 Hadron colliders _El_GC_:t[OlN_egk_fl_t_ N I | _. _______ 912_0_8_1_0_(20_2§ o
S @ / PDG 20 Jets
z ® = PDG 20 DIS I__a_tt_ic_e________________________:_'__ __________ 9'11_8_4_1_0_'(30_09__
. ; = oo g oy Worldaverage | . 01179 = 0.0009
: ' I —1@— 0.1183 = 0.0009
0.110 0.115 0.120 0.125 ATLAS Zp 8TeV | | | P
0.115 0.12 0.125 0.13
. . m
Flavour Lattice Averaging Group Eur.Phys.].C 82 (2022) 10 ATLAS-CONF-2023-015 (M)
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The running strong coupling

» Both non-perturbative and perturbative o,
determination depend on the beta-function.

= deldxz Ff)EG) X [1+ 0(A/Q)]

l,]

» More and more precision predictions and _—

z I3
— = ——

Y

measurements across 10° magnitude.

» To understand the NP power correction in
collinear factorisation (hadron collider):

» n=2 for inclusive DY, n=1 for hadronisation
» What about Z/W at large p; 7

n w‘w -~ 00000, + &&C}m‘m,
1 GeV
~ 3% (0.1%) for n=1 (n=2)
30 GeV
» MC framework to estimate renormalon corrections: » Linear NP corrections in eTe™ — 3 jets ease the
Ferraro Ravasio, Limatola, Nason JHEP 06 (2021) 018 tension in Qg ﬁtting from C-par ameter and thrust.

Carla, Ferrario Ravviso, et. al. JHEP 01 (2022) 093, JHEP 12 (2022) 062

P. Nason, G. Zanderighi JHEP 06 (2023) 058
» Confirm n=2 for p% at hadron colliders — no need

to update « fitting related to DY data.
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CONCLUSION AND OUTLOOK

» Reducing and understanding the Standard Model uncertainties 1s indispensable for
future high energy experiment.

» [t 1s about finding the shortest panel of a bucket rather than boosting the longest.

» Multiple solutions work together to test our understand of the Standard Model:
perturbative and non-perturbative QFT, specialised fitting etc.

» There 1s rapid progress in the complexity of amplitudes, NNLO and N3LO
phenomenology, parton shower framework, lattice QCD and machine learning
technology etc.

> |t 1s not only to predict a more precise number but to be confronted by conceptual
problems that we previously 1gnored.

[Apologies for the personal selection of topics, and
for the many interesting results not covered here]
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CONCLUSION AND OUTLOOK

» Reducing and understanding the Standard Model uncertainties 1s indispensable for
future high energy experiment.

» [t 1s about finding the shortest panel of a bucket rather than boosting the longest.

» Multiple solutions work together to test our understand of the Standard Model:
perturbative and non-perturbative QFT, specialised fitting etc.

» There 1s rapid progress in the complexity of amplitudes, NNLO and N3LO
phenomenology, parton shower framework, lattice QCD and machine learning
technology etc.

> |t 1s not only to predict a more precise number but to be confronted by conceptual
problems that we previously 1gnored.

[Apologies for the personal selection of topics, and
for the many interesting results not covered here]

Thank You for Your Attention
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STATE-OF-THE-ART PREDICTIONS FOR dons; oo n3y 1

— K
InW(xa, Xp, My, b U = bo/b) A= J d[z//z(A(as(/z))lnn_z_;’ +B(as(ﬁ)))

Xuan Chen

“h
n2®2m2)  In(b>md) 1
n3@?m2)  In2(2md)  In(b*m3) 1
nf@?m2) 1n’@*md) In2®*m2)  In(b*m3) 1

InP®?mE)  In*®im?)  In3®*m3)  In2Bmd) In(b2m 2)

In**+1(b2m2) Ink(bzm‘z,) |nk“1(b2m‘2,) n*=2(%m2) [Minte(bem )

LL NLL NNLL N3LL N4LL

Alv A2v A3V A4V A5X
BIVONESV B3v B4V
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Predictions of Colourless pT at Hadron Collider

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pr Spectrum = multi-scale problem

>Beyond QCD improved parton model 1.4 {Non-perturbative| Resummation Transition Fixed Order
»pQCD describes the tail of spectrum QL 1.2-
(O
O
»Large logarithmic divergence ‘Q 1.0 -
—
(O
Pr 5 08
In— as p,— 1 GeV IS
9, < 0.6
» Various LP resummation schemes 5 oa-
Qo0
»Multiple solutions in transition region E o
»Non-perturbative effects ~ 1 GeV 0o
(Short distance and long distance effects) —— — - -
10~ 100 101 102 103
pr [GeV]
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Predictions of Colourless pT at Hadron Collider

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pr Spectrum = multi-scale problem

»Beyond QCD improved parton model
»pQCD describes the tail of spectrum

»Large logarithmic divergence

Pt
In— as

Q

» Various LLP resummation schemes

pr— 1 GeV

»Multiple solutions 1n transition region

»Non-perturbative effects ~ 1 GeV

(Short distance and long distance ettects)

Xuan Chen

do/dp+ Arbitrary Scale

O
N
|

Non-perturbative

Lattice QCD

JNP (x’ br, ¢ )
S.D. and L.D.
NP models

~2% (fitting data)
> 10% (lattice)

Resummation Transition
do do
- _|_ -
do dpr res dpr EO.
d
PT |reg _do
dpr truncated
@ N3LL (full) ® D
‘ MiNNLO
@ N4LL (partial)
Profiling

~ 1% (single) ~ 1% (single)

~3% (multiple)

~3% (multiple)

?

Fixed Order

do
dpy

EO.

@N3LO V

@NNLO V +jet

~1-10%
(Scale Unc.)

LQQQQQ;
A

Y

1071
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Anatomy of differential cross sections dé ,

»State-of-the-art differential N3LO predictions

» Fully differential N3LO Drell-Yan production (via y*) (XC, T. Gehrmann, N. Glover, A. Huss, T.-Z. Yang, H. X. Zhu 2021)

» Apply qt-slicing at N3LO with SCET factorisation and expand to N3LO:

d3o dzbJ_ i
dQ2d2grdy :/( " blZULO qq / L Zl:bTa )fk/hl(xl/zlaﬂ)

dz N q2
X [ o) etz S G + @ 0 0| +0 ()
: _

» All factorised functions are recently known up to N3LO:
1) 3-100p hard function Hq(g) (T. Gehrmann, E.W.N. Glover, T. Huber, N. Ikizlerli, C. Studerus 2010)

2) Transverse-momentum-dependent (TMD) soft function S(b, u) at 05S3 (Y.Li, HX. Zhu 2016)

3) Matching kernel of TMD beam function I , at a? (M.-X. Luo, T.-Z. Yang, H. X. Zhu, Y. J. Zhu 2019, M. A. Ebert, B.
& gk ) g
Mistlberger, G. Vita 2020)

» Apply gt cut to factorise N3LO contribution into two parts:

yE+] CT 2
do?, =[#" ®do" s + [do? Hel — do?, + O(qt2,/0%)
N°LO N°LO 5(pTy*) NNLO N3LO pT * >0y cut
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NNPDF4.0 NNLO, 13 TeV, pp

— Z/y (= 4Te) + X

| | | | I | | | | I | | | | | |
Symmetric Ecuts
—o ® » ° o o o 0 s00o0® © 0060 ‘_.
i o © © o O ¢
—0 o o o s o o o 000000 _
— & Y " . —
i : LR NN NN - X
$ ! » ® o o
| § NLO
"With poweni corrections ¢ NNLO-
Without power corrections ¢ N3LO
| I R B B | | | R R R R
| | | | I | | | | | | | | | | |
Product Cut:;s
0 o o o o 000000 o 0 000y
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E S [ gr sub. gg + g0 Inclusive qq + qQ
b ~= Inclusive qg + qQ qr sub. 9g MF = g =100 GeV
S | — g7 sub. qg Inclusive gg S 20
=25 T —— — —
d 100 10! 102 10
= g7 [GeV] )
a,
Fixed order Tpp—~* (fb) : 0
LO 339.62737-98 N
NLO 391.2571084 —10
NNLO 390.0973-9¢
' —20
N3LO 382.087305 [14]
N"LO only |¢7"" = 0.63 GeV | ¢7" — 0 fit | [14] C. Duhr, E Dulat, B. Mistlberger. _ 30
9 —15.32(32) | —15.34(54) |—15.29 PRL. 125, 172001 (2020)
qq + qQ +5.06(12) +5.05(12) | +4.97 _ 40
g9 +2.17(6) +2.19(6) | +2.12
qq + qQ +0.09(13) 4+0.09(17) | +0.17
Total —7.98(36) —8.01(58) | —8.03
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Precision Predictions at Hadron Collider

2 — 1 @ N3LO (+ N3LL) QCD
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XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)

DYTurbo result with fiducial power correction

Order N3LO
gr subtr. (¢ =4GeV) 747.1£0.7pb
recoil qr subtr. 745.7 + 0.7 pb

S. Camarda, L. Cieri, G. Ferrera Eur.Phys.].C 82 (2022) 6

Xuan Chen

» Solid horizontal lines: NLO, NNLO at 1 GeV, N3LO at 4 GeV with MC error.
» N3LO shows no plateau in 1905.05171

» Pale dots are values used by DYTurbo in 2103.04974 and 2303.12781 (taken
from 1905.05171).

» Fiducial power corrections are not included.
> Leads to 30% difference of N3LO coefficients at g7 = 4 GeV.

» Solid dots are corrected values with fiducial power correction.

» Central value shifts 2 pb starting from NLO (the dominant error).
cut

» +2.1 pb uncertainty from MC and g;* (estimated from [3,5] GeV region).

» Not included in DYTurbo update result with £0.7 pb uncertainty.

DYTurbo result without fiducial power correction cited in ATLAS «, fitting

Order NLO NNLO N3LO
olpp = Z/v*—=1717) [pb] 766.3+1 757.4 £+ 2 746.1 2.5
Order NLL+NLO NNLL+NNLO N3LL+N°LO

olpp = Z/v* = 1T17) [pb] T773.7+1 759.8 £+ 2 749.6 +2.5
S. Camarda, L. Cieri, G. Ferrera Eur.Phys.].C 82 (2022) 6
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Non-Perturbative QFT for precision predictions
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W mass in CDFll measurement

>do/dm;’ two templates with Amy, = 100 MeV

- c .
1800:_ Amw — 100 Mev g 1_02:.. ...... A m=100 MeV ..........................................
N g o = "4
2 1600 ~ 7 2%
< - o E
B = 3 1.015
o 1400 _Q o
; 1200 - T L et A S AR A S D e A R A
‘E: 1000 j @ - 1%
— 1.005|—
> 800 = »
© I - b
% 600 " —— . (A——————
2 .oF Olide by Chris Hays ICHEP 2022 s 0%
- C rege . : 0.995(—
ook S|mp|I|f|ed sumullatlon | | —— | simplified simulation
65 70 75 80 85 90 P T T
M; (GeV) M. (GeV)

Amy, = 100 MeV ~ 0.5-2% change in do/dm; — Amy, = 10 MeV ~ 0.1% precision in do/dm;’
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Precision predictions in CDF I

»(CDF II use ResBos to generate theory templates

»NLO+NNLL accuracy for W/Z production »Use data driven method:
Balazs, Brock, Landry, Nadolsky and Yuan 97 to 03
.. : : , Fix gl g2 g3 0
»(CSS factorisation and resummation of p,in b space: s
do d?v .. =
e = 0 / , ePTbe—5(b) 7 | Global | CDFIl |Global fit CDFII
dQ*d*prdydcostde (27) Pr | fto3 | fit | 03 | fi
X C® f(r1,p) C® f(x2, )+ Y(Q, P, T1, T2, UR, LF) R
Collins, Soper and Sterman 85 Z W Global fit
. Pr!Pr 03
»Non-perturbative effects at a (A) and large b:
Global fit by Brock, Landry, Nadolsky and Yuan "03

o) = SN;‘ZZ@” ;ﬁz . colinsandSoper IT W 0.7 MeV, pl. ~ 2.3 MeV, p¥~ 0.9 MeV
Spert(b) = / — |In ( 2 ) A(p,C)+B (i, C1, Co) CDF supplementary materials ‘22

ot/eyr B L 0 o - >Scale uncertainty of p%/p;’ by DYQT

Snp = _—gl g2 In ( > Qo) — 9193 1n (1002 z3) | b° Bozzi, Catani, Ferrera, de Florian, Grazzini 09 "11

%% [ U
, my ~ 3.5 MeV, ~ 10.1 MeV, ~ 3.9 MeV
Syp assumes the BLNY functional form T ot ,:? Td G pl’f \
Brock, Landry, Nadolsky and Yuan 02 ot included in tinal result CDF sm 22
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o, Fitting With NP Corrections

J. Huston, K. Rabbertz, G. Zanderighi PDG 2021
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