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“THREE CLOUDS™ IN PARTICLE PHYSICS SINCE 2021
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» Fermilab’s Muon g-2 experiment

» Measure the precession difference
of Muon 1n magnetic field

» Observe 4.2 o deviation from SM

» Precision at 0.46 ppm

EXP _ 116592061(41) x 107!
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a4 = g 2 Phys.Rev.Lett. 126, 141801
g SM _ =
D) a,"" = 116591810(43) x 10
Phy. Reports 887 (2020) 1-116
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1.1 < ¢*<6.0 GeV?/c*
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Nature Phys. 18 (2022) 3, 277-282
Xuan Chen (KIT)

> W boson mass measurements
g2 oo . | »CDFII full statistic result reports 7 o
SM
FNAL 62 4 e DO | 80478 + 83 »
CDF | 80432 + 79 @
< R > DELPHI 80336 + 67 %
L3 80270 + 55 @
-€ s
Standard Model E;‘periment OPAL 80415 + 52 ¢
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» _LHCb measure B meson decays p e R e A W LT
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o dg? 1 Distribution W boson mass (MeV) x°/dof
e BB Hete ), mw). 804201+ 103, +850  39/48
. da2 dq pre)comy: . - 80,411.4 £10.7gtar £11.8gyst 83/62
- TR 80,4263+ 14 5 #1170 69/62
» Three generations of experiments |mr(w,y) 80,4461+ 9.2t £ 7.3gyst  90/48
P () o™ IS 80,428.2+9.65t:t £10.3gt 382/62
» Beauty-quark decays with 3.1 ¢ |y ... . 80,428.9+13 1515t +10.9gyst 63/62
R — 0.846 +0.044 Combination 80,433.5 + 6.4t + 6.95yst VA /5
I e dt —0.041
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“THREE CLOUDS™ IN PARTICLE PHYSICS SINCE 2021

Test of lepton universality in beauty-quark decays " | »Fitting the elephant with BSM free parameters

LHCDb Collaboration « Roel Aaij (NIKHEF, Amsterdam) et al. (Mar 22, 2021)

Published in: Nature Phys. 18 (2022) 3, 277-282 - e-Print: 2103.11769 [hep-ex] > The “Oblique COrreCtiOnS” S-T-U in vacuum pOlarisatiOn’
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Statistics from iNSPIRE-HEP by 19-04-2022 The Glitter Group 18

» Further experimental confirmation
» Fermilab Run 2 ~ Run 5 analysis
» LHCb Upgrade I (2025) and II (2030)

» ATLAS, LHCb, CMS all have on-going
analysis of W mass.
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» Further experimental confirmation

» Fermilab Run 2 ~ Run 5 analysis

» LHCb Upgrade I (2025) and II (2030)
» ATLAS, LHCb, CMS all have on-going CHHKs'19 |

analysis of W mass.
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» Fitting the elephant with BSM free parameters

» The “oblique corrections” S-T-U in vacuum polarisation:

Best-fit Peskin-Takeuchi parameters
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| » Challenge experiment with

better/alternative predictions
» Lattice prediction of HVP in g-2

» Improve template fit in CDFII
(ResBos@NLO+NNLL)
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PRECISION PREDICTIONS AT THE LHC
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QCD improved parton model
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+ 10 % level! + 1.2 GeV/13 TeV
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ANATOMY OF HARD SCATTERING &,
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»Building blocks from perturbative QFT

6 = + + a2 + 68V + 6"V + |at (658K + 658V + 68V + 6V [+ O(a?)

010 ONLO ONNLO ON3LO 74
Matrix elements tor Higgs production from gluon fusion (in HTL)

03Q0000000C

N
3.7

Vv

A A

vV
Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 6



ANATOMY OF HARD SCATTERING &,

»All matrix elements have Infrared (IR) divergency

Single soft gluon with momentum p; — 0:

2.
| MO, (i o ks ) [P = sy MOy ik, ) |> with Eikonal factor s = ——
Sijsjk
Double soft gluon with momentum p, + p. — 0:
252 25 ] ] ] 4 2R=e ) 4 s 2
D ad 4 ad ( | 4 ) I , ( ab s cd 1)
SabSbedSabcScd Sbe  SabScd SabSdcd ScdSabe SabcShed Sbc Sabc Shed

Various double unresolved limits: Various N3LO unr.esolved l.imits:. .. )

Double soft, triple collinear, soft and collinear Triple soft (Catani, Colf\eral, Torrini 19) Quad collinear

(Gehrmann-De Ridder, Gehrmann, Glover *05) (Del Duca, Duhr et. al. "19), One-loop unresolved (Badger,

Buciuni, Peraro " 15, Catani, Cieri 21) Two-loop unresolved

(Braun-White, Glover "22) (Duhr, Gehrmann, Jaquier "15) etc.

Explicit IR divergence for 1-loop matrix elements (Catani 98)
| M) = | M AD)) = 1D w25 (pD | M, (D) + | "5 (P )

Explicit IR divergence for 2-loop matrix elements |
| M2 = | M2 {p))) = TD(e, w2 (pD) | AL (% {p D)) + 1P (e, u?; {p]) | MO (1> {p))) + | M= (u%; {p}))

+ey (1) o
1%, u*; {p}) = — lI(”(e,uz; {p})<l(”(€,ﬂ2; {rh) + 47%) I i, ( 2P

(1) %, (2) 2
2 P o T IR TN e, s Yl

» Kinoshita-Lee-Nauenberg theorem ( 64): all IR divergences cancel at each perturbation order of QFT

€

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 7



STATE-OF-THE-ART PREDICTIONS FOR GN3 LO
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» Assemble each o, (x ,, x;,) at N3LO

» [ntegration of QCD radiation with unitarity cuts

p1 —

» Standard treatment of multi-loop calculations except elliptic integrals with 7 =

i nifeedats >

|

| :

|

|

|

|

|

|

l ik

m-/§ where § = x_x;

» Use threshold expansion at different region of 7 and truncate at sufficiently high orders. (Mistlberger *18)

» Use generalised power series ansatz to test the approximation and match coeft. of overlapping regions.

Not exact analytical solution of elliptic mtegmls but numerlcally precise enough for phenomenology

vvvvvvvvvvvvvvvvvvvvvvv

» Application of ggF Higgs production
» Remarkable precision of the first N3LO XS

(Anastasiou, Duhr, Dulat, Furlan, Gehrmann,
Herzog, Lazopoulos, Mistlberger 15 to " 18)

» Available 1n public code 1Hixs 2 (Dulat,
Lazopoulos, Mistlberger "13)

s E- LO = NLO = NNLO = NNNLOJ

» Further application to bbF Higgs (Dulat,
Lazopoulos, Mistlberger ~19)

» VBF to Higgs and HH using DIS structure function

4 X 6 3 h )
(Dreyer, Karlberg " 17" 19) Phys.Rev.Lett. 114 (2015) 212001

11.-

J+  PDF4LHCI5

LHC

PP - H+X (bbH)

Pl NLO
= NNLO - N3LO

10 20 30 40 50 60 70 80 9 100
Ecom [TeV]

Phys.Rev.Lett. 125 (2020) 5, 051804

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC
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STATE-OF-THE-ART PREDICTIONS FOR 053,

» Application to 2 — 1 colour singlet production at the LHC (Duhr, Dulat, Mistlberger “20 “21)

- LHC 13TeV
NLO = NNLO == N3LO PDF4LHCI5 nnlo_mc . =
: 11 , 1.025 BT e R A - adll 'NLO..= NNLO. = N3LO,
Q ﬂomt.=Q
§ 13 . - 1.
k S » f 5
pp —> }/ 5 0.9} 2 o ...LHC13TeV. ... iy
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0.8} , } PP y*'+X(e*e +X) \“
. #ccm:.=Q : : :
i F F 3 i i i i i i 3 i F F 0‘95 | | | | | | | | |
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-y, f PDF4LHCI5 nnlo_mc 2 | 1.025 R PDFALHCIS nnlo me :  © ¢ & f & st apoy g
PP e'e +X - |= NNLO — N3LO| : f o PPoeesX SN e (== NN1LO. S N3Ler ey
S Heent.=Q : f 8 cent.:Q : : : : : : : :
2 1. o &1
, ¥ _y pTp— B %
pp ]/ - 2C'y A N
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0.75 . : : : : z : _ 5 : : 5 . '
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ANATOMY OF DIFFERENTIAL CROSS SECTIONS do
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»Method to control IR divergence?

Xuan Chen (KIT)

N3LO corrections to neutral and charged current at the LHC
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ANATOMY OF DIFFERENTIAL CROSS SECTIONS do
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»Method to control IR divergence?

» Subtraction of IR divergence
NLO): di-pole (Catani, Seymour “96), FKS (Frixione et al."95), Nagy-Soper (Nagy, Soper 07, Chung et al. ’11, Bevilacqua et al. > 13)

NNLO: Antenna subtraction (Gehrmann-De Ridder, Gehrmann et al. ~05), 155 16T 16 =
ONNLO T ONNLO T GNNLO
STRIPPER (Czakon *10), ColourfullNNLO (Del Duca, Kardos et al. " 16), dPN+2 a8 NeH deN
Nested-soft-collinear subtraction (Caola, Melnikov, Rontsch “17), doNNLO = / (R EA = Ao o)
Analytic Sector Subtraction (Magnea, Maina, Pelliccioli, Signorile-Signorile, Torrielli, Uccirat AP N 12
Geometric IR subtraction (Herzog *18) o / (0 e ¥ ) 5T B
d® N1

n /d > (d6NNLo — 0K NLO)

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 11



ANATOMY OF DIFFERENTIAL CROSS SECTIONS do
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»Method to control IR divergence?

» Subtraction of IR divergence
NLO): di-pole (Catani, Seymour “96), FKS (Frixione et al. 95), Nagy-Soper (Nagy, Soper 07, Chung et al. *11, Bevilacqua et al. *13)

NNIL.O: Antenna subtraction (Gehrmann-De Ridder, Gehrmann et al. "05), d5S d5T dsU =
ONNLO T ONNLO T ONNLO
STRIPPER (Czakon *10), ColourfullNNLO (Del Duca, Kardos et al. " 16), dPN+2 a8 NeH deN
Nested-soft-collinear subtraction (Caola, Melnikov, Rontsch “17), doNNLO = / (R EA = Ao o)
Analytic Sector Subtraction (Magnea, Maina, Pelliccioli, Signorile-Signorile, Torrielli, Uccirat AP N 12
Geometric IR subtraction (Herzog *18) o /d 1 (0 e ¥ ) 5T B
N+1

» Slice IR sensitive phase space region (applicable to all orders)

d0F+]et s dGF CT ) n @( cut QZ)

i / (dUNNLo dUNNLo)
[ | dd N
5(7) Nk-11.0 N*LO1

doy, NKLO T \i NeLo @ do;

C

qT slicing (Bozzi, Catani, De Florian, Grazzini et al. *06 *07), N-jettiness Sllcmg (Boughezal, Liu, Petriello et al. *15)

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 12



ANATOMY OF DIFFERENTIAL CROSS SECTIONS do
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»Method to control IR divergence?

» Subtraction of IR divergence
N1LO: di-pole (Catani, Seymour “96), FKS (Frixione et al."95), Nagy-Soper (Nagy, Soper 07, Chung et al. ’11, Bevilacqua et al. > 13)

NNIL.O: Antenna subtraction (Gehrmann-De Ridder, Gehrmann et al. "05), 455 45T ds. =
ONNLO T ONNLO T ONNLO
STRIPPER (Czakon *10), ColourfullNNLO (Del Duca, Kardos et al. " 16), dPN+2 GE N deN
Nested-soft-collinear subtraction (Caola, Melnikov, Rontsch “17), doNNLO = / (R EA = Ao o)
Analytic Sector Subtraction (Magnea, Maina, Pelliccioli, Signorile-Signorile, Torrielli, Uccirat AP N 12
Geometric IR subtraction (Herzog *18) o / (0 e ¥ ) 5T B
d® N1

» Slice IR sensitive phase space region (applicable to all orders)

_ opF Fejet F CT 2
doyis o = 7 iz o ® dogg [dGNk Lo dGN"LO R Ol Q°)

n / (d6NNLo — 0K NLO)
dd N

o(7) fe
qT slicing (Bozzi, Catani, De Florian, Grazzini et al. *06 *07), N-jettiness slicing (Boughezal, Liu, Petriello et al. > 15)
» Projection to Born (applicable to all orders) doF. q 6F+Jlet d UF+]Iet doF.
(Cacciari, Dreyer, Karlberg, Salam, Zanderighi "15) gy L - Lo : N~L0
dO dO dO dO

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 13



ANATOMY OF DIFFERENTIAL CROSS SECTIONS do
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»Method to control IR divergence?

» Subtraction of IR divergence
N1LO: di-pole (Catani, Seymour “96), FKS (Frixione et al."95), Nagy-Soper (Nagy, Soper 07, Chung et al. ’11, Bevilacqua et al. > 13)

NNIL.O: Antenna subtraction (Gehrmann-De Ridder, Gehrmann et al. "05), 455 45T ds. =
ONNLO T ONNLO T ONNLO
STRIPPER (Czakon *10), ColourfullNNLO (Del Duca, Kardos et al. " 16), dPN+2 GE N deN
Nested-soft-collinear subtraction (Caola, Melnikov, Rontsch “17), doNNLO = / (R EA = Ao o)
Analytic Sector Subtraction (Magnea, Maina, Pelliccioli, Signorile-Signorile, Torrielli, Uccirat AP N 12
Geometric IR subtraction (Herzog *18) o / (0 e ¥ ) 5T B
d® N1

» Slice IR sensitive phase space region (applicable to all orders)

_ opF Fejet F CT 2
doyis o = 7 iz o ® dogg [dGNk Lo dGN"LO R Ol Q°)

n / (d6NNLo — 0K NLO)
dd N

o(7) te
slicin ozzi, Catani, De Florian, Grazzini et al. 06 ~07), N-jettiness slicin oughezal, Liu, Petriello et al.*
qT slicing (B & De Fl G 1.°06°07), N-jett licing (Boughezal, Liu, Petriell 1. 15)
> Projection to Born (applicable to all orders) doF. doltet - d UF+]Iet doF.
(Cacciari, Dreyer, Karlberg, Salam, Zanderighi "15) CEE — L0 L : N~L0
dO dO do dO

» Amplitude level removal
Loop-Tree Duality (Bierenbaum, Catani, Draggiotis et al. *08 to * 10, Runkel, Szor et al.* 19, Capatti, Hirschi et al. > 19 >20, Aguilera-Verdugo

et al. >20) Universal factorisation (Anastasiou, Haindl, Sterman, Yang, Zeng ~ 18 to ~20)

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 14



STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Ditterential N3LO accuracy

»Projection to Born

»Jet production in DIS (NNLOJET) Currie, Gehrmann, Glover, Huss, Niehues " 18
»Higgs decay to bb (MCFM) Mondini, Schiavi, Williams * 19
»Higgs production via ggF (RapidiX+NNLOJET) XC, Gehrmann, Glover, Huss, Mistlberger, Pelloni “21
»(qT slicing
»Higgs production via ggFF (HN3LO+NNLOIJET) Cieri, XC, Gehrmann, Glover, Huss “18
»Higgs pair production via ggF (with modified iHixs2) Chen, Li, Shuo, Wang " 19
» Drell-Yan production (NNLOJET) XC, Gehrmann, Glover, Huss, Yang, Zhu “21
»(Combined with resummation (N3LL at small qT)

»Drell-Yan production (DY Turbo) Camarda, Cieri, Ferrera “21 (RadISH+NNLOJET) XC, Gehrmann,
Glover, Huss, Monni, Re, Rottol1, Torriell1 22

»Higgs production via ggF (SCETIib) Billis, Dehnadi, Ebert, Michel, Tackmann 21
Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 15




STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Ditterential N3LO predictions for neutral current production

» Fully differential N3LO Drell-Yan production (via y*) (XC, Gehrmann, Glover, Huss, Yang, Zhu ‘21)

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

B3o deL s dz
Gy = | @ Lolotn| S [ ) fi /100

<3 [ Loty () s/ i + 000 9] +0 ()
j Jx2 L2 % 18 i/hz ’ , A Q?

» All factorised functions are recently known up to N3LO:
1) 3-100p hard function Hq(é) (Gehrmann, Glover, Huber, Ikizlerli, Studerus "10)

2) Transverse-momentum-dependent (TMD) soft function S(b,, y) at af (Li, Zhu " 16)
3) Matching kernel of TMD beam function / ; at a? (Luo, Yang, Zhu, Zhu * 19, Ebert, Mistlberger, Vita *20)

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

y Mo y* y* *+]et }/ CT 2
doysy o = 1Z£7 ® do” Iysro 5(pp.) B [d oxnio ~ 9o Pr >l + 0(g1,/ Q)

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 16




STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Differential N3LO predictions for neutral current production O(aq;)

» Computational setup for pp — y*
(identical setup in the inclusive calculation by Durh, Dulat and Mistlberger in Phys.Rev.Lett. 125 (2020) 17, 172001)

» Fix Q value for y* at 100 GeV (NNLO and N3LO scale variations deviate)

» Use central value of PDF4LHCI15 nnlo mc as benchmark input
> a(m,) = 0.118 with scale variation values calculated from LHAPDF

> Gﬂ EW-scheme with fixed a value

> = = 100 GeV for central QCD scale and use 7-point variations for uncertainty estimation
Hr = HFE p y

> Consider LO decay with m, = m, = ()

> Apply pr,« > 0.25 GeV constrain for NNLO y* + Jer without jet definition

» Use SCET factorisation to integrate contributions below gt cut.

» Dedicated MC adaption to four sub-channels:

gg, qqb = (qqb+gbq), qg = (qg+gq+qbg+gqb), qq = (qq+gbgb)
Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 17



STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Ditterential N3LO predictions for neutral current production

rt = Z r*+jet Z y* SCET
Z doysr0 = doyio/dPry» |pT,y*>q%”f d doys o /9Pry» |pT,y*e[0,q%”f
de,y* de,)/*

SCET+NNLOJET pptoy” Vs =13 TeV

5—1&—_;!"‘!'-5..—‘*‘_ p— B R R W R R R L—— - — -

I
ul
el o ol

o
o
=
S -10
o
~
= 15
o _
e | — qr sub. total — == Inclusive qg
I/\l —20 1 === |nclusive total —— g7 sub. gg + gqQ
- k 4 : PDF4LHC15 nnl
] qr sub. gg + qQ - == Inclusive qq + g0 C15 2
—25 1 - Inclusive qg + q@ qar SUb_' gd MF =Hr =100 GeV
—— grsub. qg —== Inclusive gg
—30 .
B 2_—I—++++++ -
=
] 1+ T E e T R R
-I(-UJ (g 0_+%— T :|__-___
o ~
D e " : NG
C ! . 1 g ! ! o y : ] g 1 ! . ' ! ! . . !
5 10° 10! 102

g [GeV]

XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5
Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 18



STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Ditterential N3LO predictions for neutral current production

y*+jet Z y* SCET s
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STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Ditferential N3LO predictions for charged current production

» Fully differential N3LO W= production (XC, Gehrmann, Glover, Huss, Yang, Zhu in preparation)
SCET+NNLOJET  ppto W™

Vs =13 TeV

» Computational setup for LHC observables:

- ——
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== = = — =

7 =
— = -
4 - L

G 5

» No constrain on W boson mass, n,, € [0, + oo]

'_I_,+,—:|:—'-—-"'F'—-'H—' —_
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-_| .

re ol

o
» Use NNPDF31 nnlo PDFs with a, values from LHAPDE & o j—oo -
> | & SCET+NNLOJET total —— SCET+NNLOJET qq
X S | —— SCET+NNLOJET qgb = —— SCET+NNLOJET gbgb
> GM EW-scheme with fixed a value. O ;] — SCET+NNLOJET qg —— SCET+NNLOJET gg
2 | —— SCET+NNLOJET gbg
@ '___|—'—'
© ——
IN

» Dynamic QCD scale up = ur = m;, with 7 variations.
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-
e
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—
=

=
==

e

=+
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H

> Consider LO decay with m, = m, = 0 Wiriag
_ MF = HRr = My
> Apply py,, > 0.5 GeV constrain for NNLO W +jet i =
. O 1 == == = =S _ "S- _ew_ B g _ _— __ s _ N e e B

> Use SCET factorisation for p;;,, < 0.5 GeV = oo YL T T RS

and to check asymptotic agreement of pT distribution. R R e T I i .
» Dedicated MC adaption to six sub-channels (symmetric in rapidity distribution): g7 [GeV]

g8, qqb = (qqb+qbq), qg = (98+gq), gbg = (qbg+gqb), qq, qbgb

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 20



STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Differential N3LO predictions for charged current production
W Id | vy | — do™ 1d | yy-
do""/d Yw+ 7l doV~/d Yw-

dopo/d | yy-| A(lywl) =
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STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Differential N3LO predictions for charged current production
my = (EL+ E2)* — (ph+ ph)* = \/ 2ELEL(1 = cosgp)

Xuan Chen (KIT)

Breit-Wigner form (running decay width):

1
Sz - m%v = iszrw/mW
(MeV) W mass W width
PDG
(2020) 80379 + 12 2085 =42
CDFII 30433 + 9 2089.5 = 0.6
L3 80270 = 55 2180 = 14

XC, Gehrmann, Glover, Huss, Yang, Zhu in preparation

N3LO corrections to neutral and charged current at the LHC
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STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Differential N3LO predictions for charged current production
my = (EL+ E2* — (ph+ ph)* = \/ 2ELEL(1 = cosgp)

NNLOJET pp to W+ VE=13TeV

NLO M, I, (PDG)
NNLO M,,, T, (PDG)
NNLO M,, (CDFII) I'y, (PDG) NNPDF31 nnlo
NNLO M,, (L3) T,, (PDG) 7'3,‘;'1t;:i'%\$r'atlon
NNLO M,, (PDG) I, (PDG+0)

NNLO M,, (PDG) I, (PDG-0)

Breit-Wigner form (running decay width):
1

o
Ul

: ©
D
R [ SR . YT

s2 — mg, + is2Ly/my,

=
N

do/dm¥ ™ [nb/GeV]

0.1 (MeV) W mass W width
0.0 . | 1\
1.04 1 \ D PDG
= Nl (2020) 80379 = 12 2085 £42
BE 1.00 Tz Ry s :E%—- =i T — L
o Rl 3 W NA NE® .Y, o it s
ZU; 0.98 R gl T Fie e = Jﬁf”" CDFIlI 80433 £ 9 2089.5 £ 0.6
B 0.96
0 I MGV R, T | L3 80270 =+ 55 2180 + 14
m%" [GeV]
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STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Differential N3LO predictions for charged current production
my = (EL+ E2* — (ph+ ph)* = \/ 2ELEL(1 = cosgp)

NNLOJET pp to W+ Y SCET+NNLOJET pp to W~ VS =13 TeV
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Differential N3LO predictions for neutral current production with fiducial cuts
» Apply ATLAS fiducial cuts at 13 TeV

Dynamical scale iy = jtg = \/mij + plf
» Dynamical scale Up = Up = A/ My + pr

> my € [66,116] GeV, |7 | < 2.5

» Symmetric cuts: | pf\ > 27 GeV

Introduce power correction at O(q"' /my)

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Difterential N3LO predictions for neutral current production with fiducial cuts

> Apply ATLAS fiducial cuts at 13 TeV NNPDF4.0 NNLO, 13 TeV, pp — Z/v*(— £Y27) + X
40 | 1 I | ) | ] I I | I 1 | 1 | I
Dynamical scale pip = pg = /m? + pit ~
» Dynamical scale Up = Up =1/ my; + Pt =5 Symmetric cuts
ar E' ® © ©® @ 9
> my, € [66,116] GeV, ' | < 2.5 g T————e—e s s aasees .
>» Symmetric cuts: | p;\ > 27 GeV 10 F § -
L :
. cut .
Introduce power correction at O(q;" /my;) .% ~® £ w  Aliae st e @8 -G
3 10 3% 5 ¢
— i :! 3 ! Vs o s " +
—20 [ == ’ |
, $§ NLO
—30 "With powerf corrections ¢ NNLO-
Without power corrections ¢ N3LO
—40 1 I | | e | f LN |

P [GeV]

XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli *22
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Difterential N3LO predictions for neutral current production with fiducial cuts

» Apply ATLAS fiducial cuts at 13 TeV

Dynamical scale iy = ptg = \/mj + plf
» Dynamical scale Up = Up = A/ My + pr

> my € [66,116] GeV, |7" | < 2.5

>» Symmetric cuts: | pf\ > 27 GeV

cut

Introduce power correction at O(q;" /my;)

» Solution:

cut

> Apply Lorentz Boost below g
Buonocore, Rottoli, Kallweit, Wiesemann 21
Camarda, Cieri, Ferrera “21

Xuan Chen (KIT)

Ao [pb]

40

30

20

10

—30

—40

N3LO corrections to neutral and charged current at the LHC

NNPDF4.0 NNLO, 13 TeV, pp = Z/y* (= £1¢7 )+ X

| 1 |

i | | B v a’~F P 1 v al
o |

Symmetric cuts

“With power corrections
Without power corrections
| A | |

. \ . | P =

P [GeV]

XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli *22

27



STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Ditterential N3LO predictions for neutral current production with fiducial cuts

» Apply ATLAS fiducial cuts at 13 TeV

Dynamical scale juy = jtg = \/mj + plF
» Dynamical scale Up = Up = A/ My + pr

> my € [66,116] GeV, |7 | < 2.5

» Symmetric cuts: | pfl > 27 GeV

cut

Introduce power correction at O(q;" /my;)

» Solution:

cut

> Apply Lorentz Boost below g
Buonocore, Rottoli, Kallweit, Wiesemann 21
Camarda, Cieri, Ferrera "21

» Product cuts: \/

ptpl > 27 GeV
Salam, Slade "21

l+

min{p;.,ps } > 20 GeV

Xuan Chen (KIT)

Ao [pb]

40

30

20

10

—30

—40

NNPDF4.0 NNLO, 13 TeV, pp = Z/4*(—= £T¢7) 4+ X

1 | | |

|' I ] | ™Y | | I | 1 1 I I

Product cut:s

—_—

- 00990 6 0 6 & & & & 0 04

“ - ®

¢ NLO (x1/4)

“With power corrections ¢ NNLO '
Without po:rwer corrections ’ N3LO
] 1 | I 1 | R T T |
10” 10!

pr" [GeV]

XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli *22

N3LO corrections to neutral and charged current at the LHC
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Ditterential N3LO predictions for neutral current production with fiducial cuts

» Apply ATLAS fiducial cuts at 13 TeV

Dynamical scale juy = jtg = \/mj + plF
» Dynamical scale Up = Up = A/ My + pr

> my € [66,116] GeV, |7 | < 2.5

» Symmetric cuts: | pf\ > 27 GeV

cut

Introduce power correction at O(q;" /my;)

» Solution:

cut

> Apply Lorentz Boost below g
Buonocore, Rottoli, Kallweit, Wiesemann 21
Camarda, Cieri, Ferrera "21

» Product cuts: \/

ptpl > 27 GeV
Salam, Slade "21

l+

min{p;.,ps } > 20 GeV
Tae /.

> Typical fiducial cuts for m;, p; in DY production

Ao [pb]

40

30

20

10

—30

—40

NNPDF4.0 NNLO, 13 TeV, pp = Z/4*(—= £T¢7) 4+ X

1 | I | |' I ] I | | I r 1 1 I I

Product cut::s

—_—

- 00090 6 6 6 & & & & 004

A - -

§ NLO (x1/4)

“With power corrections ¢ NNLO 4
Without [,)o:r\,vcr corrections . N3LO
] 1 | 1 | D el T R T
10° 10!

pr" [GeV]

XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli *22

» Large log terms appear in p} ~ my /2, m}/ ~ 2 X min[p}], p}/ ~ ()

Xuan Chen (KIT)

N3LO corrections to neutral and charged current at the LHC
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Ditterential N3LO predictions for neutral current production with fiducial cuts

> Apply ATLAS fiducial cuts at 13 TeV NNPDF4.0 NNLO, 13 TeV, pp = Z/y* (= £727)+ X
40 1 | I

Dynamical scale juy = jtg = \/mj + plF
» Dynamical scale Up = Up = A/ My + pr

> my € [66,116] GeV, 17" < 2.5 20 | -
» Symmetric cuts: | pf\ > 27 GeV el N
. °
Introduce power correction at O(g"'/my) ~:—" O +—o—b-—w-—s—sssasasssee ©F° oo

N |

» Solution:

cut

> Apply Lorentz Boost below g
Buonocore, Rottoli, Kallweit, Wiesemann 21

30

Product cut::s

—_—

| II I I I |

A - -

|

”——9 @ € » & 8 & & & &

I r

1 1 ] I

2 & & & 04

§ NLO (x1/4)

I \ —30 Wi f - ¢ NNLO -
Camarda, Cieri, Ferrera 21 50 , ,?th RGWeN Correctlong 2
» Product cuts: - Without power corrections ¢ N°LO
. \/p% p% S5, GeV —~40 1 Tl O O I ! Rzl e S
107 165

Salam, Slade "21

l+

min{p;.,ps } > 20 GeV
Tae /.

> Typical fiducial cuts for m;, p; in DY production

pr" [GeV]

XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli *22

» Large log terms appear in p} ~myl2, mi ~ 2 X min[p}], p; ~0 Require resummation at small p}/

Xuan Chen (KIT)

N3LO corrections to neutral and charged current at the LHC
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STATE-OF-THE-ART PREDICTIONS FOR donsy onsi s

» Ditterential N3LO predictions for neutral current production with fiducial cuts

» Resum all order contributions at N3LL using RadISH and matched to N3LO

10—1 ,

Lo

ﬁe [1/GeV]

l1/odo/dp

o3
1.10

1.05
1.00

0.95

Ratio to data

0.90

Xuan Chen (KIT)

13 TeV, pp = Z/~*(— £t27) + X

uncertainties with ur, prp, Q variations

I
= 0.81 GeV

I

I

XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli 22

N3LO corrections to neutral and charged current at the LHC
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=
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CONCLUSION AND OUTLOOK

» Precision phenomenology could be the key to reveal new physics principles.

» For theory predictions of LHC observables, there has been rapid progress in
perturbative QCD calculations at NNLO and N3LO accuracy.

» Differential N3LO precision 1s now available for neutral and charged current
production at the LHC.

» Our standard methodology to estimate theoretical uncertainties via scale variation 1s
challenged at N3LO.

» Resumed N3LO+N3LL predictions are essential to compare with data and help to
stabilise the convergence of scale variations.

>»EW, QCD-EW corrections are not included in this talk but equivalent important at the
level ot accuracy. How to combine different source ot corrections/uncertainties 1s the
key to make accurate interpretation of experiment data.

Xuan Chen (KIT) N3LO corrections to neutral and charged current at the LHC 32



CONCLUSION AND OUTLOOK

» Precision phenomenology could be the key to reveal new physics principles.

» For theory predictions of LHC observables, there has been rapid progress in
perturbative QCD calculations at NNLO and N3LO accuracy.

» Differential N3LO precision 1s now available for neutral and charged current
production at the LHC.

» Our standard methodology to estimate theoretical uncertainties via scale variation 1s
challenged at N3LO.

» Resumed N3LO+N3LL predictions are essential to compare with data and help to
stabilise the convergence of scale variations.

>»EW, QCD-EW corrections are not included in this talk but equivalent important at the
level ot accuracy. How to combine different source ot corrections/uncertainties 1s the
key to make accurate interpretation of experiment data.

Thank You for Your Attention
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BACKUP SLIDES

» Ditfferential N3LO predictions for neutral current Order o [pb] Symmetric cuts o [pb] Product cuts

ducti ith fiducial { k  NFLO N*LO+N*LL N*LO N*LO+N*LL
production wi ucial cuts ot 3 — 7
0 726 2 721.16 71575
> Resum all order contributions at N3LL using RadISH =~}  ™2800Wsox 748.58(3) o s 832.22(1) 4 5 831.91(2) g ar
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BACKUP SLIDES

» Differential N3LL +NNLO predictions for charged current production with fiducial cuts

RadISH+NNLOJET RadISH+NNLOJET
1.8 7 13 TeV, pp = Z WH(—= 58 &% + 1) + X 1.8 13 TeV, pp = Z, WH(—= £+L-, 24 + vg) + X ]|
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» Precise W measurement with

calibration against Z. 1.0
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» Improved QCD uncertainties e A )
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BACKUP SLIDES
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»Budget of theoretical uncertainties

» Dominant theory error of 0]1\’713’ ;OH from PDFs.

»EW corrections especially a,a corrections
become relevant and even dominant.

» Time to reflect all approximations being
involved: 5-flavour, Heavy Top limit, running

of m,, my, etc.
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S. Alekhin, A. Kardos, S. Moch, Z. Trocsanyi 2021
Xuan Chen (KIT)
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F. Dulat, A. Lazopoulos, B. Mistlberger 2018
» Fiducial cuts introduce linear power correction

due to illy defined region for QCD factorisation

» The effect can be dominant at N3LO precision

» New ideas emerge recently to rescue
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» Removal of linear power correction d

» Resummation with current/legacy fiducial cuts
p; > 035 xXmy, pr2>025Xmy
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Billis, Dehnadi, Ebert, Michel, Tackmann 2021

* Introduce new source of uncertainty due to matching.

* Not an issue with through test.

* Ideal for legacy experimental analysis.

Xuan Chen (KIT)
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» Change fiducial cuts

pi xp> (035X my)*, pP>025xmy

A through study of linear power correction in G. Salam, E. Slade 2021

7 /onno — 1[%]

o /onnro — 1[%] pp = LT + X, pra,,, > 27/25GeV, |yo| < 2.5 pp = €+ X, prgs/- > 27/25GeV, |y| < 2.5

Teut = CUtyy/o[%] Teut = CUtyr /o[ %]

L. Buonocore, L. Rottoli, S. Kallweit, M. Wiesemann 2021

(see also S. Camarda, L. Cieri, G. Ferrera 2021)
e Straightforward for theory tools to implement

* Require further experiment study to lower trigger of leading photon

» Defiducialization (A. Glazov 2020)
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