N3LO CORRECTIONS TO NEUTRAL AND CHARGED CURRENT AT THE LHC

WRERE i< : UNCERTAINTIES AND OPPORTUNITIES

Xuan Chen
A ITP, IAP, Karlsruhe Institute of Technology

Karlsruher Institut flr Technologie Online, 7May, 2022




“THREE CLOUDS™ IN PARTICLE PHYSICS SINCE 2021

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

LHCb 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:

pdf (2 links (¢ DOl [= cite [ datasets <) 313 citations

P 0.5 A 1 I Il ™ I SR I Il i I [ P I L0 ] I LI I |V L I LI I L
0.4 Fit contours for U =0 (SMref: M, = 125 GeV, m = 172.5 GeV) !
Measurement of the Positive Muon Anomalous Magnetic Momentto 0.46 7' 2 / / - §§j Z’["fff a/s C,:nﬂ‘;’tf,‘;';"; sir20) i
aS = 4e[11:,;(0) — 11, ,(0)] 0.3 O o -
ppm 33 3Q 95% CL for Z widths &
M 2 Collaboration - B. Abi (Oxford U.) et al. (Apr 7, 2021) 02 - B ot o el E
uon g- oliaboration « B. I XT0r .J etal (Apr 7/, 2 E
Published in: Phys.Rev.Lett. 126 (2021) 14, 141801 - e-Print: 2104.03281 [hep-ex] aT o € [Hl 1(0) B H33(O)] 0.1 _E
. 7 i 7 - | Yo g - =1 x 2 o _;
pdf (2 links ¢ DOl [= cite <) 713 citations sin (QW)COSZ(QW)m% o E
High-precision measurement of the W boson mass with the CDF Il detector ' alU = 462[1_[1 1(0) =1 H33(O)] o ; SM Prediction _g
CDF Collaboration « T. Aaltonen (Helsinki U. and Helsinki Inst. of Phys.) et al. (Apr 8, 2022) -0.3 | _E
Published in: Science 376 (2022) 6589, 170-176 : A -0.4 —;
IIIIIIII I L1 11 I L1 11 I T L I ] | I L1 11 I L1 11 I L1 1 I:
| , Peskin and Takeuchi 92

A S DOl =i 2) 49 citations %5 04 03 02 01 0 04 02 03 04 05

. N S
Statistics from iNSPIRE-HEP by 19-04-2022 The Glitter Group "18

» Further experimental confirmation
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» ATLAS, LHCb, CMS all have on-going
analysis of W mass.
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W MASS IN CDFIl MEASUREMENT
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SM
DO | 80478 + 83 ® »PDG world daverage: ny, = 30379 = 12 MeV (Particle Data Group 20)
CDFI 80432 + 79 o
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W MASS IN CDFIl MEASUREMENT
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> do/ dpl(” ) dol dm}” at hadron colliders (p,, p, — py, p, at centre of mass frame):

o 2 4 2 ANa,b,c) = a’*+ b*+ ¢?> —2ab-2bc — 2ac \/E

ﬂ%(s m mb)

= 2 2 — o=
(\/p + mb 90509 p) 2\/;
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>do/ dm}” Template fit to best best parameter values:
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W MASS IN CDFIl MEASUREMENT

%4
[ 1, 1 et et CDFII: Best fitted results for m,", p;

parameter values:
x10° x10°

» Relativistic Breit-Wigner form: 4 : T yeidot =501 48 el N ydof = 39748
., ,. R
2 2 . 2 =% . s A s P,=37% S - P,=79%
sc—mi, + 15l /m with fixed I > * . Soed 5
( 144 |14 W) W 3 _ ;/H Py = 98 % § _ Pys =76 %
© : /
» Binned maximum-likelihood fit: 2 - .+ v
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» Weight distribution:
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PRECISION PREDICTIONS AT THE LHC
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ANATOMY OF HARD SCATTERING &,
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»Building blocks from perturbative QFT

& = + + a2 (688 + 6%V + 6VV)| + [at(6RER + 688V 4 68VV 1 6V + O(a?)

Or0 ONLO ONNLO ON3LO h
Matrix elements tor Higgs production from gluon fusion (in HTL)

P
i<l

Vv

A A

vV
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STATE-OF-THE-ART PREDICTIONS FOR 6N3 LO
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» Assemble each o, (x , x;,) at N3LO

» Integration of QCD radiation with unitarity cuts

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

p1 —

w2 MDTGADT

m-/§ where § = x x5

» 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 preczse enough for phenomenology

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

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

» Available in public code 1Hixs 2 (Dulat,
Lazopoulos, Mistlberger " 18)

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

» VBF to Higgs and HH using DIS structure function
(Dreyer, Karlberg 17 " 19)

vvvvvvvvvvvvvvvvvvvvvvv

_______________________________________________________________

_________________________________________________________________

————————————————————————————————————————————————————————————————

Vs mev
Phys.Rev.Lett. 114 (2015) 212001

11.

8.7-

LHC
PDF4LHCI15
PP - H+X (bbH)

e e 1O NLO

= NNLO - N3LO

10 20 30 40 50 60 70 80 90 100
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 o3

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

pp = Zly* — eTe”

pp - W=

Xuan Chen (KIT)
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STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Ditterential N3LO accuracy doF. doFHet  doFHier doF.
NKLO N1LO N-1LOo \ , YONKLO
> Projection to Born N ( d0O A0 ) Y

»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 doi o = X o ® 4oy 5 9 [dgf\;:{itg & da]@fg] T + 0(z5,,/ Q%)
»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 12




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

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

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

3o del P d
Giggdy = | e Solotn| S [ B 1,0) fi /1,0

<3 [ Loty () a1 i + 0 00 9] +0 ()
j Jx2 L2 o s R ’ ’ E G

» All factorised functions are recently known up to N3LO:
1) 3-10013 hard function Hq(? (Gehrmann, Glover, Huber, Ikizlerli, Studerus " 10)

2) Transverse-momentum-dependent (TMD) soft function S(b, u) at 0553 (Li, Zhu " 16)
3) Matching kernel of TMD beam function / gk at 0( (Luo, Yang, Zhu, Zhu " 19, Ebert, Mistlberger, Vita "20)

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

dg]}\/ﬂLO — [%}’* ® dGV*]N3L0 5(p ) [daz;\/]N—;{gt daj}\/,gL%T]pT *>ch dIs @((qcut/Q)Z)
T,y*

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




STATE-OF-THE-ART PREDICTIONS FOR doys3;
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»Differential N3LO predictions for neutral and charged current production O(aa;)

» Computational setup for pp — y* — [T]~
(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 PDF4LHC15 nnlo mc as benchmark input
> up = up = 100 GeV for central QCD scale and use 7-point variations for uncertainty estimation
> Apply pr,« > 0.25 GeV constrain for NNLO y* + Jer without jet definition
» Computational setup for pp - W= — [*v
» Dynamic QCD scale pup = ur = my, with 7 variations and m,, € [0, + oo]

» Use NNPDF31_nnlo PDFs and p;;, > 0.5 GeV

» Common setup

> Consider LO decay with m, = m, = 0

» a(m,) =0.118, G, EW-scheme with fixed a value

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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» Differential N3LO predictions for neutral and charged current production

V. = V+jet V SCET
Z dGN3LO S Z dGNNLO/ dp TaleT,v>CJ%”f % Z d6N3L0 / de,leT,VE[O,q%”f]

dPT,V
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~
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—=30 :
-I(B 212 22 ==
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3 = I_\_
Gy — ==
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XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5
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XC, Gehrmann, Glover, Huss, Yang, Zhu in preparation
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Differential N3LO predictions for neutral current production

/3 W-
do? /d|y,| o' 1d| yy- |
SCET+NNLOJET pp to Y* 5 =akeay SCET+NNLOJET pp to W~ Vs =13 TeV
110.0
e 29 ——uiNEO > TR e — LO —— NNLO
107.5 o -------------------------------------------- ---------------------------------------- — L NLO - i——"N3L0O —— NLO —— N3LO
1050 . ey "~ 1 26 R i = S
g g
—_ 2R
N Ig Z
> _
S % W RS S < TR D —
% B ~ NNPDF31 nnlo
Qe ~ 7-point scale variation
2 O S O
2= 2=
© Z © Z
o o
XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5 XC, Gehrmann, Glover, Huss, Yang, Zhu in preparation
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STATE-OF-THE-ART PREDICTIONS FOR doys3;
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» Differential N3LO predictions for charged current production
my = (EL+ EX)* — (ph+ ph)* = \/ 2ELE(1 = cosgp)

Breit-Wigner form (running decay width):
1

Sz =~ m%v + iszrw/mw

(MeV) W mass W width
PDG
(2020) 30379 £ 12 2085 =42
CDFII 30433 £ 9 2089.5 = 0.6
L3 80270 = 55 2180 = 14

XC, Gehrmann, Glover, Huss, Yang, Zhu in preparation
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» Ditterential N3LO predictions for charged current production
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» Differential N3LO predictions for charged current production
my = (EL+ EX)* — (ph+ ph)* = \/ 2ELE(1 = cosgp)
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Differential N3LO predictions for charged current production
mp = (EL+ EY? — (P + PU)? = \/ DELEY(1 = cosp)
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Ditterential N3LO predictions for charged current production
my = (Eb+ ER? — (B + P4 = \[2ELEX(1 — cosg)
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STATE-OF-THE-ART PREDICTIONS FOR doys3;

» Differential N3LO predictions for charged current production
my = (EL+ EX)* — (ph+ ph)* = \/ 2ELEL(1 = cosgp)
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»Difterential N3LO predictions tor neutral current production with fiducial cuts

> Apply ATLAS fiducial cuts at 13 TeV . NNPDF4.0 NNLO, 13 TeV, pp = Z/¥" (= £7£7) + X
40 1 1 I | ! | ] I | | I 1 | 1 1 I
. 0 12 ‘
Dz innlcsll Geo sy, f— \/ m;; + Product cuts
y o HR z pT 218 - . - o— 9o 990 0 0 0 0 0 00 & & 0 00/
> my, € [66,116] GeV, |n'"| < 2.5 20 |- | -
>» Symmetric cuts: | p;\ > 27 GeV = 10 - 1
2 : TR |
Introduce power correction at O(gs"'/my) % 'Y S ¢ Gl SR SO SINE TR D
» Solution: % —10
» Apply Lorentz Boost below g5 —20 | 5 ~
. SR O : § NLO (x1/4)
Buonocore, Rottoli, Kallweit, Wiesemann 21 i
Camarda, Cieri, Ferrera 21 —30 "'With power corrections ¢ NNLO 1
> Droclice: X ’+ Without power corrections ¢ N°LO
. [ = 1 | WAt | A e I | | I I L I
>27.GeV —40
\/p T P1 10° 10!

Salam, Slade "21

l+

min{p;.,p. } > 20 GeV Pt [GeV]

> Typical fiducial cuts for m%/, p}/ in DY production XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli 22

» Large log terms appear in p% ~ my /2, m}/ ~ 2 X min[p}], p}/ ~ ()
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STATE-OF-THE-ART PREDICTIONS FOR donsy onsir

» Ditterential N3LO predictions for neutral current production with fiducial cuts

» Resum all order contributions at N3LL using RadISH and matched to N3LO
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CONCLUSION AND OUTLOOK
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» Precision phenomenology could be the key to reveal new physics principles.

» FFor 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 25
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» Precision phenomenology could be the key to reveal new physics principles.

» FFor 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

» Ditterential N3LO predictions for neutral current order o [pb] Symmetric cuts
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BACKUP SLIDES

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

» Precise W measurement with
calibration against Z.

» Improved QCD uncertainties
through out pT.

» Different EW and QCD-EW
correction between Z and W are
not yet considered.

Bizon, Gehrmann-De Ridder,
Gehrmann, Glover, Huss, Monni, Re,
Rottoli, Walker " 19
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