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............................................... BNLg2 o
> Precision phenomenology examples FNAL g-2 4 o
» o-2 exam with 4.2 o significance < 420 >
g—2 @’ =116592061(41)x 107" A [ &
a = Phys.Rev.Lett. 126, 141801 (2021) Staha L HEE L B
H 2 &M =116591810(43) x 10711 Average
More in Massimo’s talk Ph-Reports 887 (2020) 1-116 175 180 185 19'.09 195 200 205 21.0 215
> Beauty-quark decays with 3.1 ¢ difference oy O
) Phys.Rev.Lett. 126, 141801 (2021)
‘fm@mB%HWW%W
0.044 I T T e ]
Ry = qfr;; i dg? " ) RK = 0.8461_0.041
max Best et e— 9 , . 1 BaBar
/m ALY 2103.11769 . ey
» Anomaly in fundamental parameters :
: o : = , Belle 2
» Discovery needs more precision SINE GG
» Accurate interpretation of SM NG LHCb 9 fb-!
1.1< g2 <6.0 GeV¥/c?
» Manifest in other observables e N el b B e
0.5 1 1.5

2103.11769 R
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PRECISION MEASUREMENT AT THE LHC
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> Flip every stone searching for new physics: (More in Harrison’s talk)

» Measured total cross section at 10% accuracy for di-boson productions

Septelmber 2020 | ' ' ' | | (}MS 'Prelir'ninarly

CMS measurements 7 TeV CMS measurement (stat,stat+sys) —=—o—+
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys)  ++eo——

13 TeV CMS measurement (stat,stat+sys) ++eo—+
1Y 1.06+0.01+0.12 5.0fb"
Wy, (NLO th.) - 1.16+0.03+0.13 5.0fb"
Zy, (NLO th.) — 0.98+0.01+0.05 5.0fb"
Zy, (NLO th,) - 0.98+0.01£0.05 19.5fb"
WW+WZ 1.01+0.13+0.14 49fb"
WW 1.07+0.04+0.09 49fb"
WW e 1.00+0.02+0.08 19.4fb"
WW —t— 1.00+0.01+0.06 35.9fb"
"4 —_— = 1.05+0.07+0.06 4.9fb"
"4 ——e——i 1.02+0.04+0.07 19.6fb"
Wz ot 0.96+0.02+0.05 35.9fb"
Y4 0.97+0.13+£0.07 4.9fb"
ZZ ———e——i 0.97+0.06+0.08 19.6fb™"
ZZ e 1.04+0.02+0.04 137 fb"

Al restis at: 1 Production Cross S1ésction Ratio: o.../0 :
http://cern.ch/go/pN;j7 3 exp theo
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PRECISION MEASUREMENT AT THE LHC

> Flip every stone searching for new physics: (More in Harrison’s talk)

» Measured total cross section at 10% accuracy for di-boson productions

» Gauge boson production in associate with jets (from 1 to 7 jets)

September 2019 CMS Preliminary
a DR : @ 7 TeV CMS measurement (L<5.0 fb”) -
o 104;— g i i P @ 8 TeV CMS measurement (L< 19.6 fb™) =
sy o polli. <o 1ol ST fi 13 TeV CMS measurement (L < 137 fb™) 3
o b G A R A, A — Theory prediction i
T, <1 SR N 5 o
= 10 E f L B: 5 §
oF Sy . ;

g

8 102 E o ma n'. - | :
= : u o : ]
0p) ¥ ] ’ |M. ]
) L " i 2
310 == ?
11} i E
= ¢ g i - :
o LE g 7 el n E
— ol 0 = PP A, Jpn 200 S0 SN N U RO 5 R S Bt RS IS G B R T S S S S S G S L
5 g _____ N
310 g F 8 i o :
T i B il nE : 1
8.oaf] LU AniEE M T L K i) -
E10 =SB S | | 5 °© AU S e
T O R I o G — T 5 = =
NiREEE N | < E e My
107 L) 3 i-
e || f RN
—l l l | I T T 1 T ] Il 20l salwwr iersl IWZI I 1 IZZI Il il Iy &l | IHI | | | [-
WOt 2 25 24 25 6 7 T 2 Z 2N 2 23 4 28 26 27 o 220 W= =2 2 Zo=i2 B v 4§ 4 2 Hos o2 =5 oo

All results at: http: Jlcern.ch /go/pNj7 Fiducial W and Z s with W-lv, Z-ll and kinematic selection
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PRECISION MEASUREMENT AT THE LHC
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> Flip every stone searching for new physics: (More in Harrison’s talk)

» Measured total cross section at 10% accuracy for di-boson productions
» Gauge boson production in associate with jets (from 1 to 7 jets)

» HL-LHC projected Higgs cross section measurements at 2-4% precision

. . — =1 f
SRR CMS Preliminary ~ ————— el dlo Ui por exporimork
A B @ 7 TeV CMS measurement (L<5.0 fb™) R
-8_ 104 = d - @ 8 TeV CMS measurement (L< 19.6 fb™) r- E TOta_I 3 ATLAS and CMS
o R ey (<17 ) E § e W HL-LHC Projection
. - — Theory prediction E —— Experimental
'y 103 E . . | B E —— Theory Uncertainty [%]
g - o - .
B ol im"‘ o . B § R Tot Stat Exp Th
() 10 - m g mdl . o == ‘ ‘
CD g 4 . ﬂaﬂ ggH 1.6 0.7 0.8 1.2
" 10k i i 2
(7)) AR i
8 # g s e Oy — 3.4 18 1.3 2.1
1¢ : . |
S @i T M ig - fw -
= a~-1 : P - WH——— 5.7 33 24 40
3 g |
910 2 F . . \
O o . ] 1
1 o IS
910‘2 3 7 T + Oy F— | 42 26 13 3.1
o o 3 ZH [—
10—3 L % ? 3 | ‘
1 Oy [—— 43 13 18 37
107 E ? E 0 002 004 006 008 01 012 014
3 I Wlz1il221"23jI24jI25jI26j|27jl 1clzt:I z I21jI22jI23jI245I25jI261I27jI 1c I21bI22bI:vozl=1|'I=2jlzs,'lz=(z).l=1jl=2jlzajl tt : ] I 2 : 3 : 4 leblgo,l:uI:ziI:sjlqu g EXPGCted relative uncertainty

All results at: http: Jlcern.ch /go/pNj7 Fiducial W and Z s with W-lv, Z-ll and kinematic selection

WG2 report on HL-LHC 1902.00134
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THE PRECISION THEORY FRONTIER AT THE LHC
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» Parton model i
g S Sl 0
P\A\ faja(za) ¥ foiB(xp) L/})B

Figure by A. Huss

1 1
aAgz%j /O = /O A2y foa(%a) fop(@b) Gab(@ar 25) (1+O(Aqen/Q))
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THE PRECISION THEORY FRONTIER AT THE LHC
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» Parton model 7.
AN
Q TqPa Gab xy PB B
PA\ : fala(za) ) | foia(z0) B L/f)B

Figure by A. Huss

1 1
OAB = %}:/O dwa/O dzp faja(®a) foiB(Ts) Gab(Ta, 2s) (1+O(Aqep/Q))

few % at LHC
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THE PRECISION THEORY FRONTIER AT THE LHC

» Parton model — |

& TaPa Cab ‘CUbPB B
P = foja(za) || | foB(T0) B /P

P
ot X

Figure by A. Huss

1 1
OAB = %;/0 dwa/O dzy fa|A(x) o1 B(Tp) 5'ab(aaxb) (1+0(Aqep/Q))

parton distribution functions

(systematically, improvable)

hard scattering
(systematically improvable)

Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 3



THE PRECISION THEORY FRONTIER AT THE LHC

sy o . . (0 Qs (1 as\2 . (2
AR | Uabzaéb)+<ﬁ)aéb)+(ﬁ) Uc(tb)+"'
748 : |

zoPa Y\ 9e )J 2, P5 &
L faa@ || | [ fonle) =2
: B
! X - :
Figure by A. Huss

1 1
OAB = %;/0 dwa/O dzy fa|A(x) o1 B(Tp) 5'ab(aaxb) (1+0(Aqep/Q))

parton distribution functions

(systematically, improvable)

- :
hard scattering few %:

(systematically improvable)
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THE PRECISION THEORY FRONTIER AT THE LHC

» Remarkable progress at differential NNLO

Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 4



THE PRECISION THEORY FRONTIER AT THE LHC

» Remarkable progress at differential NNLO | arcas preliminary
pp = yy7+X
. g 3 Vs =28TeV;20.2 fb!
» Complexity at 2 to 3 scattering b=\
Tri-phOtOIl: JHEP 02 (2020) 057 MCFM, NLO s
Phys.Lett.B 812 (2021) 136013 A T
Di-photon+Jet:  2105.06940 MGS MCPYBOGNO e
WH+]Jet:  Phys.Lett.B 817 (2021) 136335 MG BMC+ ByB 0 IGNED G350
Sherpa 0,1j@NLO
Sherpa 0j@NLO+1,2j@LO Py
0 1I0 2I0 3'0 4IO 5I0 6I0 70 80 90

ATL-PHYS-PUB-2021-001 "™
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THE PRECISION THEORY FRONTIER AT THE LHC

» Remarkable progress at differential NNLO

» Complexity at 2 to 3 scattering
Tri-photon: JHEP 02 (2020) 057

ATLAS Preliminary

pp — Yyy+X
Vs =28TeV;20.2 fb!

B ....-n:ub

MCFM, NLO ——
Di-photon+Jet:  2105.06940 MGS AMCPYEOONO e
WH+Jet:  Phys.Lett.B 817 (2021) 136335 MGS aMC+Py3 0.1/@NLO (X0
.. X 1 A q A Sherpa 0,1j@NLO
» Di-jet triple differential predictions iy S y
~ 10° NNLOJET | . I = 8 TIeV 10 20 30 10 50 60 70
g 107 NNLO ® NP ® EWK (l“l'=m ) —_—0< yb <1 0<y*<1 (x102) ATL—PHYS‘PUB—202 1 —001
e i —0<y <1 1<y*<2(x10°
£ 10° —0<y, <1 2<y*<3(x10')
3, 10° T e
mb'Ug,104 —2<y, <3 0<y*<1(x10")
5 —e-CMSL, =19.7fb"
g 10°
107
10
1
107"
-2
2 4 anti-k, (R=0.7)
10 MMHT2014_nnlo .
10—4 | ] ! 1 1 ] [ —— ]
200 300 500 1000 2000
pT,avg (GeV)
Phys.Rev.Lett. 123 (2019) 10, 102001
Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021

80
o5q. [fb]

4

90



THE PRECISION THEORY FRONTIER AT THE LHC

» Remarkable progress at differential NNLO

» Complexity at 2 to 3 scattering

Tri-photon: JHEP 02 (2020) 057
Phys.Lett.B 812 (2021) 136013

Di-photon+Jet:  2105.06940
WH+]Jet:  Phys.Lett.B 817 (2021) 136335

» Di-jet triple differential predictions

108 NNLOJET 8 TeV
; I 1 1 I l 1
8 107 = NNLO ® NP ® EWK (u=m) —0<y, <1 0<y*<1(x10?)
e i —< Y. ‘<1 1 <y* <2 (x10%)
£ 10° —0<y <1 2<y*<3(x10")
o —1<yb<2 0<y*<1(x10")
29105 —— 1<y <2 1<y*<2(x10')
mb'om104 —2<y <3 0<y*<1(x10%)
3 s —e-CMSL, =19.7 "
g 10°
102
10
1
107"
10°?
p anti-k, (R=0.7)
10 MMHT2014_nnlo ==
10—4 1 1 1 1 1 1 1 | 1
200 300 500 1000 2000
p._ (GeV)

T,avg

Phys.Rev.Lett. 123 (2019) 10, 102001
Xuan Chen (KIT)

Fully differential y* production at LHC with N3LO QCD

ATLAS Preliminary

pp — Yyy+X
Vs =28TeV;20.2 fb!

B ....-n:ub

MCFM, NLO ——
MATRIX, NNLO

MG5_aMC+Py8 0j@NLO
MG5_aMC+Py8 0,1j@NLO (FxFx)
Sherpa 0,1j@NLO

Sherpa 0j@NLO+1,2j@LO

0 10 20 30 40 50 60

70

ATL-PHYS-PUB-2021-001
» RADCOR 2019 talks

80
o5q. [fb]

» 6 on NNLO pheno

» 8 on 2-loop amplitudes

» 2 on N3LO pheno+amplitude
» RADCOR+LoopFest 2021 talks

» 12 on NNLO pheno

» 14 on 2-loop amplitudes

» 5 on N3LO pheno+amplitude
May 18, 2021 4
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THE PRECISION THEORY FRONTIER AT THE LHC

» N3LO QCD corrections available for LHC observables

» Total and differential predictions of Higgs production and decay

» Gluon fusion channel (ggF) in heavy top quark limit (HTL): H and HH
OHH

103 |
g ,
6 -
g © pp—hh+X
Mpn/4<pR,ME<Mpp .
A PDF4LHC15_nnlo_30 o= |
: m,=125 GeV NLO @
' NNLO ]
N’Lo @ |
............................................................................................
............................................................................................
by NN \\\\\\\\\\\\\\\\\\\\\\\\\\\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘{{{\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\K\\\\\\\§\\\§
o
o 0.8 3
|
© 0.6

..........................................................................................

10 20 30 40 50 60 70 80 90 100
\s [TeV]

Phys.Rev.Lett. 114 (2015) 212001 Phys.Lett.B 803 (2020) 135292
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THE PRECISION THEORY FRONTIER AT THE LHC

» N3LO QCD corrections available for LHC observables

» Total and differential predictions of Higgs production and decay
» Differential distributions from ggF channel in HTL

19 B [ NNLOJET + RapidiX pp = H (= y y) + X Vs =13 TeV
10 S_ 11:41?»40}?1}32?;\; NNLO ? 49 ? ::t((]] Yo A
i 35 >
= 8: = 30 4
m>\‘ 4: i\. E il Mﬁé@ﬁz .
3 9 3 a8 o
ey R 5 [ -

'E . B { J | 'E 0 ' ' ' I

P

§ //// ///// iag////////// e e
Tl 20.8f -
Bo.7| y
3 0.8, ! | 1 1 | ! | | 8.6 L I ! L i

e T N e o A LS 1 2 3 1 ] 8.5 1 1.5 2

Y ly¥1
Phys.Rev.D 99 (2019) 3, 034004 210207607

See also JHEP 02 (2019) 096
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THE PRECISION THEORY FRONTIER AT THE LHC

» N3LO QCD corrections available for LHC observables

» Total and differential predictions of Higgs production and decay

-----------------------

= L] [ J L] yc =O 1
» bbH production and decay predictions 745
R sl
11. §
e | s =
8.7 PDFALHCLS oo P L B i il
P P - H+X (bbH) : 2 -
T 5 3LO ]
= 66- |=10 NLO -LI 0.5 rH—» bb
o ~ NNLO
m - — NNLO — N3LO I~ H-bb
44+ S
T T 0.1
22t 12f
BN
< T ; L1}
> 1.0F°
S 0NN |
= 0.8} NLO(,U()‘;I?\II:O(;:I:IITI:’{“ A
o v
z o 1.10f
5 = 1.051
Iy g 1.00
< 0.95¢
.2 0.90}
. .‘ . | . ; . | . SROLESLEEL OGN DG 0)
10 20 30 40 50 60 70 80 90 100 & 580 LNNLOW)/NNLO (=) _ _ ,
Ecou [TeV] OORRENOMEE 0O M3, 0 0.4 05
pry/mu
Phys.Rev.Lett. 125 (2020) 5, 051804 JHEP 06 (2019) 079
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THE PRECISION THEORY FRONTIER AT THE LHC

» N3LO QCD corrections available for LHC observables

» Excellent convergence of perturbative series for Higgs related obs.
» To answer the precision challenge from HL-LHC

» Critical thinking needed for the new “shortest board of a bucket”

» Uncertainties from PDEF «,, fixed couplings, mass effect etc.

(s =14 TeV, 3000 fb™' per experiment

[T T ' T T T T T | T T T T T ' ' | T T T MR s e e el
1L g | Total ATLAS and CMS
: : bl HL-LHC Projection
E . —— Experimental
10 '_ _‘ —— Theory Uncertainty [%]
k { 2% a5 Tot Stat Exp Th
oo\o 8 :_ 6(PDF+as) _: GggH __.—; 3 1.6 0.7 0.8 1.2
S \ : |
x__ B 4 po—
‘6‘% 6__ \ &(1/my) . GVBF ] | 3118 13 21
S [ &by i e
I S(EW) . E——
4 - \ — GWH —_— E 5.7 3.3 24 40
: \ 5(PDF-TH) :
> L 5 Oy — 42 26 1.3 3.1
I 5(scale) i
0L, . | ! | ) . . | | \ \ | . . . | : ! A 7] GttH E_. 43 13 18 37
2 < i o 20 T 0 007 004 006 008 01 012 04
Collider Energy / TeV Expected relative uncertainty
Comput.Phys.Commun. 233 (2018) 243-260 WG2 report on HL-LHC 1902.00134
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THE PRECISION THEORY FRONTIER AT THE LHC

» N3LO QCD corrections available for LHC observables

» Neutral and charged current total cross section (CFB collaboration)

» Tension for perturbative convergence of fixed order corrections
PR

LHC 13TeV
NLO = NNLO = N3LO ~ PDF4LHCIS5_nnlo_mc N7 NLO = NNLO = N3LO
PP -y*+X (e*et+X) »
S 3 Heent =Q
(o] (o]
£ i &
b - LHC 13TeV : E
PDF4LHCI15_nnlo_mc 0975
PP- y*+X (e*e+X) P R ram— <!
#m‘;Q 1 | | | | 1 1
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 200 400 600 800 1000 1200 1400 1600 1800
Q [GeV] . Q [GeV]
C. Duhr, E Dulat and B. Mistlberger Phys.Rev.Lett. 125 (2020) 17, 172001
_I_
pp — W=
K—Factor W* _ s X K—Factor W~ N
LHC 13TeV | | LHC 13TeV |
PDF4LHC15 nnlo_mc “"NNLO . PDF4LHC15_nnlo_mc
% cent.=Q
7z
5
5
200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
Q [GeV] Q [GeV]
C. Duhr, E Dulat and B. Mistlberger JHEP 11 (2020) 143
May 18, 2021 7
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THE PRECISION THEORY FRONTIER AT THE LHC

» N3LO QCD corrections available for LHC observables

» Neutral and charged current total cross section (CFB collaboration)

» Tension for perturbative convergence of fixed order corrections
PR

0.48- ' NLO = NNLO = N3LO

0474

)
£ 0.46)
5
045! LHC 13 TeV 2 LHC 13 TeV
PDF4LHC15_nnlo_mec¢ PDF4L.HC15_nnlo_mc NLO — NNLO - N3LO
PP - y'+X PP -y +X
0.44+ ur=Q=100 GeV 0.44} ur=Q=100 GeV
05 075 1. 125 15 175 2. 03 075 1. 125 15 175 2.
ur/Q ur/Q

C. Duhr, E Dulat and B. Mistlberger Phys.Rev.Lett. 125 (2020) 17, 172001
» Require 2nd calculation to check the -2% correction & scale variation

> Need to study differential observables with wide dynamic range

> To feed coherent predictions for PDF and a, fittings
Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 8
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! 1 o Deep Inelastic Scattermg
) h ] A 4 e E . 2l)-
A

Heavy Quarks Total Cross Section
Jet Transverse Momentum Distribution
106 - Drell-Yan Transverse Momentum Distribution
1 » Heavy Quarks Production Single Quark Rapidity Distribution
* Heavy Quarks Production Rapidity Distribution
¢ Jets Rapidity Distribution
1 05 |l * Dijets Invariant Mass and Rapidity Distribution
i ¢ Photon Production
1 O Black edge: New in NNDPF4.0
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= 0.46 3 olAdigiisgisgagalie Ano Adpfigal A ;
5 10 NNPDF4 0AAAA‘AAAA‘AAAA‘AAAA‘AMA‘AAA‘gM :
$
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102 ' OO0 BB Ee e
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-
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| 1

| X
» “Need 1o study differential observables with wide dynamic range

> To feed coherent predictions for PDF and a, fittings
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

XC, T. Gehrmann, N. Glover, A. Huss, T. Z. Yang, H. X. Zhu
> Apply gt-subtraction at N3LO with SCET factorisation and expand to N3LO:

d’o d? 2 e~ ¥qLbL
dQ22qrdy ~ | (27)2 ZULO 99 Z — gk (21,07, 1) frpny (21/21, 1)

X Z/ dﬁl«ﬂ (22, %, 1) fi/ny (w2/ 22, 1)S (b1, 1) + (g & Q)] e (Qz)

Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 9
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

XC, T. Gehrmann, N. Glover, A. Huss, T. Z. Yang, H. X. Zhu
> Apply gt-subtraction at N3LO with SCET factorisation and expand to N3LO:

Bo P\ Ly dz
d022qrdy | (2n)2 = lz:‘fLo qq[Z/ Lok (21,0%, 1) fijn, (@1/21, 1)

X Z/ Ca Tg; (22, b7, 1) fi/ng (w222, )8 (bL, 1) + (g & Q)] +0 (@22)

» All factorised functions are recently known up to N3LO:
1) 3-loop hard function H;f_]) from JHEP 06 (2010) 094

2) TMD soft function S(b,, ) at @ from Phys.Rev.Lett. 118 (2017) 022004
3) Matching kernel of TMD beam function [ at a? from:
Phys.Rev.Lett. 124 (2020) 092001 and JHEP 09 (2020) 146

Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 9
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

XC, T. Gehrmann, N. Glover, A. Huss, T. Z. Yang, H. X. Zhu
> Apply gt-subtraction at N3LO with SCET factorisation and expand to N3LO:

3o Py _, dz
dQ2d2qrdy / (27)2 s ZULO qq[Z/ Lok (21,0%, 1) fijn, (@1/21, 1)

X Z/ Ca Tg; (22, b7, 1) fi/ng (w222, )8 (bL, 1) + (g & Q)] +0 (@22)

» All factorised functions are recently known up to N3LO:
1) 3-loop hard function H;f_]) from JHEP 06 (2010) 094

2) TMD soft function S(b, i) at aS3 from Phys.Rev.Lett. 118 (2017) 022004
3) Matching kernel of TMD beam function [ at a? from:

Phys.Rev.Lett. 124 (2020) 092001 and JHEP 09 (2020) 146
> Apply gt cut to factorise N3LO contribution into two parts:

e AT fie r* ke PSR G
Plan 1 Qo iy 3L0‘5(p ) + [dovio ~ %% ]pT >qt
Ty
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

XC, T. Gehrmann, N. Glover, A. Huss, T. Z. Yang, H. X. Zhu
> Apply gt-subtraction at N3LO with SCET factorisation and expand to N3LO:

3o Py _, dz
dQ2d2qrdy / (27)2 s ZULO qq[Z/ Lok (21,0%, 1) fijn, (@1/21, 1)

X Z/ Ca Tg; (22, b7, 1) fi/ng (w222, )8 (bL, 1) + (g & Q)] +0 (@22)

» All factorised functions are recently known up to N3LO:
1) 3-loop hard function H;f_]) from JHEP 06 (2010) 094

2) TMD soft function S(b, i) at aS3 from Phys.Rev.Lett. 118 (2017) 022004
3) Matching kernel of TMD beam function [ at a? from:

Phys.Rev.Lett. 124 (2020) 092001 and JHEP 09 (2020) 146

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

e AT fie r* ke PSR G
Plan 1 Qo iy 3L0‘5(p ) + [dovio ~ %% ]pT >qt
Ty

> doj\’;gg from NNLOJET with excellent numerical stability at small py. -
JHEP 12 (2018) 132 and Eur.Phys.J.C 79 (2019) 10
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

» Computational setup for pp — y*
(identical to CFB paper 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
» aJlm,) = 0.118 with scale variation values calculated from LHAPDF

> Gﬂ EW-scheme with fixed a value

> up = pp = 100 GeV for central QCD scale and use 7-point variations for
uncertainty estimation

Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 10



DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

» Computational setup for pp — y*
(identical to CFB paper 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
» aJlm,) = 0.118 with scale variation values calculated from LHAPDF

> Gﬂ EW-scheme with fixed a value

> up = pp = 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

» Use SCET factorisation to integrate contributions below qt cut.

» Dedicated MC adaption to four sub-channels:
gg, qqb = (qqb+qbq), qg = (qg+gq+qbg+ggb), qq = (qq+qbgb)

Xuan Chen (KIT) Fully differential y* production at LHC with N3LO QCD May 18, 2021 10



DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

y*+jet y* CT
PN oRR s V5. doe k) at small pr £

SCET+NNLOJET ggtoy” VS =13 TeV

100 1 —— SCET N3LO only gg
—— NNLOJET N3LO only gg

» Check each channel
for N3LO only
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

=
> dG}/ <=4

» Check each channel
for N3LO only

» Convergence between
SCET and NNLOJET:
gg below ~1 GeV
qg below ~4 GeV
qq below ~6 GeV

» Deviations seen in qqgb

obvious below 4 GeV

» Surface only with larg
statistics at small py

» Large cancellation
between qg and qgb

Xuan Chen (KIT)
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

y*+jet y* CT
PN oRR s V5. doe k) at small pr £

» Dive into each colour level of qgb channel: GZI’; a0 il gt 5
IN°+ NN '+ N '+ NNN2+ N2+ NN+ N2+ N7
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

y*+jet y* CT
PN oRR s V5. doe k) at small pr £

> Dive into each colour level of qgb channel: 0; L
(NN (v, N+ N YN T+ NN N + N YV

Ncml Ncm?2 Ncm3 Ncm4
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

y*+jet y* CT
PR s, doto atsmall pr g

. . b
» Dive into each colour level of qgb channel: ag

(VN N VN + NN N+ N YV

Ncml Ncm?2 Ncm3 Ncm4

qq (pr = pr = Q = 100 GeV)

| » Excellent agreement in leading colour
o o ° ° ° o P ® 4
B D v | > Problematic part in Ncm3
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= f — SCET Nem3 ]
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— GGl A N3LO+N3LL matching:
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» N3LO ccumulated cross section from Pr (N3LO’ coefficient)
y*+jet y* SCET
Z doy, CNGLO5 G Z doy, ONNLO /dp f5ce Ip >qt+ 2 doy ON3Lo /dp Ty* |pT,y*€[0,qt]

. SCET+NNLO_IET pp oy Vs =13 TeV
> More challenging than p;., . T 3
10
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» N3LO ccumulated cross section from p; L (N3LO’ coefficient)

ytjet y* SCET
Z doys;0 = 2 doyio /Py |p >qt+ Z doy Ovsro Py |pT,y*€[O,qt]

de,y dey 3
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> More challenging than p;.,

» Large scale cancellation

among channels )
=
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'DIFFERENTIAL y** PRODUCTION AT LHC WITH N3LO CORRECTIONS

e challenging than p;.

» Large scale canc
among channels

» Compare to CFB total cross
section results

» First validation for gg, qq and

qg channels (below 1 GeV)

Xuan Chen (KIT)
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

» N3LO ccumulated cross section from py . (

y*+jet
PILLEPE DI

dp;

> More challenging than p;.,

» Large scale cancellation
among channels

» Compare to CFB total cross
section results

» First validation for gg, qq and
qg channels (below 1 GeV)

» Missing Ncm3 contribution
in qqb channel at ~13%
(8% with respect to N3LO)
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS
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» N3LO ccumulated cross section from pr « (N3L _

y*+jet
Z doy, N3L0 Z doy, NNLO /de,}/* |pT’y*>qt %
dp;

> More challenging than p;.,

10 -

» Large scale cancellation |
among channels

o

» Compare to CFB total cross

section results
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

» N3LO differential cross sections (N3LO’ coefficient)

> Apply SCET+NNLOJET calculations for y, . distribution

» Large cancellation in each histogram bin with X 20 multiplier

+ 0.5% accuracy — * 10% fluctuation

» Stable predictions with gt cut variation at 1 GeV
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

» N3LO differential cross sections

> Apply SCET+NNLOJET calculations for y, . distribution

» First N3LO differential cross
section for y* production

» N3LO corrections contribute
-2% with respect to NNLO

)
> Uniformly distributed for y,» =
B

cross central rapidity region

outside the NNLO ones

» Scale variations at central region:

1+0.26% 4+0.26%
NNLO: —0.4% N3LO°—0.33% 2o

-
> Scale variation range mildly &=
increase towards large y,

)

R
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SUMMARY

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

» Comprehensive understanding requires comparable precision between theory
and experiment to achieve accurate interpretation/reveal disagreement.

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

» OQOur standard methodology to estimate theoretical uncertainties via scale
variation is challenged by N3LO calculations of charge and neutral current.

> We preform an independent calculation of the N3LO QCD correction to y*
production and confirm the N3LO scale uncertainty disagree with NNLO for Q
= 100 GeV.

> We use qt slicing method to further calculate N3LO difterential y, . distribution
and find disagreement of scale uncertainties at difterential level.
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SUMMARY

» During the N3LO calculation, we find mismatch between FO and SCET
expansion for contributions from sub-leading colour qgb channel.

» The mismatch is very likely due to numerical instability issues from FO and
more investigation is needed. (We have to fix this)

> Luckily, by omitting this sub-leading colour contribution, we only miss 0.16%
of the N3LO total cross section of y* production.

» The performance of qt slicing is stable with gt cut around 1 GeV. This
estimation will get worse when applying fiducial cuts on decay products of y*.

» With all factorisation functions at N3LO available, N3LO+N3LL precision is
expected but require careful validation of matching for inclusive production and
could be very challenging with fiducial cuts upon decay products.

» Progress on qt cut power correction of LL at NNLO would help in the future.

» Differential N3LO DY and W production in the future, hopefully we could
better estimate uncertainties due to missing higher order contributions.
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SUMMARY

» During the N3LO calculation, we find mismatch between FO and SCET
expansion for contributions from sub-leading colour qgb channel.

» The mismatch is very likely due to numerical instability issues from FO and
more investigation is needed. (We have to fix this)

> Luckily, by omitting this sub-leading colour contribution, we only miss 0.16%
of the N3LO total cross section of y* production.

» The performance of qt slicing is stable with gt cut around 1 GeV. This
estimation will get worse when applying fiducial cuts on decay products of y*.

» With all factorisation functions at N3LO available, N3LO+N3LL precision is
expected but require careful validation of matching for inclusive production and
could be very challenging with fiducial cuts upon decay products.

» Progress on qt cut power correction of LL at NNLO would help in the future.

» Differential N3LO DY and W production in the future, hopefully we could
better estimate uncertainties due to missing higher order contributions.

Thank You for Your Attention
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BACK SLIDES

Triple-differential Drell-Yan cross section

* Lepton pair production' EW precision observable

Pl ZP cos 6™) [fq(xlaQ ) fa(z2, Q%) + + (g ¢ 9)]

dm;;dy;;d cos 6* 3mus

e ATLAS 8 TeV measurement [1710.05167]

Observable Central-Central Central-Forward lepton plane ,
my [GeV] 146,66,80,91,102,116,150,200] | [66,80,91,102,116,150]
k
vy [0,0.2,0.4,0.6,0.8,1,1.2, [1.2,1.6,2,2.4,2.8,3.6] y : A
0
1.4,1.6,1.8,2,2.2,2.4] Rop3)
[ A Y
cos 0* [-1,-0.7,-0.4,0,0.4,0.7,1] [1,-0.7,-0.4,0,0.4,0.7,1] - p1 7
Total Bin Count: 504 150 hadron plane

Slide from T. Gehrmann at LHCP 2020
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

> przvalidation with single MC adaption for full channel

> General good agreement between FO and RadISH for qgb channel

» Large numerical error with fluctuated plateau

» Matching p; , distribution at NNLO+N3LL accuracy with transition region at
medium py , is fine but may not be accurate
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DIFFERENTIAL »* PRODUCTION AT LHC WITH N3LO CORRECTIONS

» N3LO differential cross sections
> Apply SCET+NNLOJET calculations for y, . distribution

» Left: with mirror statistics. Right: without mirror statistics
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