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INTRODUCTION: WHY THE HIGGS?
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10 years after its discovery, the Higgs remains the coolest kid in the room
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Higgs is “new physics”, scalar fundamental field, main actor in SSB, origins of
masses of all (?) standard model particles...



INTERACTIONS!
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INTRODUCTION: WHY THE LHC?
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The LHC is the first machine able to probe this energy scale!
Run 2 direct observation of H coupling to gauge bosons and
third family fermions!
. - |5.|1 Ifbl’1 I(7|T|e\ll)l+l19.7 fb’l‘ (I8IT?\I/) .*.35'? f|b‘l'5‘13l'II'eV) b

CMS —_ Combined

"""" N L L B BN BN LI L L
. 1S§/ITe>$)ected E K —e
_ — e ,' i -
- 5.20 —_7+48TeV : - “
e - . . o . ATLASRun?
‘ i w ]
. , . Leptons Quarks
. Kt Ay P .
] B Vel VulVell U | C ‘_
e /7 /4 40 |
. : o | -
i i i B Force carriers Higgs boson |
36 K. . gy
NN e AV L L o] r 1 y | Z | W H
B A W L 777777777777777777”297_: K/J S ———— I-. --------- .
1 1 Kg |_.__| _._ Binv' = Bu' = 0
3.5 S --m- B, free,B, 20, x, <1
i K}/ —— SM prediction
- R Parameter value not allowed
KZ’}/ He=== == == === === -.-.- ---------- 4
....l....l ........ I....|....I....l....l....l....l
0.8 1 1.2 1.4 1.6

68% CL interval



INTRODUCTION: WHY THE LHC?
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The LHC is the first machine able to probe this energy scale!

Run 2 direct observation of H coupling to gauge bosons and
third family fermions!
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1. Precision measurements for third family '68% CL inferval

2. Discovery couplings to second family!



THE NEED OF PRECISION

pp—H+X 13 TeV, PDFALHC15, pr=pg=m,,/2
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[Slide from M. Grazzini, CERN, 4.07.22]



PRECISION PHYSICS AT THE LHC: now rar can we 6o?
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PRECISION PHYSICS AT THE LHC: now rar can we 6o?
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HIGGS PRODUCTION AND DECAYS
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Production channels Decay channels
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[ATLAS arXiv:2207.00092]



HIGGS PRODUCTION AND DECAYS

Production channels

lllllIIIIIIIIIIIIIllllllllllllllll II[IIIIIIII

M(H)= -

Q
N
I
N
ol
G
®
<

|

LHC HIGGS XS WG 2016

T TTTTIT

—
o
I
I

T TTTTI

o(pp — H+X) [pb]

(5
m

—
I
o \O
O \O
U R
b=
T 1=
z \=
Zz \Z
o |\
olg |0
O \O
“1Ols B
U'\++ o
i
SElZ |*
1o\ |z
=2
3 =

T T TTTIT
©
gel
}
je]
N
T\
oWl Zz\z
-
o \o
O
@} (o}
5
z
o
0
O

107 p—
107 1A TR ]
6 7 8 9 10 11 12 13 _14 15
(s [TeV]
Vs (TeV) Production cross section (in pb) for mg = 125 GeV
ggF VBF WH ZH ttH  total
. +5% +2% 2% +5% +9%
13 48.675% 37T 1372 088t0% 0.5019%, 551



HIGGS PRODUCTION AND DECAYS

Production channels
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HIGGS PRODUCTION AND DECAYS

Production channels
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HIGGS PRODUCTION AND DECAYS

Production channels
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GLUON FUSION
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THEORY STATUS FOR GGF HIGGS

QCD was long main priority: amount to 95% of the ggF channel!

ggF known at N°LO in HEFT ~ 1-2% uncertainty
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THEORY STATUS FOR GGF HIGGS

QCD was long main priority: amount to 95% of the ggF channel!

ggF known at N°LO in HEFT ~ 1-2% uncertainty
a, = 0.118 £0.001 - O2%)

uncertainty on x-section

~\Dulatetal 2018 ]
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i : ’ Exact top mass dependence
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QCD+EW mixed contributions




GLUON FUSION IN QCD

do, /dY [pb]

donnro/dY / donspo/dY

First impressive example of N°LO calculation, both inclusive and fully differential...
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INGREDIENTS
1. Fully Inclusive N°LO (analytic!) [Mistlberger 2018]
2. Results for rapidity distribution [Dulat, Mistlberger, Pelloni 2018]

3. Precise numerical control on H+j [NNLOjet collaboration]
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dote-/d|yH| [fb]

Ratio to NNLO

GLUON FUSION IN QCD ruvwy birrerentiaL aLo

Put ever ything together with PI‘OjeCtiOIl to Born method [Cacciari, Dreyer, Karlberg, Salam, Zanderighi 2015]
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[Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni 2021]



GLUON FUSION IN QCD er spectrum

Differentially, one of the most interesting observables is the pT spectrum:

info on QCD radiation, Higgs couplings...

In low pT regime, multiparton emission accounted for by
resummation (and Parton Showers, see new developments
by PanScale project)

[Talk by S. Ferrario Ravasio earlier today]
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[Re, Rottoli, Torrielli 2021]



GLUON FUSION IN QCD spurious FiouciaL errects
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Fixed order calculation has large spurious effects when looking at fiducial cuts!

— ATLAS/CMS cuts induce IR sensitivity New cuts with low IR sensitivity [Salam, Slade 2021]

N3LO truncation: sum cuts

4 %(pt’+ +pt,—) > O.35mH, pt,— > O.25mH

N3LO truncation: asymmetric cuts
0.6 1 —— N3LL@N3LO T
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0.5 S .
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W© ]
0.2 I
£
0.1 - 7
"= { RadISH N3LL, mu/4 < g = Ur < My D 0.00-
0.0 _ pt + > 0.35my, pr - >0.25my .
1074 1073 0.01 0.1 1 10 100 ]
€ =min p¢ y in integration [GeV] —0.01 +

: RadISH N3LL, muy/4 < ugp = HF < n\{IA
| — N3LL@N3LO

1 —— N3LL@all-orders

Pt.1 > 0.35mH,pt,2 > 0.20mpy

Pt2 > 0.20mp,
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MASS AND EW EFFECTS
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TOP MASS EFFECTS ctusive cross secrion

12

10

till recently known up to NLO (2 loop calculation!)
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Exact mass effects at NNLO
remained important source of
uncertainty



TOP MASS EFFECTS icLusive cross secio
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Recently full NNLO inclusive calculation
completed! It requires complicated 3 loop graphs

[Czakon, Harlander, Klappert, Niggetiedt ’21]

NNLO NNLO NNLO
channel] o531 o+ (o S " oty (et /ommer — 1) [
Vs =8TeV
qgg 7.39 4+ 8.58 + 3.88 +0.0353 +0.0879 4 0.0005 +0.62
qg 0.55 4 0.26 —0.1397 —0.0021 £ 0.0005 —18
qq 0.01 + 0.04 40.0171 —0.0191 = 0.0002 4
total 7.39 +9.15+ 4.18 —0.0873 +0.0667 4 0.0007 —0.10
Vs =13TeV
79 16.30 + 19.64 + 8.76 10.0345 10.2431 = 0.0020
qg 1.49 4 0.84 —0.3696 —0.0115 £ 0.0010
qq 0.02 +0.10 +0.0322 —0.0501 £ 0.0006
total 16.30 4+ 21.15 + 9.79 —0.3029 +0.1815 £ 0.0023

Very large effects in qg and qq channels!




TOP MASS EFFECTS wctusive cross secrion
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Recently full NNLO inclusive calculation
completed! It requires complicated 3 loop graphs

[Czakon, Harlander, Klappert, Niggetiedt '21]

NNLO NNLO NNLO
OugrT |PH] (Cexact- — OHEFT ) [PD] NNLO ; _NNLO
Channel O(Oz?) + O(Ozi) _|_ O(O/Sl) O(Oéi) O(aésl) (aexact OHEFT 1) [%]
Vs =8TeV
qgg 7.39 + 8.58 + 3.88 +0.0353 +0.0879 £ 0.0005 +0.62
qg 0.55 4+ 0.26 —0.1397 —0.0021 £+ 0.0005 —18
qq 0.01 + 0.04 +0.0171 —0.0191 + 0.0002 —4
total 7.39 +9.15 +4.18 —0.0873 +0.0667 = 0.0007 —0.10
Vs =13TeV
Jole] 16.30 4+ 19.64 + 8.76 +0.0345 +0.2431 £+ 0.0020 +0.62
qg 1.49 4 0.84 —0.3696 —0.0115 £+ 0.0010 —16
qq 0.02 + 0.10 +0.0322 —0.0501 £+ 0.0006 —15
total 16.30 + 21.15 + 9.79 —0.3029 +0.1815 £ 0.0023 C 026
Nevertheless, cancellations bring differences down to ~ 0.26 % at 13 TeV /

Confirms “expectations” from HEFT and removes this source of uncertainty!



TOP MASS EFFECTS oirrerentiaL iN niges pr

Exact dependence on the top-mass is very relevant at high pT!

[Jones, Kerner, Luisoni 18]

r@\ [Chen, Huss, Jones, Kerner, Lang, Lindert, Zhang *21]

LO HEFT = |
NLO HEFT
LO Full == 1
NLO Full == |

Loy
855

~ - ]
S107° L LHC 13 TeV .
10-6 | PDFALHC15 NLO ==

» Top-mass effects increase NLO of ~9%.

» Different scaling HEFT vs Full Theory 9
oy
dO. _2 ~ 10_1 : ratio to I;O HEFT l l l _zg
E ~ pJ‘ HEFT % 2.0 | +*++++*+*M++++M++++H++++++*"‘+++++Jr++ 1 ++ +i:
do —4 S 00
prcaiad full theory Z | | | | ]
Pl 0 200 400 600 800 1000

pt, H [GGV]

> Nearly constant K factor @ NLO in full theory



BOTTOM MASS EFFECTS: icLusive cross secrion
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[Estimate of the logs by Penin, Melnikov ’16; Liu Penin ’17,’18; Anastasiou, Penin ’20]

b
A 7 N_?m_% 1n2m_%{ M
f 2 m# m2 "~ 99 H
LO | NLO | NNLO | N°LO
00, gyx | -1.420 | -1.640 | -1.667 | -1.670
0o N x | -1.420 | -2.048 | -2.183 | -2.204
6oppsmix | -1.023 | -2.000

[Anastasiou, Penin *20]

~

Exact calculation for m, could be used here too!



BOTTOM MASS EFFECTS ices proistriBurion
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Revy
F 8| y A
855

mg = 125 GeV
my o (M my . o (Pl
Agg—)Hg ~ T 5 lOg —5 |y o lOg —5 my ~~ 4.7 GeV
yz mb gz mb
typ
p;" ~30GeV
Effect of logs (and finite piece) on Higgs pT by [Lindert, Melnikov, Tancredi, Wever ‘17]

[Caola, Lindert, Melnikov, Monni, Tancredi, Wever ’18]



BOTTOM MASS EFFECTS ices proistriBurion
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do /dpE [pb/GeV]

Top-Bottom interference up to NLO [Bonciani, Del Duca, et al 2022]
0 | J | | ! ! ! T T T T — 1 T T T T
= NLO—toerbottom( ) — — top+bottom(MS) /top(MS)
L= scale var.(7pt) =3 - L5 . N
107" = g LO-top-+bottom(MS) +— ‘5 - - H
—?E scale var.(7pt) 5=
10-2 k —g | + % 0.5 F -
— 1 1 1 1 1 1 1 1 1
N 1 1 1 1 — 1 1 1 1 1
5 ‘2 s LT top(OS) /top+bottom(MS)
10-3 | _ S 15k |
g <
o 1
—4 | i SR
10 = 205 b -
[@F
2 —
107° |+ | top(08)/top(NIS)
070k Zze !
pr > 20 2805} -
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i [GeV] pi' [GeV]

Higgs pr distribution with top- and bottom-quarks Ratio of Higgs pr distributions at NLO



BOTTOM MASS EFFECTS ices proistriBurion
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Top-Bottom interference up to NLO [Bonciani, Del Duca, et al 2022]

do /dpE [pb/GeV]

O 1 1 1 1
= 1 1 1 NLO top—|—b0ttom( ) —
L= ‘ ‘ ‘ scale var.(7pt) = - L.
10 LO-top+bottom(MS) ‘\2_/ Z
scale var. ( p ) 5=
102 s o
| I | | | | | | ‘/U-J\
10—3 | | e %§1_5 ---------------------------------------------
I I : I I I I I % ; 1 E
—4 o}
10 B B05 -ttt S T R B
@F | |
@} 1 1 1 1 1 1 1 1 1
_5 + T 1 T T 1 T T T 1
10 o top(OS) /top(MS) ‘
/U? E IS T el e e e B e e e S S
106 L1
8=
o 8 ‘
* 2a0dbpF - e I I
10—7 1 1 1 1 1 1 1 1 1 | | | | ; | | | |
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
i [GeV] pH [GeV]
Higgs pr distribution with top- and bottom-quarks Ratio of Higgs pr distributions at NLO

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pr distribution,
the interference induces a non trivial change of shape.




MIXED QCD-EW EFFECTS

91 bbb\gb; 1. Mixed QCD-EW effects amount
<8 < '1/14 to 5% of the ggF cross section
2 VL/;‘/W 1P 2. LO is 2 loop! gluon initiated
QCD ag¥Y AEW oy @ — = — = — H ’
g large corrections expected
~J
> o 3. 1% precision requires at least
92 27 50 e NLO calculation

Very complex calculation, up to three loop integrals with masses
First estimates in unphysical limit my, > my [Anastasiou et al 2009]

Consistent with soft gluon approximation [Bonetti, Melnikov, Tancredi 2017]

o 5P = 20.6 pb o SPEY =21.7pb =  45.3% at LO

Residual 1% uncertainty

08&[}) — 32.7pb USE(I)}EW —344pb = +5.2% at NLO on Higgs cross sections



MIXED QCD-EW EFFECTS

Recently last missing building block computed analytically, real amplitudes for gggH and qggH

[Bonetti, Panzer, Smirnov, Tancredi 2020]

[Bonetti, Panzer, Tancredi 2022]

Effects on main channel gggH by [Becchetti, Bonciani, del Duca, Hirschi, Moriello, Schweizer 2020]
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BEYOND g0 — H + X



ZH PRODUCTION @ NLO

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

00000000000000000000000000000000

gg — ZH @ NLO is formally NNLO, but it’s gluon induced: expect very large corrections!

Vs [TeV ] onnpo qepento Bw [P Agcale [%]  Apprga, [%]

13 0.831 o re 1.79

\/g [TeV ] ONNLO QCD®NLO EW [Pb] As.cale [%] APDF@ozs [%]

13 0.880 e 1.65

Vs [TeV]  onnpo Qepento Ew [Pl Agcale [%]  Appraa, [%]

13 0.758 6 1.78

Vs [TeV ] onnwLo qepento Ew PPl Agcate [%]  Appraa, [%]

13 0.123 BEY: 4.37

gg¢ — ZH very desirable to control uncertainty % level

W+H

ZH, full

ZH, no gg
ZH, gg only

[From F. Caola, PANIC 2021]



ZH PRODUCTION @ NLO

[Davies, Mishima, Steinhauser, 2020]
[Chen, Heinrich et al 2020]
[Alasfar, Degrassi et al 2021]

Very complicated 2 loop amplitudes, much work done recently:

OS scheme
10*
LO, On-Shell
Wk NLO, On-Shell

NLO, no Z-rad, On-Shell

All ingredients put recently together at NLO —

dU/dMZH[fb/GeV]

1. As expected, NLO same size as LO up to 1 TeV (K~1)

2. For higher M, they become larger (Z emission from
open quark line) - K ~ 6 at 2.5 TeV (OS)!

90 F L SRR L SRR ORI T S SRR -

LO, On-Shell
NLO, On-Shell
NLO, no Z-rad, On-Shell

K-factor

m
Due to large log —Z in qg channel (qq suppressed by PDFs) 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
2 M7 [GeV
M5y z1[GeV]

[Degrassi, Grober, Vitti, Zhao, *22]



ttH PRODUCTION (ue Hoy eRaiL...)

Current theory prediction based on NLO QCD + EW + resummation, uncertainty ~ 8%
Run 3 and HL due to bring down uncertainty to few % (~ 2%?).

NNLO QCD required: bottleneck here are 2 loop virtual amplitudes: very non trivial, but there is
progress, at least hope to get them “brute force” with numerical approach.

pp — ttH (gq) @ 100 TeV, pp = 2L -y g = 200t

Everything else ready: | o MATRIX

MATRIX

(reus — 0)
I onvLo (reut)

first proof of concept by 31 “

evaluation of non-diagonal = it
partonic channels X 1 e _
2 i ImmmﬂmlHHWIMMMHm“m”mmmm”“““”“
[Catani, Fabre, Kallweit, Grazzini 20 & : ‘HH“““HH”|||HIHU s
Notice also: very difficult ;0 — T 0 iy 1‘10
background modelling t7bb Teut = Oty /gy [0

See S. Pozzorini @ HXSWG 2020



CONCLUSIONS

» Higgs remains the most fascinating discovery of the past few decades

» To understand its properties, sophisticated interplay of exquisite
experimental studies and complex theoretical calculations:

» Fixed order: N3LO, QCD-EW, massive amplitudes, new mathematical
methods

» In addition, all order resummation to N3LL, good definition of fiducial
regions etc

» Beyond perturbation theory: ag from lattice, PDFs at N3LO etc...

Impressive progress in the past decade, still a lot to be done — towards O(1%)

Very interesting times ahead, both for experiment and theory!



