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THE STANDARD MODEL
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OPEN QUESTIONS

' The Standard Model has still open
| questions:

| > How can we accommodate
Gravity?

» How can we accomodate
Neutrinos masses?
|

Dark Energy

» What is the Dark Matter? Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

' > What is the Dark Energy? i

1 Inflation

» Where is all the antimatter (origin
,: of the matter-antimatter
asymmetYY) ? ’ Fluctuations

1st Stars
about 400 million yrs.

[ Big Bang Expansion
13.77 billion years
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THE STANDARD MODEL AT LHC

LHC: the biggest particle accelerator in the world!

WEMS Experiment atitfié LHC, CERN
Data recorded: 2017-Oct-29 19:22:01.746752 GMT
Rdn / Event / LS: 305840/ 1047490792/ 575
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FUTURE OF LHC
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FUTURE OF LHC
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WHAT ARE WE LEARNING FROM LHC?

» LHC has proven itself to be:

« A discovery machine: Higgs boson discovery;

« A precision machine: precise measurement of SM parameters.

Standard Model Production Cross Section Measurements

Status: February 2022
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Model Building (BSM)

' Create new models that go

Beyond the Standard Model |
' (BSM) trying to explain the open |
‘questions.

e

Precision Studies

' Search for small deviations from
the predictions of the Standard
' Model by systematically

‘comparing the best theoretical
predictions with data.

e
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WHY PRECISION?

» Run3 at LHC: factor of 2 increase of »*
| |

the data set; |
| > High Luminosity program (HL-LHC): I
factor of 10 increase of the data set; |

| . . { 140 fb' (13 TeV
» Dramatic improvement in the | ~ 40T (13 TeV)
NR| SR 4 Data CMS

experimental precision, with an TIv/Z st

tf, tW, WW, Wz, ZZ,
expected goal of 1% accuracy or | s *
h‘, better in a key set of observables
|
|

[ ] Total Background (NR)
. (1%o at FCC!) |

— Gy kM, =0.05, M = 3.5 TeV
-+ Zsgu M = 5 TeV

| > Theoretical predictions need to |

match experimental accuracy.

| > Need for the computation of N3LO
| QCD, NNLO EW and mixed NNLO | o' irrr——————r—" ‘ ______
QCDXEW correction. R S “*‘**++}*{+l
| | & 1507900 200360 7000 2000
e © m(u*w) [GeV]
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THEORETICAL INGREDIENTS
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THEORETICAL INGREDIENTS
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. HARD ScATERING
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THEORETICAL INGREDIENTS

HARD SCATIERIN G
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PRECISION TESTS OF THE STANDARD MODEL

» High precision in the theoretical prediction requires the computation of
higher order corrections.
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PRECISION TESTS OF THE STANDARD MODEL

» High precision in the theoretical prediction requires the computation of
higher order corrections.
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THE IMPORTANCE OF PRECISION

pp — tt + X @ LHC

{ ATLAS + CMS

6 7 8 9 10 11 12 13 14 15
Vs [TeV]
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THE IMPORTANCE OF PRECISION

pp — tt + X @ LHC
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INTRODUCTION
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Standard Model Production Cross Section Measurements Status: February 2022
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Standard Model Production Cross Section Measurements Status: February 2022
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THE TOP QUARK

The top quark is the heaviest particle in the Standard Model: m, ~ 173 GeV.

1 18
2
1 He
Helium
2 13 4.003
Number _
4 5
, Be Symbol B |
Beryllium Name Boron Nitrogen
9.012 Atomic M 10.811 14.007
omic Mass 13 1 4
3 Al
Aluminum Silicon Phosphorus
3 4 5 6 7 8 9 10 n 12 26.982 28.086 30.974
20 21 22 23 24 25 26 21 ZQ 29 30 31 32 33
4 Ca Sc Ti Cr Mn Fe Co Ni Cu In Ga Ge As
Calcium Scandium Titanium Vanadium Chromium Manganese Iron Gobalt Nickel Copper Linc Gallium Germanium Arsenic
44.956 41.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 12.631 14.922
39 40 41 42 43 44 45 46 47 48 50 51
5 Y Ir Nb Mo Te Ru Rh Pd Ag Cd Sn Sh
Yttrium Zirconium Niobium Molybdenum ~ Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony
88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.414 114.818 118.7111 121.760
51-11 12 13 14 15 16 17 18 19 80 83:
6 taits | Ta W Re 0s Ir Pt Au Hg Bi
Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Bismuth Radon
131.328 178.49 180.948 183.84 186.207 190.23 192.217 195.085 196.967 200.592 204.383 . 208.980 l 222.018
104 105 106 107 108 109 110 111 112 113 115
1 Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Mc
Radium Rutherfordium ~ Dubnium Seahorgium Bohrium Hassium Meitnerium ~ Darmstadtium ~ Roentgenium  Copernicium Nihonium Flerovium Moscovium Oganesson
226.025 [261] [262] [266] [264] [269] [278] [281] [280] [285] [286] [289] [289]
57 58 59 60 61 62 63 64 65 66 67 68 69 10 n
La Ce Pr Nd Pm Sm Eu Gd Th D Ho Er Tm Yb Lu
Lanthanum Cerium Praseodymium = Neodymium = Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium

138.905 140.116 140.908 144.243 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
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THE TOP QUARK

The top quark is the heaviest particle in the Standard Model: m, ~ 173 GeV.

1 18

2
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Helium
4.003

Number

Symbol

4
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Beryllium

Nitrogen
9.012

Name 14,007

Atomic Mass

13 'Il}

3 Al

Aluminum Silicon Phosphorus
3 4 5 6 1 8 9 10 1" 12 26.982 I
21 22 23 24 25 26 21 ZQ 29 30 31 32 33 34
4 Sc Ti V Cr Mn Fe Co Ni Cu In Ga Ge
Scandium Titanium Vanadium Chromium Manganese Iron Gobalt Nickel Copper Linc Gallium Germanium Arsenic Selenium
44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546

39 40 41 42 43 44 45 46
5 Y Ir Nb Mo Te Ru Rh Pd
Yitrium Zirconium Niobium Molybdenum ~ Technetium Ruthenium Rhodium Palladium

88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42
51-1 12 13 > 15 16 11 18
6 lariandds Hf Ta é Re us Ir Pt Discovered at Fermilab i.n
Barium Hafnium Tantalum L Rhenium Osmium Iridium Platinum 1995, the TOP QUARK is Radon
137.328 178.49 180.948 6.207 190.23 192.217 195.085 as short-lived as it is 0 222.018

104 105 106 .

Rf Db g B

Radium Rutherfordium ~ Dubnium Seahorgium Bohrium
226.025 [261] [262)] [266] [264]

massive. Weighing in at
a hefty 175 GeV, its

108 109 110

Hs Mt Ds

Meitnerium ~ Darmstadtium
[278] [281]

lifetime, a mere 1024

Oganesson

second, is the briefest of

the six quarks. Top
Quarks are an enigmatic
particle whose personal

~ lifeis sought after by

- thousands of physicists.
A >

10 1

Yb Lu
Lanthanum Praseodymium = Neodymium = Promethium Samarium Europium Ytterbium Lutetium
138.905 140.116 140.908 144.243 144.913 150.36 151.964 0000000000000 173.055 174.967

LIGHT HEAVY

FE T
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THE TOP QUARK

The Top Quark plays a major role both in Standard Model studies

and Beyond the Standards Model searches!

> Has a strong coupling with the
| 180

Higgs boson;

[

. 178 |

!> The top mass is a fundamental |
| parameter of the Standard Model; % st .~ o |
£ i g ‘ S |
| s |
| > The value of the top mass plays a > sl .
. R K) E F R
key role in vacuum stability; s |
2 172 |

H L

» The top mass is a standard candle Rty
1 at LHC; 170':’:‘:;;::,:1",'

|

| . . . &= Stability : ‘{ |
> possible window on New Physics; 16 "
" 120 122 124 126 128 130 132 &N
{ > Important background both for SM and Higes pole mass My in GeV ﬂ

‘ . |
il BSM studies.
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INTRODUCTION (¢zH)

>

The discovery of the Higgs boson in 2012 confirmed
one of the most glaring predictions of the Standard Model.

The study of the Higgs boson proprieties is one of the priorities of LHC.
Special role played by the top quark: strong coupling because of the top mass!

ttH production allows direct measurement of the top-quark Yukawa
coupling! (possible window on new physics scenarios...)

I I I I l I I I I l I I I I I I I I I I I I I I I I T

ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1 - 79.8 fb™
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. O

ttH (yy) —==— 1ag F el (E o b o

S

: =

ttH (22) e <1.77 at 68% CL 50

_____________________________________________________________________________________ i
Combined H=s=H 2 5 (ToieE
| | | | | | | | | | | | | | | | | | | | | | | | | | |

| 0 1 2 3 4

SM
GttH/GttH
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INTRODUCTION (2 W)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

> Together with tfH production, one of the most massive Standard Model (SM)
signatures accessible at the LHGC;

» Relevant as a ttH background;

» Measurements carried out by the ATLAS and CMS collaborations lead to rates
consistently higher than the SM predictions;

» Most recent measurements confirm excess at the 2o level.

I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I I | I I I | I I I | I I I | I I I | I I I | I I
ATLAS Preliminary —®— ATLAS- this result ATLAS Preliminary —®— ATLAS- this result
Stat. + Syst. Stat. only Stat. + Syst. Stat. only EE
3
=
NLO+NNLL b @ o221 I} ® J-+q 'g
FxFx FxFx ﬁ[\'j
=
e -t shea | =
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
400 500 600 700 800 900 1000 1.2 1.4 1.6 1.8 2 2.2
o(ttW) [fb] o(ttW*)/c(ttW)
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STATUS OVERVIEW (:H)

> NLO OCD:
[W. Beenakker, S. Dittmaier, M. Krdmer, B. Plumper, M. Spira, and P. > ATLAS collaboration: [1806.00425];
Zerwas; 0107081, 0211352], [L. Reina and S. Dawson; 0107101], » CMs collaboration: [1804.02610)]. ‘ HILuM ,
[L. Reina, S. Dawson, and D. Wackeroth; 0109066], [S. Dawson, L.
Orr, L. Reina, and D. Wackeroth; 0211438], [S. Dawson, C. Jackson, | (s = 14 TeV, 3000 fb™" per experiment
L. Orr, L. Reina, and D. Wackeroth; 0305087], [A. Denner and R. ) Total ATLAS and CMS
Feger, 1506.07448]; S Statist'ical HL-LHC Projection
—— Experimental
> NLO EW: —— Theory Uncertainty [%]
[S. Frixione, V. Hirschi, D. Pagani, H. Shao, and M. Zaro; PR Tot stat B0 Th | "=
1407.0823, 1504.03446], [Y. Zhang, W.-G. Ma, R.-Y. Zhang, C. o= | 160708 12 |
Chen, and L. Guo; 1407.1110]; S
QL
Q
> NLO QCD + EW: Oygr — i 3118 13 21 | &
[A. Denner, N. Lang, M. Pellen, and S. Uccirati; 1612.07138]; 8,
» Resummation of soft gluons: Oy —— 5.7 33 24 40 i
[A. Kulesza, L. Motyka, T. Stebel, and V. Theeuwes; 1509.02780, =h
1704.03363], [A. Broggio, A. Ferroglla, B. D. Pef]ak, A. Szgn.er, and S — a2 26 13 a1 | 2
L. L. Yang; 1510.01914], [A. Broggio, A. Ferroglia, B. D. Pecjak, and g
L. L. Yang; 1611.00049], [A. Broggio, A. Ferroglia, R. Frederix, D. g — E
Pagani, B. D. Pecjak, and I. Tsinikos; 1907.04343], [W.-L. Ju and L. ttH #3138 18 37 A
L. Yang; 1904.08744], [A. Kulesza, L. Motyka, D. Schwartlinder, T. 0 002 004 006 008 01 012 014
Stebel, and V. Theeuwes; 2001.03031] Expected relative uncertainty

> First steps to NNLO: off-diagonal channels [S. Catani, 1. Fabre,
M. Grazzini, S. Kallweit; 2102.03256]

Current experimental uncertainties ©(20%)

Expected at the end of HL-LHC 6(2%)
University of Genova / INFN theory seminar, 03.04.24 - Simone Devoto 17

Current theoretical uncertainties 6(10%)




STATUS OVERVIEW (2t W)

THEQRY

> NLO QCD:

[S. Badger, J. M. Campbell, R. K. Ellis, 1011.6647], []. M.
Campbell, R. K. Ellis, 1204.5678], [A. Denner, G. Pelliccioli,
2102.03264];

> NLO QCD with light jet:

[G. Bevilacqua, H. Y. Bi, E Febres Cordero, H. B. Hartanto, M.

Kraus, J. Nasufi, L. Reina, and M. Worek , 2109.1581,
2305.03802]

> NLO QCD + EW:
[S. Frixione, V. Hirschi, D. Pagani, H. S. Shao,
M. Zaro, 1504.03446], [R. Frederix, D. Pagani, M. Zaro,
1711.02116], [Denner, Pelliccioli, 2020]

» Resummation of soft gluons:
[H. T Li, C. S. Li, S. A. Li, 1409.1460] [A. Broggio, G.

Ferroglia, G. Ossola, B. D. Pecjak, 1607.05303], [A. Kulesza, L.

Motyka, D. Schwartlaender, T. Stebel, V. Theeuwes,
1812.08662]

> NLO QCD + EW (on-shell) predictions supplemented

EXPERIMENTS

with multi-jet merging as la FxFx: [R. Frederix, S.
Frixione, 1209.6215] [R. Frederix, I. Tsinikos, 2108.07862]

Current theoretical uncertainties ©(10%)

> ATLAS collaboration: [ATLAS-CONF-2023-019];
» CMS collaboration: [2208.06485].

1

CMS 138 fb™ (13 TeV)
§ 550 : T T T | T T T T | T T T T | T T T T | T T T T | T I:
= 4 Best fit i
.% 5001~ —4— JHEP 11 (2021) 029 o
o) N .
ETYEY 68% CL ]
450 — ]
B — 95% CL ]
400~ el -
350 -
oo\ e LT -
250 -
200 B | | | | | | | | | | | | | | | | | | | | | | | | | I_

450 500 550 600 650
g 1]

Theory-experiment tension at 20 level;

Explained by higher order corrections?
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THEORETICAL CHALLENGES

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000




THEORY BOTTLENECKS

— ——
REAL - VIRTUAL
— —r—
DOVBLE REAL
— ——
TWO Loop VIRTUAL

What makes NNLO
challenging?

~ Two loop amplitudes

“Subtraction procedure -

» Not known: current frontier!
[E Febres Cordero, G. Figueiredo, M. Kraus, B. Page, L. Reina,

2312.08131],[B. Agarwal, G. Heinrich, S. P. Jones, M. Kerner,
S. Y. Klein, J. Lang, V. Magerya, A. Olsson, 2402.03301]

| > We developed approx1mat10ns _

> We use gqr-subtraction;

> We generalised the method to
this class of processes.
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qT SUBTRACTIUN FURMALISM [S. Catani, M. Grazzini Phys.Rev.Lett. 98 (2007)]

F
+ doynio

F  _ 3 F
doyyio = Aonyio
qr=0 & qr#0

F+jets
doyro

_ F F+jets CT i
' d"NNLo % nvLo @ d"LO [d"NLo d"NLO] ?'

e S = = = —=l|
——— = — — — —

HARD COLLINEAR COEFFICIENT

Contains information on virtual corrections to the process.

| %gNLO :@(1 —zp)o(1 — Zz)

Contains the genuine 2-loop contribution: | Includes:

2 Re (% Dy, pip) M (O)> e one-loop squared contribution;

|

I

|

|

|

| MO |2 e soft parton contribution. l

T |
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SO FT PARTO N CUNTRI B UTIUN [S. Catani, SD, M. Grazzini, ]. Maz.zit?lli: 2301.11 786

SD, J. Mazzitelli, In preparation]

The soft contribution from a massive final state was a key ingredient to extend qr subtraction

to a massive coloured final state.

{ —
. . [S. Catani, SD M Grazzmz ) NNLO ¢t cross section computed with MATRIX
. Soft contributions J. Mazzitelli: 2301.11786] § = R
Ib::

to heavy-quark (Q) production m = 1733 GeV

> Applied to top pair and bottom pair production: § .
‘ [S. Catani, SD, M. Grazzini, S. Kallwezt, ]. Mazzitelli, H. Sargsyan: |
|
!

| 2019, 2020]; -

, > MOStly analytlc eXpI'eSSIOHS }1; MATRIX (Phys. Rev. D 99, 051501 (2019))
ﬂ > Assumptlon of Q0 back-to-back at LO. | L ATas + O priminry QECko RO

) 78 10 13 27 100
I e ————————————————————— V5 [TeV]
== m————— = e e —— —— \
| NEW generallsatlon to QOF kmematlcs [sD, J. Mazzztelll IN PREPARATION]

!
- » removed the back-to-back assumption;

» Extra contribution computed numerically;

» On-the-fly numerical integration implemented in a library: SHARK
Soft function for Heavy quark production in ARbitrary Kinematics
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https://arxiv.org/abs/2301.11786
https://arxiv.org/abs/2301.11786

2-LOOP CONTRIBUTION

1‘ 2) g Re( ttX (:ulRa //‘R)% trX ) subtraction scale p;p
Hth - | %(0) (we use p = Qjp)
ttX lappr.

» We need to find an approximation of the virtual amplitude;

s ———

| > We apply the approximation both on the numerator and denominator of %3 ;

effectlvely a reelghtlng

— — ———

f Two independent approximations '\

Captures the leading behaviour when

the energy and mass of the ‘

associated boson are smaller than
_the other relevant scales
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SO FT AP P RUX' M A'I'l 0 N [S. Catani, SD, M. Grazzini, S. Kallweit,

J. Mazzitelli, C. Savoini: 2210.07846]

. Soft approximation:

k—0, my<<m,

ﬂqi]’*ﬁH({pi}’k) = F(“S(/“‘R)sz/ﬂle) - 2 - %qQ’—ﬁf<{pi}) |

V i34 p;-k l

g (Ppr-€¥(k) py-eFk) A

| Migea(1p) k) = ﬁ< S > i (Pi)) |
I |
:; —— - . e — — —

» The formula captures the leading behaviour in the soft limit k — 0: the emission
from highly off-shell top propagators is not captured.

» The formula can be obtained both from the eikonal approximation and the low
energy theorems;

» To use the approximation, we need a recoil prescription to map the 17X
kinematics into a #f kinematics (Q,zy = O,?);
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https://arxiv.org/abs/2210.07846

[A. A. Penin: 0508127]

MASS I FI CATI U N PRU c ED U RE [T. Becher[;d]\l/g.tfl)\z’e;iﬁzzf}g; 0641;:?;

' Massification procedure:

m, <

N

(m)0) e m=0 L
%({pz}a ka MR? €) ~ Z[q]t aS(ﬂR)a 'M_,e % o ({pz}a ka MRa €) 1'
R

» The perturbative factor Z[(;’;flo) was computed in [A. Mitov, S. Moch: 0612149];

The procedure retrieves the correct mass logarithms;

The contribution from massive top loops is not captured;

Yy Vv VY

Successfully employed to derive and cross check results for gg — QQ and
gg — QQ amplitudes [M. Czakon, A. Mitov, S. Moch: 0705.1975],

> Successfully applied to bbW production [L. Buonocore, SD, S. Kallwei,

J. Mazzitelli, L. Rottoli, C. Savoini: 2212.04954].
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ttH PRODUCTION
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[ArXiv:2210.07846]
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https://arxiv.org/abs/2210.07846

CHOICE OF THE APPROXIMATION [S. Catani, SD, M. Grazzini, S. Kallweit,

J. Mazzitelli, C. Savoini: 2210.07846]

. E

> Amplitudes for the process c¢ — tf available [Czakon (2008); Barnreuther et al. (2013)]: We
 can use the soft approximation.

= — T e e = — —— 2 ||

m m
%qq’—ﬂ‘fH({pi}vk> —= F(aS(ﬂR);mt/luR) Tt Z D, .t ﬂqé’—ﬁf({pi})
=34 11

» The perturbative function F (aS(,uR); m,/ ,uR) is an effective coupling which also
takes into account the renormalisation of the mass and of the wave function;

» To map the #7H kinematics into a #f kinematics (Q,;z; = Q,7), we use the qr recoil
prescription:

e We reabsorb the Higgs momentum equally in the initial-state parton momenta;
¢ We leave unchanged the top and anti-top momenta.
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https://arxiv.org/abs/2210.07846

TESTING -I-HE APPROXIMA‘I‘IUN [S. Catani, SD, M. Grazzini, S. Kallweit,

J. Mazzitelli, C. Savoini: 2210.07846]

To validate our procedure: test the approximation at NLO!

Ao nLoH[fb] 100 TeV
88
Exact 88.62 7.826 8205 217.0
Soft Approximation 61.92 7.413 5612 206.0
Difference 30.1% 5.27% 31.6% 5.06 %

‘-‘- ——— _ S __ — - = - = — — — _— =
. > Deviation w.r.t. exact computation is about 30% for the Y v
gg channel and 5% for the gg channel; -—-—H i,
| Deviation independent of kinematic variables; 3 -t |
Better agreement for gg channel can be explained by _-—H |
the presence, both at LO and NLO, of diagrams where a ! - t

l
Higgs boson is radiated from a virtual top only _ %
present in the gg channel. q t

[

’} —_— E— - — = == — Ea——— —
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https://arxiv.org/abs/2210.07846

UNCERTAINTIES ESTIMATION . Catan, SD, M. Grazzin, 5. Kalbwes

J. Mazzitelli, C. Savoini: 2210.07846]

How to estimate the NNLO uncertainties?

. > We use the deviation from the exact results at NLO as a lower bound on the |
| NNLO uncertainty; |

» We multiply by a tolerance factor of 3; {L

| > We combmed llnearly the uncertamty for the 88 and qq Channel i%‘

_— —_— e ———

How to test the NNLO uncertainties?

> Check the effect of using different recoil prescription; ']
‘( » Check the effect of using a different subtraction scales y;, = 2 u;p , t
| MIR — 1/2 pyp.

|

_— e e ———

Final uncertainty: e +15 % on AonnNLO e +(0.6 % on oNNLO

| Effect on the total cross section modulated by the (small) contribution of the hard factor: about :t

|

1% of the LO cross section in the gg and 2-3% in the qq channel.

— e e —— = ——
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https://arxiv.org/abs/2210.07846

RESU LTS [S. Catani, SD, M. Grazzini, S. Kallweit,
J. Mazzitelli, C. Savoini: 2210.07846]

PDF set: NNLO NNPDF31 myg=125 GeV, m(=173.3 GeV

pp > 1HH pie = fp = 2 13 TEV 100 TEV
! LO : +31.3% +21.1%
] NLO OLo 0'3910—22.2% 25.38 ~16.0%
7
1 NNLO pr +5.6% 4+9.4%
10'f 3 ATLAS 5 {  ONw 0.4875757,  36.437¢5,
¥ ows - 06— ] oo 0.5070(31)* % 37.20(25)*9 )%
= I 1T
= |
° 100 e
| 041 1| |-
10~ LF i . TeV), +2% (100 TeV);
| 13-
0F 7 » Reduction of scale uncertainties;
T PSS > Soft approximation uncertainty
Q e e .
z 0 I _ significantly smaller than
3 remaining perturbative
S . . ——————— uncertainties.
8 13 27 50 100

Vs [TeV]
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SO pgue S
tt W PRODUCTION
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https://arxiv.org/abs/2306.16311

c N 0 I c E 0 F THE APP RUXI MATI 0 NS [L. Buonocore, SD, M. Grazzini, S. Kallweit,

J. Mazzitelli, L. Rottoli, C. Savoini: 2306.16311]

_— = e e e i — == = e— =3 SES — e —— — — —— 1

> Amplitudes for the process c¢ — tf available [P Birnreuther, M. Czakon, P Fiedler: 1312.6279]:

; we can use the soft approximation. ]
I\ R _ . 7 -

g (Ppy-€¥(k) pp-eFk)
%QQ’—%W({pi}’@ = < 2p2 & o 1]?1 k > %qLE[}e—ﬁf({pi})

> The soft emission of a W selects the helicity configuration 4, .. _,;;
> In contrast with the t7H case, the soft W is emitted by the initial-state partons;
» To map the # W kinematics into a #f kinematics (Q,7y = O,7), we use use a
prescription symmetrised with respect to the one employed for t7H case:
e We reabsorb the W momentum equally in the top-quark momenta;

¢ We leave unchanged the initial-state parton momenta.

University of Genova / INEN theory seminar, 03.04.24 - Simone Devoto 32


https://arxiv.org/abs/2306.16311

c N 0 I c E 0 F THE APP RUXI MATI 0 NS [L. Buonocore, SD, M. Grazzini, S. Kallweit,

J. Mazzitelli, L. Rottoli, C. Savoini: 2306.16311]

Z; » Amplitudes for the massless process cc — ggW available [s. Abreu, E Febres Cordero, H. Ita,

= —_—

' M. Klinkert, B. Page, V. Sotnikov: 2110.07541]: we can use the massification procedure;

| i S

— e = — e ————— — —  — —— —— — — —— — —— — — _ —

m _
M}k g, €) ~ 21 (aSwR), o e> M= i} K ps €)
R

» Massification of the amplitudes implemented in a C+ + library, WQQAmp /L.
Buonocore, L. Rottoli, C. Savoini, https://gitlab.com/lrottoli/ WQQAmp],
» We need to map the massless kinematics into a massive one: we do it by

preserving the momentum of the #f pair.
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https://arxiv.org/abs/2306.16311

TESTING THE APPROXIMATIONS gl Buanocore, S . Grazzi § Kl

To validate our procedure: test the approximations at NLO!

» Both approximations provide a good estimation also at the inclusive level;

> We observe a pattern: soft approximation undershoots the exact result, while
the massification procedure overshoots;
> As expected, both approximations get closer to the exact result when a harder cut

is imposed

exact

—

-

&
————

— soft ]
= i massification -
=l |
Z
Z 1.00]
<
~

approx

NLO,H
-
Ne)
Ot

Ao

0.90

.7

s %QG‘QN 500(36\]
— oyt

prilt 7 pralt
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https://arxiv.org/abs/2306.16311

UNCERTAINTIES ESTIMATION

[L. Buonocore, SD, M. Grazzini, S. Kallweit,
J. Mazzitelli, L. Rottoli, C. Savoini: 2306.16311]

How to estimate the NNLO uncertainties of each approximation?

Method 1: we take the difference between exact and approximated result at Y

NLO and we multiply by a tolerance factor of 2; |

Method 2: we consider the effect of using a different subtraction scales

approx average

/Ao NNLO,H

= =
N

NNLO,H

=
o0

approx

Ao

/
|
Hir = 2 MR > Mg = 112 pg; 1|
| » The uncertainty is defined as the maximum between these two estimates. i“

B —— — - — - -

—_
(N
—T—

» The two approximations are
fully consistent;

! average

¢ soft |
¢ massification

Our best prediction is
obtained by taking their

o

average and linearly
combing the uncertainties.

Final uncertainty:

“
©
SN
%
-
2\

125 % on AO‘NNL(),H

200@6\] 500@6\]

. 12 % Ol ONNLO
PT

pralt
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https://arxiv.org/abs/2306.16311

RESU LTS [L. Buonocore, SD, M. Grazzini, S. Kallweit,
J. Mazzitelli, L. Rottoli, C. Savoini: 2306.16311]

LHC@13TeV O+ [fD] Orw- /D] Orw [fD] Uth+/ Orw-
LOqcp 283.412>3% 136.812-2% 420.012-3% 2.071%32%
NLOacp  |416.9%125% BRI RPETE 2033439
NNLOqcp  [475.2128% + 1.9 %|235.5%20% £1.9%|710.7+32% + 1.9% 2.018+ 5%
NNLOacp+NLOgw |497.5780% + 1.8 %| 247.9179% + 1.8 %| 745.3787% £ 1.8 % 2.007+2- 1%

—7.0%
e _' ’; \

it Scale uncertainties W

.ﬁ Uncertainties from 2 loop amplitudes

e e e

We choose py = M/?2;

NNLO predictions show first sign of perturbative convergence;

ratio o,;yy+/ 0,7~ have a very stable perturbative behaviour;

Y Y Y VY

PDF uncertainties +1.8 % (computed with MATRIX + PINEAPPL interface [sD, T

JeZo, S. Kallweit, C. Schwan, in prepamtion])

\/

ag uncertainties +1.8 % ;

\/

by combining with EW corrections, we get our best prediction;

> to be conservative, scale uncertainties for NNLOqcp+NLOgw are symmetrised.
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https://arxiv.org/abs/2306.16311

RESU LTS [L. Buonocore, SD, M. Grazzini, S. Kallweit,

J. Mazzitelli, L. Rottoli, C. Savoini: 2306.16311]

o “ATLAS +CMS  * NNLOep+NLOgy » We compare our best prediction to
o0 - ATLAS and CMS measurements;
_ T e ] > With respect to the FxFx
4007 | prediction, the current theory
; reference, higher rate and smaller
= 3501 ] uncertainties;
= | _
E _ B , -
i | +6 7%
300 _ 745 3677
250} :
_ RS ' ] » Tension remains at the lo — 20
200 I B T R T R S S S A S RS RS SR B level.
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SUMMARY & QUTLOOK

» We computed within gr subtraction formalism the NNLO QCD
corrections to t7H production and W production;

» The missing ingredients we needed for the computation are:
« NNLO soft contribution in arbitrary kinematics;

« two-loop amplitudes (massification and/or soft
approximation);
» First (almost) exact computations at NNLO QCD for a
2 — 3 process with massive coloured particles.



SUMMARY & OUTLOOK

> Differential distributions;

» Further phenomenological studies.



S S e Sy
SUMMARY & OUTLOOK

» Further phenomenological studies.

THANKS!
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IR SUBTRACTION METHODS (NLU)

Ac™NO = =1
| REAL > | VIRTUAL J
‘n E : f ; ‘ ' \
ll :\ k] E'
5? : i |
» No explicit € poles “ » Explicit poles up to order 1/¢*; 1
| | ‘ i
% » Singular in unresolved limit }f : » No additional PS singularity ]l
ey e e ————— | I e e
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IR SUBTRACTION METHODS (NLU)

A GNLO —

-Dii-gm e aaas)
J cowemzﬂf' CON\/ERGENf ' \

4 o ‘. | w‘
| REAL >,‘* viRToaL |

Vsl

— e —

I

» No explicit € poles; 1 » Explicit poles up to order 1/€;

|

===

| |

d |

» a'

o _— Jt

» Singular in unresolved limit. » No additional PS smgularzty ]l

3
|

—
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TOTAL CROSS SECTION

Vs = 13TeV Vs = 100 TeV
o [tb] 99 qq g9 qq
oLO 261.58 129.47 23055 2323.7
AONLO.H 88.62 7.826 8205 217.0
AoNL0.lsoft 61.98 7.413 5612 206.0
Aonntomlsots | —2.980(3)  2.622(0) | —239.4(4)  65.45(1)

» Soft Higgs approximation at LO:

e gg channel: factor 2.3 (/s = 13 TeV)/factor 2.0 (/s = 100 TeV)

e ¢q channel: factor 1.11 (\/E = 13 TeV)/factor 1.06 (\/E = 100 TeV)

» At LO there is no reweighting!
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CHANGING THE SUBTRACTION SCALE

o) 2 Re (M 3y ) A giyy) soft
H —

ttH

0) 12
| ﬂﬁH |S0ft

» The subtraction scale y, is the scale at which the IR poles are subtracted
(equivalently, at which the soft approximation is applied);

» Effect of using a different subtraction scales p;, = 2 pyp , pip = 1/2 ppp.

e ggchannel +164%/-25% (\/s = 13 TeV)
+142%/-20% (/s = 100 TeV)

e ¢qg channel +4%/-0% (\/E = 13 TeV)
+3%/-0% (1/s = 100 TeV)
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SOFT HIGGS APPROXIMATION

| . * o ikonal approxmaio - —1‘
“ |
| . I
| lim ﬂﬁH({Pi}a k) = F(O‘S(ﬂR)§ mt///lR) e Z ! ﬂﬂ({pz}> 1'
k—0 =34 pl ) k i“
4 - E)w Enegy Thr — T a‘
! . bare _ 1 Y bare IL
lhm A°"(p — p + q) = —my——AM""(p — p) /l
q—0 V dmo . |
ps=m /!
. as(pg)
Flag(ugim /) = 1+=- (=3.C)
adux) \° {33 185 13 T
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tt W: DIFFERENT SCALE CHOICES

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

300
S

o g=M/2

JttW [1b]
S
-
S

oy
-

Of o po=M/4
400F o Uy=Hp/2 -
po=H7/4

LO NLO NNLO

300F
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THE SLICING

|
dU(N)NLO = wnLo @ dULO ‘

— —— — e ————

dang;JLeg and da(N) [ o are separately divergent.

g
@
R
8.
. . i g
In practice, qr subtraction is implemented as I | o
.. . ) - extrapolated ( Fews > 0.1 5) §
a slicing method: omf _ ngggtzs(us)m >
. . " O-I%Tl‘\ILO r Fﬁ
) lntrOdUCIHg d CutOﬁ rCl/tt T Q/M; _0.300 | Oil 02 03 04 05 06 07 08 09 1.0 E
. . . Teut /0] §
» performing the limit r., — 0. 030 20 = 1% oy s ectp, @ BTV 5
' S 3
: <
Quality of the g, — 0 extrapolation can be o o s R S
understood looking at the r, dependence el S
_0.20 - le\TxlfIIEJOpOIated( et > 015) 1 E
030 oXxLo(r)
0 01 02 03 04 05 06 07 08 09 1.0
Tcut[%]
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rcur DEPENDENCE

Ac/Aoxito™ —1[%)

pp — tt_.H @ ].3 TeV, /'LF — 2mt+mH’ /'LR — 2my+mp

Teut = CUbyy /myy %]
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