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Why collider physics and why precision

(a history of synergy between energy and precision)

Our current knowledge of particle physics is based on the Standard Model (SM) which has been
confirmed by discoveries and precision measurements at colliders to correctly describe particle
physics at the EW scale.

The strength and success of the SM at the EW scale allows to identify its weaknesses and
potentially use them as a handle to explore physics beyond the SM (BSM).

The breadth of the physics program of colliders is unigue to test evidence of BSM physics from
other domains and of course can also deliver the unexpected on its own.

Collider physics will not answer all the remaining big question (origin of DM, DE, baryon asymmetry,
etc.) but will play an essential complementary role in exploring them.

Future directions will have to promote both energy and precision in collider physics.



The Standard Model of particle physics

A very minimal quantum field theory describing
strong, weak, and electromagnetic interactions,
based on a local (gauge) symmetry

SU(3)e x SU(2),x U(1)y = SU(3)cx U(1)q

Strong interactions: gluons = m, = 0

Electromagnetic interactions: photon — m,,= 0
Weak interactions —
Paid - Due to the presence of a scalar field whose potential
Leptons spontaneously breaks the gauge symmetry of electroweak

interactions and gives origin to massive gauge bosons (W,Z)

The Higgs boson (H) is the physical
particle associated with such field



rediction to discovery to precision
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Anomalies in Top-quark EW couplings (W,Z,H) possible hint of BSM physics




From prediction to discovery to precision

Global fits of precision EW observables gave us strong indications of where to find the

SM Higgs boson and we now use its mass as one of the EW precision observables of

the EW global fit to constrain new physics.
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But the origin of such pattern escapes the SM

The Higgs is necessary to the consistency of the SM as a quantum theory,

W and Z have longitudinal components that can be problematlc without a Higgs:
» Loop corrections are not finite without a Higgs

WZ Ardnnanonn WZ

» Scattering amplitudes grows with energy: unitarity violation M 7777
of nd

But the origin of SSB and ultimately of the EW scale is unexplained by the SM
» Why the Higgs potential? Why nu?<0?
» Dynamical origin? What induces it?

» Why M,,=125 GeV? — Hierarchy problem - Naturalness

» Mass of scalar not protected by symmetry, y)
h h 2 X 2
receives large quantum corrections - -—-- AMpjz < + M

—16m2 X




Yukawa couplings to fermions: an even deeper mystery

Ly = yijPLov} + h.c.

C ‘ Yukawa couplings

¢ >H+v

( fermion masses

» Why the hierarchy of fermion masses?
» Why the hierarchy of Yukawa couplings?
(arbitrary in the SM)

» Why flavor-diagonal scalar couplings? < Why one Higgs?

(With more than one Higgs mass and current eigenstates can be different)

Yij = —= 0ij =Yg

> Is this a new force all together??



SM — weaknesses and strengths

Apart from not explaining nor including

» The nature of dark matter and dark energy
» The origin of the baryon asymmetry of the universe
» Gravity as a quantum theory

The scalar sector of the SM leaves lots of questions unexplained and mainly fails to explain
the origin of the EW scale itself.

This could also be the strength of the SM:

The incredible success of the SM theory in describing the EW scale phenomenology, all the
way to the discovery of the Higgs boson and the measurement of its properties, is giving us a
unique handle on physics beyond the SM (BSM) if we can identify and interpret its signals.




The LHC experiments can probe it for the first time!

CMS, arXiv:2207.00043
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» Couplings to W/Z at 5-10 % » HL-LHC projections from partial Run 2 data (YR):
» 2-5% on most couplings
» < 50% on Higgs self-coupling.
» Full Run2 results drastically improve partial Run
2 results: better projections expected

> Couplings to 3™ generation to 10-20%
> First measurements of 2" generation
couplings



Standard Model Productlon Cross Sectlon Measurements Status:
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The breadth of collider physics program
a unique spectrum of SM measurements
and BSM direct searches!
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Emphasizing the breadth of collider physics

Colliders may not be able to indirectly probe
scales as high as e.g. flavor physics, but they
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Future directions: energy and precision

Answering the big Open Questions via energy and precision
» Origin of the EW scale (SSB via Higgs mechanism, naturalness, flavor)
» Origin of Baryon Asymmetry, Dark Matter, Dark Energy

> ...
§ Direct and Indirect Limits Given the level of consistency of the SM, and no
= 4 e 4 ’ '~~..E';357::37::°? ““““ clear evidence of new particles in LHC searches
g e o = Ut meTv 5o far, we expect new physics effects to be small.
o o Limits
E\ % =i S
s B \" """ Precision affects the sensitivity to both direct and
< § o et indirect effects of new physics since it enhances
c | e % sensitivity to small deviations.
=
E / May@cale ¢ g
~10-30 TeV (utu-), ~100 TeV (pp)
< 1TeV (e*e) 13-14 TeV pCM~ 10 TeV
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Precision collider phenomenology
(theory precision for collider experiments)

* Precision is intrinsic to a predictive theory, such as the Standard Model (SM).

Percent-level collider phenomenology offers a unique opportunity to explore some of
the core questions of particle physics and uncover new physics.

The physics potential of the (HL-)LHC and future colliders greatly depends on enabling
and successfully executing a broad precision phenomenology program.

Precision requires theory and experiments to reach comparable accuracy.



Precision phenomenology at the (HL)-LHC
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Theoretical systematics could become the main limitation




Precision intrinsic to a predictive theory: SM global fits

Tensions could become real indications of NP effects with
the precision of the HL-LHC or a future e*e-machine, if

A recent challenge: CDF new My measurement theory matches the precision of experiments.
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SM global fits: the M, puzzle M o

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF
Science 376 (2022) 6589

LHCb
JHEP 01 (2022) 036

ATLAS
arxiv:2403.15085, subm. to EPJC

CMS

This Work

CMS-PAS-SMP-23-002

CMS Preliminary
my in Me|V l%
L 80376 + 33 ——e _
— 80375 + 23 |E—.—| —
| 804335+ 9.4 : ——
— 80354 + 32 | IL | -
L 80366.5 + 15.9 pi—.—| _
L 80360.2 + 9.9 |JI_._| - EW it -
| . TR | . |

I80300 80350 80400 80450
mw (MeV)

l+v I

AR Tq
x1Py 0b

I \'/w

P " g Kb

Mass measured by fitting template distributions
of transverse momentum and mass

Template fitting is acceptable if theory
describes data with high accuracy
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on kinematic distributions
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More constraining parameters

Boito 2018 B de&c(ays
V5 [TeV] 14 | 05 | 036 | 100 706 2020 fop 0%
Boito 2021
Yukawa Coupling Yt (%) 3.4 2.8 3.1 1.0 Mateu 2018
Peset 2018 s
i : QQ
Top mass my (MeV/%) 170/0.10{50/0.031|40/0.025| - rorscn 2012 60 bound
BM19 (cé) e o
BM20 (bb)
BBGO6
JR14
ABMP16
NNPDF31 PDF fits
180 CcT18
o MSHT20
[
o o0 ALEPH (j&s)
o ™ OPAL (j&s)
) o JADE (j&s)
(a'e o) Dissertori (3j) ete”
w o. S 175 JADE (3]) jets
Verbytskyi (2j) &
— g 3 B Current K::dos :(i;lsloJ shapes
w o E B ILC250 + ILC-GigaZ Abbate (T) o
Geh m —e——
b W CEPC Hoang (©) | Smipit
— © [1 FCC-ee
S C Klijnsma (tf)
O CMS (tf)
N~ 1 ot feio
(7)) @ d'Enterria (W/Z)
v ~N HERA (jets)
C
E i 222;022(?18 electroweak
= o
O O FLAG2019 lattice
CN L 2 4 1 A Y T RO Do oot et et e
A N my [GeV] 0.110  0.115 0.120  0.125  0.130
as(M2)

August 2021



Establishing the scalar sector of the SM and probing Ayp

.CM.S' arXiv:2207.00043 | KzgX/gXSM = 1+AK

CMS
S W E D 15 - 14 TeY, 3000 1" pr experiment
P N ] Total ATLAS and CMS Ax/k ~ O(v%/A?)

Ju B S i = —" For new physics at 1 TeV
100 Igr Y —EI = = Tot Stat Exp Th, . .
o ;T NE 18 03 10f1s expect deviations of O(6%)
g 10 I§_ “l Ill m “ _§' Ky = 17 08 07)13

, L . . i M; K; = 15 07 0612 .
wf 1 = s a0 asls Improved systematics
0l 1 mE—— 34 09 111 probes higher scales
< 1 - | | HI | IfI | I[I£ Ky 37 13 13|32 I
100 ' i ' ' K. = 19 09 08|15
5 Zy

il .ul.@, |

: E 43 38 10|17
'8 72 17{os Theory could become the
: ! ! . . ‘ u . |. .t t.
. . 002 004 006 008 01 012 014
D/sco GLHCRun7'spa LLA/C |Istat®syst |:|stat Isyst Expected uncertainty maln Iml a Ion

Theory need to improve modeling and interpretation of LHC events, in particular when new

physics may not be a simple rescaling of SM interactions



Beyond total rates

above the EW scale — SMEFT

Events/GeV

Energy

-4 P 1 . 2 . . |
']\ 10 70 100 200 300 400 1000 2000

Need SM precision calculations at differential
level both at lower energy, where rates are
large and at where rates are small
but effects of new physics may be more visible.

Examples:

_/-r dim=6

1
Leg = Lsm + (F Z C;0; + h.c.) +O(A™)

1 \ on-shell precisio

Extending the SM via effective interactions

dim>8

off-shell precision direct searches

‘ EFT

SM process

| produced

| Dimensional | on-shell

Operators

Renormalizable

SM Lagrangian

| breakdown

Resonance

with Higgses with derivatives  physics

\

EFT operators EFT operators  EFT: light new

Crucial to control EFT sensitive regions




Beyond EW fits — Higgs, top, flavor observables

Connecting far apart scales naturally lends itself to the EFT framework

- AUV [\ C‘igMEFT(/lUV) (from matching to UV theory)

Will be constrained l
SMEFT by the fit

LS Evolved to C;MEFT (ALy,) using RGE based
l
on 1-loop SMEFT anomalous dimension

N AEW All fit observables are calculated in terms of CM5FT (A gy,)
(t,H,W,Z) ﬂ
LEFT
HHMWZ) Match to LEFT operators to
calculate flavor observables -
" Ay (B)
A (D) o
G’;

A (K)



Disentangling models from EFT patterns

The “inverse Higgs” problem

N
o
T

N
o

N
o
T

L ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™": Composite example

10 __ |:| ILC precisions from full EFT fit __

———e——— model predictions

|
|

—
o
llllll
|

R
)
I 1

ILC 250 GeV, 2 ab” + 500 GeV, 4 ab™": Singlet example R

i : ILC precisions from full EFT fit

model predicti
1 | 1 1 | 1 1

= ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™': 2HDM-Il example 1

[ : ILC procisions from full EFT fit

model p
1 1 L 1 1 L 1

LR
IS

Coupling deviations from SM [%)]
o
:
1

|
N
o

Coupling deviations from SM [%)]
R
o o
LA T 7T I
1
Coupling deviations from SM [%]
o
!
i

bb o @ ww = Z W W bb ¢ 99 ww T zz v mu bb © 99 Ww T zz v

additional scalar singlet 2HDM-II Composite Higgs
(Ms=2.8 TeV, max mixing) (MH=600 GeV, tanf3=7) (f=1.2 TeV)

Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different patterns of Higgs coupling deviations
from different BSM models



Theory for percent-level phenomenology

* A realm where mathematical progress and phenomenological studies and intuition are
strongly intertwined and have brought so much progress, paving the way to tackle future
challenges.



Dissecting the challenge

. Hadronization

00Q /. @ Fixed-order calculations
S —— > -.' \.
3 . ‘ Parton shower
sl
-,
0
00 "3'-5:11: >»-@.
Lo
Hard
O()J) Scattering
109" @~ 100GeV
B8R0 A
0 . o

g \ »-../ e
3 7° e
8 (0000 - e,

From S. Ferrario Ravasio,
RADCOR 2023

do = Zij J dxq dx, fp,i(x1)fp,j(xz)6/15(x1x25)\+ 0((AQCD/Q)p)-\

Parton Distribution hard-scattering partonic Hadronization,
Functions (PDF) xsection (pQCD+EW) non-p QCD




Many components to percent precision

/_\ o
Choice of

strategies
observables

QCD at 1% accuracy

N2LO and N3LO QCD infrastructure representative all-round standards
calculations for these calculations uncertainty estimates for accuracy control

Snowmass Report of QCD
Topical Groups, 2209.14872

* Parton-shower event generators :
« Adapting theoretical tools to * Well-defined standards for

experimental analyses theoretical systematics
* Statistical models for data analysis




N*LO predictions - state of the art

For a complete summary of existing and auspicable results see
Les Houches list [Huss et al., 2207.02122, updated 2023]

recent
progress

N3LO

(no full calcn)

most procs. known . .
N QCD fixed-order as of 2022 (some w. public code) with much progress in

some procs. known red-circled boxes
major / no public code

some inputs known

Still a good summary for now,

NNLO ...D
wl@eeell

3 0088

split.
fns

QCD order

291 22 293 24 295

multiplicity >
From G. Salam, ICHEP 2022 (slightly modified)

Major challenges and progress:

NLO EW and mixed NLO QCD+EW

Multiloop scattering amplitudes
Real emission — IR subtraction
All-order resummations in specific
regions of phase space
Predictions for fiducial regions




Higgs production via gg fusion at N3LO

LHC

50 - — — pposhieX gluon fsion

i
MSTWO8 68cl | [}
HepR=HE € [myldmy] |

Central scale: = myy/2 |

LO m NLO m NNLO m NNNLO

alpb

o

\E/Tev

Anastasiou, Duhr, Dulat,
Herzog, Mistlberger

1503.06056

Dulat, Mistlberger, Pelloni
1810.09462

do,,/dY [pb]

dO’NNLo/dY/dO'NsLO/dY

12

10

Continuous progress on a crucial process

* The leading Higgs production mode
* A benchmark test of QCD, and QCD+EW, including H+j production
* An excellent testing ground to probe theoretical accuracy

pp > H + X
LHC@13TeV
MMHT 2014 NNLO
Bp = pR = mp/2

da/d|yH| [fb]

Ratio to NNLO

o 0O O ®

—_

50

o~ N 00 O = =N

NNLOJET + RapidiX pp = H (> vy y) + X Vs =13 TeV
T T T T
L LO E=== N3LO -
NLO e NNLO x KN3L0

oY% % %% % % e %N e e %

[y"]

Chen, Gehrmann, Glover, Huss,

Mistlberger, Pelloni, 2102.07607



... crucial to map residual uncertainties

e —— — —— — : Dulat, Lazopoulos, Mistlberger
12 k : LHC @ 13 TeV 1802.00827 (iHixis)
10 .
L S(theory) = Tyogy  (19%%)  d(scale)
s TN e ’ + 40.56pb (£1.16%) O(PDF-TH)
f IO — : ++0.49pb  (£1.00%)  S(EWK)
R SEW ] +  +£0.41pb  (£0.85%)  6(t,b,c)
i \ S(PDF-TH) + £0.49pb (£1.00%) d(1/my)
2 ] _ 42.08pb (+4.28%)
i S(scale) ] T —3.16pb —6.5% )
ok, . 0(PDF) = 40.89pb (£1.85%),
0 20 40 60 80 100 +1.25pb +92.59%
Collider Energy / TeV (a5> - —1.26pb (—2.62%)

Future challenges:

Uncertainty removed by calculation
of exact NNLO m;dependence

» N3LO PDF! — §(PDF-TH)
e Light-quark mass effects — d(b,c)

Reduced uncertainty to 0.26% by
calculation of NLO mixed QCD+EW

e More EW corrections

. o Czakon, Harlander, Klappert,
* Large logs resummation (fiducial)?

_ _ Becchetti, Bonciani, Del Duca, Hirschi,
Nieggetied, 2105.04436

Moriello, Schweitzer, 2010.09451

4-loop splitting functions (low moments) — Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561
DY@N3LO QCD — Duhr, Dulat, Mistlberger, 2001.07717, 2007.13313



DY at N3LO — input to PDF fits and M\, measurement

LHC 13T
PDIS4L3;-ISY5 1 K—Factor W~
PP ik X(—Iin 0—;1)0 NLO = NNLO = N3LO LHC 13TeV NLO
Sy +X (eteT+ 7
PDF4LHCI15_nnlo_mc

ﬂcent.zQ

. cent.=Q

o/oN3LO

1000 1200 1400 1600 1800

800

200 400 600
600 800 1000 1200 1400 1600 1800
Q[GeV] My Q[GeV]
Duhr, Dulat, Mistlberger, 2001.07717 K —Factor W*
LHC 13TeV
PDF4LHCI15_nnlo_mc

cent.=Q

e Scale dependence: non-uniform behavior in all Q-regions

e Important input for PDFs (not yet included)

* Region around Q~My,: reconsider how to estimate
theoretical uncertainty from scale variation

400 600 800 1000 1200 1400 1600 1800

200
Q[GeV]
Recall from before: need 0.1% accuracy in template Duhr, Dulat, MistIberger, 2007.13313

distributions in order to achieve AM,;,~10 MeV




DY at N3LO — dedicated PDF study

pp =4 [Z+ X = £18 | \fs =13 TeV | N’°LO QCD, PDF errors | pgp = pp = Q
1.06

S 0.98

| === PDF4LHCIS s PDF4LHC15

092 + 4 0.92
| e PDF4LHC21 w—— NNPDF 3.1 === NNPDF 4.0
0.9 ' 1 ' 'l ' A s 0.9
1.06 1.06
| P
1.04 e o 1.04
w 1.02 H 1.02
- y
(8]
g 1.0 1 1.0
)
2 |
2 0.98 T 0.98
W 006 0.96
-~ L
R o0a } . 0.94
[ s PDFALHCIS = PDF4LHCI15 g
0.92 R 0.92
L R ABMPIGalsl18 — CT18 S MSHT20
').9 1 1 1 1 1 1 1 1 1 1 (J.Q
200 600 1000 1400 1300 200 600 1000 1400 1R8O0
Q [GeV] Q [GeV]

Baglio, Duhr, Mistlberger, Szafron, 2209.06138
(n3loxs — public numerical code)

2 /Epprancs

2/ BppraLacs

pp = W+ X = £y, | /s =13 TeV | N’LO QCD, PDF errors | pp = ptp = Q

| === PDF4LHCI5
" e NNPDF 3.1 === NNPDF 4.0 7
1 1 1 i

= PDF4LHCIS
— PDFALHC21
'S ' 1

| == PDF4LHCIS = PDF4LHCIS
0.92 - S8 ABMPI6 alsl18 — CT18 “ MSHT20
‘).9 1 1 1 1 1 1 1 1 1 1
200 600 1000 1400 1800 200 600 1000 1400 1800
Q [GeV] Q [GeV]

1.1

4 1.08
4 1.06

1.04
1.02
1.0

0.98
0.96

4 0.94

0.92
0.9
1.1

1 1.08

1.06

4 104
1 102
d 10
| 0.08
{ 0.96

0.94
0.92
0.9

Overall consistency
among different sets

Large variation
in error bands

Systematics introduced by
choosing different sets can
be substantial

Different patterns observed in CC vs NC cannot be ignored for precision
measurements, since the introduced bias can be sizable at percent level.




DY at N3LO+N3LL — differential

Consider different observable?

[pb/GeV]

£
T

do /dpt,

Ratio to NNLO+NNLL

50

40

30

20

10

NNLO+4NNLL

NNLOJET+RadISH

symmetric cuts

I \ \ \
NLO+NLL pS™t = 0.81 GeV

NNPDF4.0 (NNLO) |
13 TeV, pp — Z‘/’y*(—) E*TZ_) + X

uncertainties with pgr, pr, Q variations |

[GeV]

o

Chen, Gehrmann, Glover, Huss, Monni,
Re, Rottoli, Torrielli, 2203.01565

Challenging to control theoretical
uncertainties below percent level!

do /dp’ [nb /GeV]

{ { ' —
Apj’_ (pJ_,min' Pi mid» pJ_,max) -

f ?
14 ; do _ (Pimax ; ¢ do
1£)J_,mld J{i_t’ U= fpf _ dpJ_W
P1 min api Lmid =

0.10 —

0.05

L—-U

L+U

Shift in jacobian peak
by AM,,/2

NLO+NLL
ES NNLO+NNLL

pt < 15 GeV

NLO+NLL

NNLO+NNLL

=8 NNLO-+N°LL

8 pseudo-experiment syst+stat

p'’ < 15 GeV
—0.1725 pbmin_39 GeV, p™4=37 GeV, p{ ™ =47 GeV

34 36 38 40 42 44

~0.1750 |
p Pl GeV] £
Pimid P1max

Rottoli, Torrielli, Vicini, 2301.04059

80.34

80.42

80.40

T
80.36

80.38
my [GeV]

AM,~+15 MeV
feasible




PDF — first approximate N3LO sets

Gluon Fusion: gg— H (p=mp/2)

50 1

45

40 4

o (pb)

351 LR

30 1

25 1

Light: PDF + Scale uncertainty
Dark: PDF uncertainty

——— Hn=mpg aNBLO O ggH

NLO

» Gluon fusion to H: the increase in the cross section prediction at N3LO is

NNLO N°LO
o accuracy

o (pb)

4.4

4.3 1

4.2 1

4.0 1

3.9 1

3.8

Vector Boson Fusion: gg— H (1 =Q?)

aNBLO OVBF NLO PDFs

NNLO OVBF
NLO ovypr

¢ NNLO PDFs

* aN’LO (H,']‘ + K—,']‘)*l PDFs

$ aN’LO H/,~! PDFs

Light: PDF + Scale uncertainty
Dark: PDF uncertainty

aN3LO - MSHT20aN3LO

NLO

NNLO
o accuracy

N°LO

compensated by the N3LO PDF, suggesting a cancellation between terms in the
PDF and cross section theory at N3LO —» matching orders matters!

» Vector Boson Fusion: no relevant change in going from N2LO to N3LO PDF,
due to different partonic channel involved.

McGowan, Cridge, Harland-
Lang, Thorne, 2207.04739

* Based on N3LO approximation
to structure functions and
DGLAP evolution

* Making use of all available
knowledge to constrain PDF
parametrization, including
both exact, resummed, and
approximate estimates of
N3LO results

* Including PDF uncertainty from
missing higher-orders (MHOU) as
theoretical uncertainty in the fit



NNLO for 2—3 processes

Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann; Badger, Gerhmann, Marcoli, Moodie;

 Most recently first NNLO results for multi-scale processes: bbW, ttW, ttH

rmassive final-state /

particle (b massless) 3 massive final-state

Major impact on LHC

particles
phenomenology Hartanto, Poncelet, Popescu, Zoia
2205.01687 Buonocore, Devoto, Grazzini, Kallweit,
Mazzitelli, Rotoli, Savoini, 2306.16311
Major bottle neck: 2-loop 5-point amplitudes Catani, Devoto, Grazzini, Kallweit,

Mazzitelli, Savoini, 2210.07846

Evaluated in ttW, ttH calculation by soft-W/H approximation

Febres Cordero, Figueiredo, Krauss, Page, Reina, 2312.08131
. Buccioni, Kreer, Liu, Tancredi, 2312.10015
for 2-loop amplitudes Agarwal, Heinrich, Jones, Kerner, Klein, 2402.03301

Very recently first results




ttW an d ttH at N N LO Buonocore et al., 2306.16311 ’
800:_ T T T ]
pp — ttH pR = pF = me +mu/2 700 _ ” * | _ 7
LO ) : :
600 ]
©J NLO =, o up=M/2 |
10t} ] NNLO % i ! _
$ ATLAS s 500; o po=M/4 |
¥ cms : ]
T 4001 o po=Hr/2
> 100} : : _ -
0.5 '=t} 300F | /.l()—HT/4
L LO NLO NNLO
10-1f - L
13 NNO QCD+NLO EW within at ssob T ATLAS + CMS
g Oee=rn most 26 of exp. measurement. '
v E — _ 4001
: | eee—oeesecoasmsooeassmas — ) Fir— / ~LEW T
2 o — Ratio at®™W /9" in very
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¢ _10f : s . - z
: = = = 3 measurement E:
V5 [TeV] 300
' b =13 TeV =100 TeV : P '
Catanietal., 2210.07846 |o [pb]| /s 2 3; V's e We Comparison in fiducial volumes |
Theoretical uncertainty | 3910 st 2058 o0 may give further insight 0
o 0.4875 1557 36.43 1220
reduced to 3% level e O T 2000 e
onNLo |0.5070 (31) 7997 37.20(25) T9-17% [P,

|

LA S S s S S B S B s B e

* NNLOQCD +NLOgw 1




NLO: push the multiplicity challenge

Beyond on-shell production to match fiducial measurements

do/pr, [fb/GeV]

off-shell/ NWA

107 ¢ Ho=Hr!3 (R off-shell| -
: T INWA ]
I — LOdec
107 ¢ E
- : : 1L T S — |
- ttW* QCD+EW —— off-shell E
10-5 -_ _- I 10_1 ; — NLOPS ;
= 1= I NLOPS + Ac ] Modelling full process crucial to
r ] U . E j o . o
[ —— 510 N match experimental fiducial cuts
wee L L L E 10-3 | = i and estimate theoretical systematic
16} 1= . i L ]
O = E — \ Off-shell effects most relevant in tails
2L e == SAAAANAR I e S e e R T and end-points of distributions, where
S0 100 200 300 400 s00  600.S 1 new physics effects can be hidden
prs, [GeV] = 8-? e
Bevilacqua, Bi, Hartanto, EQ 12] | | | | ] dot"  dgNtO+Ps N dAoff—shelr
Kraus, Worek, 2005.09427 é 1.1 = dx = dx dx
1
@3

. . 0 | 160 | 260 | 360 | 460 | 560 | 600 dA dO_NLO dO_NLO
Bevilacqua, Bi, Febres Cordero, Hartanto, pr(b1) [GeV] off—shell _ ~~off-shell ““NWA

Kraus, Nasufi, LR, Worek, 2109.15181 dX dX adxX



NLO: exploring boosted kinematics and off-shell signatures

Top+additional leptons = - w spin corr.
Q 10—3 [ e /0 spin corr. B
H —— Others profiled (26 - é C ""f:;:::::” .
TO p p a I r + b O O Ste d Z/ H _— gz:ers Ero:i:e: :120)) 4151 1 (1 8 TeV) — 10_4 E _u::::’::;::.: 77777
o0 Others fixed to SM (20) | = CMS = E ]
t | Others fixed to SM (1) of! -5 [ B —— i
CMS simulation 13 TeV oS0 == 10 e M. Ghezzi et al.
= | s p T, NEOHPS 1 [2112.08892]
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1.25 - o /,// c; G ) (G
———"”’ ............... . i — OH_SileH
1 '00 = 10~ ——= Off-shell N[;‘)_Qr(’lev 4
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100 200 300 400 500 600 ... — Off-shell % Ty I SN N - SO p— NWA
p% [GeV] s ] ‘{ 7 - - - NWAodee
studies
. . Cp+5| e e E
5 , E? Effectsin tails of c o w07}
nSM gBSMW diStribUtionS bUt also o Lt \TTH ULt o T T T T
anomalous shapes 20 510 5 0 5 10 15 2 g e ]
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[CMS: arXiv:2012.04120] g 0

G. Bevilacqua et al. [2203.15688]
Pointing to the need for precision in modelling signhatures from tt + X processes in regions

where on-shell calculations may not be accurate enough



. deploying new techniques to interpret complex signatures

The case of bbH production including QCD+EW corrections
The extraction of y, seems lost

“RIP Hbb” [Pagani et al., arXiv:2005.10277]

. o(y?) _ INLOQCD4+EW o(y?) o(y?)
ratios o) = owton, TR e | TG te i To0)
(yp vs. Kz) (yp vs. yt) (yp vs. kz and y;)
NO CUT 0.69 0.32 0.28
N;, > 1 0.37 (0.48) 0.19 0.14
Nj, =1 0.46 (0.60) 0.20 0.16
Nj, > 2 0.11 0.11 0.06
A kinematic-shape based analysis based on game theory . € . 22 =
(Shapley values) and BDT techniques opened new possibilities a X/ @ B g |
“Resurrecting Hbb with kinematic shapes” i T Tl
[Grojean et al., arXiv:2011.13945] *f,i
Z ~ :-';/
New techniques will open the possibility of turning problematic -

processes into powerful probes of the quantum structure of the SM




Parton-shower event generators

Its time for better Parton Showers! Slderom 6. Salars
Drell-Yan (y/Z) & Higgs production at hadron colliders Crucial ingredient to reprod uce
LO NLO NNLO[....coeveiernnans ] N3LO the Complexity of collider events

DGLAP splitting functions

LO  NLO NNLO [parts of N3LO] Often unknown or with poor formal
transverse-momentum resummation (DY&Higgs) accuracy (built in approx., tunings, etc.)
LL  NLL[......] NNLL[...] N3LL

parton showers (many of today’s widely-used showers only LL @leading-colour)

LL [parts of NLL......ccooeiiiiiiciir v s r e e e ]

fixed-order matching of parton showers
LO NLO NNLO [....... ] [N3LO]

1970 1980 1990 2000 2010 2020

. Hadronization

. Fixed-order calculations
. Parton shower

From S. Ferrario Ravasio, RADCOR 2023

Hard
)) Scattering
Q ~ 100GeV|

» Standard PS are Leading Logarithmic (LL) = becoming a limitation

» Several groups aiming for NLL hadron-collider PS
Nagy&Soper, PanScales, Holguin- Forshaw-Platzer, Herren-Hoche-Krauss- Reichell




More challenges: non-perturbative effects O((Agcp/Q)P)

Estimate of “p” for all relevant processes crucial to LHC precision program
A few tens GeV < Q < a few hundreds GeV — (Ag¢p/Q)P~(0.01)P—(0.001)?

Perturbative predictions at percent level will have to be supplemented with non-perturbative
effects if p = 1 for a particular process or observable.

No general theory. Direct calculations have shown that there are no linear non-perturbative

power corrections in: é\—/
i K
e - B8

» Z transverse-momentum distributions T
Ferrario Ravasio, Limatola, Nason, 2011.14114 \ E/

» Observables that are inclusive with respect to QCD radiation
Caola, Ferrario Ravasio, Limatola, Melnikov, Nason, 2108.08897, same+QOzcelik 2204.02247




Summary

e Collider physics remains as a unique and necessary test of any BSM hypothesis, and in this context
precision phenomenology will play a crucial role.

e The HL-LHC will accumulate 20 times what it has so far and will deliver precision measurements
beyond expectations.

e Increasing the theoretical accuracy on SM observables (Higgs, top, EW) is crucial: a factor of 10 in
precision could allow to test scale in the 10 TeV and beyond.

e Reaching this level of theoretical accuracy has multiple components, all of which have been the focus
of intense and highly creative theoretical work.

o Direct evidence of new physics could boost this process, as the discovery of the Higgs boson has
prompted us in this new era of LHC physics.



