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LHC Physics : status

Standard Model

CMS preliminary

absence of) New Physics

Overview of CMS EXO results

36-140 b1 (8,13 TeV)
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5 L (axial)vector mediator [11_). 9q=0.25,gom =1, my=1GeV M <18 1712.02345(=1j+E7=9) 36 b~
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u (4, 9g), ki =0. M 0/5=2/6" 1912.12238; 1604.08907 (2j) 37 b~
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B A n>5 n;>7 VBF A -1 & Vector like taus, Doublet M 012-079 190510853 (3£, = 44,21, = 17) 77 b1
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Searching for new physics

Model-dependent Model-independent

SUSY, 2HDM, ED.. .. simplified models, EFT, ...

Search for new

Search for new states | |
INteractions

specific models, simplified models anomalous couplings, EFT...

Exotic signatures Standard signatures

precision mMmeasurements rare processes

AR S TN
i
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The hedgehog and the fox

Archilocus (-650), Erasmo (1500), Berlin (1953)

Multa novit vulpes, verum echinus unum magnum

N
\\

the hedgehogs view the world through the the foxes draw on a variety of experiences and for them
lens of a single defining idea the world cannot be boiled down to a single idea
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Searching for new physics

Search for new states Search for new

iNnteractions

CMS Preliminary ¥s=7TeV,L=51fb";ys=8TeV,L=1961"
I I I T I T I T T I I

g ST
«m 30F [ z+x =
% g l Ozzz 100 - Unitarity Bound
> X s [ ]m,=126 GeV:
L _
20f- i - do ( pb )
- . dM,w GeV 10-2
1074
120 140 160 180 0 500 1000 1500 2000
m,, [GeV] My, (GeV)
“Peak™ or more complicated structures Deviations are expected to be small.
searches. Need for descriptive simulations Intrinsically a precision measurement.

for discovery = Discovery 1s data driven.
Need for accurate predictions for SM

Need precision for characterisation. (assess deviations) and for interpretations.

SN EE ALMA MATER STUDIORUM
=/ UNIVERSITA DI BOLOGNA
s
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SM 101

Mass generation with gauge invariance
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[ATLAS 2020]
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ATLAS Preliminar
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Vs=13TeV,245-139fb '

m, =125.09 GeV, ly, | <25, p_ = 84%

SM Higgs boson
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26 [ATLAS. 2020]
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30 [CMS, 2020]
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Particle mass [GeV]

Unigue mass generation mechanism

19

imy /v

GMW Guv = 200G, - iy [v?

mz

cos Oy

Guv = 2009 - my v

for fermions and vectors.

Constrained system.

[ATLAS 2020]

| | | | | | [ | | | | | [ | [ | [ | | |
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R T 102 R N8, )
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ttH+tH bb 1= 079 38 ( o029, 1332
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
http://cds.cern.ch/record/2725423
https://arxiv.org/abs/2007.07830

SM 101

Mass generation with gauge invariance

[ATLAS 2020]
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- = {s=13TeV,24.5-1391b" P 2 4
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s { _ 1= IS | 2
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@ 1n Gev @/ e

10” L 10 10° k, > 1.5 = 1stord (T = 0 and T = T .connected)
Particle mass [GeV]
ok, ~ 5% = 1stord (T = Oand T = T.not connected)
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http://arxiv.org/abs/arXiv:1711.00019
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf

SM 101
Unitarity

Unitarity dictates that amplitudes cannot grow

with energy.

Energy violating behaviours signal the
existence of a scale A > v where new

phenomena occur.

Arbitrary modifications of couplings respecting Lorentz, U(1)em and SU(3)

W W

2. 2,
T
p B

symmetries generally lead to unitarity violations at low scales.

see, e.g2., [Abu-Ajameieh, Chang, Chen, Luty, 2009.11293]

Imposing full SU(3) x SU(2) x U(1) in the deformations moves unitarity violations at higher scales.

see, €.g., [Mantani, Mimasu, FM, 2019
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https://arxiv.org/abs/2009.11293
https://arxiv.org/pdf/1904.05637

SM 101

Perturbativity/Loops

Being renormalisable the SM allows to consistently perform loop computations and to test the theory

at a high degree of precision.

190

180

170

pole

+ 160

10% Gev

|

108 GeV

L 1019 Gev
/1012 Gev

/1014 Gev
1016 GeV

1018 Gev

~“SM

150/ Meta,—é%ability ‘,;;Li:""""" |
" Absolute stability
140:—,""' ]
1305 60 80 100 120 140
mPle

[Andreassen et al. 1707.08124]

as (M2)
Aty (M3)
m; [GeV]
my [GeV]
My [GeV]
I'w [GeV]
Mz [GeV]
', [GeV]
o 4 [nb]

Ry

0.¢
Agrp

P,)ol

-

A, (SLD)

0
R
22 e
sin? 04 (Q13)

sin? 6°P* (Tev/LHC)

-3

Measurement Posterior Prediction Pull
as(Mz) 0.117740.0010 0.117940.0009 0.119740.0028 -0.7
Aaflsa)d(Mz) 0.02761140.000111 0.02757240.000106 0.02716840.000355 1.2
Mz [GeV] 91.187540.0021 91.188040.0020 91.20384-0.0087 -1.8
my [GeV] 172.5940.45 172.764+0.44 175.974+1.98 -1.7
mpyg [GeV] 125.304+0.13 125.304+0.13 112.68+12.89 0.98
My [GeV] 80.37940.012 80.36040.005 80.3554-0.006 1.8
I'w [GeV] 2.08540.042 2.088340.0006 2.088340.0006 -0.08
BRw _had 0.674140.0027 0.6748640.00007 0.674864-0.00007 -0.28
BRw _,¢ 0.10864-0.0009 0.10838+0.00002 0.10838+40.00002 0.24
P_f°l = Ap 0.146540.0033 0.147340.0004 0.147340.0005 -0.23
sin? 9:25’t( l]}‘%d 0.23244-0.0012 0.2314940.00006 0.231494-0.00006 0.91
'z [GeV] 2.495540.0023 2.49454-0.0006 2.49434-0.0007 0.50
02 [nb] 41.48024-0.0325 41.491040.0076 41.493040.0080 -0.38
Rg 20.7666+40.0247 20.7504-0.0080 20.746040.0087 0.79
Ag.’]g 0.017140.0010 0.0162740.00010 0.0162640.00010 0.84
Ap (SLD) 0.151340.0021 0.1472740.00045 0.1473140.00047 1.9
Rg 0.216294-0.00066 0.21588+0.00010 0.2158740.00010 0.63
R(c) 0.172140.0030 0.1722140.00005 0.1722140.00005 -0.04
A%’lg 0.09924-0.0016 0.103240.0003 0.1032740.00033105 -2.5
ApE 0.070740.0035 0.0738+0.0002 0.07384-0.0002 -0.88
Ay 0.9234-0.020 0.9347540.00004 0.934754-0.00004 -0.59
A, 0.67040.027 0.66794+0.0002 0.66794+0.0002 0.08
sin? OL?t (Tev/LHC) 0.231374-0.00022 0.2314940.00006 0.2315040.00006 -0.57

[HEP[R

-1

0 1

O —O¢h
— ax
Pull= —=——

axp

[Courtesy of De Blas et al., work in progress]
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https://arxiv.org/abs/1707.08124

SM 101

Going beyond

Three key properties of the SM:

 Mass generation with gauge invariance

o Unitarity (up to a predefined A)

* Perturbativity/renormalizability

Is it possible to "minimally” deform the SM without losing any of the above?
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A powerful approach

Searching for new interactions with an EFT

A% > s|c|/8
One can satisfy all the previous requirements, by building an EFT
on top of the SM that respects the gauge symmetries: /
sle;|IN> < 8 Ji<h
6) (4) -
=+ 35

With the “only” assumption that all new states are heavier than
energy probed by the experiment \/E < A.

Energy helps precision

The theory is renormalizable order by order in 1/A, perturbative
computations can be consistently performed at any order, and
the theory is predictive, i.e., well defined patterns of deviations
are allowed, that can be further limited by adding assumptions
from the UV. Operators can lead to larger effects at high energy
(for different reasons).

EFT in the tails
[llustrative plot

lllllllllllll

pT(t,H) |

* Sufficiently weakly interacting states may also exist without spoiling the EFT.
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http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1610.05771
https://arxiv.org/abs/1709.08649

A powerful approach

Searching for new interactions with an EFT

The master equation of an EFT approach has three key elements:

iy O
A

”

5

P,

\

Y
4
P
a

AQObs, =!

future measurements

current measurements

' T
ey -
0 Ll

— increased NP Sensitivity

~» Most precise EF1 predictions — increased UV identification power

- Most precise SM predictions for
* observables: NLO, NNLO, N3LO...

. Most precise/accurate experimental measurements
with uncertainties and correlations \
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A powerful approach

What are we going to learn?

[Grojean and Rattazzi in De Blas et al., 2020]

IR Simplicity: Naturalness:

My, > m,,, .., new physics effects decouple MUV ~ My,
(B&L, m, < v, GIM, no FCNC,..)

In the SM: simplicity = not natural In BSM : natural = not simple

Fine tuning Direct searches Higgs couplings EWPT

7 2
€ = my /Amy

AN *

m; = 10TeV e = (1074,1073,1072) Sgu/gu’" ~ce|S~ (0w /ATC) (112 /112
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https://arxiv.org/abs/1905.03764

A powerful approach

What are we going to learn?

2—-0 exclusion
@» HL+FCC

@» HL+CLIC
@» HL+ILC
O HL+CL|C1500

- HL+|LC500
D HL-LHC

-~ HL+CLIC3gg
=" HL+ILC250
HL+CEPC
- HL+FCC,,

HEPT
Higgs@FFC WG
September 2019

|
n
o

Coupling deviations from SM [%]
o

model predictions
1 1 ] ] 1 ]

-§' 20 i T T
2 —

) n

£ 10

o -

: -

)

c

'g 0 bt s s a R R R R .- m..‘w.m
- -

B !

> .

Q

©

o -10 ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™"': pMSSM example
[ - -

ﬁ . |:| ILC precisions from full EFT fit

=2

O

&)

bb ¢ g9 wWw W ZZ YY

N
o
L]

-
o
T

Composite Higgs

. ILC 250 GeV, 2 ab"’ + 500 GeV, 4 ab': Composite example

[ [ ] coprecisions from full EFT fit

———e——— model predictions

|
Y
o
™

Coupling deviations from SM [%)]
o

|
N
o

Coupling deviations from SM [%]
o

2 Higgs doublet

n
o
T

-
o
T T T

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

i : ILC precisions from full EFT fit

model predictions

|
-
o
T 1T

|

g9 ww T

Higgs-Radion mixing

Ui

N
o
T

-
o
T T

ILC 250 GeV, 2 ab ™' + 500 GeV, 4 ab™': Radion example

- : ILC precisions from full EFT fit

|

-

o
T T

0 10 20 30 40 50 60 70 20 T S T T S 20 model predletions .
bb CC gg WW ™ ZZ 13 gg Ww Tt T
m, [TeV]
[De Blas et al., 2020] [Peskin, ICHEP2020]
Full mapping at tree level to SMEFT :_[de Blas et al. 2018]
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https://arxiv.org/pdf/1711.10391
https://indico.cern.ch/event/868940/contributions/3813537/attachments/2083210/3499299/SMatILC-ICHEP.pdf
https://arxiv.org/abs/1905.03764

Precision EFT
SMEFT at 1-loop level

1-loop accuracy allows:
* Unveil the SMEFT structure (mixing)
» K-factors (accuracy)
» Scale uncertainties (precision)

* Exploit loop sensitivity:

e e i
:ﬁ\&w H . )

/N

~

RGE
- Anomalous dimension matrix [Jenkins, Manohar and Trott, 2013,2014,2014]

Production

- pp—jj (4F) [Gao, Li, Wang, Zhu, Yuan, 2011]

- pp—tt (4F) [Shao, Li, Wang, Gao, Zhang, Zhu, 2011]

- pp = VV [Dixon, Kunszt, Signer ,1999] [Melia, Nason, Réntsch, Zanderighi ,2011]

[Baglio, Dawson, Lewis ,2017,2018,2019][Chiesa et al., 2018]

- top FCNCs [Degrande, FM, Wang, Zhang ,2014] [Durieux, FM, Zhang ,2014]

- pp —tt (chromo) [Franzosi, Zhang ,2015]

- pp —tj [Zhang ,2016] [de Beurs, Laenen, Vreeswijk, Vryonidou ,2018]

- pp — ttZ [Rontsch and Schulze,2015] [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]

- pp = ttH [EM, Vryonidou, Zhang ,2016]

- pp —HV,Hjj [Greljo, Isidori, Lindert, Marzocca, 2015][Degrande, Fuks, Mawatari, Mimasu,
Sanz ,2016], [Alioli, Dekens, Girard, Mereghetti ,2018]

- pp—H [Grazzini, Ilnicka, Spira, Wiesemann ,2016] [Deutschmann, Duhr, FM, Vryonidou ,2017]

- pp = tZj,tHj [Degrande, FM, Mimasu, Vryonidou, Zhang ,2018]

- pp — jets [Hirschi, FM, Tsinikos, Vryonidou ,2018]

- pp — VVV [Degrande, Durieux, FM, Mimasu, Vryonidou, Zhang, 20xx]

- gg — ZH,Hj,HH [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]

- Higgs self-couplings [McCullough, 2014][Degrassi, Giardino, FM, Pagani, Shivaji, Zhao,
2016-2018][Borowka et al. 2019][EM,Pagani, Zhao, 2019]

- EW loops in tt [Kuhn et al.,1305.5773], [Martini 1911.11244]

- EW top loops in Higgs & EW [Vryonidou, Zhang ,2018][Durieux, Gu, Vryonidou, Zhang ,2018]
[Boselli et al. 2019]

Decay

- Top [Zhang ,2014] [Boughezal, Chen, Petriello, Wiegand ,2019]

- h = VV [Hartmann, Trott ,2015] [Ghezzi, Gomez-Ambrosio, Passarino, Uccirati ,2015, 2015]
[Dawson, Giardino ,2018,2018][Dedes, et al. ,2018] [Dedes, Suxho, Trifyllis ,2019]

- h — ff [Gauld, Pecjak, Scott ,2016] [Cullen, Pecjak, Scott ,2019][Cullen, Pecjak, ,2020]
- Z,W [Hartmann, Shepherd, Trott ,2016] [Dawson, Ismail, Giardino ,2018,2018,2019]

EWPO
+ EWPO [Zhang, Greiner, Willenbrock "12] [Dawson, Giardino ,2020]
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http://arxiv.org/abs/arXiv:1804.01477
https://arxiv.org/abs/1512.06135
https://arxiv.org/abs/1305.5773
https://arxiv.org/abs/1911.11244

Precision EFT

Three motivations for NLO

1. EFT scale dependence [Deutschmann, Duhr, FM, Vryonidou, 17]
200 — N =\~
c101 O =y} (9’51@) (Qt) o,
150 |, €303
o(total) ()abG _ th (C)TC)) Tv:;lVGAul/ .‘
100 | _ .
O = y19s(Qo** THt)pG1, .
= 50 ok _
5 e dC; () s
= —7i;Cj (1),
. _ d log 1 T
—100 - )y H LHC13 4 —2 168
solid: NLO, dashed: LO Y = 0 —7/2 1/2
YT T T 1w | 0O 0 1/3

UEFT [GGV]

By including the mixing, the overall scale dependence at LO, is very much reduced with respect to
the single ones. A global point of view is required: contribution from each coupling may not make
sense; only their sum is meaningful.
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http://arxiv.org/abs/arXiv:1708.00460

Precision EFT

Three motivations for NLO

2. Genuine NLO corrections (finite terms) are important

[FM, Vryonidou, Zhang, 16] = pp — ttH

Full NLO : 30 4.\ (A T
. _ O = (f) b) t) o.
s o0 NLO- o =Y; (0'0) (Qt) &
é ] Osc: = y; (@Tsﬁ) G, G
s L 3 1
' _ _ pr Ay ;A
:li <Y / RG evolve OtG o ytgs(QU I t)(ﬁ( KV -
E 1.4~— \\‘3 / to EW scale i o
S S o,NLol * EFT scale uncertainties are very much
- . “s~~ -
= L2 0,10 TTeeel 1+ reduced at NLO.
S e e O NLO
" 10l o imooTZzae.]e—| matchto
' -"55,_1:5 ---------------- | EFT at 2 TeV
130300 300 500 700 1000 13002000 * RG are sometimes thought to be an
perr[GeV] approximation for full NLO, but it is often not
the case.
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http://arxiv.org/abs/arXiv:1607.05330

Precision EFT

Three motivations for NLO

3. New operators arise

New operators can arise at one-loop or via
real corrections.

- At variance with the SM, loop-induced
processes might not be finite.

* Including the full set of operators at a
given order implies that no extra UV
divergences appear (closure check).

- Use tree-level-loop-level hierarchy but not
gauge couplings.

(Ghezzi, Gomez-Ambrosio, Passarino, Uccirati, 2015a]

‘Hartmann and Trott, 2015]

'Ghezzi, Gomez-Ambrosio, Passarino, Uccirati, 2015b]

Dawson, Giardino, 2018, 2019]

[Dedes et al, 2018]

[Vryonidou and Zhang, 2018]

Top — Higgs at 1-loop

-
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https://arxiv.org/abs/1507.03568
https://arxiv.org/abs/1505.03706
https://arxiv.org/abs/1512.02508
http://arxiv.org/abs/arXiv:1801.01136
http://arxiv.org/abs/arXiv:1805.00302
http://arxiv.org/abs/arXiv:1804.09766

Precision EFT

Three motivations for NLO

3. New operators arise

Example: the dependence of single-Higgs (total and differential) cross

sections and decay rates on the self couplings at NLO (EW) level:

g t W
l H -
v
H -
®--u
| - - -«
| N
N
~ W
g t
g - H_ v
t N -
\\H //
~
N H H /
I
s \
// \ v
d N
g -

[Degrassi, Giardino, FM, Pagani, Shivaji, Zhao, 2016-2018]
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http://arxiv.org/abs/arXiv:1601.06163

Precision EFT
SMEFT@NLO

Aim to fully automate NLO calculations in the SMEFT within public Monte Carlo
generators based on:
Warsaw basis of dimension-6 operators
Current status:
NLO in QCD
/3 degrees of freedom (top, Higgs, gauge):
CP-conserving
Flavour assumption: U(2)a x U(2)u x U(3)d x U(3)L x U(3)e
Successful validation with LO implementations
0/2/4F@NLQO validated and released: http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

Paves the way for a precise SMEFT programme at the LHC

|[Degrande et al.,2008.11743]
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https://arxiv.org/abs/2008.11743

Top sector

Interactions

 New interactions among SM particles can be systematically parametrized in the context of the SMEFT.
Directly related to the top fields, at dim=6

(6) (4) &) - SM S
Lo = Loy + E FOH_”' — Obs; = Obs; +Mij-pcj
i
CE* 2QBs 2Q2L 2Q29-4Q
i (’L_]) — -1 (A '/\T A .. 79 _ _
~ O ) = (%&‘T:ﬁu’»@)((iﬂ“qg)a B(I(i]kl) o 'I 035;].’“” = (@7 q5) (@ @),
036 — (LB o\ (G O 7 =UATL) @A q), 0T = (G ;) (),
— eq = (91D )@V T q5), - _ O3GIK) — (i T4 q;) (v, T4 wr)
< 09 = (WD ) (@) Op™ = (L") (uryw), e TR
= " T (ijkl) = Ao N (GAH Ogi™™ = (a7 4) (diyudr),
g iOgiZ_l = (¢TiD, ) (" d;) O??.kl) = (eiv"e;) (qey aqr), OPGT) = (gt TA gy (diyu T ).
S 0% = (gio ) gWE, Oci 7 = (ete;) (" w) O™ = (@i u;) (Axyuwn),
§ F05) = (qio" 1 d;y) oW iOlle_a(iZLkl) = (l_iej) e (qrug), O™ = (wiy"u;) (dryudh).
7 @) o 3(q- k) 7 | O™ = (wy"T4u;) (v, TAdy),
% iOung — (_,L-mt’/u.]) C}BB,W iOle;i — (lial‘l/ej) £ ((]kau,,ul), 10;?(250 — (Giu;) € (Gdy),
= tN(I) _ = _urppA ~ (YA : _ _ y B _'
g 0w S @I SG O = ey dha) Oat" = @) < @),

which, assuming U(2)q X U(2)u X U(2)a ,corresponds to 42 degrees of freedom (11x4Q, 14x2Q2qg, 9x2QBs, 8x2Q2L)
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https://arxiv.org/abs/2004.12181
https://arxiv.org/abs/1802.07237

Top sector
LHC channels

* Alarge number of final states to study:
4 T ) : g’ N
<
103 \ %
830 pb 250pb  ©
£ _ + !
¥ a&@w/ 9 £ 4 AL 9 \/ 1
1 * ¥,z \w< L__—H -
4 W\ L '7- / +- % WN\ L & 3(/2'
W T TS L
810 fb (ttZ 580 fb 500 fb
(tt2) 840 fb (tZj)
T T ) f
_ g ocee (1, y e e < TS
10 2(3) * ﬁ? ¥ * ,\HH __H
%W\Xe g oo, G NG E/\S/\E
k 12 fb 12 fb 0.8 fb J 76 b J
22 B UCLouvain Fabio Maltoni D Al mATERSTUDIORUM
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Top sector
LHC data sets

Large number of datasets available from the LHC involving tops in the final state.

Dataset Vs, L Info Observables Ref Dataset Vs, L Info Observables Ref
do /d|y:|, do /dpy CMS_ttbb_13TeV 13 TeV, 2.3 b1 | total xsec 1ot (¢EbD) [40]
ATLAS_tt_8TeV_ljets 8 TeV, 20.3 fb—! | lepton-+jets [32]
do /dmyz, do/d|y.] CMS_ttbb_13TeV_2016 (*) | 13 TeV, 35.9 fb—1 | total xsec Ttot (tTbb) [41]
do /dyz, do/dp?T, ) -1 fin ‘
CMS_tt_8TeV_Ljets 8 TV, 20.3 fb—1 | leptonticts /dyt, do /dp; 23] CMS_tttt_13TeV 13 TeV, 35.9 fb total xsec otot (L) [42]
do /dmyg, do/dy; _
CMS_tttt_13TeV_run2 (*) 13 TeV, 137 tb—1 total xsec oot (tttt) [43]
d*o /dy.dp} , _
CMS_ttZ_8TeV 8 TeV, 19.5 fb—1 total xsec Otot (tt2) [44]
. -1 . dQO-/dytdmtfa
CMS_tt2D_8TeV_dilep | 8 TeV, 20.3 fb dileptons o T [34] CMS_ttZ_13TeV 13 TeV, 35.9 fb—1 | total xsec hot (tEZ) [45]
d“o /dp;zdmys,
dQU/dytEdmtE CMS_ttZ_ptZ_13TeV (*) 13 TeV, 77.5 fb—1 total xsec | oot (ttZ), do(ttZ)/dp [45]
do /d|y:|, do /dpT, ATLAS_ttZ_8TeV 8 TeV, 20.3 fb—1! total xsec oot (tt2) [46]
CMS_tt_13TeV_ljets 13 TeV, 2.3 fb~1! lepton+jets [35]
do/dmz, do /d|y| ATLAS_ttZ_13TeV 13 TeV, 3.2 fb~1 | total xsec Ttot (LE2) [47]
do /d|y:|, do/dpT , -1 r
CMS_tt_13TeV_ljets2 | 13 TeV, 35.8 fb=1 | lepton+jets [dlgel, do/dps [36] CMS_ttW_8_TeV 8 TeV, 19.5 b total xsec 1ot (ttW) [44]
do /dmyz, do/d|yz] 1 _
CMS_ttW_13TeV 13 TeV, 35.9 fb total xsec oot (ttW) [45]
do/dy:, do /dpf ) _
CMS_tt_13TeV_dilep 13 TeV, 2.1 fb~! dileptons [37] ATLAS_ttW_8TeV 8 TeV, 20.3 fb™ total xsec oot (ttW) [46]
do /dmyg, do/dy;
ATLAS_ttW_13TeV 13 TeV, 3.2 fb—1 | total xsec oot (LEW) [47]
ATLAS _WhelF_8TeV 8 TeV, 20.3 fb—! W hel. fract Fy,Fr,Fr [38]
CMS_WhelF_8TeV 8 TeV, 20.3 fb—! | W hel. fract Fy, Fr,Fr [39]

It

tt + V. ttbb, titt

Dataset Vs, L Info Observables Naa: | Ref
CMS_t_tch_8TeV_inc | 8 TeV, 19.7 fb~' | t-channel Tiot (t), otot () (Re) 2 (1) | [48]
CMS_t_sch_8TeV 8 TeV, 19.7 fb—! | s-channel Otot (t + 1) 1 49]
ATLAS_t_sch_8TeV 8 TeV s-channel Oiot (t + 1) 1 [50]
do (tq) /dp%, do(tq dpt 5,4
ATLAS t_tch 8TeV 8 TeV t-channel )/dpr B )/dpr [51]
do(tq)/dy:,do(tq)/dy: | 4,4
ATLAS_t_tch_13TeV 13 TeV t-channel Ttot (t), otot (t) (Re) 2 (1) | [52]
CMS_t_tch_13TeV_inc 13 TeV t-channel oot (t + 1) (Re) 1 (1) | [53]
do/ dp§f+{), 6
CMS_t_tch_8TeV_dif 8 TeV t-channel . [54]
do/dly"**?| 6
do/ dp§f+{), 4
CMS_t_tch_13TeV_dif 13 TeV t-channel ) [55]
do/dly*+7)] 1
ATLAS tW_inc_8TeV 8 TeV inclusive Otot (tW) 1 [56]
CMS_tW_inc_8TeV 8 TeV inclusive Otot (tW) 1 [57]
ATLAS_tW_inc_13TeV 13 TeV inclusive Otot (tW) 1 [58]
CMS_tW_inc_13TeV 13 TeV inclusive Ttot (tW) 1 [59]
CMS_tZ_inc_13TeV 13 TeV inclusive osa(WblT1™q) 1 [60]
ATLAS_tZ_inc_13TeV 13 TeV inclusive oot (t2q) 1 [61]

4+ X
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Top sector

ttZ operators: trees and loops ¢¢ - HZ, 99 —> ZZ, 1t

SMEFT computations at NLO in QCD are available for tZ too. A natural way to test the couplings of
the Z-boson to the top. However, comparable sensitivity can be obtained from high p tails in loop

induced processes such as gg — HZ, where only the top loop contributes, gg¢ — ZZ and also tt

close to threshold, as recently suggested.

[Bylund et al., 1601.08193]

5 = 3 oW
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[Bylund et al., 1601.08193]
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See also [Englert et al. 1410.5440] [Englert et al., 1603.05304][Azatov et al., 1608.00977]
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[Martini and Schultze, 1911.11244]
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https://arxiv.org/abs/1911.11244
https://indico.cern.ch/event/855352/contributions/3759824/attachments/2020078/3377426/Top-Higgs-heft.pdf
https://arxiv.org/abs/1603.05304
https://arxiv.org/abs/1608.00977
https://arxiv.org/abs/1410.5440
https://arxiv.org/abs/1601.08193
https://indico.cern.ch/event/856696/timetable/?view=standard#133-theory-talk-on-eftnew-coup
https://arxiv.org/abs/1601.08193
https://arxiv.org/abs/1601.08193

Top sector

t7j and tHj : the interplay of operators/processes

b t
T 0, oW W, Ou : (#T9) (Q1) &
W h
q IZ[/: - q/ 17k vVpyxs
e Ow i W W W Oy - i(p" D ) (E7"1)
t
\» <—. — 3 <—>. _
b W , 08 : i(pt D) (Qy*0:Q) 0% i(pt Do) (Q1"0:Q)
_____ Wtb vertex Contact terms
dW.S._ ¢ Opuv (4 Dputp) (by"'t) O (Qout) o B
— e
Accessing the & sub-amplitudes

- Rich interplay between EFT operators from different sectors.
- Different energy growth and interference with the SM.
- Four fermion interactions also present.

— tH

17§ —
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Top sector
High energy & multiplicity

 Due to unitarity violating behaviours amplitudes

can be enhanced by s/A* terms even if the
operators themselves don’t grow with energy.

* The final scaling of the interference terms can be
enhanced or not depending on the SM
amplitude behaviour.

 Non-trivial patterns can be arise. Amplitudes
2 — n can lead to maximal growth.

Henning et al. 2019]

[Mantani, Mimasu, FM, 2019]

[Costantini et al. 2020]

El Faham, FM, Mimasu, Zaro, Work 1n progress]
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© Very Interesting process Ci=1

that should be

measured at the LHC

pt(W,Z)> 500 GeV
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https://arxiv.org/pdf/1904.05637
https://arxiv.org/pdf/1812.09299
https://arxiv.org/pdf/2005.10289
https://arxiv.org/pdf/2005.10289

Top sector f;<§< j :f>< j

» Four-top interactions and in particular those involving #, are quite

Self-interactions

0.08 7

unconstrained. = SM/1000 = c,,/10
006{ Sl T = & = cho
* 4-top production observed with almost 3o significance, 12.6+-5 fb vs 0,01 = o T
12+-2 fb prediction of the SM. z “—‘ﬁ_\__lk
« SMEFT cross sections for 4-tops evaluated at NLO in QCD for the first z O,Oo.ﬁ_'_ e
time with SMEFT@NLO: < T p——r

—0.02-2 =

| S
N O(A™?) O(A™%) —0.04 - pp — tf, LHC 13 TeV
LO NLO K LO NLO K Linear O(A~2), ¢;/A2 =1 TeV 2
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1 +62% +23% +53% +3% .
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_ _ _ _ cho | [F0.117157%] -0.039(4) T35 | [-0.12F %] | 0.0282712% 10.0651 7737
* Four-top interactions enter 77 production at one loop. cby |[-0.068F19% )| _2.51420% | [L0.12+3%] | 0.0283713% | 0.06613%
cl X 0.215723% X X

[Degrande et al., SMEFT@NLO, 2008.11743]
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https://arxiv.org/abs/2008.11743

Top sector
Global fits

* Already now and without a dedicated experimental effort
there is considerable information that can be used to set
limits. Fits dedicated to the top sector:

e TopFitter (Global, LHC+Tevatron, LO)Buckley etal.
« SMEFIT (Global, LHC,NLO) [Hartland et al..
o EFTfitter (Partial, LHC+Flavor, LO) [Bissmannetal..
o SFitter* (Global, LHC,NLO)

1506.08845]

1901.059635]

1909.13632]

[Brivio et al., 1910.03606]

« Several flat directions can be lifted with specific
observables, also exploiting NLO effects.

» Combination with EW and Higgs data is needed to
constrain all operators entering all processes.

*see the excellent talk by Susanne Westhoff at Top 2020!

95% Confidence Level Bounds (1/TeV?)
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SMEFIT analysis of LHC top quark data

[Hartland et al., 1901.059635]

34 operators
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https://arxiv.org/abs/1910.03606
https://arxiv.org/abs/1901.05965
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Top sector

Global fits: top-philic scenario

» Same flavour symmetries as baseline scenario

» Assumes new physics couples more strongly to 3rd-
generation LH doublet and RH up-type singlet (+ bosons)

I _ I I I
cchpla CQPQ? ciQ) csot: ct[:v][/) Cizla C;EG]a
cggb and cE,Iv]V appear proportional to
C%QQ ’ C?)Q ) C%Qt ) C?Qt ) cz}t )

_ 3,1 _ 3(%)
CQDW _ch _CQl )
3 1(£ ¢
CODB = 6022’; = 50%2,“ = —30%;,(1 = —3Cbb = —QCQ(I) = —cgi,
3 ¢ ¢
CtDB = 60}(] = §C%u = —3¢;,q = —3c¢p, = —205:1) = _C§6)7

_,18__ 8 _ 8 _ 8
CQDG—CQq—CQu—CQd—CQb,

8 8 _ 8 _ B
CtDG = Ciq = Cpyy = Ctq = Cyp-

* 34 parameter basis reduced to 19 free parameters
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¢ § § $ § § 58 53 5 32 3 8 %8 % % 2 ; % 5 %8 & = g &8 W
S 5 : g 2853835 835 8058550688388 ° g5 50
8 5 8 5 ° °©° T e S

Reducing the number of dofs leads to an improvement of the
bounds as could be expected. The pattern, however 1s not
always trivial.
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Marginalised

[Ellis, Murphy, Sanz, You 18]

0.1+ —
EW+HI i |
+M1JgsS SeClor %
Global fits mh 1 '
LR
| | | 0.05 - T " -
* Already now and without a dedicated experimental effort there e LHO Run 2 only
Is considerable information that can be used to set limits: . Al data
* Ellis et al. [Ellis. Murphy. Sanz. You 2018] SO S SSSSSTETHS S 80830
PR T =! S T L L
e Almeida et al. [Almeida, Alves, Rosa-Agostinho, Eboli, Gonzalez-Garcia, 2018] o a
. 2 LHCRunl+ Il + EWPD
e SFitter [Bicktter. Corbett. Plehn. 2018] [ng\\/@] B GJZ\'_;]'
0 = $x8;
e HEPTfit [de Blas, et al. 20XX]
N | 0.5
- 18 operators, linear and quadratic fits, Higgs at LHC, WW at 0 } [ 1 f } | ]{ i i | ]oo
LEP (and LHC), EWPO (8 constraints/10 ops) [ - [ - 0s
5 t " '
* Top not included. Not special in this scenario. 10 .::‘?itter -- |0
A b b 6 L5 4 f 4 ‘5’@@6};@5@,%} o, b6
7 ¢~ o7 e (( *

Biekotter, Corbett, Plehn "18]
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CMS 137 b (13 TeV)
- i i ¢ BDT total stat
EW+Higgs sector Combined | | =+ Sewemsant0p 55 5
VVV measurement Www | e RERFEE
WWz | —el 0.86 *9% 3%
wzz | ———— 504 R
« VWV observed by CMS in the multi-lepton final 227 | | Allowed s |
state by combining various channels. e )
[CMS, 2020] .
Signal strength u
CMS 137 fb" (13 TeV)
2 100 Same-sign/3 leptons 3534/5/6 leptons Data and prediction
O 30 ¢ Data + stat. uncertainty
11 80 N\ Background + systematics
60- Triboson signals

\

xg Ag umop
pajess uig

BWWW (@, =1.157%)
BWWZ (v, =0.86%5)
BWZZ (v, =2245)
WZZZ (=005

| P

11 BKg. in same-sign / 3 leptons

| JLost / three leptons

B Charge mismeasurement
DWW j / tw

% 0 L - — ___.__.'f [ ]Nonprompt leptons
_1_' | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 | 1 _ .’Y - Iepton
eeeulneeepppreeenp 2 1. 0 A B 123 4 5 o o gackgroundsin 4/5/6 leptons
; Z+1 NI .
1 m-out  m-in  #SFOS  gprping Z+ew BDT bins % % O0zz [Otwz [JOther
Same-sign dilepton 3 leptons 4 leptons o o | @tz @WZ
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https://arxiv.org/abs/2006.11191

EW+HIiggs sector

VVV measurement 2.5- .
10 = O (A—Q)
2.0' ______________________________ D _______________________ W T
__________________ . /O S
il g v oA ° BTN B —
« VWV observed by CMS in the multi-lepton final [ e e S e @ § %
state by combining various channels. 1.0- . o
0.5-
+ VWV known at NLO in QCD in the SM. | v
0.0
* Now prediction at NLO QCD in the SMEFT for VWV 05 Multi-boson R-factors, LHC 13 TeV
production at the LHC are available. ; O (A1)
204
« K-factors show a non-trivial behaviour. 5 I Yoo B
[ % """"" o g """"" | S é """"" et
| ®
* An interesting outcome is the large K-factor of Ow 1'05 v ¢ ¥
opening the possibility of bounding it here, instead 0.5{ ® WWW B Z22W & WW & 22 - 5M
of by using differential distributions in WW. Work | Y WW2 w Ziz & WZ R<0
is ongoing, preliminary results promising. 0 O Own Ow 0w 0. OL OF 0. O.

|[Degrande et al., SMEFT@NLO, 2008.11743]
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SMEFT

Global fi’as: Top + Higgs

Dataset Info Observables Naa:e | Ref Dataset N Info Observables Naae | Ref Dataset Vs, L Info Observables Naat | Ref
, do/d|y:|, do/dpi, | 5,8, CMS_ttbb_13TeV 13 TeV, 2.3 fb~1 | total xsec ot (tTDD) 1 [40] CMS_t_tch_8TeV_inc | 8 TeV, 19.7 fb~' | t-channel Ttot (1), 0ot () (Re) 2 (1) | [48]
ATLAS_tt_8TeV_ljets 8 TeV, 20.3 fb—1 lepton—+jets [32]
do/dmyz, do/d]y.] 75 CMS_ttbb_13TeV_2016 (*) | 13 TeV, 35.9 fb~! | total xsec Ttot (tthh) 1 [41] CMS_t_sch_8TeV 8 TeV, 19.7 fb—1 s-channel Trot (t + ﬂ 1 [49]
) do/dy:, do /dpf 10, 8, -1 i
CMS_tt_8TeV_ljets 8 TeV, 20.3 fb—1 lepton-+jets ) /d ) /d L [33] CMS_tttt_13TeV 13 TeV, 35.9 b total xsec Otot (tttt) 1 [42] ATLAS_t_sch_8TeV 8 TeV < chanmnel - (t n t_) ! [501
o/dmy;, do 7 , _
" - CMS_tttt_13TeV_run2 (*) 13 TeV, 137 tb—1 total xsec oot (tttt) 1 [43] ~
t y £
d2c /dy,dpT 16, do(tq)/dpr,do(tq)/dpr | 5, 4
CMS_ttZ_8TeV 8 TeV, 19.5 fb—1 total xsec Ttot (tt2) 1 [44] ATLAS_t_tch_8TeV 8 TeV t-channel _ [51]
CMS_tt2D_8TeV_dil 8 TeV, 20.3 b~ | dil do /dyedmyz, Y do(be)/dy., do(iq)/dy. | 4 4
tt i . - i t _
- -crev_aiiep eV Heptons dQU/de—dm ~ 16 [ ] CMS_ttZ_13TeV 13 TeV, 35.9 fb—1 total xsec otot (tt2) 1 [45] B
s ’ ATLAS_t_tch_13TeV 13 TeV t-channel Ttot (1), Otot () (Re) 2 (1) | [52]
d*o /dygdm,; 16 CMS_ttZ_ptZ_13TeV (*) 13 TeV, 77.5 fb—1 total xsec | oot (t12), do(ttZ)/dpZ | 1,4 | [45]
- CMS_t_tch_13TeV_inc 13 TeV t-channel Otot (t +1) (Re) 1(1) | B3]
do /d|y:|, do/dp?, 7,9, ATLAS_ttZ_8TeV 8 TeV, 20.3 fb—1! total xsec Tot (ttZ) 1 [46]
CMS_tt_13TeV_ljets 13 TeV, 2.3 fb—! lepton+jets [35] e
do/dm, do/dlys| | 8,6 ATLAS_ttZ_13TeV 13 TeV, 3.2 fb—1 | total tt7 1 47 do /dpy ", 6
-tra-tote v s otar xsec oot (£17) 47] CMS_t_tch_8TeV_dif 8 TeV t-channel /dpr ) [54]
do/d|y.|. do/dpT. | 11,12, ~ ] do /d|y )| 6
CMS_tt_13TeV_ljets?2 13 TeV, 35.8 fb~! | lepton+jets /dlye] /dp [36] CMS_ttW_8_TeV 8 TeV, 19.5 fb~! total xsec oot (LEW) 1 [44]
do /dmyg, do/d|y| | 10, 10 B do /d (t+1) 4
CMS_ttW_13TeV 13 TeV, 35.9 fb~! | total xsec Tiot (LEW) 1 [45] CMS t tch 13TeV dif 13 TeV + channel o/dpy™, [55]
) _ do /dy:, do/dp? 8, 6, - c - da/d|y(t+f)| 4
CMS_tt_13TeV_dilep 13 TeV, 2.1 fb™ dileptons [37] ATLAS_ttW_8TeV 8 TeV, 20.3 fb~! | total xsec Ttot (LTW) 1 [46]
do/dmyz, do/dy; 6, 8
ATLAS ttW_13TeV 13 TeV, 3.2 fb—1 total xsec Ttot (LEW) 1 [47] ATLAS tW_inc_8TeV 8 TeV inclusive Ttot (tW) 1 [56]
ATLAS_WhelF_8TeV 8 TeV, 20.3 fb~1 | W hel. fract Fy, Fr,Fr 3 [38]
CMS_tW_inc_8TeV 8 TeV inclusive Trot (tW) 1 [57]
CMS_WhelF_8TeV 8 TeV, 20.3 fb~! | W hel. fract Fy, Fr,, Fr 3 [39]
ATLAS tW_inc_13TeV 13 TeV inclusive Ttot (tW) 1 [58]
CMS_tW_inc_13TeV 13 TeV inclusive Ttot (EW) 1 [59]
CMS_tZ_inc_13TeV 13 TeV inclusive osa(Wbltl™ q) 1 [60]
ATLAS tZ inc_13TeV 13 TeV inclusive oot (tZq) 1 [61]
Dataset Vs, L Info Observables Ndat Ref
ggF, VBF, Vh, tth Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat Ref
ATLAS_CMS_SSinc_RunI | 748 TeV, 20 fb~! | Incl. uf B 20 | [62] ' ‘ . ‘ o ‘ T ] ‘ ’
Dataset \/E, r Tnfo Observables Ndat Ref h — Y, VV, T, bb LEP2_WW_diff [182,296] Ge EP-2 comb d?o( )/dEcmd cos Oy — 40 [70]
. 1 f dc'f(‘cid)/dp%7 da(ﬁd)/dpgy 7,6
da(ﬁd)/dp:,W 9 ATLAS_SSinc_RunlI 8 TeV, 20 fb Incl. H h — Z% M 2 [63] ATLAS_WZ_13TeV_2016 13 TeV, 36.1 fb—1 | fully leptonic dg(ﬁd>/deVYZ, da(ﬁd>/d¢(wz) 6,6 [71]
ATLAS_Vh_hbb_13TeV | 13 TeV, 79.8 fb=1 | Wh , Zh [69] 3 1Bt o) /g s
fid Z F, VBF, Vh, tth o mi, do myjj ;
do" V) /dpF 3 ATLAS_SSinc_RunII 13 TeV, 80 b1 | Incl pf | %/ 16 | 64 e
1 h —~yy, WW,ZZ,7T,bb ATLAS_WW_13TeV_2016 13 TeV, 36.1 fb—1 | fully leptonic do [dpp™ " do fdmep 14,13 [71]
ATLAS_ggF_13TeV 13 TeV, 79.8 fb~ ggF Ogar (D, Niets) 6 [64] do D fdme | do D /d|ye,| | 15,11
F, VBF, Wh, Zh tth
CMS_SSinc_Runll 13 TeV, 36.9 fb_l Incl. M{ o , ’ _ 24 [65] CMS_WW_13TeV_2016 13 TeV, 36.1 fb—1 fully leptonic dcr(ﬁd)/dp%, dU(ﬁd)/deZ 5 [72]
h — vy, WW,ZZ, 7T, bb o B o v do G /dpW | do(fid) sgpietlead | 119
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SMEFT

Global fits: Top + Higgs

[Courtesy of Ethier et al., work in progress]

10° ;
| = Top (NLO, A~

| o + s (NLO, A Preliminary
| SMEFiT

The top sector is connected to both
the EW and Higgs sectors and
therefore a really global approach is
needed. A total of 16 additional
operators are needed Iin addition to
the top ones. Robustness and
convergence of the fitting procedure
is being explored (starting with a
smaller number of operators, i.e. no
4Q ops).
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-
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1l

95% Confidence Level Bounds (1/TeV?)
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081qq
O11qq
0O83qq
0O13qq

O8qt
O1qt
O8ut
O1ut
O8qu
O1qu
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https://arxiv.org/abs/1910.03606

SMEFT

Global fits: Top + Higgs

[Courtesy of Ethier et al., work in progress]

103 5
{ mmm Top + Higgs (NLO, A—2) -
The top sector is connected to both 102_3 B Top + Higgs (NLO, A~) Preliminary
the EW and Higgs sectors and < | SMEFIT
therefore a really global approach is = 101_'
needed. A total of 16 additional ¥
operators are needed in addition to £
the top ones. Robustness and 3 !
convergence of the fitting procedure :
is being explored (starting with a z
smaller number of operators, i.e. no &
4Q ops). v
10~3 - T 1 T T S LA A . A L. -
S EEFTI g B BREc 0855858758885 85580
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Global fits: Application

Higgs self-couplings

9700000y >  auaall oty h 9 ,h » ctG 1gs (QT“ T, t) @ Gﬁ,, + h.c
p ! p « o cdp  Oupl)d(¢le)
700000+ < *-m--- h 9 “h (’),7(; cpG (S‘CT‘P B l_.22) Gﬁu Gﬁv
T |Courtesy of Mimasu and Vryonidoul]
Op Cp (‘P 17)

* Five operators modify gg to HH and HHH cross sections at the
hadron colliders.

* Determination of self-coupling will depend SM Theory

uncertainties but also how well the other EFT couplings will be  —

. SM
constrained.
. . - — Oy, g = 10

 Allowed range from the global fit are shown as continuous O :;,G=1

lines. Currently no limitation, as bounds on ¢, are very weak. | Odg, Fap =1

. . — O¢ » g =100
We also see that most of contributions are far from the the )
inear EFT regime 20 -15 -10 -5 0 5 10 15 2
' Ci=ri [TeV™]

CRC mating 2020 - Siegen - Remote talk 36 B UCLouvain Fabio Maltoni


https://arxiv.org/abs/1506.08845
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Global fits: Application

Higgs self-couplings

5705550y g T h ¥ /// A Oz(‘,‘ ctG lg's (QT“V TA t) g;’ 7. y
A Y £ “ * Opa cdp  ule’p)(ply

900000+ < e v i h 9 h O.c cpG (s«'?TtP - 1—2)) Gﬁu G

 First computation of gg¢ - HHH within the SMEFT
[Degrande et al., SMEFT@NLO, 2008.11743] allows to compare

sensitivities with gg¢ — HH and gg — H (trilinear at
two loops).

« At pp@100 TeV, increased sensitivity of HHH final
state partially compensate its Ilimited statistical

power.
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Future improvements
EW+Higgs+EWPO

Now Future

[De Blas et al., 2020]

[Courtesy of De Blas et al., work in progress]
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New Physics assumptions: CP-even, U(3)5

Expected more than 1 order of magnitude improvements
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https://arxiv.org/abs/1905.03764

Future improvements

Higgs self couplings : tree-level and loops
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[ATLAS. 2020]

ATLAS-CONF-2019-049
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Future

[De Blas et al., 2020]

Higgs@FC WG September 2019

HL-LHC

HE-LHC

FCC-eel/eh/hh

FCC-ee

ILC

CEPC

CLIC

0 10 20 30 40 50
68% CL bounds on x, [%]

Currently limits on k, from H and HH are comparable and will stay so at the HL-LHC.
At high-energy pp and ee, HH will be more sensitive.

di-Higgs single-Higgs
HL-LHC HL-LHC
...... 20%. e 20% (47%). ..
HE-LHC “|HE-LHC
...... [10-200%.........5==150% (40%).....
FCC-ee/eh/hh FCC-eeleh/hh
5% 25% (18%)
LE-FCC LE-FCC
15% n.a.
FCC-eh,, FCC-eh,,
...... A7+24% . ==na
FCC-eej,
! 24% (14%)
FCC-ee,
33% (19%)
FCC-ee,,,
............................... 49% (19%)......
ILC, 4y, ILC, 4y,
10% 36% (25%)
ILC,, ] /LCos0
27% ) 38% (27%)
ILC,,
............................... 4970 (29%).....
CEPC
............................... 49% (17%).....
CLIC,,, CLIC,,
7%+11% 49% (35%)
cLic,, cLic,,
36% 49% (41%)
cLIC,,,
50% (46%)

All future colliders combined with HL-LHC
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Future improvements
Top+Higgs

Now Future

—_
3
—

[Courtesy of Ethier et al., work in progress] [Durieux et al., 2018]
10° 3 4 . 101 5_ CC 240GeV circular collider with unpolarized beams =
{ - Top (NLO, A™) SMEFIT |l CC 240GeV + HL-LHC 340GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab}-
] MW Top + Higgs (NLO, A—%) B . CC 240/350/365GeV light shade: marginalized over top parameters
102+ 1 B CC 240135013658V + HL-tHe !l [T H H solid shade: all top parameters set to zero
. ; = = z : ] ¥
= ' - 4+ — < |
= : N _
S o) rnoee — L LHE | no top@LHC
R S 107" ; ; 1
- @ ' ' |
£ 100 5 %5
5 @
: S
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—_
2
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1074

10—3 .

Multiple energy runs below the tt threshold can give competitive determination of the yukawa of the top.
In the future the uncertainties on the top couplings could become a limitation for Higgs and EW measurements.
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https://arxiv.org/abs/1809.03520

TH improvements

Many directions of development and improvements are being pursued in TH:

* Evaluation of the theory uncertainties and their correlations in the SMEFT still at
its infancy. [Lot to learn here from PDF fits]. These come from missing higher

orders (in gauge couplings and 1/A expansion).

 Currently, K-factors included in some fits, but theory uncertainties not
accounted for.

 Development of restricted UV-inspired benchmarks to set limits in specific
scenarios (including flavor data).

* Optimal observables for maximal sensitivity.
e Systematically including flavor constraints in global collider fits.

 Constraints from general QFT arguments: basis independent formulations (e.qg.
amplitudes), positivity, convexity,...
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EW/Top/Higgs

Conclusions

TOP

* Tremendous improvements in the accuracy/precision of SM predictions have
been achieved, opening a new realm of opportunities.

« The LHC campaign of precision measurements is entering a new phase
measuring at unprecedented precision a large number of channels and
accessing for the first time rare final states.

* A far reaching approach to interpreting SM measurements is to constrain the
top/Higgs/EW interactions by employing the SMEFT, maximising sensitivity to
heavy new physics.

* Considerable theory effort going on, being matched by the experimental work.
 EFT’s are also being used to gauge sensitivity to NP at future colliders.

* Busy future ahead with even more integrated TH/EXP activities.

CRC mating 2020 - Siegen - Remote talk 42 B UCLouvain Fabio Maltoni B oy ponceet



A gquote

Final Wisdom

|S|He who knows the art of
the direct and the indirect approaches
will be victorious.

Sun Tzu, The Art of War
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S M E F I [Aoude et al,; arXiv:2003.05432]

Hurth et al.; JHEP 06 (2019) 029]

[Bissmann at al. , 2020
Flavour e —
“ LSMEFT (¢SM, = A) Luv(Psm, PBsM)
 Imposing flavor symmetry in SMEFT avoids tree-FCNC
RGE
Flavor violation induced by SM interactions at loop level 2 ‘_
: L (Psm, 1 2 V) LWET (¢S U(3)xU(1) = U)
-Down type FCNC processes at low energy: B-decay/ G 4
mixing and some Kaon -
SMEFT (A) = WET (v) = Flavour experiments
-Translate existing constraints on WET coefficients to LweT(PsU3)xU1), = M)
SMEFT I I d fI dat
.Combined with fit to EWPO/diboson/Higgs o
-Constrain new directions Els- I\\
.. \lllllllLLLLL||¥LF-F,

25
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https://inspirehep.net/literature/1756797

SMEFT

Linear vs quadratic

At the fitting level the squared can have an important effect, as there are no flat directions in the fit with the squares:

20 AT T

< .
~—
> M N,

) 0 . . .
= | [Brivio et al., 1910.03606]
S
@) |

—10‘_
ttW /i
I S R M |
18 i e
Cg, (TeV/A)?

4 -2 o 2 4
Ci, (TeV/A)?

In general without knowing the effect of the squares one is left in the dark about the meaning/reliabilty of the fit.

Always provide constraints using i) linear and ii) linear+squared terms
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https://arxiv.org/abs/1910.03606

SMEFT

tret : the power of 4 o |
p p — ttti, future proj. (=2¢)

S7H S e —
Op =L (H'D H)? Oow = —3%(D,W3,)?
1= 57 | ) AMEATP ]} ¢ =(4m)* — naive perturbativity 11
Owp = “LHE Hg"H B W}, Osp = —£25(9,B,,)° ; :
Op = 1% |0H Qo = — 2% ( DPGZV)Q L cg=4n — perturbative unitarity
» — 1 0.
Op =22 (HI'D" H)d"B,, 10.100
Ow = “ar (Hte* D" H)D*We,
10.010
A m2 A v ]
S=d(wp+ae) iy T oo
W = cow TJT\L/[“{ Y = cop szf
7 = ¢y 5 H = cq %
. | | . - 10.001

1 2 3 4 5 6 7
[Englert et al., 1903.077235]
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