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The Standard Model

Simplicity
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which allow to explain what we see and we don’t see In our exps.
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[Andreassen et al. 1707.08124] which allow to explain what we see and we don’t see In our exps.
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https://arxiv.org/abs/1707.08124
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Observations:

* No EWBG (Higgs too light, not enough CPV,...
* No Dark Matter ?
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- FUV ?
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...and at the TeV scale?

} low energy
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Theory vs exp
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The Standard Model at the TeV

Tangible results of an amazing
experimental effort over a 10+ year span,
accessing a wide range of final states,
each with very different challenges.

- Theory predictions seem adeguate. (The
key role of MCs is hidden in this plot).
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The Standard Model at the TeV

Tangible results of an amazing
experimental effort over a 10+ year span,
accessing a wide range of final states,
each with very different challenges.

- Theory predictions seem adeguate. (The
key role of MCs is hidden in this plot).

« Comparison with SM predictions shows
that we have the necessary theoretical
and experimental control to move onto the
next phase.
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The Standard Model at the TeV

Theory vs exp

Precision observables do not point to any
clear deviation either.

The most puzzling experimental “issue” of the
SM is that we don’t really understand why it
works so well...

Whatever New Physics might exist to address
the SM theoretical shortcomings, its effects
must be “small” so that have gone
undetected so far.

The main path ahead is twofold
1] Explore the unexplored

2] Increase the precision of TH and EXP to
identify possible deviations.
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The Standard Model at the TeV

S}
[

—

o

Aa:;;)d (‘\[g )

sin® 04 (Q%)

sin? §1%P* (Tev/LHC)

as (M2)

m; [GeV]
my [GeV]
My [GeV]
Iy [GeV]
Mz [GeV]
Iz [GeV]
Thaa D]

Ry

0,4
App

Measurement Posterior Prediction Pull
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[Courtesy of De Blas et al., work in progress]
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35.9-137 fb" (13 TeV)

The Standard Model

Explored vs unexplored

[ATLAS 2020]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf

Ratio to SM
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35.9-137 fb" (13 TeV)
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The Standard Model

Explored vs unexplored

Unigue mass generation mechanism
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
https://arxiv.org/abs/2007.07830
http://cds.cern.ch/record/2725423

The Standard Model

Explored vs unexplored
35.9-137 fb' (13 TeV)
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Explored vs unexplored
35.9-137 fbo' (13 TeV)

> ||| | 1 IIIIIII | I | I III
E|>' 1k t
E = CMS wZ .ot C
i O H
= [ m,=125.38 GeV
" 10—1:_ o ",' —
c]>"" £ p-value = 44%
i o
107 el E
, ¢ Vector bosons
10 gx"' ¢ 3" generation fermions :
¢ Muons :
04 ottt SM Higgs boson
EIII | L1 1 III | | L1 11 I
= 1.5pm | T |
O 5
3 1 _—
?cr_g' 0.5:III | | lllllll | | llllllI | | Illllll
107 1 10 10°

Particle mass (GeV)

The Standard Model

m%{ 2 3, Aoy

VEM(®) = —p2(dTD) + A\(@TD)? = { ’

mH:

2:,“2/)\

2

2IN\?

{

M =\
AN =

PANIC - Lisbon - 2021 - On line

° B UCLouvain Fabio Maltoni ) o s sTuoiom



The Standard Model

Explored vs unexplored
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35.9-137 fb' (13 TeV)

The Standard Model

Explored vs unexplored
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Ratio to SM
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35.9-137 fb' (13 TeV)

1 IIIIIIII 1 llllllll _

1 1 lIIllll

l

T % T TTTIT
‘
‘

CMS

m, = 125.38 GeV
p-value = 44%

"
&
'0 -
Wi, -1 C
o H ]
- _
r
t 4
»
o
»
' D —
< -
' —
' —
o -
‘ —
v -
* 4
= -
»
' —
C 4
»
v’
' pa——
-

¢ Vector bosons
¢ 3" generation fermions 3
¢ Muons -
----- SM Higgs boson

R E— e s

| llllllll

107 1

10 10°
Particle mass (GeV)

Aus [Ans 0

The Standard Model

Explored vs unexplored
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Reichert et al. 1711.00019
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The Standard Model

Explored vs unexplored

CMS 137 fb” (13 TeV) [ATLAS. 2020] TLAS.CONF2015.049
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K, Ky

One of the flagship measurements foreseen for the HL-LHC. [Di Micco et al.,_ 1910.00012 ]
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The precision path

Two questions

1. What is the expected experimental precision on key SM measurements at the TeV scale |
and a reasonable goal for the corresponding TH predictions? Are we there yet?

_J

2. How to frame and interpret our results to maximise the sensitivity to New Physics?

PANIC - Lisbon - 2021 - On line 10 B UCLouvain Fabio Maltoni ) ALMA MATER STUDIORUM



Towards the HL-LHC

» 20-fold data sample
« 1/5 statistical uncertainties

» Comparable reduction of systematic uncertainties”?
» Definition of tails and access to rare processes
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HL-LHC projections

Higgs couplings

[De Blas et al., 2020]

ATLAS
‘K’W’ —e— 36.1-79.8 fb~!
(ATLAS-CONE-2019-005)

|k | 1L > 0.983

CMS
‘KZ’ —=— 359fb~!
(Eur| Phys. J. C 79 (2019) 421)

HL
HL-LHC A% =002
‘Kg ‘ B 2x3000 fb!

1ol

k7| IF > 0.987

(arXiiv:1902.00134)

|y =r Aty HL = +0.017
| K e Ak h= 20028 o
| K R Ak, ML = £0.026 1 0_20 A)
| Kz —— Ak L = £0.016
| Ky | . = Aty ML = £0.044
| Kzy| ] Akezy L = 40.100

BR;, - BR;,, 1t < 0.019

Higgs@FC WG

BR,,, BR,,;/'L < 0.041 August 2019. Kappa3, |ky| < 1
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00 0.2 04 06 08 1.0 1.2 14 1.6 1.8
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HL-LHC projections

Higgs couplings

[De Blas et al.. 2020] [De Blas et al.. 2020] Vs =14 TeV, 3000 fo” per experiment
ATLAS - e | Total ATLAS and CMS
Ky | —e— 3617981 —s || 77> 0.983 Siatisfical
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K| g HLIRC —x Ky 18 08 10 13
(arXiv:1902.00134) —
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LY, —F ! Ky = 1.7 08 07 13
‘ K, —r—— Ak; AL = +0.028 =
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HL-LHC projections

Higgs couplings

Now

[ATLAS, 2020]

ATLAS-CONF-2019-049
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HL-LHC projections

Higgs couplings

Now

[ATLAS, 2020]

ATLAS-CONF-2019-049
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Future

[De Blas et al., 2020]

Higgs@FC WG September 2019

Y
40

........................ =
68% CL bounds on i, [%]

Currently limits on k, from H and HH are comparable and will stay so at the HL-LHC.
Borderline sensitivity to say something about EW baryogenesis...

di-Higgs single-Higgs
HL-LHC HL-LHC
...... 90%. ..o 90% (47%).....
HE-LHC HE-LHC
...... [10-20)%,........="50% (40%).....
FCC-ee/eh/hh FCC-eeleh/hh
5% 25% (18%)
LE-FCC E LE-FCC
15% n.a.
FCC-eh, FCC-eh,
....... 17424% .. . ==ha ...
FCC-eeP
\\\\\ 365
st 24% (14%)
FCC-eesss
33% (19%)
FCC-ee240
............................... 49% (19%)......
ILC, 4, ILC, 4,
10% 36% (25%)
ILC,, L
27% ~J 38% (27%)
ILC,,
............................... 49% (29%)......
CEPC
............................... 49% (17%).....
CLIC,,, CLIC, ,,
7%+11% 49% (35%)
CLIC;1500 CLIC1500
36% 49% (41%)
CLIC,,,

50% (46%)

All future colliders combined with HL-LHC
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Precision calculations for the LHC

Status
Precision
@ LHC

Fixed Order Resummation PDF’s
LO, NLO,... LL, NLL,... LO,NLO,..Evolution
QCD EW Parton Showers Fits
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Precision calculations for the LHC

The path

“Rules of thumb at the LHC:

Predictions must be calculated at least to NLO QCD to control the central
value at 10-20%.

N2LO QCD provides control at 5% level and on the uncertainties stabilizing
the perturbative expansion.

N2LO QCD is expected to be of the same order as NLO EW aSz ~ Oy, yet
EW corrections grow large and negative at high energies (Sudakov logs).

N3LO QCD is the frontier of precision aiming ~1% of MHO uncertainties.

Resummation Universal, all-order terms that are potentially large for some
observables (logs or 1Pl loops for propagators) need to be resummed. They
might refer to global or non-global observables. Resummation leads to
mprovements in precision and accuracy.

D (a.u)
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VBF total, Bolzoni, Maltoni, Moch, Zaro

W/Z total, H total, Harlander, Kilgore WH diff., Ferrera, Grazzini, Tramontano
. . Y-y, Catani et al.
H total, Anastasiou, Melnikov )
_ _ Hj (partial), Boughezal et al.
H total, Ravindran, Smith, van Neerven ttbar total, Czakon, Fiedler, Mitov
WH total, Brein, Djouadi, Harlander Zv. Grazzini Kallweit, Rathlev, Torre S CTTTTiimsesessssecsssssieiiinnieii
H diff., Anastasiou, Melnikov, Petriello jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Anastasiou, Melnikov, Petriello ZZ, Cascioliitetal.
W diff. Melnikov. Petriel ZH diff., Ferrera, Grazzini, Tramontano
., Melnikov, Fetnello WW , Gehrmann et al.
W/Z diff., Melnikov, Petriello ttbar diff., Czakon, Fiedler, Mitov
H diff., Catani, Grazzini Z-y, W-y, Grazzini, Kallweit, Rathlev
A) W/Z diff/ Catani et . Hj, Boughezal et al.
Wi, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
- WH diff., ZH diff., Campbell, Ellis, Williams
Y-y, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
piz, Gehrmann-De Ridder et al.
> = WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
> single top, Berger, Gao, C.-Yuan, Zhu
& S HH, de Florian et al.
.& Py, Chenetal.
NS Pz, Gehrmann-De Ridder et al.
jl, Currie, Glover, Pires
yX, Campbell, Ellis, Williams
Yj, Campbell, Ellis, Williams

C/
_ ‘a‘ ))
\J
X

GavinSalam® (Adapted)
e

VH, H->bb, Ferrera, Somogyi, Tramontano

single ton _Berger Gao Zhuy I

\\HHZ, Li Ui, Wang 2030 2040
DIS jj, Zlebéik et al.

VH, H->bb, Caola, Luisoni, Melnikov, Roentsch

Prw, Gehrmann-De Ridder et al.

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

automation

F diff., Cruz-Martinez, Gehrmann, Glover, Huss
Wj, Zj, Gehrmann-De Ridder et al.

ttbar total, Catani et al.

Yj, Chen et al.

NLO+PS
NLO === ====smmmmmmssnnn s i

2-loop revolution

NNLO E B B I I I N N N N N N N N N N N = . N N N N N E E = = =i g S oo e AN o P NS oA e P AN »._u.fv‘ N H_>bbj, Mondini’ W|"|amS
‘ ttbar diff., Catani et al.

MENLOPS/FxFx/MINLO

POWHEG
MC@NLO

N4LO =-=--=-=-=--=---

NNLOPS MINNLOPS N3LOPS
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Precision calculations for the LHC

N3LO revolution

[Anastasiou et al. , 1602.00695 |
= T
L e S A
—— ‘ & & 3
. : —ﬁx_.;,_h_%_ E : : . :

T S R S Y S s e
: “LHC T3 TeV —o o | : ;

;PDF4LHC15.01 | = NNLO — N3LO | i

PP —>H+X | | | | |
30 50 70 90 110 130 150 170 190 210 230 250

M [GeV]
Table 2: Gluon fusion Higgs boson production cross sections and uncertainties as a function of the pp
collider energy.
NG o d(theory) d(PDF) d(a)
2.08pb (+4.27% 1.24pb [ +2.59%
13TeV 48.61pb 5 shy (a0 ) £0.89pb (£1.85%) 1 5ehy (F56a%
2.35pb [ +4.28% 1.40pb [ +2.60%
14TeV 5472pb T30y (Fatey ) £1.00pb(£1.85%) T (F5.60%
27 TeV 146.65 pb "oy (5% ) +2.81pb (£1.95%) 550 (F561%

<5%

5i/6total X 100%

12

10

* Very significant
reduction of MHO
uncertainties.

« Differential distributions
are available.

- Uncertainty budget
points to PDF as the
main source of error.

\ O6(PDF+as) -
\ &(1/my) —
¥ o(t,b,c) 6(EW) I——
S(PDF-TH)
o(scale)
| | | | I | | | | | 1 1 1 | I I I |
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O N 0O 0O — = N

NNLOJET + RapidiX

[Chen et al , 2102.07607]

P p — H X BRysyy

Js= 13 TeV

LO

NLO E== NNLO E===3 N3L0

L2

;//////

//

/xxx///

0 8.5

ly

- Drell-Yan now available [Duhr, Dulat and Mistelberger, 2001.07717] [Duhr, Dulat and Mistelberger, 2007.13313 ]
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Precision calculations for the LHC

Fully exclusive simulations
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2021 EPS High Energy and Particle Physics Prize _ kT, '
Torbjrn Sjostrand (Lund University) and Bryan Webber
(Cambridge University) have been announced as the p \ ’ - . ~
winners of the the 2021 EPS-HEPP Prize for “for the e : ’ . =il

conception, development and realisation of parton \ ' e , =
shower Monte Carlo simulations, yielding an accurate L F .J - I . [ ]
F

description of particle collisions in terms of quantum # e

Bryan Webber (left) and chromodynamics and electroweak interactions, and
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Credit: Lund University, T

Sjéstrand Standard Model, particle discoveries and searches for new F

physics.” Both Sjostrand and Webber were also warded r & s |
the 2012 Sakurai Prize for Theoretical Particle Physics by the American Physical Society,
along with the late Guido Altarelli.

[Mazzitelli et al. , 2012.14267 ]
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Precision calculations

Fully exclusive simulations
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physics.” Both Sjostrand and Webber were also warded
the 2012 Sakurai Prize for Theoretical Particle Physics by the American Physical Society,
along with the late Guido Altarelli.
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for the LHC
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[Mazzitelli et al. , 2012.14267 ]
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Precision calculations for the LHC

Status: PDF’s
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Precision calculations for the LHC

The challenges towards the “1% goal”
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Precision calculations for the LHC

The challenges towards the “1% goal”
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Precision calculations for the

The challenges towards the “1% goal”

as well as technical aspects.

Tight and consolidated
community, with high
momentum.

Considering the status of 20
years ago seems clear that
NNLO will be completed and
N3LO will start to become
available for 2—2 (see 3-loop

qq — Yy results)
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:{f m . Mixed QCD-EW being included
| —
iFixed Order
'LO, NLO, ...
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LL, NLL,...

A variety of approaches
available, both analytical and
numerical.

Analytically historically
matching the FO accuracy.

NNLO+PS will be the new
standard. (N3LO+PS already

being explored)

Having a NLL and beyond PS,
IS being explored now. To be
seen.

Not clear whether one can
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Precision calculations for the LHC

The challenges towards the “1% goal”

+ Very fast progress in conceptual | | » A variety of approaches - . Complete N3LO PDF’s :
; as well as technical aspects. .., ; ﬁ\tj?nllgﬁcl;ea,l both analytical and ; evolution not available yet. i,
" * Tight and consolidated P | { | - PDF determination from fitting |
: community, with high i  Analytically historically - large set of data. Final quality |
| momentum. | matching the FO accuracy. | depends on measurements.
'If - Considering the status of 20 | | + NNLO+PS will be the new | . .
ﬁ;i; years ago seems clear that P standard. (NSLO+PS already { | ngrgggd&ﬁg 'J?,cgftgﬁlmies yet |
NNLO will be completed and b being explored) » =S | _ .};
| N3LO will start to become 1 i = ' ! to be included in the final
.’ available for 2—2 (see 3-loop | | * Having a NLL and beyond PS, | | assessment.
;’ gG — yy results) - s being explored now. Tobe | | - Reaching 1% will be very |
| i Seen. i challenging.
; » Mixed QCD-EW being included. | § { | :
»

* Not clee(l)r whether one can { - Room for a breakthrough from
';‘.?? - reach 1%. || o—— attice.

’;i Fixed Order ’Qt Resum PDF’s

' LO, NLO,... | ILL, NLL,... { | LO,NLO,..
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The precision path

Two questions

1. What is the expected experimental precision on key SM measurements at the TeV scale
and a reasonable goal for the corresponding TH predictions? Are we there yet?

(" )
2. How to frame and interpret our results to maximise the sensitivity to New Physics?
\ Y,
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The way of SMEFT

Going beyond the SM

Three key properties of the SM:

 Mass generation with gauge invariance

» Unitarity (up to a predefined A)

* Perturbativity/renormalizability
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The way of SMEFT

Going beyond the SM

Three key properties of the SM:

 Mass generation with gauge invariance

» Unitarity (up to a predefined A)

* Perturbativity/renormalizability

Is it possible to "minimally” deform the SM in a way to encompass “all” New
Physics and without losing any of the above?
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The way of SMEFT

Going beyond the SM

SM EFT

uv
<
e

Three key properties of the SM:

 Mass generation with gauge invariance

» Unitarity (up to a predefined A)

* Perturbativity/renormalizability

Is it possible to "minimally” deform the SM in a way to encompass “all” New
Physics and without losing any of the above?
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Rattazzi® adapted

The way of SMEFT

Going beyond the SM

3 = 70 4+ g0 4 Looi oo,
A A?

PANIC - Lisbon - 2021 - On line 23 B UCLouvain Fabio Maltoni ) ALMA MATER STUDIORUM



Rattazzi® adapted

The way of SMEFT

Going beyond the SM

§f = 70 4 Jew\y Looi oo,
A A?

m, =0

U(1); x U(1)g

GIM

Y., Y, Y, = Flaydr & OP
—=Y, X
°

PANIC - Lisbon - 2021 - On line 23 B UCLouvain Fabio Maltoni



Rattazzi® adapted

The way of SMEFT

Going beyond the SM

7 = PO 4 Jw\ g\ g6 gy
A A?
mv — O U/QI/)L N mv ?é O
U(1); x U()g Flator = u — ey, Amy, ...
GIM CP’= edm'’s

Dipoles = (g —2),
Y., Y, Y, = Flaydr & OP U1y, = p - 2"

. —>Y9>< A%X%X
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Rattazzi® adapted

The way of SMEFT

Going beyond the SM

A — + 3(4) + ig(S) + Lg(@ +
A A?
mv — O U/@}L N mv ?é O
U(1); x U()g Flator = u — ey, Amy, ...
GIM CP’= edm'’s

Dipoles = (g —2),
Y., Y, Y, = Flaydr & OP U1y, = p - 2"

. —>Y9>< A%X%X
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Rattazzi® adapted

The way of SMEFT

Going beyond the SM

1 1
+ /LD N\ +\ =P+ —LO ¢
A A?
m, =0
V U, — m, # 0 > A>10% Gev
= A ~ 10’ GeV U(1)3 x U(l) Flator = u — ey, Amy, ...
GIM CP’= edm’s = A>10° GeV

Dipoles = (g —2),

Y,.Y,. Y, = Flaydr & OF ULy = p — 2 = A> 10 GeV
B

—=Y, X ~—# Y H X S A>10° GeV
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The way of SMEFT

Going beyond the SM

TeV

Simplicity &

Naturalness

Rattazzi® adapted

TeV Ay

Naturalness &

Simplicity o,

1 1
+ /PB4 \ —FO 4 —_FO 4
AN A?
m, =0 14
Ut), — m, # 0 S A> 104 GeVv
= A~ 10° GeV U(1); x U(1), Flavor = u — ey, Amy, ...
, = A>10° GeV
GIM C)?/=> edm’s
Dipoles = (g —2),
Y,Y, Y, = Flayor & 15
o )K{ 915 U(l)z = p — nlt > A>10" GeV
—=> 7, X ~—# Y H X > A>10° GeV
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A powerful approach

Searching for new interactions with an EFT

One can satisfy all the previous requirements, by building an EFT
on top of the SM that respects the gauge symmetries:

@ I 6 1§ @
gSMEFT — gSM + _2 Ci@i + F 2 Cj@i +
l J

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

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).

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

A*>s|c|/8

o

S|Cl-|/A2<5
Vs < A

Energy helps precision

EFT in the tails
[llustrative plot

lllllllllllll
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A powerful approach

Searching for new interactions with an EFT

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

1
AObs, = ObsEXP _ opsSM — Z a®(u) cOu) + O (F)
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A powerful approach

Searching for new interactions with an EFT

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

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

Searching for new interactions with an EFT

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

AObs, = =— ) a9 c®u + 06 (-)

- 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

Searching for new interactions with an EFT

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

AQObs, =!

~» Most precise EFT predictions

- 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

Searching for new interactions with an EFT

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

AQObs, =!

~» Most precise EFT predictions

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

, Most precise/accurate experimental measurements
with uncertainties and correlations

current measurements

=, increased NP Sensitivity

future measurements
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A powerful approach

Searching for new interactions with an EFT

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

AQObs, =!

~» Most precise EFT predictions

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

, Most precise/accurate experimental measurements
with uncertainties and correlations

current measurements

“ T
g 2 - -
w7 g
_ = b
*® L
. O A7 y

=, increased NP Sensitivity

future measurements
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A powerful approach

Searching for new interactions with an EFT

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

AQObs, =!

current measurements
future measurements

“ T
g 2 - -
w7 g
_ = b
*® L
. O A7 y

=, increased NP Sensitivity

~+ Most precise EFT 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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The way of SMEFT

A simple approach

Mass limits (1in TeV)

N - An? < 3.8 x 1072 1.60
W - 95, 1> < 8.6 x 1072 1.60
= - kE <L1x107%(TeV?) 1.6 0
51 I lys, | < 1.6 x 102 1.20
T (s4)? < 0.04
S K2 < 1.7 (TeV?)
EFT bounds translate to 33- Paal’ <2910
" 5] Ao, |? < 0.24
constraints on parameters of UV ;- Mol < 15 10
Tz Az, |2 < 0.099
mOde|S E - Ag|* < 2.2 x 1072
U - Av]? < 7.2 x 1072
Simplest case: single-field g oo 0
" 177 Ao, q,]? < 0.88
extensions of the SM 0;- g <014
D - Ap|* < 3.8 x 1072
BB 1 0o, < 0.92
Bi ) 5.2 < 6.9 x 1073
T11 Az ? < 0.22
¥ Mg, > < 2.7 x 1072
A; - Aa,]? < 1.7 x 1072
0 2 4 6 8 10 12

[Ellis et al. 2012.02779]
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A powerful approach

Is this easy?

[Galler, ICHEP2020]

It's as exciting as challenging. Pattern of deformations TO]:) EFT: a 810b211 PlCtur@

_ % )
enter many observables in a correlated way. oR D 18 18
(3)i33i Ogg > Oqi "> Opf
O~ P (18) 4 !
Needs to manage complexity, uncertainties and 05" G O

N\

correlations.

Needs coordinated work among analysis groups in
collaborations traditionally working separately (top,
Higgs, EW,...)

Needs coordinated work between theorists and
experimentalists (model dependence, validity,
interpretations, matching to the UV).

A new paradigm: shifting value from "the best single

measurement” to “the best combinable measurement”! > this is a LO picture

» NLO has more connections directly and through
operator mixing
» arrows show contributions at O(A~2) and O(A~*)
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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

|
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o

Coupling deviations from SM [%]
o

model predictions
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'g 0 bt s s a R R R R .- m..‘w.m
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B !
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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 ol _20 M .
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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Global fits

First explorations: EWPO+H+EW+Top

* Already now and without a dedicated experimental effort there is Cy
considerable information that can be used to set limits: < N o
C ~ ¢
: - ( Cuws Cup Cy \ ;
e Fitmaker . Etis. M. Madigan. K. Mimasu. V. Sanz. T. You 2012.02779] Cus - 0 o Chd Cow
| o He HI HI ngy C .
¢ SM EF|T [J. Either, G. Magni, F. M., L. Mantani, E. Nocera, J. Rojo, E. Slade, E. Vryonidou, C. Zhang, 2105.00006] C’g’g CS; Chu. Cyy
Cue \ J Cg,;
¢ SFItter [Biekotter, Corbett, Plehn, 2018] + [I. Brivio, S. Bruggisser, F. M., R. Moutafis, T. Plehn, E. Vryonidou, S. Ciu & EWPO )
Westhoff, C. Zhang, 1910.03606] (Separated) CbH CG L8 (3.8 (8 8
Qq Qq Qu Qd
» HEPAit [de Blas. et al. 2019] Con Cc Co Ci O
(e = =

Higgs

- 30+ operators, linear and/or quadratic fits, Higgs/Top/EW at LHC, |
[Ellis et al. 2012.02779]

WW at LEP and EWPO.
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Global fits

Workflow
Theory Data

—— - — S ———

| (NYNLO QCD for SM Hr 317 data points: Top: ttbar, single-top, associated top |
production, distributions.

i NLO QGD for SMEFT Higgs production and decay, differential distributions, STXS. l

Global EW/Top/Higgs |

/ - SMEFT fit i\

S S e e - e S B e s e T‘j

Faithful uncertainty estimate
Avoid under- and over-fitting

Validated on pseudo-data (closure test)J

EleniVryonidou®

Fit results can be used to bound
specific UV complete models
New data can be straightforwardly added

e e e e e

Methodology Qutput
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Global fits

Operators vs processes

Luca Mantani®




Global EW(PO)+H+Top

Examples

[Ellis et al. 2012.02779]

2.5-
2.0°
1.5
1.0
0.5
0.0-
0.5
1.0
1.5
2.0
2.5

SU(3)>: EWPO+Diboson+Higgs

’ 2 ||
95%CL marginalised; C; (1-;\%\/) i

B SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top
Top operators: EWPO+top (incl ttH)
lﬂ*}H“}H*i.H_. |}+}

@ Q Sm-"= YS/o0So 3 3 O x O g Q g ® T T T Ia000 £ O E Q0 @ 3 L°<:ol°'<>o°ooi'o
T O2F2F T2r2r T I 9 T T E 3 § ,S0x< L & 3 ¥ -8 .0°.00d 0 PE P& PF
0. 0000000 830V VTG UTTUUGUERIsTTO U0
@) () Q T o A A o ~ - - e~ o o
= oS o oo oL 5 & 77 LL666
5 — = — - SSSSHHH

—

34 operators, SU(2)* X SU(3)?

EWPO fitted, 341 data points

100 -

[Either et al. (SMEFiT) 2105.00006]

{ Top + Higgs + VV, Quadratic NLO EFT
Top + Higgs + VV, Linear NLO EFT

-._.._..-_.._..._._...._.__.._--_.._--_.._.._._*._...{_._...:_ I o (8

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

36 operators, SU(2)? X SU(3)?

EWPO fixed, 317 data points
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23 || SU(3)°: EWPO+Diboson+Higgs
2.0
1.5
1.0
0.5
0.0-

0.5

1.0

1.5

2.0

2.5

Global EW(PO)+H+Top

Examples

[Ellis et al. 2012.02779]

2 ||
95%CL marginalised; ¢; 1TEV)” ||

34 operators, SU(2)* X SU(3)?

EWPO fitted, 341 data points

M SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top N2
1|/ Top operators: EWPO+top (incl ttH) '
H ] o H || It 4 H LRI H Hz Wy L H I
EWPO gBosomc EYukawa Top 2F gTop 4F
T D Coeg. YEvSe T D 3 0 E B S 0 T L f ZA050 8 5 BugugnyodoReledes
O oexrd T 2r 2 I o I [~} s 0nxd I = 33 YOO D LT ) 0 e & 0
10, 0000000 §G3GLVYPTFGUTTOVOGUEHHTTO OO
Y8 O N 7 R
— (@) o o | | o O O
— - = o - o O
IS — — — SO A A A

Magnitude of 95% Confidence Level Bounds (1/TeV?)

[
-
w

—_
9
SV}

[
9
w

[Either et al. (SMEFiT) 2105.00006]

[a— —t
O (e}

- [S>]

T 1

[
-
L lllllo i Al Ll

107",

| W Top + Higgs + VV, Quadratic NLO EFT
r W Top + Higgs + VV, Linear NLO EFT

36 operators, SU(2)? X SU(3)?

EWPO fixed, 317 data points
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Global fits: now vs future
EWPO+EW+Higgs

N ‘ j/:p’%wfm .. LHEPfit, courtesy of De Blas et al.. work in progress]
097 %

? /égbeR— e \A\ Xz
/ /gu H X
/ \\\ A

/ \Q/ b7 \'

I
dgt’
Wi

EW known at 0.1%

TGC known at 1% As constraints improve for the TGC and Higgs correlations increase.
Higgs known at 10%

— /
[



The SM at the TeV

Conclusions

TOP

« SM at the TeV scale is in an extremely good shape. No signs of significant deviations have been detected.

* 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 SM interactions at the TeV
scale (and beyond) 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.
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