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Where do we stand?
The SM
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Where do we stand?
The SM
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,~:.'{;;f?5’_f<1018 Gev - Matter is organised in chiral multiplets of the fund. representation.

* The SU(2) x U(1) symmetry is spontaneously broken to U(1)em.

* Yukawa interactions lead to fermion masses, mixing and CP violation.
- Matter+gauge group => Anomaly free

N * Renormalisable = valid to “arbitrary” high scales.

| SM - A number of accidental global symmetries seen in Nature.

* Neutrino masses can be accommodated in two distinct ways.
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« SU(B): x SU(2)L x U(1)y gauge symmetries.

- Matter is organised in chiral multiplets of the fund. representation.
* The SU(2) x U(1) symmetry is spontaneously broken to U(1)em.

* Yukawa interactions lead to fermion masses, mixing and CP violation.
- Matter+gauge group => Anomaly free

* Renormalisable = valid to “arbitrary” high scales.

- A number of accidental global symmetries seen in Nature.
* Neutrino masses can be accommodated in two distinct ways.

Simple and powerful
yet unnatural, incomplete...
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Where do we stand?

Standard Model Production Cross Section Measurements Status: March 2021
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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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Standard Model Production Cross Section Measurements
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and experimental control to move onto the
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Where do we stand?

Standard Model Production Cross Section Measurements

Status: March 2021
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Where do we stand?
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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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
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must be “small” so that have gone
undetected so far.
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1] Explore the unexplored

2] Increase the precision of TH and EXP to
identify possible deviations.
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my [GeV] 125.3040.13 125.3040.13 112.68+12.89 0.98 my [GeV]
My [GeV] 80.37940.012 80.3604-0.005 80.3554-0.006 1.8 My [GeV]
Iy [GeV]
I'w [GeV] 2.08540.042 2.08834-0.0006 2.08834-0.0006 -0.08 M [GaV]
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[Courtesy of De Blas et al., work in progress]
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Where do we stand?
Higgs

35.9-137 fb" (13 TeV) [ATLAS 2020]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf

Where do we stand?
Higgs

35.9-137 fb" (13 TeV)
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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

Where do we stand?

Higgs self interactions
35.9-137 fb' (13 TeV)
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Where do we stand?

Higgs self interactions
35.9-137 fbo' (13 TeV)
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Where do we stand?

Higgs self interactions
35.9-137 fb' (13 TeV)
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Where do we stand?

Higgs self interactions

1074
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Reichert et al. 1711.00019
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Where do we stand?

Higgs self interactions

, CMS 137 fb™' (13 TeV)
“ I Observed
1.5
s *
0.5
Of
~0.5}- L ‘
- o HH cat. Best fit
i HH cat. 68% CL
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One of the flagship measurements foreseen for the HL-LHC._[Di Micco et al.. 1910.00012 ]
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HL-LHC projections

Higgs self interactions

Now

[ATLAS, 2020]

ATLAS-CONF-2019-049
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HL-LHC projections

Higgs self interactions

Now Future

[ATLAS. 2020] U [De Blas et al.. 2020] Higgs@FC WG September 2019
1 4 ATLAS-CONF-2019-049
-+ . LN B B N L O I e N B N B | L L L i Lt | e e e e | b e b e e bt e et e | | di-Hi inale-Hi
2 — . ; — i-Higgs  single-Higgs
- ATLAS Preliminary - HL-LHC HL.LHC HL-LHC
L {s=13TeV,27.5-79.8fb" d  ROUOUULUUUIUIUIUIUIUIOUOUIUMOOIOONOONOONOONNNNNNNNNNNNNN | |- 2078 e 20% (47%)......
| _ HE-LHC JHE-LHC
1.3 ku=rz=r=r,=1 : N I I [10:200%......... =2 50% (40%)......
- 4 SM : — HE-LHC ——— FCC-eeleh/hh FCC-eeleh/hh
| e, - NN 5% 25% (18%)
| 4 BestFitH . ' — ] ]
1.2~ +BestFitH+HH ! — LEFcc  []ugFec
- —68:/0 CL | FCC_ee/eh/hh :(';(j'zedf':ssoo EZ?'ehssoo
m 9%l - NSNS R N i ——
1 _1_— - HH ] under HH threshold - ;2:?;95_29%)
[ ==H ‘. _ FCC-ee 33% (19%)
= H+HH . . FCC-ee,,,
1 : N e R
- — | 10% 36% (25%
— — \\ \\\\ ILC,,, , |L<:500(25 K
B [ < PRI 279, 1 38% (279%)
0.9 — under HH threshold ILCysy
- ; ' - CEPC} o e 29EP ézsa?./qz .....
B \ 4 sl o 9 49% (17%)......
] 1 1 1 1 1 1 1 21 1 1 1 1 1 1 1 1 11 1 1 18 1 1 1 1 1 1 7%+11% 49% (350/0)
=20 -15 -10 -5 0 5 10 15 20 CLIC
CLIC
3 0 10 20 30 40 50 o=

68% GL bounds on «; [%]  aituture coliders combined with HL-LHC

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...
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Precision physics at the HL-LHC

The main questions

Given the statistics increase of a factor ~20 with respect to what we currently have and the expected
experimental precision on key EW/top/Higgs measurements:

1. What is the precision goal for TH predictions?

2. How to frame and interpret our results so to maximally exploit the LHC data”?
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HL-LHC projections

Higgs couplings
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HL-LHC projections

Higgs couplings

[De Blas et al., 2020] Vs =14 TeV, 3000 fb™' per experiment
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Precision physics at the LHC

Moving towards the “1% goal”

Precision
@ LHC
, \
T ] S
Fixed Order Resummation PDF’s
LO, NLO,... LL, NLL,... LO,NLO,..Evolution
QCD EW Parton Showers Fits
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Precision physics at the LHC

Moving towards the “1% goal”
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Precision physics at the LHC

Moving towards the “1% goal”

§ Doric 1 § lonic § Corinthian

| — | || |
- Very fast progress in conceptual ' ' ,; \’
jj as well as technical aspects. P P /
-' + Tight and consolidated P . |
community, with high i | - |
momentum. } | /
- Considering the status of 20 | | ’f A’ |
1 years ago seems clear that i1 . ,
NNLO will be completed and Pk Pog .
N3LO will start to become i i 1} |
} available for 2—2 (see 3-loop | | b} ',
qq — yy results) f; »:

| - Mixed QCD-EW being included. | | || 7
— } : i i ~‘

'Fixed Order ;- Resum f- ' PDF’s
| LO, NLO,... | ILL, NLL,... { | LO,NLO,..
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Precision physics at the LHC

Moving towards the “1% goal”

4 Corinthian

- Very fast progress in conceptual | | - A variety of approaches ' .j \'
jj as well as technical aspects. ,; ';j available, both analytical and P ,
{ _ _ P numerical. P |
i - Tight and consolidated i 1 i1 |
i'f community, with high | - Analytically historically { | |
| momentum. P matching the FO accuracy. | '/
- Considering the status of 20 ’f : « NNLO+PS will be the new ’f ‘ |
{ years ago seems clear that . standard. (NSLO+PS already { | ,
NNLO will be completed and Pk being explored) Pog .
N3LO will start to become i | i} |
.’ available for 2—2 (see 3-loop | | ‘ !‘lagllr_lg a NLIL argjd beyo_lr_1dbPS, | |
- It . is being explored now. To be P

j.? 99 = ¥y results) { | seen. ,
_3 « Mixed QCD-EW being included. _', . Not clear whether one can ’
i i ! ~‘

f Doric l' § lonic

. i | reach 1%. I
'Fixed Order | | Resum | | PDF’s
'LO, NLO,... | ILL, NLL,... | | LONLO,..
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Precision physics at the LHC

Moving towards the “1% goal”
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- Considering the status of 20
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Resum

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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« Complete N3LO PDF’s
evolution not available yet.

* PDF determination from fitting
large set of data. Final quality
depends on measurements.

* Error budget with many |
sources. MHO uncertainties yet |
to be included in the final
assessment.

* Reaching 1% will be very
challenging.

* Room for a breakthrough from
lattice.

PDF’s

' LO,NLO,..
. Fits
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Precision physics at the HL-LHC

The main questions

Given the statistics increase of a factor ~20 with respect to what we currently have and the expected
experimental precision on key EW/top/Higgs measurements:

1. What is the precision goal for TH predictions?

2. How to frame and interpret our results so to maximally exploit the LHC data”?
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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

<
T

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?
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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
°
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Rattazzi® adapted

The way of SMEFT

Going beyond the SM

1 1
= PO 4+ JFD\4\ =L+ —FO 4
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 0

. —>Y9>< A%X%X
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The way of SMEFT

Going beyond the SM

+ /P® N\ 4

m, =0

U(1); x U(1)g

GIM

Y., Y, Y, = Flaydr & OP

- _>Y9><

1

1

— O+ —FO 4

A\

A2
U/QI’}L—> m, # 0

Rattazzi® adapted

Flavor = u — ey, Amy, ...

CP’= edm'’s
Dipoles = (g —2),

U1)z = p = et

R %ﬁ/%x

Gargnano - 6 September 2021 - In person!

16

B UCLouvain Fabio Maltoni



Rattazzi® adapted

The way of SMEFT

Going beyond the SM

1 1

+ /LD N\ —FO) 4 —FO L
AN A?

m, =0 14

U, — m, # 0 > A> 104 GeV
= A~ 10° GeV U(1); x U(1), Flavor = u — ey, Amy, ...

6

GIM CP’= edm’s = A>10° GeV
Dipoles = (g —2),

R A’Y’X — 7’{6}/7/8>< = A>10° GeV
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Rattazzi® adapted

The way of SMEFT

Going beyond the SM Tev TV .

Simplicity & Naturalness &
Naturalness & Simplicity &)
1 1
+ /PPN \ =L PO L
A A?
My = 0 14
U/Ql’}L—>mv7éO = A> 104 GeV
= A ~ 10° GeV U(1); x U(1)g FlaVor = u — ey, Amy, ...
6
GIM CP’= edm’s = A>10° GeV
Dipoles = (g —2),
Y,Y, Y, = Flayor & 15
»» Y, = Flaydr & OF Uy = p — 2t = A> 105 GeV

—=> 7, X ~—# Y H X > A>10° GeV
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The way of SMEFT

Unlocking at dim=8

dim=6 : 3-point = 4-point

-

((4"iD,.9) (€ye))

Zete™

\
\ /
hZete™
v h

(

iD,¢'D,¢B,,

Integrate
| by parts h4,0,2Z""
[ % + — _— —_ — =
2w, = hZWZ’“’
v h
aT GC
(Wv)(Wv) < (8h)(Zv)
kJorgeDeBIas@

J

dim=8 : 3-point and 4-point independent (cfr HEFT)

4 )

Con [N
VESM(®) = — 1 2(BTD) + \(DTD)? +§ Azl (TP — )
2 6cev?
_ . _ CgU L 6
n=3(dim=6)=> Ky = 1+ A2 Ka, = 1+ A

n=4(dm=238)=> k;, and k; independent

h. h h. .h

\ h ' V h ‘ h J

Gargnano - 6 September 2021 - In person! 17

B UCLouvain Fabio Maltoni © ©. e



The way of SMEFT

A simple approach

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: /

N, N. slc.|/IAN> <6

1 6 1 8 ’ Vs < A
— p@) _ (6) _ (8)

Lsmerr = Loy T e ;0. + A Z cj@j +

i J

Energy helps precision
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 SM

the theory is predictive, i.e., well defined patterns of deviations ;

are allowed, that can be further limited by adding assumptions L EFT in the tails
from the UV. Operators can lead to larger effects at high energy i

(for different reasons).

* Sufficiently weakly interacting states may also exist without spoiling the EFT. "‘ PT(t/H)
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The way of SMEFT

A simple approach

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

1
AQObs, = Obs,l,tEXP — Obs;l'Q'M = arg?(,u) cl@(,u) + O (—)

l
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The way of SMEFT

A simple approach

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

Most precise/accurate experimental measurements with uncertainties
and correlations
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The way of SMEFT

A simple approach

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

' 1 1

- 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

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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The way of SMEFT

A simple approach

The master equation of an EFT approach has three key elements: O Q0O @ ‘
: @ 0,0 O O
AObs, =| 00000
000090

= increased NP Sensitivity
-4 Most precise EFT predictions

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

Most precise/accurate experimental measurements with uncertainties
and correlations

future measurements
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The way of SMEFT

A simple approach

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

AQObs, =!

current measurements

A v R
N il
_ o .
w7 g
_ = -
® Ll
9 3 y .

= increased NP Sensitivity
-4 Most precise EFT predictions

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

Most precise/accurate experimental measurements with uncertainties
and correlations

future measurements
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The way of SMEFT

A simple approach

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

AQObs, =!

current measurements
future measurements

A v R
N il
_ o .
w7 g
_ = -
® Ll
9 3 y .

= increased NP Sensitivity
-4 Most precise EFT predictions

—> increased UV identification power

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

EFTE

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 As 1 Paal’ <2910
" Qs - 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 Zyooe ) < 0505
. 177 1\o,0,|* < 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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Need for NLO

1. Operators run and mix under RGE

Running means that the Wilson coefficients depend on the scale
where they are measured (as the couplings in the SM). Note that this
iIntroduces also an additional uncertainty In the perturbative
computations.

Mixing means that in general the Wilson coefficients at low scale
(=where the measurements happen) are related. One immediate
conseqguence Is that assumptions about some coefficients being zero
at low scales are in general not valid (and in any case have to be
consistent with the RGEs). Note also that operator mixing is not
symmetric: Op1 can mix into Op2, but not viceversa.
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Need for NLO

1. Operators run and mix under RGE
R = O = 13 ((;')qu) (Qt) 6.
s Opc = y; (9’5%) G, G

[0-6 A Ay ToA
OtG:ytgs(QU“ T l‘)Q’SG#V

0.4 2 16 8
dC; (1) -
dloé;z = vi;Cij(pn), v=1 0 =7/21/2
0.2 0 0 1/3

W
-

At =1 TeV: CiG =1, Gip = 0;

| —T.o ~0.5 0.0 0.5 1.0- At =173 GeV: CtG = 0.98, Cip= 0.45

Cip(my)
Scale corresponds to the change from mt to 2 TeV.
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Need for NLO

2. EFT scale dependence

[Deutschmann, Duhr, FM, Vryonidou, 17]

200 —
C101
Co09
- C303
100 o(total)
100 r
— o0 r
e
e
© 0

—50

—100 - )y H LHC13

solid: NLO, dashed: LO

—150 '
100

HEFT [GeV]

1000

Oty = y; (@J’@ﬁ) (Qt) ¢,
Opc = ¥ (9*)T9’5) Gy G

Osc = y19s(Qot Tt)pG4,

dCl;(,u,) o (X g

2 16 8
v=1 0 —=7/21/2
0 0 1/3

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

Need for NLO

3. Genuine NLO corrections (finite terms) are important

[EM, Vryonidou, Zhang, 16] * pp — ttH

Full NLO : Y _ - E }ap{
. . O = (o 6) t) o,
"1 0 NLO. to — Y \ P ¢ (Q )@.
([E 16: ] O¢G — th (@T(f)) G;,luGAuva :3—:—: s
o 1 . — ~
- o pv A A W
—%— 14:\~0¢G Lo RG evolve OtG o ytgs(QO I t)(z)G#V sl < }/\‘/\‘
= ~‘~~~ to EW scale - . .
;“f : ( o,NLo] * EFT scale uncertainties are very
212l o0 e 1 much reduced at NLO.
‘g_ e U O NLO|
10L - — _-_::‘_‘_‘:‘;:-:-Z;u.._- «——| matchto
' '--O-tc—}-l:é ---------------- | EFT at 2 TeV
150 200 300 500 700 1000 13002000 * RG are sometimes thought to be
perr(GeV] an approximation for full NLO,

but it Is often not the case.
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Need for NLO

4. 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.

|Ghezzi, Gomez-Ambrosio, Passarino, Uccirati, 15a]

‘Hartmann and Trott, 15]

'Ghezzi, Gomez-Ambrosio, Passarino, Uccirati, 15b]

'Dawson, Giardino, 2018]

Dedes et al, 201

8]

'Vryonidou and

Zhang, 2018]

‘Dawson, Giardino, 2018]

'Vryonidou and Zhang, 2018]

- Including the full set of operators ata - ~. . ... e S
given order implies that no extra UV » -
" ’\/‘O\/\/ = ANNANANAN, + "\/\;\_/\/\/ + W./I\/\/
divergences appear (closure check).
PJ—’ ~ J—' P Y N r-j_; /‘\QP’NN
. —O = ——ﬁ’) + - + — @ +——/j0’; + ~_ )
- Use tree-level, loop-level, hierarchy but 1.__ QM QM et e
not gauge couplings. P o -
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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
http://arxiv.org/abs/arXiv:1807.11504
http://arxiv.org/abs/arXiv:1809.03520

Need for NLO

4. New operators arise

[Vryonidou and Zhang, 2018]

e VBF, ZH, WH at LHC
e /H, WWEF, ZZF at e*e

e H decay to vy, YZ, Zll, Wly, bb, TT, pu

® ggH is known

VY YL bb

WW* N TT L

Top — Higgs at 1-loop

gg |(-100%,1980%) (-88%,200%) (-40%,48%)

VBF|(-100%,1880%) (-88%,170%) (-6.1%,5.3%) (-6.8%,6.7%) (-8.8%,9.2%) (-6.2%,5.9%) (-6.2%,5.9%)
WH |(-100%,1880%) (-88%,170%) (-5.5%,4.2%) (-6.1%,5.6%) (-7.8%.7.9%) (-5.8%,5.1%) (-5.8%,5.1%)
ZH |(-100%,1880%) (-87%,170%) (-6.5%,5.9%) (-7.1%,7.1%) (-9.4%,9.9%) (-6.8%,6.7%) (-6.8%.,6.7%)

(-40%.,47%) (-40%,46%) (-40%,48%) (-40%,48%)

Operator Top Fitter RHCC tree o375 [33]
o [-5.28,5.28]

CS% -2.59,1.50

Coo 3.10,3.10]

o -9.78,8.18)

Ciw -2.49,2.49)

Cix -7.09,4.68)

Cip [-6.5,1.3]

Possible deviations using current constraints on the relevant operators
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Accurate SMEFT

Progress in SMEFT at 1-loop level

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

 Exploit loop sensitivity:

“same strategy” as in SM@dim4
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Accurate SMEFT

Progress in SMEFT at 1-loop level

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

 Exploit loop sensitivity:

e e i
:ﬁ\&w H . )

“same strategy” as in SM@dim4

/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]

+ g9 = 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]

- Drell-Yan (EW corrections) [Dawson and Giardino, 2021]

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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Accurate SMEFT

SMEFT@NLO

. . Standard Model Effective Theory at One-Loop in QCD
Automated one-loop computations in the SMIEEFT L P

Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou & Cen Zhang, =»arXiv:2008.11743

Ceéline [)egrande.‘] »* Gauthier I)urieu:{,g' t Fabio Maltoni,lf 3,3 The implementation is based on the Warsaw basis of dimension-six SMEFT operators, after canonical normalization. Electroweak input
- Mi 1,8 Eleni V id 1.9 d C 71 5.6. s parameters are taken to be Gg, Mz, My. The CKM matrix is approximated as a unit matrix, and a U(2)q x U(2)y X U(3)q x (U(1); x U(l)e)3
Ken ! I"nabu-. Jleni ryoniaou, an €n Znang ' flavor symmetry is enforced. It forbids all fermion masses and Yukawa couplings except that only of the top quark. The model therefore

implements the five-flavor scheme for PDFs.

A new coupling order, NP=2 , is assigned to SMEFT interactions. The cutoff scale Lambda takes a default value of 1 TeV~2 and can be

We present the automation of one-loop computatlons in the standard-model effective field theory modified along with the Wilson coefficients in the param card . Operators definitions, normalisations and coefficient names in the UFO

at dimension six. Our implementation, dubbed SMEFT@NLO, contains ultraviolet and rational model are specified in definitions.pdf .. The notations and normalizations of top-quark operator coefficients comply with the LHC TOP WG
counterterms for bosonie, two- and four-fermion operators. It presently allows for fully differential standards of - 1802.07237. Note however that the flavor symmetry enforced here is slightly more restrictive than the baseline assumption

. L. . ‘ . ;. there (see the dim6top page for more information). This model has been validated at tree level against the dimé6top implementation (see
predictions, possibly matched to parton shower, up to one-loop accuracy in QCD. We illustrate 1906.12310 and the > comparison details).

the potential of the implementation with novel loop-induced and next-to-leading order computa-

tions relevant for top-quark, electroweak, and Higgs-boson phenomenology at the LHC and future
colliders. UFO model: SMEFTatNLO_v1.0.tar.gz

Current implementation

e 2020/08/24 - v1.0: Official release including notably four-quark operators at NLO.

Support

Please direct any questions to smeftatnlo-dev[at]cern[dot]ch.

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

[Degrande, et al. arXiv:2008.11743]
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Accurate SMEFT

SMEFT@NLO

Multi-boson production

quark-initiated
What’s in the bOX? ¢ g g S ez ggg:i ggg:g g:i {ggg%
. >pp>2 Z QED=2 QCD=0 NP=2 [QCD]
Warsaw basis operators loop-induced

Flavour assumption: | SESE < <h =y
U(2)g X U(2)y x U(3)g x (U(1); x U(1)e)? CS20H A b e cwe e oo

Includes Higgs, top, gauge boson interactions Higgs production
Conventions matching LHC Top WG ones loop-induced

: > g g>H QED=1 QCD=2 NP=2 [QCD]
CP & Flavour conserving . Ga>EE  oEbz oepe2 Np-2 [oeD]
>gg>HHH QED=3 QCD=2 NP=2 [QCD]
>gg>HJ QED=1 QCD=3 NP=2 [QCD]

Top quark production

Developments > e+ e- > t t~ QED=2 QCD=0 NP=2 [QCD]
>pp>t t~ QED=0 QCD=2 NP=2 [QCD]

. . >pp>tt-h QED=1 QCD=2 NP=2 [QCD]
CP—V|OIat|On >pp>tt-2 QED=1 QCD=2 NP=2 [QCD]
>pp>tt- Wt QED=1 QCD=2 NP=2 [QCD]

RGE >pp>t W- $$ t~ QED=1 QCD=1 NP=2 [QCD]
>pp>tW-3j $$ t~ QED=1 QCD=2 NP=2 [QCD]

>pp>tj $$ W- QED=2 QCD=0 NP=2 [QCD]

>pp>th j $$ W- QED=3 QCD=0 NP=2 [QCD]

>pp>t 2z $$ W- QED=3 QCD=0 NP=2 [QCD]

>pp>taij $$ W- QED=3 QCD=0 NP=2 [QCD]
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Accurate SMEFT

SMEFT@NLO

e

- —4

- “ LO o )I\LO LO ot NLO

14 4-termion operators

e ——— eS| 427t " 4.067 o 1.047 3% 1.037 0%
O1 8 TA HTA O1 1 S | 2.79t11% 2 77 Hi% 0.577+6% | 0.611%3%
= (QT7Q)(@"'T"q;) = (Q7.Q) (@7 a:) td —9% — 3% — 6% 2%
3 8 ceq | 699755 6.67% 4o 161758 | 1.2073%
: % = (@uT*T' Q)@ T ' a) = (Qur' Q)@ a) hu| 4265007 3.037 5 1.04¥6% | 0.708+3%
8 T A/ — A 1 (T T B 279j‘;,f' -2.93j°2;§_ o.ssi“‘j': 04851‘,’-;2:
| TR e O‘f‘ B ondiion i | soriis orre | oot
| O = (VT ) (di, T d;) 0,4 = (t*t)(diyud;) : 53| 150t10% 1,32+ 1% L6178% | g 5rte
08 A A L (O~k Sy e (0.6711%] |-0.078(T) 355 | (0417137 [ 4.667 17 5.92F 5%
| g =@ TAQ)(“’ Tl ) Ogu =7 9)Epau) cha | 102197 | -0306129% | [015+15%)| 2624% | 460
H d — (Q’)“T Q)(d z’)p di) Opa = (QYQ)( z"/pdz) el | [0.3919%) -0.47H18% | [0.5013%) | 7.25%0% | 9.367 %
Q “ ! = -~ for 2. for
. 08 (QzA#TAQz)(t’?p,TA 3 01 (Giy" qz)(t’)p ) ; chu | 033707 -0. 359*13;3 (057705 | 468700 | 5.9670%
L coa | [F0.11107] 0.0‘73(6)+£éf:' [-0.19j§:;§_] 2 elig',ﬁ 3.46j§‘,’,{;
R B cgq | [05710% -0.2470% | [0.39F7% 1| 725780 | 9.347FF
Octets Si nglets cgy | (192015 | 0.088() RS | (10515751 | 7m.2stiE | 9.82XFF

Different chiralities and colour structures

[Degrande, et al. arXiv:2008.11743]

Interesting interference patterns
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Accurate SMEFT

SMEFT@NLO

4-heavy operators in top pair production

6%, = (Or"T*Q)(Qy,T"Q)

_ _ tot b Ot
Opp = (0r*0)(0r,0) 008
we _ ’ G — SM/1000 — c,/10
Op = Q' T Q) iy, T") C bt 0.06- o = Cho
- _ § e, = c,
O = (Qr' Q)T - o
I — (7, U\ (7 . |
O, = ([Ty"1)(iy,1) =
— 0.02 1
i § =
LO NLO LO NLO < 0.00+
chHo| 0.058613T% 0.125719% 0.00628713% 10.0133177¢ ° :
c2), | 0.0583F27% -0.107(6) F45% 0.00619713% 10.0118+5% —0.02-
1 +15% +51% +7% +13% =1+5% ]
cho| [F0.11113%] 1-0.039(4) T510% | [-0.12777%] | 0.0282713% 10.06511 5% : )
1 |0 068-}-1186;0 9 51+:23g°//0 0 12-{'—3(’7/0 0 0283+;§°//" 0 066-{-5%/0/ —0.04 1 pp — tt, LHC 13 TeV
cqe |[-0.0687 o5 ] 517510 | 0125541 | 0. —16% | O —6% : . OA?). i/A? = 1 TeV-2
1 +23% ] mear , C; — e
Cyy X 0.2157 73, X X ]
o -t
L oop-induced sensitivit 350 400 450 500 590 600 650 700
P-InAuU Y m (tF) [GeV]

Complementary information to ttbb and 4top production

Gargnano - 6 September 2021 - In person! 31 B UCLouvain Fabio Maltoni - i siom



A powerful approach

Is this easy?

[Galler, ICHEP2020]

O4q ; ”O(l)ii33
It's as exciting as challenging. Pattern of deformations O “
enter many observables in a correlated way. o3)ii33

0(1 S0

(
BN
Q9
N\

Needs to manage complexity, uncertainties and
correlations.

(single top] ttZ
&40 S J 3

T ([ ) )

» this is a LO picture

» NLO has more connections directly and through
operator mixing

» arrows show contributions at O(A‘z) and O(A_4)
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https://indico.cern.ch/event/868940/contributions/3816408/attachments/2083331/3499523/topfitter.pdf

A powerful approach

- ?
Is this easy: Naive TH view

It's as exciting as challenging. Pattern of deformations Analysis ggH Analysis VBF Analysis ttH Analysis WW
enter many observables in a correlated way. Higgs group Higgs group Top group EW group
Needs to manage complexity, uncertainties and

correlations.

Needs coordinated work among analysis groups in

collaborations traditionally working separately (top,

Higgs, EW,...)

3 %82 12 ALMA MATER STUDIORUM
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A powerful approach

' 2
Is this easy: Naive TH view

It's as exciting as challer]ging. Pattern of deformations Analysis ggH Analysis VBF Analysis ttH Analysis WW
enter many observables in a correlated way. Higgs group Higgs group Top group EW group

Needs to manage complexity, uncertainties and
correlations.

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

1
L‘\.’_

FRO\
‘:_‘S’j‘, 32| ALMA MATER STUDIORUM

. UCLouvain Fabio Maltoni ::/[pi;:' UNIVERSITA DI BOLOGNA

e
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A powerful approach

' 2
Is this easy: Naive TH view

It's as exciting as challer]ging. Pattern of deformations Analysis ggH Analysis VBF Analysis ttH Analysis WW
enter many observables in a correlated way. Higgs group Higgs group Top group EW group

Needs to manage complexity, uncertainties and
correlations.

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

[ s |;l ALMA MATER STUDIORUM
' 55 UNIVERSITA DI BOLOGNA
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A powerful approach

' 2
Is this easy: Naive TH view

It's as exciting as challer]ging. Pattern of deformations Analysis ggH Analysis VBF Analysis ttH Analysis WW
enter many observables in a correlated way. Higgs group Higgs group Top group EW group

Needs to manage complexity, uncertainties and
correlations.

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

A new parad,l,gm:“ shifting value from "the best smgle nesult <  Result < . Rosult < . Result
measurement” to “the best combinable measurement”!

-

R\
231 7] ALMA MATER STUDIORUM
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A powerful approach

Is this easy?

It's as exciting as challenging. Pattern of deformations
enter many observables in a correlated way.

Needs to manage complexity, uncertainties and
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 LHC EFT WG is working hard to move things forward in
a joint TH/EXP effort (thanks to all contributing!!)
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A powerful approach

Is this easy?
Top-down

Needs coordinated work among analysis groups In ‘
collaborations traditionally working separately (top, Higgs, Data Analysis
EW,...)

It's as exciting as challenging. Pattern of deformations
enter many observables in a correlated way.

Needs to manage complexity, uncertainties and
correlations.

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

A LHC EFT WG is working hard to move things forward in
a joint TH/EXP effort (thanks to all contributing!!)
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A powerful approach

Is this easy?
Top-down Bottom-up

It's as exciting as challenging. Pattern of deformations
enter many observables in a correlated way.

Needs to manage complexity, uncertainties and
correlations.

Observable

Needs coordinated work among analysis groups in
collaborations traditionally working separately (top, Higgs, Data Analysis
EW,...)
Needs coordinated work between theorists and
experimentalists (model dependence, validity,
xp fiton C

interpretations, matching to the UV).
A LHC EFT WG is working hard to move things forward in

a joint TH/EXP effort (thanks to all contributing!!)
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A powerful approach

Is this easy?
Top-down Bottom-up

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

It's as exciting as challenging. Pattern of deformations
enter many observables in a correlated way.

Needs to manage complexity, uncertainties and
correlations.

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

Exp fit on Ci
A LHC EFT WG is working hard to move things forward in

a joint TH/EXP effort (thanks to all contributing!!)

SM Data Analysis

Complementary!
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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®
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Global EW(PO)+H+Top

Examples

[Ellis et al. 2012.02779]

2.5 , _
] SU(3)°: EWPO+Diboson+Higgs o (1TeV)? ||
2.0 mm sU(2)? x SU(3)3: EWPO+Diboson+Higgs+top 95%CL marginalised; C; Az |
15 Top operators: EWPO+top (incl ttH)
1.0;
0.51 I | | |
0.01 } ) ; } | } } * | ; i ' } ] 4 } { }
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34 operators, SU(2)* X SU(3)?

EWPO fitted, 341 data points

[Either et al. (SMEFiT) 2105.00006]

100 -

t

Top + Higgs + VV, Quadratic NLO EFT

Top + Higgs + VV, Linear NLO EFT
@
4
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’ |
1 4
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36 operators, SU(2)? X SU(3)?

EWPO fixed, 317 data points
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Global EW(PO)+H+Top

Examples

[Ellis et al. 2012.02779] [Either et al. (SMEFiT) 2105.00006]

2.5 i :

|| 5U(3)°: EWPO+Diboson+Higgs o (1Tev) || n | W Top + Higgs + VV, Quadratic NLO EFT
2.0 m SU(? x SU(3)*: EWPO-+Diboson+Higgs+top 95%CL marginalised; C; =—5=— || % 10%; mem Top+ Higgs + VV, Lincar NLO EFT g M EFiT

1|/ Top operators: EWPO+top (incl ttH) I 1 o o o o -
1.51 : = I

] < 2t
1.01 \ : 10

: ? t - :
0->1 ; | |ﬂ | § 10

| - RN i BITRININIE: -
0.0 t ok +} H' “ il 1 1 d ] " ? = j
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2.0 . 5102
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34 operators, SU(2)? X SU(3) 36 operators, SU(2)? X SU(3)

EWPO fitted, 341 data points EWPO fixed, 317 data points
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Global EW(PO)+H+Top

Linear vs quadratic

Top + Higgs + VV, Quadratic NLO EFT

Top + Higgs + VV, Linear NLO EFT
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Significant impact for most operators
in particular 4-fermion operators

[Either et al. (SMEFiT) 2105.00006]
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Global EW(PO)+H+Top

LO vs NLO : linear

- Top + Higgs + VV, Linear NLO EFT Top + Higgs + VV, Linear LO EFT
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Posterior distributions for Wilson coefficients Significant impact of NLO for some operators

[Either et al. (SMEFiT) 2105.00006]

NLO resolves non-interference problem for colour singlet 4F operators
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Global EW(PO)+H+Top

LO vs NLO : quadratic

Top + Higgs + VV, Quadratic NLO EFT Top + Higgs + VV, Quadratic LO EFT

Posterior distributions

[Either et al. (SMEFiT) 2105

100 1

¢ Top + Higgs + VV, Quadratic NLO EFT
{  Top + Higgs + VV, Quadratic LO EFT
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Significant impact of NLO for some operators
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Theory restriction

. Top + Higgs + VV, Quadratic NLO EFT

| W Top Philic, Quadratic NLO EFT
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Data restriction

Global EW(PO)+H+Top

Restrictions
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Top-Philic scenario (14 — 5 dof in the 2Q2q)

The limited role of the high energy tails (so far)

[Either et al. (SMEFiT) 2105.00006]

2| ALMA MATER STUDIORUM

=
O
=
©
=
R,
9
©
L
£
o
>
-
o
=
O
D
=

] UNIVERSITA DI BOLOGNA

45

Gargnano - 6 September 2021 - In person!


https://arxiv.org/abs/2105.00006

Global EW(PO)+H+Top

Top and Higgs

| M Top — only, Quadratic NLO EFT

C\% 1()35— S Top + Higgs + VV, Quadratic NLO EFT
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Either et al. (SMEFIT) 2105.00006] - Higgs data improves certain top operator bounds
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Global EW(PO)+H+Top

Top and Higgs
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Global EW(

Top and Higgs

95% Confidence Level Bounds
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[Either et al. (SMEFiT) 2105.00006]
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Top measurements break the degeneracy between Higgs operators
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Global EW(PO)+H+Top

Top and Higgs
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Global EW(PO)+H+Top

3 points to take home

1. Current fits are at an exploratory state, yet prove feasibility.

2. Dedicated EFT studies/observables needed to improve sensitivity.

3. Shift towards combinable measurements is needed.
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Global EW(PO)+H+Top

Work In progress

1. RGE effects
2. Complete-LO

3. Comparisons with UV models
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Global EW(PO)+H+Top
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Global EW(PO)+H+Top

Work In progress

1. RGE effects
2. Complete-LO

3. Comparisons with UV models
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Global EW(PO)+H+Top

Work In progress

1. RGE effects
2. Complete-LO

3. Comparisons with UV models

[Darme. Fuks, FM, 2104.09512]

LO NLO
|neW physics|2 Int. QCD only Int. EW only QCD [40] via Ksm
Oi /2 | 0873 fb 020737 fb  —0.80%31% b | 1.673% fb  0.627157° fb
O} p 1.1755% fb —0.02732% i 0.60750%fb | 1.8473% fb  3.972L% fb
Okr 3.4122% fh 0.39755% fb  —1.42730% fb | 6.1413% b 5.5720% fb
O% p 0.2872357% b 0.22752% fb  —0.49722% fb | 0.6973° b 0.01753 fb
SM / 4.7155% 0.5070-9> fb / 11.97133% fb

—38%
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Global EW(PO)+H+Top

Work In progress

1. RGE effects
2. Complete-LO

3. Comparisons with UV models
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Global EW(PO)+H+Top

Work In progress

[Darme, Fuks, FM, 2104.09512]
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Theory trends
EFT and PDF fits

5 NLO QCD
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[Greljo et al. 2104.02723]
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What’s next
TH trends

Many directions of development and improvements in the fits are being pursued in TH:
» [Global] Extension to data sets from other (lower-energy) experiments.

 [INLO] Improvement at NLO (QCD+EW) in the SMEFT on-going. RGE at two loops needed to
maintain NLO accuracy at different scales. Inclusion of theory uncertainties.

* [Unlocking] Effects and constraints at dim=8 or HEFT.

» [UV] Constraints from and to UV models, systematic studies of applicability/validity. Mixing.

e [PDF] Evaluation of the theory uncertainties to interplay with the PDF fits.

o [MaxSensitivity] Optimal observables, “energy helps accuracy”, “X without the X”....

 [QFT] General QFT arguments: resummation of higher-order terms, basis independent
formulations (e.g. amplitudes), positivity/convexity.
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TRUE or FALSE?

10 questions you always wanted to know about

the SMEFT and never dared to ask

[Contino et al. , 1604.06444] [Aguilar-Saavedra ,1802.07237] [Many discussions... ]
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\ 1s the scale of New Physics
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\ 1s the scale of New Physics

Consider the case of the Fermi theory of the muon decay:

1 f;_avgz “,[<e G_\/ngLprLIJ

From the measured value of the Fermi constant G g

@_<L>2L_L
V2 o\2v2) mi 202

So (4 p1) v 1s the upper bound on the scale of New Physics. If the theory 1s weakly interacting
the first massive state will have mass of the order g v << v. If the theory 1s strongly interacting,
g ~4 p1, (4 p1) v will coincide with the scale of NP.
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\ 1s the scale of New Physics

Consider the case of the Fermi theory of the muon decay:
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From the measured value of the Fermi constant G g
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So (4 p1) v 1s the upper bound on the scale of New Physics. If the theory 1s weakly interacting
the first massive state will have mass of the order g v <<v. If the theory 1s strongly interacting,
g ~4 p1, (4 p1) v will coincide with the scale of NP.
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Note: Reinstating dimensions
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T'he SMEFT 1s model independent
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T'he SMEFT 1s model independent

The aim of an EFT 1s to reproduce the IR behaviour of (a possibly)
wide set of UV theories. However, 1t always relies on (generic)

assumptions on the UV dynamics. The SMEFT@dim6, for
examples, assumes:

1. The upper bound on the scale of new physics 1s A.
2. The SU(2)xU(1) symmetry is linearly realised.

3. The expansion 1mn 1/A 1s well-behaved, 1.e. effects of

dimension-8 operators are parametrically suppressed with
respect to the dimension-6.
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assumptions on the UV dynamics. The SMEFT@dim6, for
examples, assumes:

1. The upper bound on the scale of new physics 1s A.
2. The SU(2)xU(1) symmetry is linearly realised.

3. The expansion 1mn 1/A 1s well-behaved, 1.e. effects of

dimension-8 operators are parametrically suppressed with
respect to the dimension-6.
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In the SMEFT, the operator normalisation is meaningful
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In the SMEFT, the operator normalisation 1s meaningful

Associating a ‘“natural" normalisation to (class of) operators
implies a UV bias, either some scaling rules and/or already an
interpretation 1 mind. This 1s certainly legitimate, yet not

necessary at the data analysis stage, 1f maximal {flexibility/
generality 1s desired.

At the SMEFT@dim6 one can work leaving the normalisation
arbitrary (1.e. fixing the stmplest convention) and just using data to
constrain the coeftficients. At the end only relations between
observables as implied by the model are physically meaningful.

And these do not depend on the normalisation. o
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The SMEFT is a non-renormalizable QFT and
therefore it has no predictive power
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The SMEFT is a non-renormalizable QFT and

therefore it has no predictive power

Order by order 1in the 1/A expansion, the SMEFT 1s
renormalisable, 1.e. higher-order contributions can be computed as
perturbative series 1 the gauge couplings. For example.,

amplitudes with one operator insertion (at order 1/A2) can be
renormalised using a finite number of counter-terms at all order 1n

PT.
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T'runcating the SMEFT at the dim=6 1s always correct
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Truncating the SMEFT at the dim=6 is always correct

The usefulness of the up to 1/A2 approximation will depend:
1. On the assumptions (explicit and implicit) on the UV model.

2. On the specific observables/interactions which might not be

sensitive to dim=6 effects. For example a ZZZ vertex appears
only at dim=8:

Opw = i H'B,,W* {D, D"} H,
o —e(q3 — m?) N o o ot Tirmse v
ieT Y (41, G, d3) = ———5— [ff(qsg“ﬁ +d5g") — f3 PP (qy —QQ)p] Oww = i H'Wyu WHA{Dp, D"} H,

Opp = 1H'B,,B"{D,, D"} H.
. ]\-[%112 (chCXClW - QCw.sw—Cflv + 45,2 01{34’3) ~J 74
& = 2CwSw /
fz - = 4 .
Caw Sw ?
[Degrande, 1308.6323] L Z
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—e(q3 —m o o o _ i H YW e v
(43— my) [ff(qgg“ﬁJrqgg“‘ ) — fa PP (q, _CIQ)p] Oww = i H'Wu, WH {D,, D"} H,

iel“%%”v(%a d2,43) =

T2
M7 Opp = iHTBWB“p {D,,D'} H.
. A[%’UQ (chCJVXVAIW + QCw.S‘ij\B;ch + 45,2 01{343) -J Z
i = 2CySw /
M30? (—cusw S + DB (e = su?) + dewsw S5 ) Zf\/\/_\/’\/\{
f-- o
CwSw ’
[Degrande, 1308.6323] L Z
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The question on the validity/perturbativity of an
EFT 1s moot
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The question on the validity/perturbativity of an
EFT 1s moot

A necessary condition for the EFT to be consistent is the E<XA. However, predictions depend on ci/A2 .

C. / A2, Ci(Eeut/A)? = cst Figure 1: Illustration of the limit set on an EF'T
i parameter as function of a cut on the character-
Ci(Eeut/4mA)” = cst istic energy scale of the process considered (see
| item 6). Qualitatively, one expects the limits
% linear limit to be progressively degraded as FE.,t 1s pushed
| quadratic limit towards lower and lower values. At high cut val-
ues, beyond the energy directly accessible in the
process considered, a plateau should be reached.
Efut The regions excluded when the dimension-six
EFT is truncated to linear and quadratic orders

are delimited by solid lines (see item 5c¢). The

hatched regions indicate where the dimension-

six EFT loses perturbativity (see item 7). In

practice, curves will not be symmetric with re-

spect to C; /A% = 0.

* Provide information on the energy scales probed by the process *
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Squared terms are not uniquely defined and should
not be employed in pheno analyses

At the amplitude level:

A=Asm+ )y SAT+D GAL+..

At 1/A2 level, the dim=6 term 1s uniquely defined. One can change the basis, perform field
redifinitions, use the EOM, yet the full blue sum remains the same, generating however,

corrections of order 1/A4, feeding into the red term . This means that
2 ~0 402
AP = s+ 3 oA
2 6 ~6 ~6 6 6
| Asm| 19 E > Re | A5 AT + E ;AT AL

]
1S parametrisation invariant. The last term 1s order 1/A%, yet uniquely defined.
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Squared terms are not uniquely defined and should
not be employed in pheno analyses

This amplitude will need max

?m/

A
W\\ dim=6 operators for renormalisation
GOV
This amplitude will generically need
dim=8 operators for renormalisation
ARV
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Squared terms are not uniquely defined and should
not be employed in pheno analyses

In many cases the squared term should be included and in any case can be included:

1) If the interference term is highly suppressed because of symmetries (such as absence of
FCNC at the tree-level 1n the SM) or selection rules (helicity selection for VV productions,

1.e. the GGG operator 1n gg— gg), the squared term 1s always the dominant contribution.

2) There are UV models, for which the squared terms are foreseen to be the dominant 1/A4
contributions:

4 2
C2%r > Ci%y >1>E

EFT condition satisfied but O(1/A4) large for large operator coetficients
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Squared terms are not uniquely defined and should
not be employed in pheno analyses

the fit with the squares: [Brivio et al. , 1910.03606]
é

\ {t ;
—10- q |
: ttW } ttboost :

IIII \ —4_
_2920 210 0 1020

-4 =2 0 2 4
Cr> (TeV/AN)? ,
Qq( eV/A) Cé?c? (TeV/A)?

In general without knowing the effect of the squares one 1s left in the dark about the meajpg
reliabilty of the fit.

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

|||||||||

10-

Co, (TeV/A)?

“Provide constraints using i) linear and ii) linear+squared terms”
PANIC - Lisbon - 2021 - On line
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If a light resonance 1s found, the EF'T" approach is of no use
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If a light resonance 1s found, the EF'T" approach is of no use

There are at least two cases where this will not be the case:

1. The new resonance 1s quite heavy with respect to the collider

energy and no other states are found = 1t could be the first of

particle of a new heavy sector. EFT can include 1t and search for
indirect effects of other states/phenomena.

2. The new resonance 1s light and very weakly interacting (like an
axion) so that 1t does not impact collider phenomenology.

>W”< > _____ < v =246GeV, f ~2x 102 GeV, v/fa ~ 10717, m; ~ 2peV. Need

g /2
2_1I ~ o~ 10720 — AQ ~ 102> GeV
ma fa

9 1 ¢ 2 [ L2/

_ + — —— |1
2Mg,  f5q% —m; V2

Ex. by Manohar
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A fit based on a single or a subset of parameters does
not bring any useful information
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A fit based on a single or a subset of parameters does
not bring any useful information

It 1s true that the SMEFT approach 1s global in nature. This 1s due to RGE, reparametrisation
invariance, and so on. However, individual constraints and constraints on subsets are
extremely useful. For example:

1. To understand which process 1s the most constraining one (comparing the impact of an
operator on different processes 1s normalisation independent) SENSITIVITY.

2. Using pairs or triplets to understand the correlations and the flat directions and how to break
them.

3.Technically, 1t might be complicated to include all operators in an analysis. However, having
previous knowledge about where the sensitivity of an operator comes from, bounds from
other processes/experiments, RGE information and, if desired, also UV model dependent
information, one can establish a hierarchy and make maximal use of experimental
information.

* Provide individual (also by process) and global constraints *
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NLO EFT 1s anecessary step
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NLO EFT 1s anecessary step

Understanding and quantifying the higher order effects in the SMEFT i1s needed because of
many reasons:

1. The structure of the theory manifests itself when quantum corrections are known, such as
for example mixing/running and relations between operators at different scales.

2.NLO brings more accurate central values (k-factors) and reduction of the uncertainties
(which can be gauged with the scale dependence, including EFT.

3.NLO QCD effects are important at the LHC, due to the nature of the collision. Not only rates
can be greatly affected but also distributions.

4.At NLO genuine new effects can come 1n, such as the appearance of other operators due to
loops or real radiation.

5.NLO can reduce the impact of flat directions.
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The way of SMEFT

Conclusions

TOP

* | HC precision physics programme has set clear and very challenging goals for the next years.

* A universal and very powerful approach to the interpretation of precision measurements is that of
the SMEFT.

« The SMEFT provides challenges that force all of us go out of our confort zone, beyond our current
TH/EXP workflows and value system.

* First explorations of the constraining power of present data in a global EW(PO)+Higgs+Top fit
have appeared.

A wonderful realm of opportunities and large room for improvement = many ways to contribute
and learn about SM(EFT) physics.
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Some extra material
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_| I m here to !
distruct you!

The square story

of = a scattering amplitude (on shell external states). It’s a complex number, gauge invariant and physical.

6 6 6) .(6 6x6 3 3
ézzsﬂ4lﬂp7’——-éZZSDAf+' ::E:, (:) (:)'+'____ ::E: (:) (:)627('x )'+';:E:'C¢é)527;,) 4%...

The expansion is well defined (gauge invariant and reparametrization invariant) up to any given order.

1
Field transformation/basis change (keeping all terms up to 1/A%=> o syerr = Ly " Z c]fngf](.@
J

Now A spierr = A opmppr Order by order in 1/A* = Z ci@il@ = Z c]fﬂ’](6)

J

2
| syprr!” = | L sml” +—R€[ZC=Q7(6)527* ]+—\chzi(6>\ +oaRe l[-..]leng]
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Global fits: now vs Future
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

Theory trends

= = = I{ 2 iy

Higgs without the Higgs t <——> |H|’QHtg
Legs Order Diagram | Channels | Xsec|fb] | QCD bgnd | L/T
HuoH ?T’OS\“LXM ~ const T EwEWT T o7 _ 003
QCD S5 tW*27 0.4 0.03
thW =W =+ 3.5 0.10

t
K+ HI2O0H * 1—4 BW bo| tWEWT 3.5 0.20
| | Q tRr SOy o tbW*Z7 3.8 0.11
S thZ 7 0.02 0 0.09
) ttZWW 0.083 0.03
QCD tZ27 0.008 0.04
y b tbWW W 19 0.04
KX | H |6 / thW 272 3.8 0.07
- .: ttZ 0.1 0.29
\ 2 % tHW = 0.3 0.32
/ \ EW thZ 0.2 0.31
tbW=(SS) 0.9 2 0.29
g 2—3 HW*(0S) 19 0.45
5 i i iy tbW =W+ 75 467 0.15
kg | |H|"G},G"" -— - LW EW 75 458 0.13
9 Z ,}*1,4 tbW=2 26 215 0.15
g thZZ 4 0 0.07
/ 7T I/F1 ,':t N / \ ¢
W, Z,~ EW + QCD tW 1; 1 0.7 ‘ 0.03
. 5 o wily DS tW*22 0.4 | 0.03
v |H|"B,,, B _ - o . | WEWT 9 7.15 0.09
Kz~ | |H|*W2 WerY }6 tWEW 8 6.44 0.10
AW W, Z,~ YW tW*Z 9 75.4 0.07
tZ2Z7 5 2.64 0.07
W, Z Y h
kv | |H[*0,H'O"H - - A |
T Disentagle SMEFT from HEFT!

[Henning et al. 1812.09299]
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The impact of multiple measurements
Example In the top sector

—_— T~
> >
=) =
O
% w0 01020 N |
Cg, (TeV/A)? Cg. (TeV/A)?
L8 _ (O~ TAQ)(G:~*T" 8 _ (A (7. A
Ogq = (@uT*Q)(@'T"q;) Oy = (GY" T qi) (tyuTt)
38 _ (O~ TAH O (G:~PTAT! L8 _ (Am TAN\( 7.t A
05, = QT T Q)@V'T 7 ¢:) Ogq = (@uT7Q) (@1 qi) [Brivio et al.. 1910.03606]
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https://arxiv.org/abs/1910.03606

Impact of quadratic terms In top production
Example In the top sector

00—t Tt
4 1 s
104

Coa (TeV/A)?

—1()5
26 S0 0 1020 i/ M T T
Cg, (TeV/A)? Cy (TeV/A)?
Oéjj = (Q%TAQ)((?H“TA%)
0, = QT Q) (@ Tr" ¢:)
[Brivio et al., 1910.03606]
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Impact of quadratic terms in top production
Example In the top sector
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[Brivio et al., 1910.03606]
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