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Particle physics in the LHC era: a unique time
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We are only here
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So much of the LHC physics potential is ahead of us:

↪→ c.o.m. energy will increase from 13 TeV to 14 TeV.

↪→ 2-fold increase in statistics by the end of Run 3.

↪→ 20-fold increase in statistics by the end of the HL-LHC!



The LHC era: Exploring the TeV scale

• LHC Run 1: the Higgs discovery has been a game changer.

• LHC Run 2: a wealth of new measurements.

. Improved precision measurements of SM processes, total and differential rates.

. Entering the era of precision Higgs physics.

. More stringent bounds on new physics scenarios.

• The LHC Run 3 and the HL-LHC are a reality.

• Updated scenarios for future colliders are being proposed based on LHC

results, HL-LHC projections, and theory recommendations.

• Intriguing results coming from rare processes, flavour physics,

cosmology, ... can give important indications.

With no evidence of new physics or a preferred way beyond the Standard

Model progress crucially relies on our ability to discern, describe,

and interpret the complexity of LHC events.



Higgs physics has been at the core of the LHC physics program

and will continue to be so for Run 3 and the HL-LHC upgrade, as well as

for all future colliders currently under discussion.

↪→ Measuring anomalies in SM Higgs properties (couplings, CP, . . .).

↪→ Searching for new signatures (anomalous interactions, exotic decays, new

particles, . . .).

↪→ See ATLAS and CMS talks

The role of theory is very challenging

↪→ Posing the right questions!

↪→ Setting the SM framework unambiguously.

↪→ Recognizing and interpreting new phenomena

↪→ Model-specific approach: more stringent, yet arbitrary.

↪→ Effective Field Theory approach: less arbitrary, more systematic,

but less prone to a simple, direct interpretation.

Several contributions presented at this meeting

↪→
See talks by Craig, Gori, Mantani, Michel, Pages,

Pellen, Plehn, Ramos, Ravasio, Tong, ...



Key Question: What is the origin of the EW scale?

The Higgs discovery has posed us some fundamental questions

and given us a unique handle on BSM physics.

• Why the MH �Mpl hierarchy problem? What are the implications for

Naturalness? (→ Naturalness strategy)

• Can we uncover the nature of UV physics from precision Higgs measurements?

(→ Elementary vs composite? Yukawa force? One/more Higgses?)

• Can Higgs physics gives us insight into flavor physics and vice versa?

• Can we measure the shape of the Higgs potential?

• Can Higgs physics point us to new physics that could also explain the nature

of dark matter and the origin of baryogenesis?

↪→ See Craig’s, Pages’s, and Plehn’s talks

Pursuing these theory-motivated benchmarks will shape our

investigation and understanding of BSM physics.



Setting the SM framework

LHC Run 1+Run 2: MH promoted to EW precision observable
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Crucial to realize the EW precision

program of the HL-LHC.
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Still a crucial constraint for all BSM

models

↪→ See Tong’s talks

Effects of New Physics can now be more clearly disentangled in both EW

observables and Higgs-boson couplings ←→ probing EWSB



LHC Run 1+Run 2: first measurement of SM Higgs couplings
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↪→ Higgs couplings to gauge bosons measured to 5-10% level.

↪→ Higgs couplings to 3rd-generation fermions measured at 10-20%

↪→ First measurement of Higgs couplings to 2nd-generation fermions: κµ!

↪→ Projections for HL-LHC look impressive!

↪→ Next challenge: probe new structures! (EFT interactions, CP/, ...)

↪→ Ultimate challenge: measuring the Higgs self-coupling(s).



Exploring CP-violation in Higgs couplings

↪→ See Gori’s talk

EDMs, naive bounds on Higgs CPV couplings
(EFT approach)

S.Gori 5

For the first time computed in 

Altmannshofer et al, 1503.04830

 


If the Higgs has CP violating couplings:

for example from 

dim. 6 operators:

electron EDM bound

Gauge-dependent contributions to the EDM.

To achieve a gauge invariant result, 

one needs to add diagrams like:
UV-divergent.  
Problem of EFT approach
Altmannshofer, SG, Hamer, Patel, 2009.01258



A concrete Example: a complex 2HDM

In the decoupling limit:
Cancellations

EDMs, 2HDM results

S.Gori 10

These two points correspond to CPV couplings of

Example benchmark: Altmannshofer, SG, Hamer, Patel, 2009.01258

in a “typical” point, the CPV coupling of the Higgs 

- with top quarks is O(10-4)

- with electrons is O(few 10-3)



The ultimate challenge: measuring the Higgs potential

From double/single Higgs production

(cannot rely on large mt approx.)

(Borowka et al., 1604.06447; Grazzini et al., 1803.02463)

2

Standard Model Higgs Lagrangian:

EW symmetry breaking

TH: coupling known in SM 
EXP: need to find and measure 
processes involving Higgs self couplings
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Figure 1. Example of a 2-loop diagram with an insertion of the effective operator O6 that
contributes to the gg ! h amplitude at O(�).

to take the infinite quark-mass limit. In such a case, one arrives at the classic Shifman-
Vainshtein-Zakharov result c

(0)
g = 1/12 ' 0.083 derived first in [41].

The O(�) correction to the coefficient cg arises from both 2-loop Feynman diagrams
and 1-loop counterterm graphs involving a Higgs wave function renormalisation. To find the
former type of contribution, we apply EFT techniques (see for instance [42] for a non-trivial
application to Higgs production) and employ a hard-mass expansion procedure ⌧t !1 to
the full 2-loop diagrams involving a top-quark loop and a h3 vertex that arises from the
insertion of O6. A prototype graph of such a contribution is shown in Figure 1. After
setting mh = 0 and Taylor expanding in the external momenta, this technique reduces the
calculation to the evaluation of 2-loop vacuum bubbles with a single mass scale, which can
all be expressed in terms of Gamma functions (cf. [38]).

The correction proportional to the O(�) contribution to the Higgs wave function renor-
malisation constant

Zh = 1 +
�

(4⇡)2
Z

(1)
h , (4.4)

is instead found from the 1-loop Higgs-boson selfenergy with one and two insertions of O6.
By a straightforward calculation, we obtain the analytic result

Z
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⇣
9� 2

p
3⇡

⌘
c̄6 (c̄6 + 2) . (4.5)

Combining both contributions, we arrive at
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◆
c̄6 +

Z
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h

2
c(0)
g , (4.6)

with c
(0)
g given in (4.2). As a powerful cross-check of our calculation, we have extracted

the O(�) correction to the coefficient cg arising from 2-loop diagrams by matching in ad-
dition the gg ! 2h and gg ! 3h Green’s functions, obtaining in all three cases the exact
same result. Details on the renormalisation of the bare 2-loop gg ! h amplitude can be
found in Appendix C. Given the good convergence of the infinite quark-mass expansion
in the case of c

(0)
g , we believe that our analytic expression (4.6) should approximate the

full O(�) correction to the on-shell 2-loop form factor quite well. To make this statement
more precise would require an explicit calculation of the relevant gg ! h amplitudes that
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Figure 2: Higgs boson pair invariant mass distribution at NNLO for the di↵erent approximations,
together with the NLO prediction, at 14TeV (left) and 100 TeV (right). The lower panels show the
ratio with respect to the NLO prediction, and the filled areas indicate the NLO and NNLOFTapprox

scale uncertainties.

harder and the softer Higgs boson (pT,h1 and pT,h2, Figs. 6 and 7), and the azimuthal separation
between the two Higgs bosons (��hh, Fig. 8). For the sake of clarity, we only show the scale
uncertainty bands corresponding to the NLO and NNLOFTapprox predictions.

We start our discussion from the invariant-mass distribution of the Higgs boson pair, re-
ported in Fig. 2. We observe that the NNLOB-proj and NNLONLO-i approximations predict a
similar shape, with very small corrections at threshold, an approximately constant K-factor for
larger invariant masses, and only a small di↵erence in the normalization between them, which
increases in the 100 TeV case. The NNLOFTapprox, on the other hand, presents a di↵erent shape,
in particular with larger corrections for lower invariant masses, a minimum in the size of the
corrections close to the region where the maximum of the distribution is located, and a slow
increase towards the tail. The di↵erent behavior of the NNLOFTapprox in the region close to
threshold is more evident at 100 TeV, where the increase is about 30% in the first bin. Naively
we could expect that if this region is dominated by soft parton(s) recoiling against the Higgs
bosons, the Born projection and FTapprox should provide similar results. We have investigated
the origin of this di↵erence, and we find that in the region Mhh ⇠ 2Mh the cross section is actu-
ally dominated by events with relatively hard radiation recoiling against the Higgs boson pair
(for example, at

p
s = 100 TeV, the average transverse momentum of the Higgs boson pair in

the first Mhh bin is pT,hh ⇠ 100 GeV at NLO). In this region the exact loop amplitudes behave
rather di↵erently as compared to the amplitudes evaluated in the HEFT: As the production
threshold is approached, they go to zero faster than in the mass-dependent case, thus explain-
ing the di↵erences we find. Within the NNLOFTapprox, the corrections to the Mhh spectrum
range between 10% and 20% at 14 TeV. The scale uncertainty is substantially reduced in the

10

From indirect effects (Degrassi et al., 1702.01737; Kribs et al., 1702.07678)
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HIGGS SELF COUPLING IN THE FUTURE
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Collider Accuracy 
on kl

Running 
Years

HL-LHC 50% 12

HE-LHC 10-20% 20

ILC(500) 27% 21

CLIC(1500) 36% 15

CLIC(3000) +11%,
-7%

23

FCC(hh) 5% 13

Difficult measurement 
at all colliders!

pp

pp

e+e-

Higgs self-coupling(s) ↔ EWSB

↪→ Double vs single H production?

↪→ Indirect measurement?

↪→ Can we measure both λ3 and λ4?

Odds can change by exploring all ideas!



Theory

Tilman Plehn

Why?

SMEFT

Matching

Information

Self-coupling

CP-violation

Higgs self-coupling

Higgs self-coupling and baryogenesis

– Sakharov conditions
baryon number violation
C and CP violation
departure from thermal equilibrium ! 1st-order e-w phase transition

– D6-Higgs potential [Grojean, Servant, Wells]

general potential [Reichert, Eichhorn, Gies, Pawlowski, TP, Scherer]
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↪→ See Plehn’s talk



A unique physics program in front of us!

From Run 2 data: not only total but also differential cross sections.
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We can explore new physics in different regimes.

Is theory ready to take the challenge?



Theoretical systematics: warning of a possible limiting factor
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PROJECTIONS FOR HIGGS COUPLINGS
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ILC250 ILC500
kg 1.1 1.0
kW 1.8 0.4
kZ .38 0.3
kg 2.2 0.97
kb 1.8 0.60
kt 1.9 0.80

Uncertainties in % with 2 ab-1
CLIC350 GeV, 

1 ab-1
3 TeV, 
5 ab-1

kg - 2.3
kW 0.8 0.1
kZ 0.4 0.2
kg 2.1 0.9
kb 1.3 0.2
kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors 
at HL-LHC Energy critical at e+e- machines; negligible theory error

HL-LHC (S2: Theory syst. half of LHC)

Error dominated by Theory systematics

κ =
gHX

gSMHX
= 1 + ∆κ −→ ∆κ ≈ O

(
v

Λ

)

↪→ Higher precision probes higher Λ

Breakdown of residual uncertainties:

µATLAS = 1.06± 0.07 = 1.06± 0.04(stat.)± 0.03(exp.)+0.05
−0.04(sig.th.)± 0.02(bkg.th.)

µCMS = 1.02+0.07
−0.06 = 1.02± 0.04(stat.)± 0.04(exp.)±0.04(th.)

↪→ See talks by Bonanomi and Zhou



With no evidence of new physics or a preferred way beyond the Standard

Model, but compelling arguments to explore the TeV scale,

progress crucially relies on our ability to discern, describe, and

interpret the complexity of LHC events.



What does complexity mean for theory?

Embracing complexity in modelling and interpreting LHC events.

• Push precision for standard candles and improve description of key processes.

• Higher-order perturbative QCD and EW corrections.

• N2LO QCD for all processes (total rates and distributions) and N3LO QCD for

keystone processes (gg → H, pp→ γ∗/Z/W±,...).

• NLO EW+QCD corrections for all processes.

• Improved PDF (>NLO QCD, QED)

• Resummation of specific kinematic- or cut-induced large (logarithmic)

corrections needs to be included.

• Effects previously neglected need to be reconsidered (mass effects, . . . ).

• NNLO+PS matching to parton-shower Monte Carlo event generators

• Extended precision to high-multiplicity processes.

• Include accurate modelling of final-state decays.

• Study off-shell effects.

• Non-pertubative effects.

• Use cutting-edge techniques to extract more information from otherwise
difficult data.

• Precursor: jet substructure.

• New approach to QCD dynamics via ML/DL techniques.

• ML/AI algorithms to select difficult signals.



• Parametrize new physics in terms of more general effective interactions.

• Parametrize BSM via EFT extension of SM Lagrangian.

Leff
SM = LSM +

∑

d>4

1

Λd−4
Ld = LSM +

1

Λ
L5 +

1

Λ2
L6 + · · ·

• Constrain parameter space via SM fits and direct search results.

• Connect to flavour physics within usual EFT language (SMEFT → WET).

• Account for NP effects at all levels (signal, background, PDF fits, ...)

• Interpret patterns by connecting to specific benchmark models.
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Extend precision to high multiplicity processes and fiducial

signatures.



Double Higgs production via VBF at the LHC

↪→ See Pellen’s talk

VBF HH at NNLO QCD + NLO EW

! Higgs self-coupling + extra handle with tagging jets

H1

H2

V ⇤1

V ⇤2

p2

p1
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H2

V ⇤1

V ⇤2

p2

p1

H1

H2

V ⇤1

V ⇤2

p2

p1

In [Dreyer, Karlberg, Lang, MP; 2005.13341]:

Full NLO QCD + EW (new) from MoCaNLO+Recola [Actis et al.; 1605.01090]

NNLO QCD corrections [Dreyer, Karlberg; 1811.07918] from proVBFHH

Non-factorisable corrections at NNLO [Dreyer, Karlberg, Tancredi; 2005.11334]

Already available:

NLO QCD in VBF approximation [Figy; 0806.2200], [Baglio et al.; 1212.5581]

NLO QCD + PS [Frederix et al.; 1401.7340]

N3LO QCD (inclusive) [Dreyer, Karlberg; 1811.07906]

Mathieu PELLEN Precise predictions for double-Higgs production via vector-boson fusion 4 / 11

pp→ HHjj

manly VBF but also V HH → HHjj

• VBF and V HH → HHjj at NLO QCD+EW

• VBF-only approximation at NNLO QCD+NLO QED
Di↵erential distributions (1)
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E↵ect of VBF approximation up to 20%

EW Sudakov logarithms in tails of distributions: �25%
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(Dreyer et al., 2005.13341)

• Effect of VBF approximation up

to 20%.

• EW Sudakov logarithms in tails

of distributions: -25%.

• EW corrections comparable to

QCD ones.



NLO+PS generator for gg → H → V V including non-resonant and

off-shell effects

↪→ See Ravasio’s talk

gg4l @ NLOPS in POWHEG + PYTHIA: mZZ & mTWW

6

Invariant (transverse) mass of the VV system left unchanged by the parton shower. The relative 
size of the signal and of its interference with the QCD background increases in the tail. 

Z ￼ Z W
W

Anatomy of gg→H→VV 

2

● Gluon fusion is the dominant mechanism for Higgs 

production at the LHC
● H→VV sensitive to the Higgs - gauge bosons 

coupling
● Roughly 10% of gg→H→VV comes from 

mVV > mV 

● Offshell Higgs cross section important to determine 

ΓH  detector resolutions�
● QCD bakground gg→VV is dominant and cannot 

be distinguished from the signal
● The full contribution is given by the sum of 

background, signal as well as their interference

 
 

Sizeable and negative 

interference for large mVV
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• Contribute at NNLO QCD to pp→ V V → 4l

• QCD background is dominant and cannot be distinguished from the signal.

• Sensitive to H → V V

• Offshell Higgs cross section important to determine ΓH � detector resolution.

• Implemented in POWHEG BOX RES, with V leptonic decays.



Fiducial predictions for gg → H → γγ at 3 loops

↪→ See Michel’s talk

• Inclusive cross section known at N3LO (Anastasiou et al.)

• But LHC experiments apply kinematic selection cuts on Higgs decay products.

• Need complete interplay of QCD corrections and O(1) fiducial acceptance.Results: The �ducial qT spectrum at N3LL0�N3LO

NEW

0 10 20 30 40 50 60 70 80 100 150 200
-25
-20
-15
-10
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• Total uncertainty is �tot = �qT � �' � �match � �FO � �nons

[See also Ebert, JM, Stewart, Tackmann, ����.����� for details]

• Observe excellent perturbative convergence & uncertainty coverage
• Crucial to consider every variation to probe all parts of the prediction

• Divide H ! �� branching ratio B�� out of data [LHC Higgs Cross Section WG, ����.�����]

• Data are corrected for other production channels, photon isolation e�ciency
[ATLAS, ����.�����]

��/��

Results: The total �ducial cross section at N3LO and N3LL0�N3LO

NEW

NEW

• Large N3LO correction to �ducial cross section (worse than inclusive)
• Caused by �ducial power corrections, not captured by rescaling inclusive N3LO result
• Recently, proposals for elaborate cuts to eliminate �ducial power corrections

[Salam, Slade, ����.�����]

• Resummation restores convergence, gives detailed handle on uncertainty
I Today’s message: Theory can deal with it!

��/��

• Consider gg → H → γγ with ATLAS fiducial cuts (on pγT and etaγ).

• Computed fiducial spectrum for qT ≡ pHT = pγγT at N3LL′+N3LO.

• Computed total fiducial cross section at N3LO, improved by resummation.



Use cutting-edge techniques to extract more information from

otherwise difficult data.



bb̄H: direct measurement of yb obfuscated by several SM

backgrounds

NLO QCD+EW corrections pollute the sensitivity to yb and makes a cut base

analysis hopeless: RIP Hbb̄ [Pagani, Shao, Zaro, arXiv:2005.10277]

ratios �(y2
b )

�(y2
b )+�(2

Z)
⌘ �NLOQCD+EW

�NLOall

�(y2
b )

�(y2
b )+�(y2

t )+�(ybyt)

�(y2
b )

�(y2
b )+�(y2

t )+�(ybyt)+�(2
Z)

(yb vs. Z) (yb vs. yt) (yb vs. Z and yt)

NO CUT 0.69 0.32 0.28

Njb
� 1 0.37 (0.48) 0.19 0.14

Njb
= 1 0.46 (0.60) 0.20 0.16

Njb
� 2 0.11 0.11 0.06

Table 4: Fraction of the cross section scaling as y2
b for different phase-space cuts. The first

column is based on the results from our calculation in Tab. 2. The second column is based
on results from Ref. [55]. The third column is based on the numbers in the first and second
column. Details are explained in the text.

to specific Higgs couplings:

LOQCD =) O(y2
b ) , (16)

NLOMS
1 |yt=0 =) O(y2

b ) , (17)

NLOMS
2 =) O(y2

b ) , (18)
LO3 =) O(2

Z) , (19)
NLO3 =) O(2

Z) , (20)
NLO4 =) O(2

Z) , (21)

where adopting the -framework notation [101] we denote the HZZ interaction as Z . Relations
(16)–(21) also imply

NLOQCD =) O(y2
b ) , (22)

NLOQCD+EW =) O(y2
b ) , (23)

NLOall � NLOQCD+EW =) O(2
Z) . (24)

Clearly, as also pointed out in Sec. 2.2, the NLOMS
2 and NLO4 terms involve contributions

that depend on additional couplings and that can even not depend at all on yb and Z , respec-
tively. However, one can understand from the discussion of Sec. 3.2.1 that the numerical impact
of NLOMS

2 and NLO4 terms, and therefore of such contributions, is negligible w.r.t. the other
perturbative orders involved in the calculation. Moreover, as it will become more clear in the
following, taking into account a more realistic and more complex coupling structure in a given
perturbative order would make our argument even stronger. In other words, relations (16)–(24)
are devised for simplifying the discussion, but our conclusions do not depend on them.

For the same Njb
categories of Tabs. 2 and 3, in the first column of Tab. 4 we report the ratio

of the NLOQCD+EW and NLOall predictions, here denoted as �NLOQCD+EW
and �NLOall

. Both of
them are our best predictions for respectively the O(y2

b ) cross section, denoted in the following
also as �(y2

b ), and the sum of it with the O(2
Z) cross section, denoted in the following also

as �(2
Z). Via the ratio �NLOQCD+EW

/�NLOall
we can determine the fraction of the measured

cross section that actually depends on yb. Once again, we remind the reader that the case
“NO CUT” is purely academic, since the signal from inclusive ggF Higgs production exceeds
the one of Hbb̄ production by a factor of 100. Thus, one needs to tag at least one b-jet and
we already know that also after that the ggF+bb̄ contribution is large, so we should at least
suppress the ZH and VBF topologies, which yield �(2

Z). The category Njb
� 2 has very small

rates (see Tab. 2) and the lowest �NLOQCD+EW
/�NLOall

ratio, due to the large contribution of the
ZH topology, therefore it is not expected to be the best option in order to gain sensitivity on

16

A kinematic-shape based analysis based on game theory (Shapley values) and

BDT opened new possibilities: Resurrecting bb̄h with kinematic shapes

[Grojean, Paul, Qian, arXiv:2011.13945]

New techniques will open the

possibility of turning

problematic processes into

powerful tests of the quantum

structure of the SM.
0.0 0.2 0.4 0.6 0.8 1.0

p(y2
b )

100

101

102

N

y2
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Parametrize new physics in terms of more general effective

interactions.



Parametrizing New Physics beyond specific BSM models

Extension of the SM Lagrangian by d > 4 effective field theory (EFT) operators:

LEFT
SM = LSM +

∑
d>4

1

Λd−4
Ld = LSM +

1

Λ
L5 +

1

Λ2
L6 + · · ·

where

Ld =
∑
i

C
(d)
i O

(d)
i ,

[
O(d)
i

]
= d ,

under the assumption that new physics lives at a scale Λ >
√
s.

Expansion in (v, E)/Λ: affects all SM

observables at both low and high-energy.

• SM masses, couplings → rescaling

• shape of distributions → more visible

in high-energy tails

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

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

Searching for new interactions with an EFT 
A simple approach

L(6)
SM = L(4)

SM +
X

i

ci

⇤2
Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , 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).  


s < Λ
1/Λ

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

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

Two main strategies for searching new physics 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision
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Higgs tt̄ Diboson EWPO tt̄V top EW
Higgs tt̄ Diboson EWPO tt̄V top EW

Systematic, yet complex approach.

⇓
Studying correlations among operators

can point to specific BSM patterns.

← [Ellis, Madigan, Mimasu, Sanz, You, arXix:2012.02779]



Global SMEFT fits: Gauge+Higgs+Top

↪→ See Mantani’s talk
cQ

Q
1

cQ
Q

8
cQ

t1
cQ

t8
ct

t1
c8

1q
q

c1
1q

q
c8

3q
q

c1
3q

q
c8

qt
c1

qt
c8

ut
c1

ut
c8

qu
c1

qu
c8

dt
c1

dt
c8

qd
c1

qd ct
p

ct
G

cb
p

cc
p

ct
ap ct
W ct
Z

cp
l1

c3
pl

1
cp

l2
c3

pl
2

cp
l3

c3
pl

3
cp

e
cp

m
u

cp
ta

c3
pq

c3
pQ

3
cp

qM
i

cp
Q

M
cp

ui
cp

di cp
t

cp
G

cp
B

cp
W

cp
W

B
cp

d
cp

D
cW

W
W

10−3

10−2

10−1

100

101

102

103

M
ag

n
it

u
d

e
of

95
%

C
on

fi
d

en
ce

L
ev

el
B

o
u

n
d

s
(1
/
T

eV
2
)

Higgs− only, Quadratic NLO EFT

Top + Higgs + VV, Quadratic NLO EFT

Theory

(N)NLO QCD+NLO EW SM XS

Linear vs Quadratic SMEFT

cQ
Q

1
cQ

Q
8

cQ
t1

cQ
t8

ct
t1

c8
1q

q
c1

1q
q

c8
3q

q
c1

3q
q

c8
qt

c1
qt

c8
ut

c1
ut

c8
qu

c1
qu

c8
dt

c1
dt

c8
qd

c1
qd ct

p
ct

G
cb

p
cc

p
ct

ap ct
W ct
Z

cp
l1

c3
pl

1
cp

l2
c3

pl
2

cp
l3

c3
pl

3
cp

e
cp

m
u

cp
ta

c3
pq

c3
pQ

3
cp

qM
i

cp
Q

M
cp

ui
cp

di cp
t

cp
G

cp
B

cp
W

cp
W

B
cp

d
cp

D
cW

W
W

10−3

10−2

10−1

100

101

102

103

M
a
g
n

it
u

d
e

o
f

95
%

C
on

fi
d

en
ce

L
ev

el
B

o
u

n
d

s
(1
/
T

eV
2
)

Top− only, Quadratic NLO EFT

Top + Higgs + VV, Quadratic NLO EFT

Data

Higgs data (incl, diff. STXS)

Top quark data

Diboson data (LEP+LHC)



Constrain new physics via flavour observables

LEFT
SM

Λ�ΛEW−→ LEFT
Weak =

10∑
i=1

CWEFT
i OWEFT

i

where

OWEFT
i → 4-fermion operators of quarks(except t) and leptons

CWEFT
i → depend on CSMEFT

i

b

`

C̃+
lq

s

`

b

ν

C̃−lq

s

ν

b

`, ν

C̃+
ϕq

b(s)

`, ν

Strong constraints from B-meson semileptonic decays and intriguing relation with

flavor anomalies.

C̃uBC̃uG C̃uW

C̃ϕu C̃
(1)
ϕq C̃

(3)
ϕq

C̃qe C̃
(1)
lq C̃

(3)
lq

C̃lu C̃eu e+e− → tt̄

Zbb̄

Top at LHC

B data
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total width of smallest 90% interval
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lq

Cqe

C u

C(3)
q

C(1)
q

CuW

CuG

CuB
Combined current
Combined current 
+ near

near → including

HL-LHC and Belle II

[Bißman, Grunwald, Hiller, Kröninger, arXiv:2012.10456]



Bounding the scale of new physics: EFT

Global fit to EFT operators Combining EW+Higgs PO
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Improvement wrt. HL-LHC

Leff = LSM +
∑
d>4

1

Λd−4 Ld
with

Ld =
∑
i C

(d)
i O

(d)
i ,

[
O(d)
i

]
= d

← Leff = LSM +
∑
i

C
(6)
i
Λ2 O

(6)
i

[J. de Blas et al., arXiv:1905.03764]

Important goals:

↪→ Study effects of neglected higher orders in EFT: reduce interpretation errors.

↪→ Study effects of adding SM corrections (QCD+EW NLO) → mixing through evolution.

↪→ Consider global fit, not just single operators.

↪→ Extend set of fitted observables (distributions, STXS, etc.).

↪→ Study inclusion of theory errors and their correlations in global fits.



Global SMEFT fits: validity of linear approximation

↪→ See Mantani’s talk
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O = OSM +
C2
i

Λ2
OINTi +

CiCj
Λ4
OSQij

Only testing the sensitivity of the fit. Moving forward:

↪→ Isolate sectors that could be more/less sensitive (no linear contributions)

↪→ Test results in renormalized EFT → See Ramos’s talk

↪→ If indication of strong dynamics, compare to benchmark models.



Bounding the scale of new physics: specific models

Example of a composite Higgs model:

2-σ exclusion
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[J. de Blas et al., arXiv:1905.03764]

g∗, m∗ → coupling and mass scale of the new resonances

g∗,m∗ ↔ {Oφ, O6, OT , OW , OB , O2W , . . .}

Where the bottom-up meets the top-down!



Outlook

• The Higgs physics program ahead of us is extremely intriguing and promises

to start answering some of the remaining fundamental questions in particle

physics.

• Groundbreaking new ideas and more powerful techniques allow us to take

much higher challenges: embrace the complexity of LHC events!

• Indirect evidence of new physics from Higgs, top, and EW precision

measurements could come from the synergy between

→ pushing theoretical predictions to a new level of accuracy,

→ a systematic approach to the study of new effective interactions,

→ the intuition and experience of many years of Beyond SM searches!

• Increasing the precision on SM observables could allow to test

higher scales of new physics: a factor of 10 in precision could give access

to scales well above 10 TeV.

• Direct evidence of new physics will boost this process, as the discovery of

a Higgs-boson has prompted and guided us in this new era of LHC physics.



Thank you!!

to the organizers and all the participants


