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Multa novit vulpes, verum echinus unum magnum 
[Archilocus, Erasmo, Berlin]
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the foxes draw on a variety of 
experiences and for them the world 

cannot be boiled down to a single idea

Multa novit vulpes, verum echinus unum magnum 
[Archilocus, Erasmo, Berlin]



PREFIT School 2020             Fabio Maltoni!2

the hedgehogs view the world through 
the lens of a single defining idea

the foxes draw on a variety of 
experiences and for them the world 

cannot be boiled down to a single idea

Multa novit vulpes, verum echinus unum magnum 
[Archilocus, Erasmo, Berlin]
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Model-dependent Model-independent

Standard signaturesExotic signatures

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

specific models, simplified models anomalous couplings, EFT…

Searching for new physics

!3

precision measurements rare processes

Search for new states Search for new 
interactions
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Search for new states Search for new 
interactions

Search for New Physics at the LHC
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Two main strategies for searching new physics
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Example: ttbar 

!5

Very interesting and rich history of searches for resonances in ttbar and many 
proposals and results since the first days of the LHC. Higher masses can be 
reached by boosted top tagging techniques.  

Limits on models that feature a clear BW peak (Z’, coloron) with a fixed width 
are continuously improved by the increase in energy and luminosity:
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Resonances in ttbar
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[CMS 2013] [CMS 2015]

Very interesting and rich history of searches for resonances in ttbar and many 
proposals and results since the first days of the LHC. Higher masses can be 
reached by boosted top tagging techniques.  

Limits on models that feature a clear BW peak (Z’, coloron) with a fixed width 
are continuously improved by the increase in energy and luminosity:

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-13-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-002/
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Resonances in ttbar
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Imagine a new scalar exists which couples mostly to top quark, similar to the SM Higgs,  
but it is heavier than 2mt. It would be produced as the SM Higgs via gluon fusion and 
then mostly decay to top quarks:

giving rise to a peak in the invariant mass distribution of m(tt). However, this process 
interferes with the QCD background:
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Resonances in ttbar
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Taking our previous calculation of the SM amplitude and adding the scalar production:

BW resonance

SM

Interference
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Resonances in ttbar
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Scalar Pseudoscalar
(exercise)

Peaks but also peak-dip and dip only  structures. "Easy" to discover independently of the 
precise knowledge of the SM. However, needs accurate theory to characterise it.
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Resonances in ttbar
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2. Analysis technology to look for BW 
peaks in place. Now it is time to 
consider more complicated situations, 
like peak-dip or even dips. 
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Three operators of dim=6 that enter tt

EFT in ttbar
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EFT in ttbar
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These new interactions lead to deformations of the SM distributions.  

Need to know the SM distributions extremely well as well as the EFT ones! 
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Search for new states Search for new 
interactions

Search for New Physics at the LHC
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Two main strategies for searching new physics

SM

cWWW
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“Peak” or more complicated structures 
searches. Need for descriptive MC for 
discovery = Discovery is data driven. 
Later need precision for characterisation.

Deviations are expected to be small. 
Intrinsically a precision measurement. 
Needs for predictive MC and accurate 
predictions for SM and EFT.
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Plan for today’s lecture

!15

• Review of the Standard Model  

• SMEFT essentials
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Plan for today’s lecture
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• Review of the Standard Model  

• SMEFT essentials
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Standard Model 
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The SM in a nutshell

!17

• SU(3)c x SU(2)L x U(1)Y gauge symmetries.
• Matter is organised in chiral multiplets  of the 

fundamental  representation  of  the  gauge 
groups.

• The SU(2) x U(1)  symmetry is spontaneously 
broken to EM. 

• Yukawa interactions are present that lead to  
fermion masses and CP violation.

• Neutrino  masses  can  be  accommodated  in 
two distinct ways. 

• Anomaly free.
• Renormalisable  =  valid  to  “arbitrary”  high 

scales. 
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Masses

!18

Gauge invariance and renormalizability completely determine the kinetic terms for the gauge

bosons

LYM = −
1

4
BµνB

µν −
1

4
W a

µνW
µν
a

Bµν = ∂µBν − ∂νBµ

W a
µν = ∂µW

a
ν − ∂νW

a
µ + g ϵabc Wb,µ Wc,ν

The gauge symmetry does NOT allow any mass terms for W± and Z.

Mass terms for gauge bosons

Lmass =
1

2
m2

A Aµ A
µ

are not invariant under a gauge transformation

Aµ → U(x)

(

Aµ +
i

g
∂µ

)

U−1(x)

However, the gauge bosons of weak interactions are massive (short range of weak interactions).
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Masses

!19

with and   Σ

For the fermions one writes

• One can still realise the gauge symmetry in a non-linear way, as a gauged non-linear 
sigma model. In this case one groups the goldstone bosons into a triplet π whose 
interactions are described by

Actually, the story is bit more subtle than this...
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The unitarity bound

!20

WL

WL ZL

ZL

ZL

ZLfL

fL

[Chanowitz, Gallard.1985]
[Appelquist, Chanowitz,1989]

Inelastic tree-level amplitudes for 
longitudinal W and Z and fermions  
violate unitarity at a scale:

ΛEWSB =
√

8πv

Our effective description contains 
information on where it is going to 
fail.  

Only case we know of where 
unknown physics has to appear below 
1 TeV. 

a0 ∼

s

v
2

a0 ∼

√
smf

v
2



BEH mechanism
We give mass to the gauge bosons through the Brout-Englert-Higgs mechanism: generate mass

terms from the kinetic energy term of a scalar doublet field Φ that undergoes a broken-symmetry

process.

Introduce a complex scalar doublet: four scalar real fields

Φ =

⎛

⎝
φ+

φ0

⎞

⎠ , Y (Φ) = 1

LHiggs = (DµΦ)
†(DµΦ)− V

(

Φ†Φ
)

Dµ = ∂µ − igWµ
i

σi

2
− ig′

Y (Φ)

2
Bµ

V
(

Φ†Φ
)

= −µ2Φ†Φ + λ
(

Φ†Φ
)2

, µ2,λ > 0

• The reason why Y (Φ) = 1 is not to break electric-charge conservation.

• Charge assignment for the Higgs doublet through Q = T3 + Y/2. The potential has a minimum

in correspondence of

|Φ|2 =
µ2

2λ
≡

v2

2

v is called the vacuum expectation value (VEV) of the neutral component of the Higgs doublet.
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The Higgs potential

!22

The scalar potential

V
(

Φ†Φ
)

= −µ2Φ†Φ + λ
(

Φ†Φ
)2

expanded around the vacuum state

Φ(x) =
1√
2

⎛

⎝
0

v +H(x)

⎞

⎠

becomes

V =
1

2

(

2λv2
)

H2 + λvH3 +
λ

4
H4 + const

• the scalar field H gets a mass

m2
H = 2λv2

• there is a term of cubic and quartic self-coupling.

Note: this means that λ3 = λ4 = λ  in the SM. To have (independent) deviations of the 
trilinear or quadrilinear, one needs to deform the potential with a BSM hypothesis.

v2 = µ2/�
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Vector boson masses and couplings

!23

DµΦ =

(

∂µ − igWµ
i

σi

2
− ig′

1

2
Bµ

)
1√
2

⎛

⎝
0

v +H(x)

⎞

⎠

=
1√
2

⎛

⎝
0

∂µH

⎞

⎠−
i

2
√
2

⎡

⎣g

⎛

⎝
Wµ

3 Wµ
1 − iWµ

2

Wµ
1 + iWµ

2 −Wµ
3

⎞

⎠+ g′Bµ

⎤

⎦

⎛

⎝
0

v +H

⎞

⎠

=
1√
2

⎡

⎣

⎛

⎝
0

∂µH

⎞

⎠−
i

2
(v +H)

⎛

⎝
g (Wµ

1 − iWµ
2 )

−gWµ
3 + g′Bµ

⎞

⎠

⎤

⎦

=
1√
2

⎡

⎣

⎛

⎝
0

∂µH

⎞

⎠−
i

2

(

1 +
H

v

)
⎛

⎝
gvWµ+

−v
√

(g2 + g′2)/2Zµ

⎞

⎠

⎤

⎦

(DµΦ)† DµΦ =
1

2
∂µH∂µH +

[
(gv

2

)2
Wµ+W−

µ +
1

2

(

g2 + g′2
)

v2

4
ZµZµ

]
(

1 +
H

v

)2

• The W and Z gauge bosons have acquired masses

m2
W =

g2v2

4
m2

Z =

(

g2 + g′2
)

v2

4
=

m2
W

cos2 θW

From the measured value of the Fermi constant GF

GF√
2
=

(
g

2
√
2

)2 1

m2
W

=⇒ v =

√

1√
2GF

≈ 246.22 GeV

• the photon stays massless

• HWW and HZZ couplings from 2H/v term (and HHWW and HHZZ couplings from

H2/v2 term)

LHV V =
2m2

W

v
W+

µ W−µH +
m2

Z

v
ZµZµH ≡ gmWW+

µ W−µH +
1

2

gmZ

cos θW
ZµZµH

Higgs coupling proportional to mass

• tree-level HV V (V = vector boson) coupling requires VEV!

Normal scalar couplings give Φ†ΦV or Φ†ΦV V couplings only.
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Fermion masses and couplings
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A direct mass term is not invariant under SU(2)L or U(1)Y gauge transformation

mf ψ̄ψ = mf

(

ψ̄RψL + ψ̄LψR

)

Generate fermion masses through Yukawa-type interactions terms

LYukawa = −Γij
d Q̄

′ i
LΦd

′ j
R − Γij∗

d d̄′ iRΦ
†Q′ j

L

−Γij
u Q̄

′ i
LΦcu

′ j
R + h.c.

−Γij
e L̄

i
LΦe

j
R + h.c.

Φc = iσ2Φ
∗ =

1√
2

⎛

⎝
v +H(x)

0

⎞

⎠

where Q′, u′ and d′ are quark fields that are generic linear combination of the mass eigenstates u

and d and Γu, Γd and Γe are 3× 3 complex matrices in generation space, spanned by the indices i

and j.

In the unitary gauge we have

Q̄′ i
L Φ d′ jR =

(

ū′ i
L d̄′ iL

)

⎛

⎝
0

v+H√
2

⎞

⎠ d′ jR =
v +H√

2
d̄′ iL d′ jR

Q̄′ i
L Φc u

′ j
R =

(

ū′ i
L d̄′ iL

)

⎛

⎝

v+H√
2

0

⎞

⎠u′ j
R =

v +H√
2

ū′ i
L u′ j

R

and we obtain

LYukawa = −Γij
d

v +H√
2

d̄′ iL d′ jR − Γij
u

v +H√
2

ū′ i
L u′ j

R − Γij
e

v +H√
2

ēiL ejR + h.c.

= −
[

M ij
u ū′ i

L u′ j
R +M ij

d d̄′ iL d′ jR +M ij
e ēiL ejR + h.c.

]
(

1 +
H

v

)

M ij = Γij v√
2
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Fermion masses and couplings
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We can make the following change of fermionic fields

f ′
Li =

(

Uf
L

)

ij
fLj f ′

Ri =
(

Uf
R

)

ij
fRj

LYukawa = −
∑

f ′,i,j

f̄ ′ i
L M ij

f f ′ j
R

(

1 +
H

v

)

+ h.c.

= −
∑

f,i,j

f̄ i
L

[
(

Uf
L

)†
Mf U

f
R

]

ij

f j
R

(

1 +
H

v

)

+ h.c.

= −
∑

f

mf

(

f̄LfR + f̄RfL
)
(

1 +
H

v

)

• We succeed in producing fermion masses and we got a fermion-antifermion-Higgs coupling

proportional to the fermion mass.

• Notice that the fermionic field redefinition preserves the form of the kinetic terms in the

Lagrangian (ψ̄ /∂ ψ = ψ̄R /∂ ψR + ψ̄L /∂ ψL invariant for left and right field unitary

transformation).

• The Higgs Yukawa couplings are flavor diagonal: no flavor changing Higgs interactions.



PREFIT School 2020             Fabio Maltoni

Fermion masses and couplings

!25

We can make the following change of fermionic fields

f ′
Li =

(

Uf
L

)

ij
fLj f ′

Ri =
(

Uf
R

)

ij
fRj

LYukawa = −
∑

f ′,i,j

f̄ ′ i
L M ij

f f ′ j
R

(

1 +
H

v

)

+ h.c.

= −
∑

f,i,j

f̄ i
L

[
(

Uf
L

)†
Mf U

f
R

]

ij

f j
R

(

1 +
H

v

)

+ h.c.

= −
∑

f

mf

(

f̄LfR + f̄RfL
)
(

1 +
H

v

)

• We succeed in producing fermion masses and we got a fermion-antifermion-Higgs coupling

proportional to the fermion mass.

• Notice that the fermionic field redefinition preserves the form of the kinetic terms in the

Lagrangian (ψ̄ /∂ ψ = ψ̄R /∂ ψR + ψ̄L /∂ ψL invariant for left and right field unitary

transformation).

• The Higgs Yukawa couplings are flavor diagonal: no flavor changing Higgs interactions.

Note:  this  means 
that  the mass and 
the  Yukawa  are 
linked.
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Higgs couplings

!26

1. The coupling to fermions is proportional 
to the mass. 

2.The coupling to bosons is proportional 
to the mass squared.  

3.Four-point couplings HHVV and HHHH 
are also predicted from the gauge 
symmetry and the structure of the Higgs 
potential. 

4.Couplings to photons and gluons are 
loop (Vs and quarks) induced. 
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The Higgs restores unitarity 

!27

WL

WL ZL

ZL

ZL

ZLfL

fL

H

H

a0 ∼

s

v
2
−

s

v
2
∼

m
2
H

v
2

a0 ∼

√
smf

v
2

−

√
smf

v
2

∼
m

2
f

v
2

SM is a linearly realised gauge theory which valid up to arbitrary high 
scales (if mH<<1 TeV).
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Higgs couplings

!28

mt

v

mhmV

v

mt
=

mt

mh
=

mh

m̄V
=

p
2

r = 2
2✓
⇡

SM logarithmic spiral

• Measurements only  on vector 
bosons and 3rd generation fermions

• We don’t know the couplings to 
2nd and 1st generation 

•  We don’t know the self couplings
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Review questions: SM

!29

1.  What are the hypercharge assignments of the fermions in the SM? Can you explain in an elevator ride 
the anomaly cancellation mechanism in the SM? And its implications?

2. It is often said that a mass term for a gauge boson violates the gauge symmetry. What is the usual 
argument? Is this really true for an abelian gauge group? Is this true for non-abelian gauge group? Why?

3. Can I write a "SM" for which is SU(2)xU(1) invariant, yet does not contain the Higgs field? If so, how? Is it 
unitary?

4. If a mass term for the fermions is introduced that does not respect the EW gauge symmetry, at which 
scale the model will end to be valid?

5. What is the mass of the Goldstones in the SM? What is a shift symmetry? Can you describe the 
mysterious analogy of the SM EW sector with QCD at low-energy?

7. List the options that exist to give mass to neutrinos in a renormalizable way and by adding higher-
dimensional operators. 

8. Define as a “SM portal” a combination of SM fields which is a gauge singlet and has dimension less than 
four. How many of such portals do exist?
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Higgs Boson
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Higgs decays

!31
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Higgs production at the LHC

!32
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Higgs production channels

!33

b
_

b

bbH

tHj t

W
W

b
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Search for new physics via the Higgs

!34

c?

u,d,s,e?

A? H+/-?
H?

X?

h?

Courtesy of 
Eleni Vryonidou
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Search for new physics via the Higgs

!35

A? H+/-?
H?
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Direct vs indirect searches

!36

Adopting a simple model one can compare the reach for direct vs indirect 
measurements. Again adding a singlet :

Heavy Higgs searches 

vs 

Light Higgs signal strengths
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Phase I (exploration) : examples

!37

c?

u,d,s,e?

h?
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• Rare SM processes (induced by small interactions, such as those involving the Higgs 
with first and second fermion generations or flavour changing neutral interactions) are 
still in the exploration phase.  

• For interactions with vector boson and third generation fermions we are ready to move 
to phase II.

Search for new interactions

!38

• Such a programme is based on large set of measurements, both in the exploration and 
in the precision phases:  

• PHASE I (EXPLORATION):                                                                            
Bound Higgs SM couplings 

• PHASE II  (SIMPLE DEFORMATIONS):                                                                      
Stress test the SM: Look for deviations wrt dim=4 SM  (rescaling factors) 

• PHASE III  (EFT DEFORMATIONS):                                                                            
Interpret measurements in terms of an EFT
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Phase I (exploration) : examples

!39

• H self-interactions  

• Second generation Yukawas: ccH, µµH 

• Flavor off-diagonal int.s : tqH, ll’H, … 

• HZγ 

• Top self-interactions : 4top interactions  

• Top neutral gauge interactions 

• Top FCNC’s  

• Top CP violation
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Second generation

!40

Using kinematic distributions i.e. the Higgs pT 

Bishara et al.1606.09253

Ιnclusive Higgs decays i.e VH + flavour tagging (limited by c-tagging) 

(for evidence of bottom couplings: ATLAS: arXiv:1708.03299 and CMS: arXiv:1708.04188)
                     gives a limit of 110 x SM expectation ZH(H ! cc̄)

Bishara et al.1606.09253
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Higgs potential 101

!41

To go Beyond the SM, one can parametrise a generic  potential by expanding it in series: 

V BSM(�) = �µ2(�†�) + �(�†�)2 +
X

n

c2n
⇤2n�4

(�†�� v2

2
)n

so that the basic relations remain the same as in the SM:  
                              

{
m2

H
= 2�v2{v2 = µ2/�

while the λ3 and λ4  are modified with respect to the SM values: 

So for example: adding c6  only
                              

i.e., in this case λ3 and λ4 are related.                              

�4 = �4�
SM
4

{
= 6� � 5
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Baryogenesis

!42

 Remember that to  generate a matter-antimatter asymmetry in the Universe the 
three  Sakharov  conditions  have  to  be  satisfied  (B  violation,  first-order  phase 
transition (out-of-equilibrium), C and CP violation). The SM potential leads to 
2nd order phase transitions. 

:
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rt
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l. 
17

11
.0

00
19

A trilinear coupling above 1.5*SM value allows a 1st order transition.

http://arxiv.org/abs/arXiv:1711.00019
http://arxiv.org/abs/arXiv:1711.00019
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Phase I : Higgs self-coupling

!43

[Frederix et al. ‘14]

�H = 55 pb

�HH = 44 fb

�HHH = 110 ab

At 14 TeV from gg fusion:

As in single Higgs many  channels contribute in principle.

10-3

10-2

10-1

100

101

102

103

104

 8  13 14  25  33  50  75  100

σ
N

LO
[fb

]

√s[TeV]

HH production at pp colliders at NLO in QCD
MH=125 GeV, MSTW2008 NLO pdf (68%cl)

pp→HH (EFT loop-improved)

pp→HHjj (VBF)

pp→ttHH pp→WHH

pp→tjHH

pp→ZHH

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Cross sections for HH(H) increase by a factor of 20(60) at a FCC. 

https://arxiv.org/abs/1401.7340
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Many channels, but small cross sections.

Current limits are on σSM (gg→HH) channel in 
various H decay channels:

CMS     :    σ/σSM  < 19    (bbɣɣ)  [EPS2017]
ATLAS :    σ/σSM  < 13   (bbbb).  [Moriond18]

Remarks:
1. Interpretations  of  these  bounds  in  terms  of 

BSM always need additional assumptions on 
how the SM has been deformed.

2. The current most common assumption is just 
a change of   λ3  which leads to a change in σ 
as well as of distributions: 

Phase I : Higgs self-coupling

!44
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HH production at 14 TeV LHC at (N)LO in QCD
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.

Grant Agreement numbers PITN-GA-2010-264564 (LHCPhe-
noNet) and PITN-GA-2012-315877 (MCNet). The work of
FM and OM is supported by the IISN “MadGraph” con-
vention 4.4511.10, by the IISN “Fundamental interactions”
convention 4.4517.08, and in part by the Belgian Federal
Science Policy Office through the Interuniversity Attrac-
tion Pole P7/37. OM is "Chercheur scientifique logistique
postdoctoral F.R.S.-FNRS".

References

[1] F. Englert and R. Brout, Phys.Rev.Lett. 13, 321 (1964).
[2] P. W. Higgs, Phys.Rev.Lett. 13, 508 (1964).
[3] CMS-HIG-13-003. CMS-HIG-13-004. CMS-HIG-13-006. CMS-

HIG-13-009. (2013).
[4] ATLAS-CONF-2013-009. ATLAS-CONF-2013-010. ATLAS-

CONF-2013-012. ATLAS- CONF-2013-013. (2013).
[5] E. Asakawa, D. Harada, S. Kanemura, Y. Okada, and

K. Tsumura, Phys.Rev. D82, 115002 (2010), arXiv:1009.4670
[hep-ph] .

[6] S. Dawson, E. Furlan, and I. Lewis, Phys.Rev. D87, 014007
(2013), arXiv:1210.6663 [hep-ph] .

[7] R. Contino, M. Ghezzi, M. Moretti, G. Panico, F. Piccinini,
et al., JHEP 1208, 154 (2012), arXiv:1205.5444 [hep-ph] .

[8] G. D. Kribs and A. Martin, Phys.Rev. D86, 095023 (2012),
arXiv:1207.4496 [hep-ph] .

[9] M. J. Dolan, C. Englert, and M. Spannowsky, Phys.Rev. D87,
055002 (2013), arXiv:1210.8166 [hep-ph] .

[10] M. J. Dolan, C. Englert, and M. Spannowsky, JHEP 1210, 112
(2012), arXiv:1206.5001 [hep-ph] .

[11] M. Gouzevitch, A. Oliveira, J. Rojo, R. Rosenfeld, G. P. Salam,
et al., JHEP 1307, 148 (2013), arXiv:1303.6636 [hep-ph] .

[12] T. Plehn, M. Spira, and P. Zerwas, Nucl.Phys. B479, 46 (1996),
arXiv:hep-ph/9603205 [hep-ph] .

[13] S. Dawson, S. Dittmaier, and M. Spira, Phys.Rev. D58, 115012
(1998), arXiv:hep-ph/9805244 [hep-ph] .

[14] T. Binoth, S. Karg, N. Kauer, and R. Ruckl, Phys.Rev. D74,
113008 (2006), arXiv:hep-ph/0608057 [hep-ph] .

[15] J. Baglio, A. Djouadi, R. Gröber, M. Mühlleitner, J. Quevillon,
et al., JHEP 1304, 151 (2013), arXiv:1212.5581 [hep-ph] .

[16] R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer,
H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro, to appear .

[17] The code can be downloaded at:
https://launchpad.net/madgraph5,http://amcatnlo.cern.ch.

[18] U. Baur, T. Plehn, and D. L. Rainwater, Phys.Rev.Lett. 89,
151801 (2002), arXiv:hep-ph/0206024 [hep-ph] .

[19] V. Hirschi et al., JHEP 05, 044 (2011), arXiv:1103.0621 [hep-ph]
.

[20] A. Denner, S. Dittmaier, M. Roth, and D. Wackeroth,
Nucl.Phys. B560, 33 (1999), arXiv:hep-ph/9904472 [hep-ph] .

[21] A. Denner, S. Dittmaier, M. Roth, and L. Wieders, Nucl.Phys.
B724, 247 (2005), arXiv:hep-ph/0505042 [hep-ph] .

[22] Q. Li, Q.-S. Yan, and X. Zhao, (2013), arXiv:1312.3830 [hep-
-ph] .

[23] P. Maierhöfer and A. Papaefstathiou, (2013), arXiv:1401.0007
[hep-ph] .

[24] J. Grigo, J. Hoff, K. Melnikov, and M. Steinhauser, Nucl.Phys.
B875, 1 (2013), arXiv:1305.7340 [hep-ph] .

[25] D. de Florian and J. Mazzitelli, Phys. Rev. Lett. 111, 201801

(2013), 10.1103/PhysRevLett.111.201801, arXiv:1309.6594
[hep-ph] .

[26] D. Y. Shao, C. S. Li, H. T. Li, and J. Wang, JHEP07, 169
(2013), arXiv:1301.1245 [hep-ph] .

6

[Frederix et al. ‘14]

Note:  due to  shape changes,  it  is 
not  straightforward  to  infer  a 
bound  on  λ3  from  σ(HH),  even 
when σBSM=σ(λ3) only is assumed.

https://indico.cern.ch/event/466934/contributions/2588820/attachments/1489412/2314407/diHiggs_CMS_EPS2017_dallosso.pdf
http://cds.cern.ch/search?ln=en&cc=ATLAS+Conference+Notes&sc=1&p=ATLAS-CONF-2016-049&action_search=Search&op1=a&m1=a&p1=&f1=
https://arxiv.org/abs/1401.7340


PREFIT School 2020             Fabio Maltoni

Recent results 

!45
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Phase II : Higgs couplings combination

!46

A few formulas: 

If BrBSM>0 we need an extra condition on the overall scaling to break a flat direction  



PREFIT School 2020             Fabio Maltoni

Phase II : Higgs couplings combination

!46

A few formulas: 

If BrBSM>0 we need an extra condition on the overall scaling to break a flat direction  
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Phase II : Future prospects
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[De Blas et al. 1905.03764]
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Phase II : Future prospects

!48

[De Blas et al. 1905.03764]
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Review questions: Higgs

!49

1. Determine the scaling of the partial widths of the Higgs with respect to the Higgs 
mass and the final state particle mass for fermions and vector bosons. 

2. Calculate the width of a pseudo-scalar into two gluons at one-loop or via the EFT. 

3. List  the  most  salient  features  (size,  typical  signatures,  backgrounds,  coupling 
information, status of the predictions) of the each of the main production mechanisms 
for the Higgs boson at the LHC.

4. Brainstorm on other Higgs subleading production mechanisms at the LHC. Imagine a 
reason why the could be interesting/useful. Guess-estimate their cross sections first, 
then check it with an automatic MC tool.

5. Brainstorm on how new physics could modify the couplings of the Higgs to the SM 
particles. Make a list of simple modification/additions to the SM and determine how 
the couplings, production and decay of the Higgs would be modified. 
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Top quark
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  The top is special

!51



PREFIT School 2020             Fabio Maltoni

  The top is special

!51

   In the SM is the only quark with a “natural mass”: 

mtop = yt v/√2 ≈174 GeV⇒ yt ≈ 1 

i.e., it “strongly” interacts with the Higgs sector.  

Therefore: 

• It gives large corrections to EW observables.   
• It points to a mass generation mechanism at low scales. 
• It destabilises the Higgs mass.  
• It allows to excite the Higgs boson (production).  
• It deforms the Higgs potential at high energy. 
• It decays semi-weakly.
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Precision EW measurements

!52

m
2

W

(

1 −

m2

W

m2

Z

)

=
πα

√

2GF

(1 + ∆r)

∆rtop = −

3α

16π

cos2 θW

sin
4
θW

m2
t

m2
W

Indirect evidence for the existence of particles not yet 
detected can be inferred from quantum corrections. At 
tree level mW=mZ cos θW.  At one loop:

∆rHiggs = +
11α

48π sin2
θW

log
m2

H

m2
W
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  The top is special
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Thanks to its large mass it is the only quark that decays 
before hadronising 

τhad ≈ h/ΛQCD ≈ 2•10-24 s 
τtop ≈ h/ Γtop =1/(GF mt3 |Vtb|2/8π√2) ≈ 5•10-25 s 
(with h=6.6 10-25 GeV s) 

(Compare with τb ≈ (GF2 mb5 |Vbc|2 )-1 ≈ 10-12 s)

t

b

W
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Naturalness in the SM

!54

m2

H = m2

H0 −

3

8π2
ytΛ

2 +
1

16π2
g2Λ2 +

1

16π2
λ2Λ2

t W,Z

Putting numbers, one gets:

(125GeV)2 = m2
H0 +

⇥
�(2TeV)2 + (700GeV)2 + (500GeV)2

⇤✓ ⇤

10TeV

◆2

The Higgs mass is renormalised additively. Using a cutoff the regularization :

H
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mH2 ∼ (125 GeV)2

tree
loops

top         W/Z      Higgs

Definition of naturalness: less than 90% cancellation:

(125GeV)2 = m2
H0 +

⇥
�(2TeV)2 + (700GeV)2 + (500GeV)2

⇤✓ ⇤

10TeV

◆2

�t < 3TeV

Naturalness in the SM

!55

⇒ top partners must be “light”
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Top production at the LHC

!56

106 250 · 103 < (2� 3) · 103

Strong Weak

W

W

W

Z

Associated

number of events @13TeV 1 fb-1

ttH

ttZ

tttt
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Review questions: top  

!57

1.How does the top width scale with the top mass?

2.Is there an upper bound to the top-quark mass? 

3.Imagine the top quark mass were half of its value. What would be 
the consequences for the SM and the LHC phenomenology?

4.How would you look for a fourth generation? Why nobody talks 
about its existence lately?

5.Explain the difference between a short-distance mass and the pole 
mass. 
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Plan for today’s lecture

!58

• Review of the Standard Model  

• SMEFT essentials
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Plan for today’s lecture
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• Review of the Standard Model  

• SMEFT essentials
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)
SMEFT  Lagrangian: Dim=6

!59

[Buchmuller and Wyler, 86] [Grzadkowski et al, 10]

http://www.sciencedirect.com/science/article/pii/0550321386902622
http://arxiv.org/abs/1008.4884
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[Buchmuller and Wyler, 86] [Grzadkowski et al, 10]

 
SMEFT  Lagrangian: Dim=6

http://www.sciencedirect.com/science/article/pii/0550321386902622
http://arxiv.org/abs/1008.4884
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Which interactions? 

!61

•Interactions between light fermions and gauge bosons tested at 
low energies and at LEP at below the per mill level.

•Self interactions of weak gauge bosons tested at LEP II High 
energy at the % level and can be competitive at the LHC

•Higgs interactions with gauge bosons constrained at 10% level. 
•Top-quark interactions with gauge bosons and the Higgs at 10% 

level. 
•Higgs self interactions unexplored
•Higgs interactions with light fermions unexplored. 

t, H, W, Z



PREFIT School 2020             Fabio Maltoni!62

Higgs

Top EW

ggF

HH

ttH VH/VBF

FCNC
tt+V

t+H/Z/𝛾

4-top
single 

top

TGC

EWPO

BRH

CPV

Flavor

Decays

VBS

Jets

tt(+jets)

Courtesy of Ken Mimasu
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SMEFT  Lagrangian: Dim=6

!63

• Based on all the symmetries of the SM 
• New physics is heavier than the resonance itself : Λ>MX 

• QCD and EW renormalisable (order by order in 1/Λ) 

 

• Number of extra couplings reduced by symmetries and dimensional 
analysis 

• Extends the reach of searches for NP beyond the collider energy.

http://www.sciencedirect.com/science/article/pii/0550321386902622
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• Very powerful model-independent approach. 

• A global constraining strategy needs to be employed:  

• assume all* couplings not be zero at the EW scale. 

• identify the operators entering predictions for each observable (LO, NLO,..) 

• find enough observables (cross sections, BR’s, distributions,…) to constrain 
all operators. 

• solve the linear (+quadratic)* system. 

• Use to constrain UV-complete* models.  

• The final reach on the scale of New Physics crucially depends on the THU.

The EFT approach: managing unknown unknowns

!64
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SMEFT at the LHC

!65

Two main strategies for searching new physics 
 

SM EFT in the tails

EFT at the threshold

The  expected  effects  can  be 
both at threshold as well as in 
the tails.  Some operators can 
affect  distributions  at  the 
threshold.  Some  operators 
just lead to global rescaling of 
the  distributions.  Other 
induce  an  energy  growth  in 
the  tails.  The  latter  are  the 
most characteristic EFT effects 
that are looked for. 

pT(t,H)

Illustrative plot

 

The sensitivity to new interactions depends on a crucial way to our ability to make accurate/
precise predictions for the SM observables.  The reach of our interpretations will also 

depend on the accuracy/precision on the SMEFT predictions.  

"EW corrections"

"QCD corrections”

http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1610.05771
https://arxiv.org/abs/1709.08649
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SMEFT at the LHC

!66

•Large number of operators, yet a 
plethora of observables and final 
states to measure.

•Precision observables in the bulk 
of  the  distributions  while  tails 
provide  sensitivity  through  the 
energy growth.

•Validity  issues  arise,  as  well  as 
for the interpretation in terms of 
models. 

 is a generic scale, which is process and operator dependent s
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SMEFT at the LHC

!66

•Large number of operators, yet a 
plethora of observables and final 
states to measure.

•Precision observables in the bulk 
of  the  distributions  while  tails 
provide  sensitivity  through  the 
energy growth.

•Validity  issues  arise,  as  well  as 
for the interpretation in terms of 
models. 

Obsi = Obs
SM
i +Mij ·

s

⇤2
cj
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SMEFT at the LHC
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•Large number of operators, yet a 
plethora of observables and final 
states to measure.

•Precision observables in the bulk 
of  the  distributions  while  tails 
provide  sensitivity  through  the 
energy growth.

•Validity  issues  arise,  as  well  as 
for the interpretation in terms of 
models. 
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•Large number of operators, yet a 
plethora of observables and final 
states to measure.

•Precision observables in the bulk 
of  the  distributions  while  tails 
provide  sensitivity  through  the 
energy growth.

•Validity  issues  arise,  as  well  as 
for the interpretation in terms of 
models. 
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