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What is the Higgs the name of?
~~ Higgs interactions ~~

gauge symmetry is the organizing principle for interactions in the gauge sector
not in the Higgs sector ➾ many free parameters!

➠ test for extended Higgs sectors

➠ test for extended Higgs sectors
➠ test for Higgs compositeness

➠ test for flavor models, origin of fermion masses

but they obey 3 basic structures to unitarize the amplitudes

(1) proportionality:

(2) factor of proportionality:

(3) flavor alignment:  

ghff / mf ghV V / m2
V

ghff/mf =
p
2/v

ghfifj / �ij
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Figure 1: The Standard Model predicts that the Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are pro-
portional to the square of the boson masses. Left: the CMS fit to the current Higgs data,
showing good consistency with this prediction, from [8]. Right: the expected improvement
in the precision in the measurement of the Higgs couplings at the ILC, from [1].

that any new physics that screens the Higgs mass from large quantum corrections
generically leads to deviations in the Higgs couplings to photons and gluons at least
as large as 1%. Supersymmetric and composite Higgs models are prime examples of
this general pattern.

However, the size of deviations in the Higgs couplings is limited by LHC exclusions
of new particles and by precision weak interaction measurements. The deviations
predicted in all of the models above are small, at the level of about 5%, varying as
m2

h/M
2, where M is the mass of the new particles predicted in the model.

At the LHC, the uncertainties in the Standard Model predictions for the rates of
Higgs processes are of the order of 5%, and systematic errors on detection probabilities
are of the same order. In addition, only a subset of the Higgs decays can be observed
directly. Because not all Higgs decays are observed, there are further ambiguities,
discussed below. Thus, the goal for Higgs boson experiments, the measurement of
the individual Higgs couplings to accuracies of better than 1%, can be met only by
experiments at an electron-positron collider. The improvement expected from the
ILC over the current measurements is shown in Fig. 1(b) [1].
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Higgs group @ Snowmass ’13

~ Is this fit theoretically consistent? ~
can you generate a 500% deviations 

in the bottom coupling without generating other coupling 

structures not taken into account in the fit?

http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361
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directly. Because not all Higgs decays are observed, there are further ambiguities,
discussed below. Thus, the goal for Higgs boson experiments, the measurement of
the individual Higgs couplings to accuracies of better than 1%, can be met only by
experiments at an electron-positron collider. The improvement expected from the
ILC over the current measurements is shown in Fig. 1(b) [1].
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Higgs group @ Snowmass ’13

~ Is this fit theoretically consistent? ~
can you generate a 500% deviations 

in the bottom coupling without generating other coupling 

structures not taken into account in the fit?

Y. Soreq FCC-ee 9

combining all constraints

16

Soreq @ TLEP-9, Pisa ’15

missing information to complete the picture

° width measurement?

° couplings to light particles?
inclusive (e.g. c-tagging) or exclusive (h → J/Ψ+γ)

° coupling to top?
known indirectly (gg→h) or via difficult tth channel

http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
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    !"

symmetry
linear vs non-linear

beyond LO

EFT validitymatching

choice
of basis

power
counting

EFT

EFT

Pros:

 correlations between different channels/observables
 combination of measurements at different energies

e.g. EW precision data and Higgs measurements
 test of self-consistency
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Effective Theory Approach to BSM

New physics scale Λ separated from EW scale v, Λ >> v 

Linearly realized SU(3)xSU(2)xU(1) local symmetry spontaneously broken by 
VEV of Higgs doublet field

Basic assumptions

EFT Lagrangian beyond the SM  expanded in operators of dimension D 

X X X

Lepton number violating, hence
too small to be probed at LHC

By assumption, 
subleading

to D=6

Standard Model, 
operators up to D=4

Cutoff scale of EFT Appear when starting from L-conserving BSM,
and integrating out heavy particles with m≈Λ 
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Effective Theory Approach to BSM

Corrections to SM Z and W boson couplings to fermions (so-called vertex corrections) 

Corrections to SM Higgs couplings to matter and new tensor structures of these interactions

Corrections to triple and quartic gauge couplings and new tensor structures of these 
interactions  

Contact 4-fermion interactions

... and much more 

Observable effects of D=6 operators

Many EFT operators, especially those involving leptons or affecting gauge boson 
propagators are already strongly constrained by LEP and other low-energy experiments. 
LHC rarely can compete on this field.  

However, other operators, especially those involving Higgs bosons or quarks, are less 
strongly constrained, which opens opportunity for LHC to improve constraints (or discover 
new physics) 

There are observables where new physics effects grow with energy, which gives the 
LHC an advantage 

Frontiers of knowledge
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EFT = mass scale + coupling 
Too often, people think of EFT as higher dimensional operators suppressed 
by a cutoff scale, but there is also a coupling between new physics and SM

1) validity of EFT                         2) relative size of various operators 

mass scale M = g* f
NP

EW scale v=246GeV

g, g’, yt

SM
coupling g*

Example: New physics characterized by one coupling and one-scale

Often thought that effects of dim-6 operators have to be smaller than SM 
for EFT consistency. This is not true, one can find large deviations still within the validity 

of the truncation (dim-8<dim-6). One good example is HH production.
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EFT = dimensional analysis

It is important to remember that couplings are not dimensionlessChapter 2. Effective Lagrangians for the Higgs boson

Mn ~n

scalar field � 1 1/2

fermion field  3/2 1/2

vector field Aµ 1 1/2

mass m 1 0

gauge coupling g 0 �1/2

quartic coupling � 0 �1

Yukawa coupling yf 0 �1/2

Table 2.1 – Mass and ~ dimensionalities of the classical SM fields and couplings for c = 1

but ~ 6= 1. This follows trivially from the dimensionality of the quantum mechanical
action [S] = ~ when ~ is put back into place.

than derivatives. This remark greatly simplifies the list of relevant operators.

The list of dimension-6 operators has been discussed at length in the literature [54–63], for
recent reviews see Refs. [64, 65]. There exist various bases for the dimension-6 operators
related by field redefinitions, or equivalently, the classical equations of motion. In the
following we will adopt the basis discussed in Refs. [53, 65] which has several advantages.
Firstly, it captures the effects of a well motivated set of new physics models in only a
minimal number of operators. Universal theories, for instance, describing those models
whose low energy effects can be encoded solely in higher dimensional operators consisting
of SM bosons, can be captured by only 14 operators corresponding to the 14 degrees of
freedom parametrising all possible NP effects. Composite Higgs models without particle
compositeness are an example of such models. If the elementary fermions couple to the
strong sector, also fermionic operators are induced. Thus potentially complicated, linear
combinations (as would be needed for example in the basis of Ref. [63]) can be avoided.
The operators in this basis are furthermore directly related to experimentally measured
quantities which simplifies the procedure to set bounds on the coefficients [52]. Secondly,
under reasonable assumptions, this basis allows one to distinguish operators arising from
tree and loop level diagrams when integrating out the heavy particles. Their coefficients
are hence expected to be of different size, i.e. loop suppressed or not [53]. As discussed in
Refs. [53, 65], the dimension-6 operators fall into the following three categories.

Tree level operators with extra powers of Higgs fields or SM fermions. Op-
erators in this first category are built from products of SM bilinears. They appear by
integrating out heavy scalars, fermions or vectors at tree level and contain extra powers
of Higgs fields or SM fermions thus contributing additional powers of gH and gfL,R

.
According to the power counting in Eq. (2.21) and Table 2.1, these operators can be

16
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Higgs EFT - SILH basis

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ = gρ f) 

cH
2f2

�
�µ |H|2

⇥2 cT
2f2

�
H†�⇥DµH

⇥2 c6�

f2
|H|6

cyyf
f2

|H|2f̄LHfR + h.c.

h � �Z

icW
2m2

⇤

�
H†�i�⇥DµH

⇥
(D⇥Wµ⇥)

i icB
2m2

⇤

�
H†�⇥DµH

⇥
(�⇥Bµ⇥)

icHW

m2
⇤

g2⇤
16�2

(DµH)†⇥i(D⇥H)W i
µ⇥

icHB

m2
⇤

g2⇤
16�2

(DµH)†(D⇥H)Bµ⇥
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Goldstone sym.
(PGB Higgs)

g g0

g02

g g0

g2s

dimensional analysis + selection rules
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Other bases of operators

many possible choices of operators 
bases, all equivalent via field 

redefinitions, equations of motion...

depending on the observable considered
some bases might be more convenient than 

others, and calculations might be easier

1 : X3

QG fABCGA⌫
µ GB⇢

⌫ GCµ
⇢

Q eG fABC
eGA⌫
µ GB⇢

⌫ GCµ
⇢

QW ✏IJKW I⌫
µ W J⇢

⌫ WKµ
⇢

QfW ✏IJKfW I⌫
µ W J⇢

⌫ WKµ
⇢

2 : H6

QH (H†H)3

3 : H4D2

QH2 (H†H)2(H†H)

QHD

⇣

H†DµH
⌘⇤ ⇣

H†DµH
⌘

5 :  2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄pur eH)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GA
µ⌫G

Aµ⌫

Q
H eG H†H eGA

µ⌫G
Aµ⌫

QHW H†HW I
µ⌫W

Iµ⌫

Q
HfW H†H fW I

µ⌫W
Iµ⌫

QHB H†H Bµ⌫B
µ⌫

Q
H eB H†H eBµ⌫B

µ⌫

QHWB H†⌧ IHW I
µ⌫B

µ⌫

Q
HfWB

H†⌧ IH fW I
µ⌫B

µ⌫

6 :  2XH + h.c.

QeW (l̄p�
µ⌫er)⌧

IHW I
µ⌫

QeB (l̄p�
µ⌫er)HBµ⌫

QuG (q̄p�
µ⌫TAur) eH GA

µ⌫

QuW (q̄p�
µ⌫ur)⌧

I
eHW I

µ⌫

QuB (q̄p�
µ⌫ur) eH Bµ⌫

QdG (q̄p�
µ⌫TAdr)H GA

µ⌫

QdW (q̄p�
µ⌫dr)⌧

IHW I
µ⌫

QdB (q̄p�
µ⌫dr)H Bµ⌫

7 :  2H2D

Q
(1)
Hl (H†i

 !
D µH)(l̄p�

µlr)

Q
(3)
Hl (H†i

 !
D I

µH)(l̄p⌧
I�µlr)

QHe (H†i
 !
D µH)(ēp�

µer)

Q
(1)
Hq (H†i

 !
D µH)(q̄p�

µqr)

Q
(3)
Hq (H†i

 !
D I

µH)(q̄p⌧
I�µqr)

QHu (H†i
 !
D µH)(ūp�

µur)

QHd (H†i
 !
D µH)(d̄p�

µdr)

QHud + h.c. i( eH†DµH)(ūp�
µdr)

8 : (L̄L)(L̄L)

Qll (l̄p�µlr)(l̄s�
µlt)

Q(1)
qq (q̄p�µqr)(q̄s�

µqt)

Q(3)
qq (q̄p�µ⌧

Iqr)(q̄s�
µ⌧ Iqt)

Q
(1)
lq (l̄p�µlr)(q̄s�

µqt)

Q
(3)
lq (l̄p�µ⌧

I lr)(q̄s�
µ⌧ Iqt)

8 : (R̄R)(R̄R)

Qee (ēp�µer)(ēs�
µet)

Quu (ūp�µur)(ūs�
µut)

Qdd (d̄p�µdr)(d̄s�
µdt)

Qeu (ēp�µer)(ūs�
µut)

Qed (ēp�µer)(d̄s�
µdt)

Q
(1)
ud (ūp�µur)(d̄s�

µdt)

Q
(8)
ud (ūp�µT

Aur)(d̄s�
µTAdt)

8 : (L̄L)(R̄R)

Qle (l̄p�µlr)(ēs�
µet)

Qlu (l̄p�µlr)(ūs�
µut)

Qld (l̄p�µlr)(d̄s�
µdt)

Qqe (q̄p�µqr)(ēs�
µet)

Q(1)
qu (q̄p�µqr)(ūs�

µut)

Q(8)
qu (q̄p�µT

Aqr)(ūs�
µTAut)

Q
(1)
qd (q̄p�µqr)(d̄s�

µdt)

Q
(8)
qd (q̄p�µT

Aqr)(d̄s�
µTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q
(1)
quqd (q̄jpur)✏jk(q̄

k
sdt)

Q
(8)
quqd (q̄jpT

Aur)✏jk(q̄
k
sT

Adt)

Q
(1)
lequ (l̄jper)✏jk(q̄

k
sut)

Q
(3)
lequ (l̄jp�µ⌫er)✏jk(q̄

k
s�

µ⌫ut)

Table 1: The L6 operators built from Standard Model fields which conserve baryon number in
the Warsaw basis [7]. The flavour labels of the form p, r, s, t on the Q operators are suppressed
on the left hand side of the tables.

8

Buchmuller Wyler ‘86
Grzadkowski, Iskrzynski, Misiak,Rosiek ‘10
Alonso, Jenkins, Manohar, Trott ’13

NF=1: 59 operators (76 real parameters)
NF=3, 2499 real parameters
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Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H†DµHf̄�µf

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

(assuming that the Higgs boson
is part of a doublet)
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Higgs physics vs BSM 

Several deformations 
away from the SM 

affecting Higgs 
properties are already 
probed in the vacuum
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Higgs/BSM Primaries

e.g.

G G

1

g2s
G2

µ⌫ +
|H|2

⇤2
G2

µ⌫ !
✓

1

g2s
+

v2

⇤2

◆
G2

µ⌫

Effects that on the vacuum, H = v, give only !
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operator
is not visible in 

the vacuum
(redefinition of input parameter)

Several deformations away from the SM are harmless in the vacuum 
and need a Higgs field to be probed
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.

5

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�
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µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.

5

|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling
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Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%)

Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection

With some important differences:
1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by ∆ρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions up to a flat direction between between the 

top/gluon/photon couplings

Combination with on-shell constraints

L = �ct
mt

v t̄th + g2

s

48⇡2

cg
h
vG

2

µ⌫

on-shell production is proportional to
|ct + cg |2.
The degenreacy in ct , cg is broken
only by the tth production / c2t and
and the Higgs decay into two photons
�(h ! ��) / |1.26� 0.26ct |2

If the new Higgs interactions are
generated by the ”top-like” fields
i.e. fundamentals of SU(3) and
electric charge 2/3

L = �ct
mt

v t̄th + g2

s

48⇡2

cg
h
vGµ⌫Gµ⌫

+ e2
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cg
h
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only tth can break the ct � cg
degeneracy
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Figure: For top partners ct � cg degeneracy
becomes much stronger.

c g
=

9c
�
/4

Azatov ’15



Christophe Grojean EFT 4 Higgs KITP, April 18 2o1514

Higgs Priorities
Better measurements of Higgs primaries

 in inclusive measurements
 in differential distributions

Going beyond the κ’s? What for?
 to compete with other (EW, TGC...) measurements?
 to check the correlations imposed by SM structure?

e.g. 1) doublet nature of the Higgs, 
      2) accidental custodial symmetry @ dim-6 level

1

2

Questions not fully addressed yet: 
what is the precision that you need in Higgs physics? 

will the LHC reach this required sensitivity? 

~ fully establishing the SM will require checking correlations among different vertices ~  

0-Higgs vertices 1-Higgs vertices
(with and beyond the κ’s)

2-Higgs vertices

Higgs Regge’s plot is a prime example
Need to look at the correlations with TGC

test of the Ginzburg-Landau’s model
test of PGB nature of the Higgs
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EFT validity

Under what conditions does EFT with D=6 operators adequately describe low-energy 
phenomenology of some BSM models?

When D=8 operators or loop-suppressed D=6 effects are non-negligible? 

How should experiments present EFT results so as to maximize their applicability 
range?

term is suppressed by a larger power of a high mass scale. Assuming baryon and lepton
number conservation, the Lagrangian takes the form

L
e↵

= L
SM

+
X

i

c(6)i O(6)

i +
X

j

c(8)j O(8)

j + · · · , (1.1)

where each O(D)

i is a gauge-invariant operator of dimension D and c(D)

i is the corresponding
coe�cient. Each coe�cient has dimension 4�D and scales like a given power of the couplings
of the UV theory; in particular, for an operator made of ni fields one has

c(D)

i ⇠ (coupling)ni�2

(high mass scale)D�4

. (1.2)

This scaling holds in any UV completion which admits some perturbative expansion in its cou-
plings. This follows from simple dimensional analysis after restoring ~ 6= 1 in the Lagrangian
since couplings, as well as fields, carry ~ dimensions [1–3] (see also Refs. [4,5]). An additional
suppressing factor (coupling/4⇡)2L may arise with respect to the naive scaling if the operator
is first generated at L loops in the perturbative expansion. If no perturbative expansion is
possible in the UV theory because this is maximally strongly coupled, then Eq. (1.2) gives
a correct estimate of the size of the e↵ective coe�cients by replacing the numerator with
(4⇡)ni�2 (i.e. setting coupling ⇠ 4⇡).

The EFT defined by Eq. (1.1) is able to parametrize observable e↵ects of a large class of
beyond the SM (BSM) theories. All decoupling BSM physics where new particles are much
heavier than the SM ones and much heavier than the energy scale at which the experiment is
performed can be mapped to such a Lagrangian. The main motivation to use this framework
is that the constraints on the EFT parameters can be later re-interpreted as constraints on
masses and couplings of new particles in many BSM theories. In other words, translation of
experimental data into a theoretical framework has to be done only once in the EFT context,
rather than for each BSM model separately. Moreover, the EFT can be used to establish
a consistent picture of deviations from the SM by itself and thus can provide guidance for
constructing a UV completion of the SM.

In the EFT, physical amplitudes in general grow with the energy scale of the process,
due to the presence of non-renormalizable operators. Such framework has therefore a limited
energy range of validity. In this note we address the question of the validity range at the
quantitative level. We will discuss the following points:

• Under what conditions does the EFT give a faithful description of the low-energy phe-
nomenology of some BSM theory?

• When is it justified to truncate the EFT expansion at the level of dimension-6 operators?
To what extent can experimental limits on dimension-6 operators be a↵ected by the
presence of dimension-8 operators? Are there physically important examples where
dimension-8 operators cannot be neglected?

2

Included Ignored

Can we answer from a bottom-up approach,
 i.e. by looking at experimental constraints?
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EFT validityterm is suppressed by a larger power of a high mass scale. Assuming baryon and lepton
number conservation, the Lagrangian takes the form

L
e↵

= L
SM

+
X

i

c(6)i O(6)

i +
X

j

c(8)j O(8)

j + · · · , (1.1)

where each O(D)

i is a gauge-invariant operator of dimension D and c(D)

i is the corresponding
coe�cient. Each coe�cient has dimension 4�D and scales like a given power of the couplings
of the UV theory; in particular, for an operator made of ni fields one has

c(D)

i ⇠ (coupling)ni�2

(high mass scale)D�4

. (1.2)

This scaling holds in any UV completion which admits some perturbative expansion in its cou-
plings. This follows from simple dimensional analysis after restoring ~ 6= 1 in the Lagrangian
since couplings, as well as fields, carry ~ dimensions [1–3] (see also Refs. [4,5]). An additional
suppressing factor (coupling/4⇡)2L may arise with respect to the naive scaling if the operator
is first generated at L loops in the perturbative expansion. If no perturbative expansion is
possible in the UV theory because this is maximally strongly coupled, then Eq. (1.2) gives
a correct estimate of the size of the e↵ective coe�cients by replacing the numerator with
(4⇡)ni�2 (i.e. setting coupling ⇠ 4⇡).

The EFT defined by Eq. (1.1) is able to parametrize observable e↵ects of a large class of
beyond the SM (BSM) theories. All decoupling BSM physics where new particles are much
heavier than the SM ones and much heavier than the energy scale at which the experiment is
performed can be mapped to such a Lagrangian. The main motivation to use this framework
is that the constraints on the EFT parameters can be later re-interpreted as constraints on
masses and couplings of new particles in many BSM theories. In other words, translation of
experimental data into a theoretical framework has to be done only once in the EFT context,
rather than for each BSM model separately. Moreover, the EFT can be used to establish
a consistent picture of deviations from the SM by itself and thus can provide guidance for
constructing a UV completion of the SM.

In the EFT, physical amplitudes in general grow with the energy scale of the process,
due to the presence of non-renormalizable operators. Such framework has therefore a limited
energy range of validity. In this note we address the question of the validity range at the
quantitative level. We will discuss the following points:

• Under what conditions does the EFT give a faithful description of the low-energy phe-
nomenology of some BSM theory?

• When is it justified to truncate the EFT expansion at the level of dimension-6 operators?
To what extent can experimental limits on dimension-6 operators be a↵ected by the
presence of dimension-8 operators? Are there physically important examples where
dimension-8 operators cannot be neglected?

2

Included Ignored

Expansion Validity: E/Λ << 1

Experimentally: better access to leading ci E2/Λ2 and not directly to Λ 

Truncation depends on c(8)i E4/Λ4

Le↵ =
2

v2
(ē�µ⌫e)(⌫̄µ�µµ)

for a fixed deviation to the SM predictions:

Weak couplings reduce the validity range of the EFT (as naively expected)
Strong couplings extend it (g=4! Fermi theory would have been valid up to E≈3 TeV)

low energy measurements give access to GF, i.e. v, and not the true cutoff mW= 1/2 g v

Example: Fermi theory
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EFT validity: illustrative example

SU(2)L 
heavy vector triplet

4 An Explicit Example

In this section we illustrate our general arguments by comparing predictions of the EFT and
a specific BSM model which reduces to that EFT at low energies. To this end we discuss
the qq̄ ! V h process at the LHC, along the lines of Ref. [28]. The purpose of the example
presented below is to demonstrate that, as in the Fermi theory, the knowledge of the D = 6
coe�cients of an e↵ective Lagrangian is not enough to determine the validity range of the
EFT approximation. Therefore the theoretical errors incurred from the truncation of the
EFT Lagrangian cannot be quantified in a model-independent way.

We consider the SM extended by a triplet of vector bosons V i
µ with mass MV transforming

in the adjoint representation of the SM SU(2)L symmetry. Its coupling to the SM fields is
described by [81,82]

L � igHV
i
µH

†�i !DµH + gqV
i
µ q̄L�µ�

iqL, (4.1)

where qL = (uL, dL) is a doublet of the 1st generation left-handed quarks. In this model V i
µ

couples to light quarks, the Higgs boson, and electroweak gauge bosons, and it contributes
to the qq̄ ! V h process at the LHC. Below the scale MV , the vector resonances can be inte-
grated out, giving rise to an EFT where the SM is extended by D=6 and higher-dimensional
operators. Thus, MV plays the role of the EFT cut-o↵ scale ⇤. Using the language of the
Higgs basis [83], the EFT at the D=6 level is described by the parameter �cz (relative cor-
rection to the SM Higgs couplings to WW and ZZ) and �gZq

L (relative corrections to the Z
and W boson couplings to left-handed quarks), plus other parameters that do not a↵ect the
qq̄ ! V h process at tree level. The relevant EFT parameters are matched to those in the UV
model as

�cz = � 3v2

2M2

V

g2H , [�gZu
L ]

11

= �[�gZd
L ]

11

= � v2

2M2

V

gHgq . (4.2)

When these parameters are non-zero, certain EFT amplitudes grow as the square of the center-
of-mass energy s ⌘ M2

Wh of the analyzed process, M ⇠ M2

Wh/M
2

V . Then, for a given value
of the parameters, the observable e↵ects of the parameters become larger at higher energies.
However, above a certain energy scale, the EFT may no longer approximate correctly the UV
theory defined by Eq. (4.1), and then experimental constraints on the EFT parameters do
not provide any information about the UV theory.

To illustrate this point, we compare the UV and EFT descriptions of qq̄ ! V h for three
benchmark points:

• Strongly coupled: MV = 7 TeV, gH = �gq = 1.75;

• Moderately coupled: MV = 2 TeV, gH = �gq = 1/2;

• Weakly coupled: MV = 1 TeV, gH = �gq = 1/4 .

Clearly, all three benchmarks lead to the same EFT parameters at the D=6 level. However,
because MV = ⇤ varies, these cases imply di↵erent validity ranges in the EFT. This is illus-
trated in Fig. 1, where we show (in the left panel) the production cross section in dependence

13

EFT
�

�SM
⇡

✓
1� 160 gHgq

v2

M2
V

M2
Wh

TeV2

◆2

MW ⌧ MWh ⌧ MV • Strongly coupled: MV = 7 TeV, gH = �gq = 7/4

• Moderately coupled: MV = 2 TeV, gH = �gq = 1/2

• Weakly coupled: MV = 1 TeV, gH = �gq = 1/4

3 benchmark models with same EFT behavior

200 400 600 800 1000 12001.0
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sês SM
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g=7/4

appEFT

EFT

validity of EFT depends on couplings
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EFT validity: illustrative example

 Different limits correspond to taking into account measurements up to different Mcut

 Stronger limits on EFT are obtained for larger Mcut

 However, limits with lower Mcut are also useful, to constrain parameter space of model 
with MV < 3 TeV 

Consider mock measurement of σ(qq → Wh) at LHC at different invariant mass of final state
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Figure 1: LEFT: The partonic ud̄ ! W+h cross section as a function of the center-of-mass
energy of the parton collision. The black lines correspond to the SU(2)L triplet model with
MV = 1 TeV, gH = �gq = 1/4 (dashed), MV = 2 TeV, gH = �gq = 1/2 (dotted), and
MV = 7 TeV, and gH = �gq = 1.75 (solid). The corresponding EFT predictions are shown in
the linear approximation (red), and when quadratic terms in D=6 parameters are included in
the calculation of the cross section (purple). RIGHT: The theory errors defined as the relative
di↵erence between the constraints on g2⇤ ⌘ g2H = g2q obtained by recasting the limits obtained
in the framework of a D=6 EFT and the limits obtained directly by comparing the predictions
of the resonance model with experimental observations. The limits come from re-interpreting
the hypothetical experimental constraints corresponding to M

cut

= 3 TeV, as described in the
text. The dotted line corresponds to the naive estimate ⇠ 2 where  ⌘ M

cut

/⇤ = MWh/MV .

on MWh, for both the full model and the EFT. While, as expected, in all cases the EFT
description is valid near the production threshold, above a certain point Mmax

Wh the EFT is
no longer a good approximation of the UV theory. Clearly, the value of Mmax

Wh is di↵erent
in each case. For the moderately coupled case, it coincides with the energy at which the
linear and quadratic EFT approximations diverge. From the EFT perspective, this happens
because D=8 operators can no longer be neglected. However, for the strongly coupled case,
the validity range extends beyond that point. In this case, it is the quadratic approximation
that provides a good approximation of the UV theory. As discussed in the previous section,
that is because, for strongly-coupled UV completions, the quadratic contribution from D=6
operators dominates over that of D � 8 operators in a larger energy range.

As an illustration of our discussion of setting limits on EFT parameters and estimating
associated theoretical errors, consider the following example of an idealized measurement.
Suppose an experiment makes the following measurement of the �(ud̄ ! W+h) cross section
at di↵erent values of MWh:

MWh[TeV] 0.5 1 1.5 2 2.5 3
�

�SM
1± 1.2 1± 1.0 1± 0.8 1± 1.2 1± 1.6 1± 3.0

This is meant as a simple proxy for more realistic measurements at the LHC, for example
measurements of a fiducial �(pp ! W+h) cross section in several bins of MWh. For simplic-

14
Mcut[TeV] 0.5 1 1.5 2 2.5 3

�gH gq
v2

M2
V

[⇥10�3] [-70, 20] [-16,4] [-7,1.6] [-4.1,1.1] [-2.7,0.8] [-2.2,0.7]

constraints on EFT parameter

one shouldn’t include bin Mcut > MV, but exp. no access to MV!△
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EFT validity: illustrative example

1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

MV[TeV]

g*

limit on g*=gH=-gq include bins up to Mcut = k MV ➾ EFT error < k2

True limit on 
resonance 
coupling

Excluded 
resonance 

couplings using 
Mcut<MV

Excluded 
resonance 

couplings using 
Mcut<MV/2
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Examples of Higgs EFT analyses
 1. Higgs+jet

2. off-shell Higgs
3. double Higgs production  

20
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy
but notoriously difficult channel
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling

➾➾
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0
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p
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t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and
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Breaking the degeneracy: 14 vs 100 TeV
• Rough estimate: combine boosted and inclusive measurements using

simple χ (no backgrounds)

• For boosted regime consider ℎ → 𝜏𝜏, and take ratio of cross sections to 

reduce theory uncertainty:

• Discrimination power on 𝜅 improves strongly at 100 TeV

Grojean, ES, Schlaffer and Weiler

A perfect case for a very 
energetic machine

tth increases by 10 from 14 to 100TeV
h+jpT>600GeV increases by 210 
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Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.
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Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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It fails spectacularly for      
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m2
t

M++00

box

⇠ � log

2

ŝ
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interpretations in terms of bounds of the Higgs width are limited/model-dependent

-10 -5 0 5 10
-10

-5

0

5

10

ct

c g

Figure 2: 68%, 95% and 99% probability contours in the ct,cg plane, using the 8TeV CMS

data set. A 10% systematic uncertainty was assumed on the qq̄ background.

only to compute the signal and the interfering background in gg ! ZZ, whereas for the

non-interfering background qq̄ ! ZZ the results presented by CMS were used.

The resulting constraints in the (ct, cg) plane are shown in Fig. 2. In order to explore

the power of resolving the ct vs. cg degeneracy, we assume that the inclusive measurement is

consistent with the SM and therefore we impose the condition ct+cg = 1. The resulting pos-

terior probability is presented in Fig. 3: with 68% probability the coupling ct is constrained

within [�4,�1.5] [ [2.9, 6.1]. These results were obtained using the nonlinear analysis. The

CMS bound allows cg,y to be of O(1), thus no interpretation of the results in terms of the

EFT can be made. The bounds we quote here should therefore be understood as holding

under the assumption that Eq. (2.4) fully encodes the e↵ects on gg ! ZZ of the new physics,

even though the latter is allowed to be at the weak scale. Finally, notice that our results

were obtained using only the four-charged lepton final state and without the MELA, so upon

a more refined analysis one can easily expect a factor of two improvement on the bounds on

the couplings.
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Figure 4: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for

the injected SM signal: 68%, 95% and 99% expected probability regions in the (ct, cg) plane.

The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis,

respectively. No theoretical uncertainty is included.

3.3 Bounds on top partners

The ct vs. cg degeneracy arises in models with fermionic top partners, in particular it is

generic in the composite Higgs models [45–49]. As a prototype of the models with this

degeneracy we can introduce just one vector-like top partner T , transforming as a singlet of

SU(2)L

� L = yQ̄L
eHtR + Y⇤Q̄L

eHTR +M⇤T̄LTR + h.c. . (3.21)

In this model, loops of the heavy fermion T generate an e↵ective interaction of the Higgs

with the gluons, and at the same time the top Yukawa coupling is modified due to the mixing

with the top partner. Due to the Higgs low-energy theorem, the on-shell Higgs production

cross section is predicted to be the same as in the SM, since it can easily be checked [47,48]

that, after integrating out the heavy top partner, ct + cg = 1. Besides modifying the Higgs-

mediated amplitude for gg ! ZZ, the T also enters in the box diagrams, generating a

contribution to the interfering background which in the EFT must be parameterized by

16

LHC14TeV-3/ab
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The Higgs self-couplings plays important roles
1) controls the stability of the EW vacuum
2) dictates the dynamics of EW phase transition and potentially conditions 
the generation of a matter-antimatter asymmetry via EW baryogenesis 

Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs 
self-couplings and leave the other Higgs coupling deviations undetectable
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ŝ = m
hh

v Dependence on Higgs trilinear suppressed at high energy

I Events at threshold more sensitive to Higgs trilinear, events at large
m

hh

more important to determine the other operators

Reach in mhh and pT : Boosted events

 [GeV]
min
)hhm(

0 500 1000 1500 2000 2500 3000 3500 4000

) [
fb

]
hh

m
/d

�
 (d
× 

hh
 d

m
�

-210

-110

1

10

210

310

Signal (SM)Signal (SM)

dsigmadmhh.pdf
dsigmadpTh.pdf

100 TeV

14 TeV

 [GeV]
min

(h))
T

(p
0 500 1000 1500 2000

(h
) [

fb
]

T
/d

p
�

 d
×

(h
) 

T
 d

p
�

-210

-110

1

10

210

310

Signal (SM)Signal (SM)

100 TeV

14 TeV

The highest accessible m
hh

and p
T
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[numbers in parenthesis are for the 100 TeV collider]
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Precision on c3, c2t and c2g

The non-linear Higgs couplings c
3

, c
2t

, c
2g

can only be directly accessed
in double Higgs production
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• Higgs trilinear c
3

can only be extracted at FCC (at LHC only O(1)
determination)

• good precision on c
2t

and c
2g

25

see also Goertz, Papaefstathiou, Yang, Zurita ’14
Remarks:
• unique access to c3 but sensitivity is limited (within the validity of EFT?). 
• statistically limited, with more luminosity 

➾ access to distribution
➾ discriminating power c3 vs. c2t vs cg

HH production

Azatov, Contino, Panico, Son  ’15

Constraining the dim.-6 operators: cu and c6

¯
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68% probability intervals on c
6

LHC
14

HL-LHC FCC
100

[�1.2, 6.1] [�1.0, 1.8] [ [3.5, 5.1] [�0.33, 0.29]

‚ only O(1) determination possible at LHC


