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Why not indirect?

• Because direct is better (Pedro’s talk).
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• Can catch new physics by its tail 
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Why indirect?
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If scale of new physics beyond kinematic reach,  
EFT systematically captures information about BSM 
in a model-independent way. Easy to recast.

Only requirement: ⇤ � Eexperiment



LEFT = LSM +
1

⇤2
LD=6 + . . .

Not included here: 
 D=5 (or D=7) because they are L (or B) violating 
 D=8 and higher by assumption sub-leading.

EFT contains most general departure from SM at low-E,

X3 ϕ6 and ϕ4D2 ψ2ϕ3
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ϕl (ϕ†i
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Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
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Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i
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D I
µ ϕ)(l̄pτ
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QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
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µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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2499 distinct operators:



Vµ

Full theory EFT

Vµ

with 

gqgf
�igµ⌫

q2 �m2
V + im�

Enormous reduction of complexity (loss of information)

q2 ⌧ m2
V

c̃ = �gqgf
m2

V

=
c

⇤2

c̃ (q̄�µq)(l̄�µl)



• For a given process, only a small number of EFT 
operators contribute 

• Ignore those already very constrained:  
    LEP Z-Pole, low-energy precision experiments  

• Find convenient parametrization which makes 
poorly constrained directions obvious 

• Focus here: nature of EWSB

Which operators are important?



How can we test EFTs?

• Precision 

• Energy



Precision
Measure at fixed energy scale:

E ⇠ µSM
�

�SM
=

����1 + c
µ2
SM

⇤2

����
2

- Higgs, Z, t decays  
- Inclusive SM x-sec’s



Precision
Measure at fixed energy scale:

E ⇠ µSM
�

�SM
=

����1 + c
µ2
SM

⇤2

����
2

If we can reach 1% precision in         , translates to �

�SM

� ⇠
⇣mh

⇤

⌘2
⇤ ⇠ 1.2TeV

Ultimately limited by systematics, but useful for 
poorly constrained directions (e.g. HH).

- Higgs, Z, t decays  
- Inclusive SM x-sec’s



Energy
Look into high-E tails of distributions, e.g. mll, pT(H), …  

�

�SM
=

����1 + c
E2

⇤2

����
2

E ⇠ mll � µSM



Energy
Look into high-E tails of distributions, e.g. mll, pT(H), …  

�

�SM
=

����1 + c
E2

⇤2

����
2

E ⇠ mll � µSM

Can reach large scales, even if precision is low,

� ⇠
✓
E

⇤

◆2

E = 1TeV

� ⇠ 10%
⇤ ⇠ 3TeV

Additional benefit: often probes new directions



Example: single Higgs
�(pp ! h+X)



+

t NP

⇡ 0

T 0, t̃, . . .

… motivates deviations in

see e.g. Low, Vichi, Rattazzi

The hierarchy problem… 



+

t NP

⇡ 0

T 0, t̃, . . .

… motivates deviations in … but we actually measure:

/ lim
p!0

|SM+NP|2

see e.g. Low, Vichi, Rattazzi

The hierarchy problem… 



Inclusive Higgs

1 Introduction

With the discovery [1,2] last year of a new resonance that is identified as the long sought-after

Higgs boson with a probability better than 1�10�13, a new era started in the understanding

of the Standard Model (SM) of particle physics. In the absence of any evidence for any other

new degree of freedom at the weak scale, a mass gap is likely to separate the SM particles

from the dynamics generating and stabilizing the Higgs potential. Our ignorance about

the New Physics sector can thus be conveniently parametrized in terms of a set of higher

dimensional operators built of the SM blocks and obeying the simple SM symmetries laws.

Assuming the most conservative flavor hypothesis, there are 59 independent ways to deform

the SM [3]. Of particular interest are the 18 CP-invariant deformation directions a↵ecting

the Higgs physics [4, 5]. Actually, 8/2 of them were already constrained at the per-mil/cent

level, before the Higgs discovery itself, thanks to electroweak measurements involving massive

gauge bosons. The Higgs data collected by the ATLAS and CMS experiments (as well

as by the 2 Tevatron experiments) start putting interesting bounds on the remaining 8

directions [5]. In this regard, the mass of the Higgs around 125 GeV o↵ers remarkable

opportunities to have access to these directions since it opens numerous decay channels with

a rate accessible with the current luminosity delivered by the LHC. Among these 8 directions,

2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|
2Q̄LH̃tR , Og =

↵s

12⇡v2
|H|

2Ga

µ⌫
Gaµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1
yt is the SM top Yukawa coupling, G

a
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤
, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2

' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.

1

to use the reported numbers as an estimate for our analysis. In order to reduce background

a reconstructed higgs mass between 100 and 300GeV was demanded and its e↵ect is already

included in the e�ciencies.

To break the degeneracy of the inclusive cross section in the ct-kg-plane we need at least

two observables. On the one hand we take the inclusive cross section normalized by its SM

value

µincl(ct, kg) =
�BSM
incl (ct, kg)

�SM
incl

= (ct + kg)
2 (2.9)

to constrain the plane on a band where (ct + kg)2 is constant. On the other hand we take

the ratio

R(ct, kg) =
�650GeV

�150GeV
(ct, kg)

K650

K150
(2.10)

which has the advantage that the uncertainties in the K-factors Kp
min
T

and the scale variation

cancel at least partially. The K-factors were calculated using MCFM [23] and included in the

definition of R to take NLO corrections approximately into account. MCFM can calculate

the SM cross section for pp ! h+ jet with the higgs decaying to a pair of ⌧s and having at

least a given pmin

T
at both, LO and NLO 2. However, this computation is performed only in

the heavy top limit and can therefore not be used for our analysis. Yet, by taking the ratio

of the LO and NLO cross section for pmin

T
= 150GeV and 650GeV we get a result for the

two K-factors needed in R.

Combining these two observables µincl and R we get the following expression for �2:

�2(ct, kg) =

✓
R(ct, kg)�R

⇤

�R

◆2

+

✓
µincl(ct, kg)� µ⇤

incl

�µincl

◆2

(2.11)

This function is determined by choosing an initial value for µ⇤
incl and for the top yukawa

modification c0
t
= 0.8, 1.0 or 1.2 corresponding to the colors blue, red and black in figures

2(a)-(c). These two choices fix the initial value for kg to k0
g
=

p
µ⇤
incl � c0

t
and thus R

⇤ =

R(c0
t
, k0

g
). For the uncertainty of µincl we assumed only a systematic uncertainty of 10%, i.e.

�µincl = 0.1µ⇤
incl. The uncertainty for R is a combination of 10% systematic uncertainty on

each of the two cross sections and a statistical uncertainty given by 1/
q
Np

min
T

where Np
min
T

=

�p
min
T

(c0
t
, k0

g
)Kp

min
T

✏tot L is the number of expected events for the integrated luminosity L,

2
process 204

7

Precision only : a degenerate direction!

ct ⇡ �kgComposite Higgs predicts:
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]

X

helicities

��M1
gg

��2 = 32↵3
S
↵

3

s4 + t4 + u4 +m8
h

s t um2
W

X

helicities

��M1
qq̄

��2 = 16↵3
S
↵

9

t2 + u2

sm2
W

(2.3)

where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p
m2

h
+ p2

T
, where mh

is the higgs mass and p2
T
= t u

s
its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin

T
from any of the initial states is then given by

�̂p
min
T

(ct, kg, ŝ) /
1

16 ⇡ ŝ2

tmaxZ

tmin

dt |ct MIR + kg MUV |
2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration

4

are given by

tmin
max

=
1

2

✓
m2

h
� ŝ⌥

q
m4

h
� 2 ŝ (m2

h
+ 2 (pmin

T
)2) + ŝ2

◆
(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�p
min
T

(ct, kg) =

1Z

smin/s

d⌧ Lpart(⌧) �̂p
min
T

(ct, kg, ⌧ s) (2.6)

with smin = m2
h
+2 (pmin

T
)2+2

p
m2

h
(pmin

T
)2 + (pmin

T
)4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�p
min
T

(ct, kg)

�SM

p
min
T

= (ct + kg)
2 + � ct kg +  k2

g
(2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)

 
X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us
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of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]
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where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p
m2

h
+ p2

T
, where mh

is the higgs mass and p2
T
= t u

s
its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin

T
from any of the initial states is then given by

�̂p
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T

(ct, kg, ŝ) /
1

16 ⇡ ŝ2

tmaxZ

tmin

dt |ct MIR + kg MUV |
2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration
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of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]

X

helicities

��M1
gg

��2 = 32↵3
S
↵

3

s4 + t4 + u4 +m8
h

s t um2
W
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helicities
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qq̄
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↵
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t2 + u2

sm2
W

(2.3)

where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p

m2
h
+ p2

T
, where mh

is the higgs mass and p2
T
= t u

s
its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin

T
from any of the initial states is then given by

�̂p
min
T

(ct, kg, ŝ) /
1

16 ⇡ ŝ2

tmaxZ

tmin

dt |ct MIR + kg MUV |
2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration
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Use Energy: pT (H)

vs.
UV IR



are given by

tmin
max

=
1

2

✓
m2

h
� ŝ⌥

q
m4

h
� 2 ŝ (m2

h
+ 2 (pmin

T
)2) + ŝ2

◆
(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�p
min
T

(ct, kg) =

1Z

smin/s

d⌧ Lpart(⌧) �̂p
min
T

(ct, kg, ⌧ s) (2.6)

with smin = m2
h
+2 (pmin

T
)2+2

p
m2

h
(pmin

T
)2 + (pmin

T
)4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�p
min
T

(ct, kg)

�SM

p
min
T

= (ct + kg)
2 + � ct kg +  k2

g
(2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)

 
X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)
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I. INTRODUCTION

After the discovery of a new boson at the LHC with the gross features of a Standard

Model (SM) Higgs particle [1, 2], a primary goal has been to see if it has the detailed

features necessary to be responsible for electroweak symmetry breaking in SM. New physics

around the the TeV scale can reveal itself either directly as new particles or indirectly in

modifications of the interactions of the SM fields, in particular in measurable modifications

of the Higgs potential. The potential for the Higgs field in the SM is determined by only

two parameters, the mass squared term and the self-interaction strength:

VSM = �µ
2
H

†
H + �(H†

H)2 (1)

The measurement of the Higgs mass by ATLAS and CMS together with the known value of

the Fermi constant now fully determine the self-interactions of the physical SM Higgs field

h,

VSM =
m

2

h

2
h
2 + �3v h

3 + �4 h
4 (2)

where H
T = (0, v + h)/

p
2. The SM predicts perturbative cubic �

SM

3
= m

2

h
/(2v2) ⇡ 0.13

and quartic �
SM

4
= m

2

h
/(8v2) ⇡ 0.03 self-interactions. Large departures from this simple

picture are, however, possible and motivated [3–5] cite more!. Understanding the physics of

electroweak symmetry breaking is also relevant for the fundamental question about the order

of the associated phase transition. We would like to understand if the electroweak transition

is a cross-over or if it could have been strongly first order, as motivated by electroweak

baryogenesis [6].

These SM relations have only been very weakly constrained by the measurement of double

Higgs (or di-Higgs) production, pp ! hh, at the LHC [7–12] more?. For more precise

determination of �3, the planned High-Luminosity phase of the LHC (HL-LHC), a future

hadron collider such as the High-Energy LHC (HE-LHC) or a 100-TeV pp collider (FCC),

or a e
+
e
� collider is necessary.1 In this paper we focus on proton-proton colliders, see for

example Ref. [17] for a recent assessment of the reach of future lepton machines.

The inclusive gg ! hh cross section at 14, 27 and 100 TeV is 40.2, 162 and 1640 fb,

1 The determination of �4 is challenging even at a 100 TeV pp collider [13–16].
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We describe the analysis in Sec. II and show our results in Sec. III. We conclude in Sec. IV

and discuss how our analysis can be improved.

II. ANALYSIS

We focus on extensions of the SM Lagrangian in an expansion of higher dimensional local

operators L = LSM +�L6 + . . . involving the following terms

�L6 � cH

2v2
@µ(H

†
H)@µ(H†

H) +
cu

v2
ytH

†
H( q

L
eHtR + h.c.)

� c6

v2

m
2

h

2v2
�
H

†
H
�3

+ cg
g
2

s

m
2

W

H
†
HG

a

µ⌫
G

aµ⌫
,

(3)

where the Higgs vacuum expectation value is v ' 246GeV and eH ⌘ i�
2
H
⇤. We omit

CP-violating operators as well as the custodial symmetry-violating (H†
 !
DµH)2, whose co-

e�cient is strongly constrained by electroweak precision data. Previous studies using the

EFT framework appeared in [37, 39–42]. For nonlinearly realized electroweak symmetry, the

corresponding terms are

Lnonlinear � �mt tt

✓
ct
h

v
+ c2t

h
2

v2

◆
� c3

m
2

h

2v
h
3 +

g
2

s

4⇡2

✓
cg
h

v
+ c2g

h
2

2v2

◆
G

a

µ⌫
G

aµ⌫
, (4)

When both parametrizations are relevant, the following relations hold between the coe�-

cients

ct = 1� 1

2
(cH +2 cu), c2t = �1

2
(cH +3 cu), c3 = 1� 3

2
cH + c6, cg = c2g = cg

⇣ 4⇡

↵W

⌘
, (5)

where we defined 4⇡↵W = g
2.

We consider the following collider benchmarks:

HL-LHC HE-LHC3 HE-LHC15 FCC3

p
s (TeV) 14 27 27 100

L (ab�1) 3 3 15 3

�hh (fb) 40.2 162 162 1640

Nhh 1.2 · 105 4.9 · 105 2.4 · 106 4.9 · 106

where
p
s, L ⌘

R
dtL, �hh and Nhh are the collision energy, integrated luminosity, inclusive

4

hard possible easy-ish?

Di-Higgs production
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p
s (TeV) 14 27 27 100

L (ab�1) 3 3 15 3

�hh (fb) 40.2 162 162 1640

Nhh 1.2 · 105 4.9 · 105 2.4 · 106 4.9 · 106

where
p
s, L ⌘

R
dtL, �hh and Nhh are the collision energy, integrated luminosity, inclusive
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How well does HE-LHC27 
compared to FCC100?
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FIG. 1: mhh distribution for various collider benchmarks after all cuts. On the left the event rates
for all collider benchmarks are normalized to unity. On the right the actual event counts of the
collider benchmarks are shown. The last category is inclusive.

FIG. 2: Sensitivities to the pp ! hh signal strength (left) and the trilinear coupling (c3) for various
collider benchmarks. The blue, red and green bars correspond to 1, 3 and 5� uncertainties.

We next consider the precision obtained with respect to the trilinear coupling c3. This is

performed with mhh categorization and processed with a Bayesian statistical treatment as

follows. We consider the following likelihood:

L(c3) =
6Y

i=1

Pois(si(c3) + bi, N
obs

i
), (12)
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more energy: 
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• No BSM: modifying self-coupling clearly    
                       makes little sense.  

• BSM: modifying only self-coupling not generic,  
                  expect effects in other couplings.

Use EFT!



EFT contribution

We describe the analysis in Sec. II and show our results in Sec. III. We conclude in Sec. IV

and discuss how our analysis can be improved.

II. ANALYSIS

We focus on extensions of the SM Lagrangian in an expansion of higher dimensional local

operators L = LSM +�L6 + . . . involving the following terms
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CP-violating operators as well as the custodial symmetry-violating (H†
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DµH)2, whose co-
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When both parametrizations are relevant, the following relations hold between the coe�-

cients
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(cH +3 cu), c3 = 1� 3
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, (5)

where we defined 4⇡↵W = g
2.

We consider the following collider benchmarks:

HL-LHC HE-LHC3 HE-LHC15 FCC3

p
s (TeV) 14 27 27 100

L (ab�1) 3 3 15 3

�hh (fb) 40.2 162 162 1640

Nhh 1.2 · 105 4.9 · 105 2.4 · 106 4.9 · 106

where
p
s, L ⌘

R
dtL, �hh and Nhh are the collision energy, integrated luminosity, inclusive
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including QCD corrections up to approximate next-to-next-to-leading (NNLO) order [18].

Recently, the first exact next-to-leading order (NLO) calculation was performed, evaluating

numerically the massive two-loop virtual amplitudes [19]. The resulting prediction for the

14 TeV cross section, obtained combining the exact NLO with approximate NNLO results

[20], is 38.7 fb [21], which agrees within the residual uncertainty with the value of Ref. [18]

that we adopt here. See also Refs. [22–27] for previous work on precision computations of

hh hadroproduction. The HL-LHC will only put loose constraints which were estimated

recently [28, 29].

The absence of any new light particles in searches of ATLAS and CMS indicates a gap

between the electroweak scale and the scale of new physics. This justifies the use of an e↵ec-

tive field theory (EFT) approach where the deviations from SM behaviour are encapsulated

in local operators composed of SM fields suppressed by inverse powers of the new physics

scale ⇤ cite EFT papers. The leading correction to �3 scales as �3/�
SM

3
⇠ 1 + v

2
/⇤2.

We will focus on the channel hh ! ��bb̄. This final state is relatively clean which however

comes at the price of a small branching ratio of BRSM ' 0.264%. Recent projections for the

HL-LHC [29] have shown it to have a competitive significance to determine �gg!hh. The

analysis is straightforward [30–33] cite more and does not require a detailed understanding

of the reconstructed objects like in hh ! ⌧
+
⌧
�
bb̄ [33–37] or sophisticated analysis strategies

to deal with large backgrounds as in the WW
⇤
bb̄ [33, 35] or the very di�cult bb̄bb̄ final

state [34, 35, 38]. A future analysis should include these channels and combine them to

increase the significance.

We will evaluate the potential of a HE-LHC machine with integrated luminosity bench-

marks of 3 ab�1 (for which we use the shorthand HE-LHC3) and 15 ab�1 (HE-LHC15) to

explore the relevant Higgs observables, and compare it to the HL-LHC, defined as having

energy of 14TeV and 3 ab�1, and to the FCC, a 100 TeV machine with 3 ab�1 luminosity

(FCC3). We will focus on the following questions:

1. How well can we measure �gg!hh ? Can we reach a 5� detection in the SM?

2. What are the constraints on the value of Higgs trilinear self-interaction coupling �3?

3. Which directions in the Higgs EFT can be explored and how does this compare to

other Higgs measurements?

3

numerical values of the coe�cients at 27 TeV are given in Table I.

As backgrounds, we consider the non-resonant ��bb̄ and resonant tt̄h processes. These

have shown to give the largest contributions and we ignore ��jj and bb̄h, (Z ! bb)h.

We ignore backgrounds from jets faking photons as we estimate them to be not the

dominant contribution, as has been shown in experimental analyses of single Higgs produc-

tion. A thorough discussion of this issue is clearly a task which should be performed by the

experimental collaborations and will also depend on design choices for future detectors [46].

The LO cross section of the ��bb̄ background is calculated to be 47.3 fb. A K-factor

of 2 is assumed in our analysis [42]. We use the NLO cross section of tt̄h, which is 2.85 pb [27].

For the ease of comparisons with the HL-LHC results given in [42], we apply identical

parton-level cuts for the HE-LHC benchmarks on the leading and sub-leading b quarks and

photons:

p
b1
T
, p

�1
T

> 50 GeV , p
b2
T
, p

�2
T

> 30 GeV ,

�R(b, b) < 2 , �R(�, �) < 2 , �R(b, �) > 1.5 , (HL -LHC, HE -LHC) (7)

105 GeV < m
reco

bb
< 145 GeV , 120 GeV < m

reco

��
< 130 GeV .

At the FCC the pT thresholds of the partons are increased to reduce backgrounds more

e↵ectively,

p
b1
T
, p

�1
T

> 60 GeV , p
b2
T
, p

�2
T

> 40 GeV, (FCC) (8)

while the other selection criteria remain the same. After applying the cuts, the selected

events are categorized (irrespective to the benchmark in consideration) according to the

reconstructed di-Higgs mass m
reco

hh
into the following 6 bins: 250 - 400, 400 - 550, 550 - 700,

700 - 850, 850 - 1000, and 1000 - GeV.

Determination of the 15 Ai coe�cients in Eq. (6) requires accurate Monte Carlo simula-

tion at multiple sets of EFT coe�cients {c}I . Doing this with hadron-level event samples

is computationally expensive, an issue that we circumvent as follows. At each parameter

point, we generate and analyze parton-level event samples. To include the e↵ect of detector

resolution, the following procedure is taken. We accept the b-jet (photon) at 70% (80%) of

6

m
reco

hh
[GeV] 250-400 400-550 550-700 700-850 850-1000 1000-

hh 6.79 28.3 12.7 3.82 1.16 0.63

��bb̄ 13.3 18.1 3.95 2.38 1.57 0.81
tt̄h 9.89 22.8 7.7 1.85 0.56 0.22

TABLE II: Expected numbers of signal and background events at
p
s = 27TeV assuming an

integrated luminosity L = 3ab�1. The last category is inclusive.

signal events is merely 350 GeV (we choose 5 as a rough estimate of the number of events

required for observation). Jet substructure techniques therefore do not seem to improve the

sensitivity at the HE-LHC.

III. RESULTS

We first show in Table II the expected signal and background events after applying all

cuts at the HE-LHC. In Figure 1, we show the distribution of mhh after all cuts for all

collider benchmarks. As expected, colliders with higher
p
s lead to more events in the high

invariant-mass tail of the distribution. We also note that HE-LHC15 and FCC have similar

number of events in the signal region. Let us compare the precision obtainable on the the

signal strength, µ ⌘ �/�SM, for the benchmarks in consideration. Assuming the Poisson

statistics, one can obtain the following 1, 3 and 5� intervals (against the background-only

hypothesis) on µ:

HL-LHC HE-LHC3 HE-LHC15 FCC3

1� interval on µ [0.49, 1.51] [0.78, 1.22] [0.90, 1.20 [0.92, 1.08]

3� interval on µ [�0.53, 2.53] [0.34, 1.66] [0.71, 1.29] [0.75, 1.25]

5� interval on µ [�1.56, 3.56] [�0.10, 2.10] [0.51, 1.49] [0.58, 1.42]

Note that no mhh categorization is performed for this estimate. The results obtained with

mhh categorization are similar, but not stronger. The same result is summarized also in the

left panel of Fig. 2.

We see that HL-LHC is not able to exclude the null-hypothesis, µ = 0, even at 3 � level.

On the other hand, the HE-LHC3 can easily falsify µ = 0 at 3 �, whereas the HE-LHC15 can

exclude it at 5�, promising the discovery of SM double Higgs production. The performance

of the FCC3 is very similar to that of the HE-LHC15.
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Rate SM A1 A2 A3 A4 A5 A6 A7

inclusive 162 fb 2.04 10.5 0.24 19.0 228 �8.47 �1.28

after-cut 17.8 ab 1.76 9.99 0.13 6.19 161 �7.54 �0.90

Rate A8 A9 A10 A11 A12 A13 A14 A15

inclusive 2.75 19.1 56.6 �9.31 �19.3 3.58 9.60 91.9

after-cut 1.99 11.5 41.6 �4.17 �18.5 1.12 9.90 50.2

TABLE I: Coe�cients of the fit of the inclusive total cross section (before applying the branching
ratio) and total signal rate (r = � ⇥ BR(hh ! bb̄��)) obtained after all cuts at 27 TeV. The fit is
based on a parametrization analogous to that given in Eq. (6) for the cross section. The SM rate
has been rescaled to include NNLO e↵ects.

di-Higgs production cross section, and expected number of di-Higgs events before any cuts,

respectively. Monte Carlo (MC) simulations have been performed to study the reach of

these benchmarks. For our purposes, we have implemented leading-order loop and tree-level

di-Higgs processes in MadGraph5 v2.6.0 [43, 44].2

The LO SM cross section at 27 TeV is calculated to be 73.8 fb, computed with Madgraph

by setting mh = 125GeV, mt = 173GeV and using the CTEQ6ll parton distribution func-

tions [45]. The factorization and renormalization scales have been fixed to Q =
p
ŝ = mhh.

In our analysis, we use the value rescaled to the approximate NNLO value of 162 fb [18].

We follow Ref. [42] and parametrize the double Higgs cross section in terms of the EFT

coe�cients as

� = �SM
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(6)

The Ai coe�cients are extracted by generating the corresponding MC events for various

sets of EFT coe�cients {c}I and fitting Ai to Eq. (6). We note that due to destructive

interference between the terms, the cross section as well as the after-cut signal rate could

become unphysical (negative) if the computation of the coe�cients is not accurate enough.

We obtain stable and physical results after generating around 7 · 105 events in total. The

2 We thank E. Vryonidou for providing us codes relevant to this study.
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FIG. 1: mhh distribution for various collider benchmarks after all cuts. On the left the event rates
for all collider benchmarks are normalized to unity. On the right the actual event counts of the
collider benchmarks are shown. The last category is inclusive.

FIG. 2: Sensitivities to the pp ! hh signal strength (left) and the trilinear coupling (c3) for various
collider benchmarks. The blue, red and green bars correspond to 1, 3 and 5� uncertainties.

We next consider the precision obtained with respect to the trilinear coupling c3. This is

performed with mhh categorization and processed with a Bayesian statistical treatment as

follows. We consider the following likelihood:

L(c3) =
6Y

i=1

Pois(si(c3) + bi, N
obs

i
), (12)
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FIG. 3: 68% (left) and 95% (right) probability contours on the plane (c2t, c3) for HL-LHC (dashed
purple), HE-LHC (dashed pink), HE-LHC15 (dashed red) and FCC3 (solid gray) benchmarks.

FIG. 4: 68% and 95% probability contours in the planes (c2t, c3) for HE-LHC with luminosities
L = 3ab�1 (left) and L = 15 ab�1 (right).

i.e. the SM values.

Themhh categorization is important to break degeneracies and obtain stronger constraints

on the parameters. This is particularly true for c2g and c2t, where the amplitudes relevant to

these parameters grow as ŝ increases. On the other hand, the c3 amplitude is relevant only

at the threshold. These dependencies are shown in Figure 6. The importance of larger mhh
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FIG. 8: 68% and 95% probability contours in the (cu, cg(4⇡/↵W )) plane for the HE-LHC3 and
the HE-LHC15 from double Higgs production (dashed and solid purple contours), boosted single
Higgs production (gray) and tt̄h (orange). The operator / c�H

†
HFµ⌫F

µ⌫ was included in the
EFT, with the c�/cg ratio fixed to the value given by loops of BSM particles that transform in
the fundamental of color and have electric charge equal to 2/3. Under this assumption, inclusive
Higgs measurements are exactly blind along the direction cu = 12 cg(4⇡/↵W ), indicated by the
black dotted line. The tt̄h exclusions are based on a 10% determination of the tt̄(h ! bb̄) signal
strength, and identical in the two panels.

We set cH = c6 = 0 as well as cd = 0, where cd is the coe�cient of an operator analogous to

the second one in Eq. (3) but involving the bottom quark, and assume the contact operator

in Eq. (13) to be present. The di-Higgs analysis is the same as in the nonlinear case, except

that we do not include an uncertainty on the BR(hh ! bb̄��), but instead take consistently

into account the dependence of this quantity on cu and cg. To estimate the sensitivity of

h+ jet we follow the procedure described in App. B.2 of Ref. [52], which consists in rescaling

by the appropriate parton luminosity ratios the results of the detailed (h ! ⌧⌧)+ j analysis

performed in Ref. [53] for the 14 TeV LHC. No systematic uncertainties are included. For tt̄h,

since no studies at 27 TeV are currently available, we take as benchmark a 10% measurement

of the signal strength, roughly corresponding to a 5% determination of cu at 1 �. This is

assumed for both the 3 ab�1 and 15 ab�1 luminosity scenarios, and primarily serves as an

illustration. For comparison, the precision achievable at the HL-LHC is 7.7% [49]. Motivated

by the promising results obtained in Ref. [54] for the 100 TeV FCC, we assume that the

leading sensitivity comes from the h ! bb̄ decay channel, and accordingly take into account

14
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 42], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

summarized in Table. 3.2 The W mass precision is based on the direct measurement in
p
s = 240

GeV running with 100 fb�1 integrated luminosity. The precisions of Z mass and weak mixing angle
are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

We also performed a profile likelihood fit and present the allowed (S, T ) region for CEPC at 68%
C.L. in Fig. 2. For comparison, we put the ILC result in the same plot. For the more optimistic
evaluation in which all precisions take the lower end values of the estimated ranges in Table 3, the
ILC and CEPC have similar sensitivities to new physics. For the more pessimistic evaluation based
on precisions at the higher ends of the estimated ranges, the CEPC allows larger S mostly because of
the worse precision of sin2 ✓`e↵ compared to ILC.

3.1 Hypothetical Improvements of CEPC EWPT

In this section, we will consider possible improvements of electroweak observable precisions at CEPC
and study how they a↵ect the CEPC’s sensitivity to new physics. There are four potential improve-
ments of electroweak observables: mt, mW , sin2 ✓`e↵ and �Z (together with mZ), which are listed in
Table 4.

The top quark mass gives the largest parametric uncertainties on the derived SM observables in
the global fit (more details could be found in Sec. 4.2.2) and thus improving its precision might improve
the fit. In the fit for CEPC above, we assumed the precision of the top mass after the HL-LHC running.

2
The summary table in the talk [43] quotes an achievable precision for sin

2 ✓`e↵ of 0.01%, but based on the earlier

slides and personal communication with Zhijun Liang we expect that 0.02% is a reasonably optimistic choice.

– 6 –

Conventional FCC Wisdom 
step 1 step 2

FCC-pp: direct production

• Arkani-Hamed, Han, Mangano, 
Wang 1511.06495 

5.2. New Gauge Bosons and Vector Resonances
One of the most striking signals would be the new electroweak gauge

boson resonant production with the subsequent decay to leptonic final states
— the typical Drell-Yan mechanism. New charged W 0 and neutral Z 0 gauge
bosons exist in many theories with gauge extensions beyond the SM. We
illustrate the typical cross sections for W 0 and Z 0 production for various well-
motivated models [79, 80] in Fig. 28 at both 14 and 100 TeV. As expected,
the LHC may be able to uncover a W 0, Z 0 signal up to a mass of about 5
TeV with a cross section of the order 0.1 fb. At 100 TeV, one will extend
the mass reach to about 25 TeV for a (B � L) Z 0 (the smallest in rate), and
to about 35 TeV for a left-right symmetric model W 0 (the largest in rate).
Somewhere in between, a sequential SM Z 0 may be observable to about 30
TeV. Similarly, the production rate of a color-singlet ⇢-like vector state in
the minimal version of composite Higgs models is shown in Fig. 29. The
production rate is roughly comparable to that of the (B � L) Z 0.

Figure 28: Production cross section of new heavy electroweak gauge bosons W
0 and Z

0 in
various models [79, 80] at 14 and 100 TeV.

5.3. Heavy Higgs Bosons in Doublet and Triplet Models
Many theories beyond the SM need the extension of the Higgs sector,

resulting in the prediction of new Higgs bosons, some of the commonly con-
sidered examples are denoted as H0, A0, H±, and H±±. Searching for the

57

• Fan, Reece, Wang 1411.1054 

FCC-ee: precision

2Conventional wisdom: 
Indirect vs. direct
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Figure 3: The DY differential cross section as measured in the combined dilepton channel and
as predicted by NNLO FEWZ 3.1 with CT10 PDF calculations, for the full phase space. The data
point abscissas are computed according to Eq. (6) in [60]. The c2 probability characterizing the
consistency of the predicted and measured cross sections is 91% with 41 degrees of freedom,
calculated with total uncertainties while taking into account the correlated errors in the two
channels.
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5

LEP ATLAS8 CMS8 LHC13 100TeV ILC TLEP ILC 500GeV

luminosity 2⇥ 107 Z 19.7 fb�1 20.3 fb�1 0.3 ab�1 3 ab�1 10 ab�1 109 Z 1012 Z 3 ab�1

NC W⇥104 [�19, 3] [�3, 15] [�5, 22] ±1.5 ±0.8 ±0.04 ±3 ±0.7 ±0.3

Y⇥104 [�17, 4] [�4, 24] [�7, 41] ±2.3 ±1.2 ±0.06 ±4 ±1 ±0.2

CC W⇥104 — ±3.9 ±0.7 ±0.45 ±0.02 — — —

TABLE II. Reach on Wand Y from di↵erent machines with various energies and luminosities. The bounds from neutral DY

are obtained setting the unconstrained parameter to zero. Bounds from LEP are extracted from [42], marginalizing over Ŝ and

T̂. Bounds from Z-peak ILC [52] and TLEP [53] are from Ref. [39]. Bounds from o↵-peak measurements of e+e� ! e+e� at

lepton colliders are extracted from [54].

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [58], we find that charged DY measurements pre-
sented in this paper can surpass direct searches of heavy
vector triplets W 0/Z 0 for 3.5TeV < mW 0 < 4TeV and
gV ⇠ g2 at 8TeV and for 6.5TeV<mW 0 < 10TeV and
gV . 2g2 with a luminosity of 300 fb�1 at the LHC.

Outlook.— In this letter, we have demonstrated that
hadron colliders can be used to perform electroweak pre-
cision tests, and in particular that the LHC is now sur-
passing LEP in sensitivity to the universal parameters W
and Y. Our results are summarized in Table II, where
we also compare to future lepton colliders.

We conclude by noting that the universal parameters
W and Y are just two examples from the class of opera-
tors of the SM EFT whose e↵ects grow with energy. The
LHC, and future hadron colliders, therefore have great
potential to perform precision tests, because high center
of mass energy compensates limited accuracy. We advo-
cate exploration of a broad program of precision tests at
hadron colliders, where SM measurements can be lever-
aged as indirect probes of new physics that is too heavy
to produce directly.
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