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New Physics Landscape after the Higgs Discovery
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Big Particle Physics (and Cosmology) Questions
Require Big Ideas and Powerful Tools 

• The Higgs Mechanism
• Hierarchy of fermion Masses and Mixings
• Models of Neutrino Masses

• Dark Matter
• Baryogenesis/Leptogenesis
• Grand Unification

What can be learned analyzing all the RUN II data?

What new tools/strategies (ML) may be required to get the most out of 
RUN II data? 



2HDMs or additional Higgs singlets or triplets, more complicated 
combinations of Higgs multiplets or extended gauge symmetries

Can be appealing to provide a strong first order EW phase transition

BSM alternatives can affect Higgs production & decay signal strengths

Flavor from the electroweak scale 
Flavor hierarchies arise from a Froggatt-Nielsen mechanism with

two Higgs doublets jointly acting as a flavon

The Higgs as a tool for Discovery:
Exploiting the Higgs Connections

Higgs portals to Dark Matter
DM may predominantly couple to the SM particles through the SM Higgs.
Extended Higgs sectors and/or Dark Higgs sectors (plus extended gauge         
symmetries) may play a role for DM and electroweak Baryogenesis



Higgs Properties in good agreement with SM predictions

Coupling to fermions not fully established; Top & bottom couplings not directly observed
Higgs boson couplings measured to ~10-25% precision 

Deviations from SM predictions quite possible

LHC RUN I Results

è

Assuming no strict 
correlation between gluon 

and top couplings

The bottom coupling affects all Higgs BRs in a relevant 
way (large effect in total width)

Strong interplay with gluon fusion rate (top coupling)
and also vector boson fusion and Hà WW/ZZ decays

11. Status of Higgs boson physics 41

channels with high mass resolution as a resonance is sufficient to validate this hypothesis.
It is also manifest in the above equation that the ten parameters for the production
modes (µi) and decay modes (µf ) cannot be determined simultaneously. This illustrates
that total cross sections or branching fractions cannot be measured without further
assumptions in this fit.

The master formula also illustrates an important caveat to the measurement of signal
strength parameters. In case these are interpreted as scale factors of the production cross
sections or branching fractions, then all the other quantities such as the acceptances and
efficiencies, Ac

if and εc
if , need to be assumed as independent and fixed to their estimated

values for the SM Higgs boson. An additional important caveat to note concerning these
combined results is that only the normalizations are varied, while the discriminating
variables for the signal are not modified and are still used in the fit. These caveats are of
particular importance in the use of the combination to measure the coupling properties
of the Higgs boson as discussed in Section VI. For relatively small perturbations of the
couplings of the Higgs boson from the SM values, this hypothesis is valid.

However the 25 products, µi×µf , can be considered as free parameters and in principle
measurable (if there is sufficient sensitivity from specific categories). Measuring the
products of signal strengths can be viewed as the measurements of the cross sections times
the branching fraction, σ · BR. The results are reported in Fig. 11.7 for the combination
of ATLAS and CMS.
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Figure 11.7: Combined measurements of the products σ · BR for the five main
production and five main decay modes. The hatched combinations require more
data for a meaningful confidence interval to be provided.

It is remarkable that of the 25 possible combinations of production and decay modes
in the main channels, the fit to ATLAS and CMS data allows the measurement of 20. A
coherent picture emerges with an excellent consistency between the observation in each
channel and the expectation for a SM Higgs boson.

December 1, 2017 09:35

The LHC Run-1 legacy

• Higgs boson mass measured to ~0.2%  
(fixes the SM predictions!)

• Higgs boson couplings measured  
to ~10-25% precision

• H → invisible constrained to < 25-30%

• First studies of spin, CP eigenstate/admixtures, 
differential distributions, all compatible with the SM

Giacinto Piacquadio - ICHEP 2018 4



HL- LHC : precision on most relevant couplings will be better than/about 10%

RUN 2 Results

New@ICHEP’18 : Observation of Hàbb

Errors still admit deviations of a 
few tens of percent from the SM results

Observation of ttH production: 
The Higgs boson reveals its affinity for the top quark

Assuming no strict 
correlation between 

gluon & top couplings
bb→H

µ
0 1 2 3 4 5 6 7

Comb.

VH

ttH

VBF+ggF

0.20−
+0.201.01    , 0.12−

+0.12                                0.15−
+0.16                                                 (                 )         

0.21−
+0.220.98    , 0.14−

+0.14                                0.16−
+0.17                                                 (                 )         

0.54−
+0.561.00    , 0.27−

+0.28                                0.46−
+0.48                                                 (                 )         

1.12−
+1.161.68    , 1.00−

+1.01                                0.51−
+0.57                                                 (                 )         
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ATLAS Preliminary = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb• Run-1+Run-2 

• VH, H → bb

• VBF(+ggF), H → bb

• ttH, H → bb  
 
 
 

 
 

• Run-2 

• VH, H → bb

• VH, H → γγ
• VH, H → ZZ*

H → bb combination
 
  Significance:  

5.4σ observed  
(5.5σ expected)

Observation of  
H → bb!!

Significance:  
5.3σ observed (4.8σ expected)

Observation of  
VH production!!

NEW

VH combination NEW

[ATLAS-CONF-2018-036]
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Measurement of H → ττ 
• All τ leptonic and hadronic decay modes considered (τlep τlep, τlep τhad, τhad τhad) 

• Categories target VBF production and Gluon Fusion in the “boosted” regime. 

• Main discriminant variables: mττ,  crucial to distinguish H → ττ from large Z → ττ background

[Phys. Lett. B 779 (2018) 283]

CMS (6 of 9 categories) ATLAS (1 of 13 categories)

• Normalization of Z → ττ  
estimated from data,  
shapes from (corrected)  
simulation.

• Observation of H → ττ by  
each experiment alone!

• CMS: recent analysis of  
VH, H → ττ [CMS-PAS-HIG-18-007]

ATLASCMS

Significance: 6.4σ (5.4σ) observed (exp.) 

1.09+0.18
�0.17(stat)

+0.27
�0.22(syst)

+0.16
�0.11(th)1.09+0.15

�0.15(stat)
+0.16
�0.15(syst)

+0.10
�0.08(th)

+0.13
�0.12(MCstat)

Significance: 5.9σ (5.9σ) observed (exp.) 

[ATLAS-CONF-2018-021]

*
* *

*Run-1+Run-2

µ⌧⌧

Z. Zinonos

A. Mohammadi
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Observation of Hà ττ

Combination of ttH measurements

ATLAS (up to 80 fb-1)  
Run-2: 5.8σ (4.9σ exp.)  
Run-1+Run-2: 6.3σ (5.1σ exp.)

CMS 
Run-1+Run-2: 5.2σ (4.2σ exp.)  
 

Observation of ttH production!

[arXiv:1806.00425]

C. Pardos Y. Horii
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Combination of ttH measurements

ATLAS (up to 80 fb-1)  
Run-2: 5.8σ (4.9σ exp.)  
Run-1+Run-2: 6.3σ (5.1σ exp.)

CMS 
Run-1+Run-2: 5.2σ (4.2σ exp.)  
 

Observation of ttH production!

[arXiv:1806.00425]

C. Pardos Y. Horii
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Couplings: results

• Higgs boson couplings follow closely SM predictions over full explored mass range 

• Ratios of couplings measured to precisions of 7-10% (vector bosons) for to 17-20% (b-quarks)

• Already better than Run 1 ATLAS+CMS combination!

Hypothesis: no BSM

*does not include H → bb observation
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]

Ratios of couplings

*

SM

N. Morange N. Wardle
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Consistency with SM



Phenomenology of Extended Higgs Sectors at the LHC

The Importance of  Higgs Precision Measurements: 
The proximity  to ALINGMENT

è The lightest Higgs coupling  to fermions and gauge bosons is SM-like       
- Alignment can be achieved by special parameter space or decoupling
- The couplings to down-type fermions not only dominate the Higgs width    

but also tend to be the ones that differ the most from the SM ones

Strong departure from Alignment has important consequences on A/H searches 

A/Hà ττ

Bottom coupling in the MSSM

In this regime,               ,  and
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FIG. 2: Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM values

in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,
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This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Down Couplings in the MSSM for low values of µ

All vector boson branching
ratios suppressed by enhancement

of the bottom decay width
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
1H1)(H

†
1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
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For moderate or large values of tanβ

(no Alignment)

Draper,Liu,C.W.’10

Carena, Haber, Low, Shah, C.W. ’14

Small μ as analyzed by ATLAS/CMS 
(λ6,7 ∝ μ Αt≃ 0 => No Alignment) 



Higgs decays into gauge bosons mostly determined by bottom decay width

e.g. Tauphobic Benchmark MC, Heinemeyer, Stal, Wagner, Weiglein’14
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Small μ (no Alignment)  Sizeable μ ~ 2 MSUSY (Alignment)

CP-odd Higgs masses of order 200 GeV and tanβ ~10  are allowed in the 
alignment case, but alignment is in tension with naturalness in the MSSM

M.C., I. Low, N. Shah, Wagner’13

Interpretation of precision Higgs measurements on A/H searches 
strongly correlated to the proximity to Alignment without decoupling 

MSSM 
example



Higgs decays into gauge bosons mostly determined by bottom decay width

e.g. Tauphobic Benchmark MC, Heinemeyer, Stal, Wagner, Weiglein’14
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Small μ (no Alignment)  Sizeable μ ~ 2 MSUSY (Alignment)

CP-odd Higgs masses of order 200 GeV and tanβ ~10  are allowed in the 
alignment case, but alignment is in tension with naturalness in the MSSM

M.C., I. Low, N. Shah, Wagner’13

Interpretation of precision Higgs measurements on A/H searches 
strongly correlated to the proximity to Alignment without decoupling 

MSSM:  Higgs properties close to SM-like è large mu or decoupling

Both ways less natural spectra just fr
om Higgs precision measurements 



Heavy Higgs Bosons: A variety of decay Branching Ratios 

Depending on the values of μ and tanβ different search strategies must be applied

Sizeable tanβ è very close to alignment, dominant bottom and tau decays; 

while  gHhh ≃ gHWW ≃ gHZZ ≃gAhZ ≃0 

Production mainly via large bottom couplings: bbH

Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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of the Higgsino mass parameter µ.

the width beyond the bottom-quark and tau-lepton ones, the hZ channel being the most

relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ≃ 300 GeV the BR(H → ττ) is only of a few
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are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Heavy Higgs Bosons: A variety of decay Branching Ratios 

Depending on the values of μ & tanβ different search strategies apply

Smaller tanβ è some departure from alignment,  
Hà hh, WW, ZZ and tt (also (A è hZ, tt)  become relevant.  

Production mainly via top loops in gluon fusion

Craig, Galloway, Thomas’13;  Su et al. ’14, ‘15;  M.C, Haber, Low, Shah, Wagner.’14 

If low μ, then chargino and neutralino channels open up ( impact on H/A à ττ )

Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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Very challenging search



2HDM plus Additional Singlet @ LHC reach 
- NMSSM properties close to Alignment -

Singlet spectra and decays
- Heavier CP-even Higgs can decay to lighter ones:  2 mhS < MH

- CP-even light scalar, hS, mainly decays to bb and WW ;
- CP odd light scalar, aS, mainly decays to bb

Doublet-like A and H decays:
-- A/H  decay significantly into top pairs; BRs ~ 20% to 80%  (dep. on tanβ )

decays may be depleted by decays into charginos/neutralinos (10% to 50%)

-- Other relevant decays: H è hhS and A à ZhS (20% to 50%, dep on mass)

H è hh and A è hZ decays strongly suppressed due to alignment
Others: H àhs hs;   HàAs Z;  AàAs hs;  AàAs h of order 10% or below



CMS 1505.03831
HVV/SM ~10%

• Complementarity between  gg àAà Z hS àll bb  and ggà hS à WW  searches

Ongoing searches at the LHC are probing exotic Higgs decays

CMS PAS HIG-15-001

CMS 1505.03831
HVV/SM ~10%

• Promising Hà h hS channels with hSà bb or WW  (4b’s or bb WW)
• Searches for H /Aà Z(A/H) should replace Z by h125   (Di-scalar Searches)
• Channels with missing energy:  A à h as; H à Z as with   as à Dark Matter

CMS-PAS-HIG-15-001



!"#$ = &"#$ "̂
"̂()*+# ,) = c"#$ P /̂ !01$ = &01$ (slowing varying function of /̂)

! 2 = !"#$ + !01$
2 = !"#$

2 + !01$
2 + 256 !"#$!01$∗

= 8.:.+8;< + 256 &"#$&01$∗ => ? @A + 2BC &"#$&01$∗ DE[?(@A)]

=> ? @A = /̂(/̂ − C2)
/̂ − C2 2 + Γ2C2

DE[?(@A)] = −L /̂ ΓC
/̂ − C2 2 + Γ2C2

Iint

Im. Int.–from the imaginary 
part of propagator Iin

BC &"#$&01$∗ = cMNO |cQRO∗ |sin(V"#$ − V01$)

When phase V"#$ − V01$ (strong phase) is none-zero, there 
is a new interference effect that cannot be neglected

The challenging A/H è tt channel:  Interference effects
LHC is a top factory but challenges
lie in the interference effect.

Re. Int.

See also recent work by Craig, D’Eramo,  Drapper, Thomas,  Zhang; Jung, Sung, Yoon; Gori, I.-W. Kim,  Shah,  Zurek

M.C., Liu ‘16



Impact of interference effect in A/H à tt at the  LHC 

M.C., Liu ‘16
Projections  for A/H è tt in Type II 2HDM  

First interference studies at ATLAS

ATLAS-2016-073



Interference Effects in Di-Higgs Production: gg à S à HH
Models with additional singlets open a door for strong first order phase transitions

Singlet extension of the SM can serve as a benchmark, challenging to test at colliders
• Interference effect can enhance di-Higgs production up to 40%, improving reach

x
scalar singlet with a Z

2

symmetry. The scalar potential of the model can be written as

V (s,�) = �µ2�†�� 1

2
µ2

ss
2 + �(�†�)2 +

�s

4
s4 +

�s�

2
s2�†�, (2.1)

where � is the SM doublet 1 and s represents the new real singlet field. In the above, we

adopt the conventional normalization for the couplings of the SM doublets and match the

other couplings with the singlet with identical normalization. We allow for spontaneous

Z
2

breaking with the singlet s acquiring a vacuum expectation value (vev) vs, since this

case allows for interesting collider phenomenology of interference e↵ects. As we shall show

later, the (on-shell) interference e↵ects commonly exist for loop-induced processes in BSM

phenomenology and it is the focus of this paper. The CP even neutral component h of the

Higgs doublet field � mixes with the real singlet scalar s, defining the new mass eigenstates

H and S
✓
h

s

◆
=

 
cos ✓ sin ✓

� sin ✓ cos ✓

!✓
H

S

◆
, (2.2)

where ✓ is the mixing angle between these fields. The five free parameters in Equation 2.1

can be traded by the two boundary conditions

mH = 125 GeV, v = 246 GeV (2.3)

and the three “physical” parameters,

mS , tan�(⌘ vs
v
), and sin ✓, (2.4)

where tan� characterizes the ratio between the vevs of the doublet and the singlet scalar

fields, respectively.

As a result, the parameters in the scalar potential in Equation 2.1 can be expressed as

functions of these new parameters,

µ2 =
1

4

�
2m2

H cos2 ✓ + 2m2

S sin2 ✓ + (m2

S �m2

H) tan� sin 2✓
�

(2.5)

µ2

s =
1

4

�
2m2

H sin2 ✓ + 2m2

S cos2 ✓ + (m2

S �m2

H) cot� sin 2✓
�

(2.6)

� =
m2

H cos2 ✓ +m2

S sin2 ✓

2v2
(2.7)

�s =
m2

H sin2 ✓ +m2

S cos2 ✓

2 tan2 � v2
(2.8)

�s� =

�
m2

S �m2

H

�
sin 2✓

2 tan� v2
. (2.9)

Observe that the condition of spontaneous symmetry breaking implies that dimensionful

quantities µ2 and µ2

s can be directly expressed in terms of the original quartic couplings and

the vevs,

µ2 = v2
✓
�+

1

2
tan2 ��s�

◆
, µ2

s = v2
✓
tan2 ��s +

1

2
�s�

◆
. (2.10)

1 �T = (G+, 1p
2
(h+ iG0 + v)), where G±,0 are the Goldstone modes.

– 3 –

Parameters in the potential  traded by tanβ(≡ vs/v), 
mH =125 GeV, v=246 GeV, mS and sinθ 

L ⊃ λHHHH3 +λSHHSH2. 
Singlet-doublet mixing governed by sin θ and di-Higgs final states are characterized by 
two trilinear coupling:

Strong phase in the loop functions

Relative strong phase (yellow 
curve) allows for a non-vanishing 
interference effect between the 
singlet resonance diagram and the 
SM box diagram. 



Relevance of the on-shell interference

Based on the pp à HH à bbγγ, analysis [arXiv:1502.00539] we perform a differential
analysis of the lineshapes:

• Black/red lines, w/wo interference effect;
• Purple shaded region, 1st Order Phase Transition (FOPT) through an EFT analysis
• Correct inclusion of the interference effect extends the sensitivity in FOPT region

M.C. Z. Liu and M. Riembau. ‘18

Relative size of on-shell interference effect
w.r.t. the resonant BW signal, averaged over 
scattering angle [-0.5,0.5]



Interference effects can affect Higgs LHC interpretations
Novel probe of Higgs total width  & sensitivity to new physics from !! → # → $$

Interference from the strong phase 
changes SM rate by ~ − 2.%

Averaging over helicity amplitudes and polar 
angles, one can calculate this interference 

between signal & background

*+ = c./0 |c230∗ |sin(9:;< − 9=><)

• The size of this effect is relevant
• This effect cannot be factorized into 

production times decay branching 
fractions, the framework fails to 
capture this

ATLAS and CMS combination 



Sensitivity to Higgs Width from gg → h → γγ on-shell rate 

Unique piece that does not depend on total width
• Similar to off-shell ZZ/WW measurement;
• Negligible dependence on coupling at different 

scales (unlike the off-shell measurements).

Campbell, MC, Harnik, Liu, PRL’17

Interference & Breit-Wigner terms have  different dependence on the Higgs boson total width
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FIG. 1. The lineshape induced by various contributions to the
cross-section for gg ! h ! �� in the SM. The Breit-Wigner
line-shape, with no interference, is shown in blue (dashed)
while the e↵ect of Rint

h and I int
h (multiplied by a factor of 10)

are shown in red (dotted) and green (solid), respectively. The
overall e↵ect of the interference in the full NLO calculation is
given by the brown (solid) line. The insert in the top right is
a magnification of the corresponding interference lineshapes.

Schematically,

� ⇠
Z

dm��
|Fgg|2|F�� |2

(ŝ�m2

h)
2 + �2

hm
2

h

⇥
⇣
1 +

2|A
bkg

|[(ŝ�m2

h) cos �s +mh�h sin �s]

|Fgg||F�� |

⌘

/ |Fgg|2|F�� |2

�hmh

✓
1 +

2mh�h|Abkg

| sin �s
|Fgg||F�� |

◆
. (5)

This equation can be identified as expressing the para-
metric dependence of the cross section in the form of
� = �

BW

(1 + �
int

/�
BW

). The first term in this equation
displays the usual dependence of an on-shell cross section
on the decay width, identical to that of the narrow-width-
approximation result. In the absence of the interference
e↵ect it implies that such cross sections are insensitive
to simultaneous changes to the Higgs couplings and to-
tal width that leave the quantity |Fgg|2|F�� |2/�h invari-
ant – this is the so-called flat direction in this parame-
ter space. Combining the �� rate with other channels
will not eliminate this ambiguity since all on-shell rates
exhibit an identical scaling with the corresponding cou-
plings, namely g2i g

2

f/�h where gi and gf are the couplings
for production and decay of the corresponding channel,
respectively. However the presence of the second inter-
ference term in Eq. (5) lifts this degeneracy. This spe-
cial dependence on the total width can, in the fullness
of time, be exploited by global fits of experimental data
that determine Higgs properties.

As a concrete example that demonstrates the poten-
tial of this novel e↵ect, without loss of generality we can

consider excursions in the flat direction corresponding to,

|Fgg|2|F�� |2

|F SM

gg |2|F SM

�� |2 =
�h

�SM

h

. (6)

The total Higgs cross section can then be written as,

� = �SM

BW

 
1 +

�SM

int

�SM

BW

s
�h

�SM

h

!
' �SM

BW

 
1� 2%

s
�h

�SM

h

!
.

(7)
The result of a full NLO calculation of the interference ef-
fect, the details of which will be presented in Section III,
are presented in Fig. 2, that shows the relative size of the
interference e↵ect as a function of the total width, nor-
malized to its SM value, for parameter excursions defined
by Eq. (6). The variation of the interference e↵ect with
the total width is shown imposing a 20 GeV phT -veto,
with and without LHC cuts on the final state photons
(see Sec. III for details). Since the interference e↵ect is
largest at small scattering angles (see Fig. 3 in Sec. III),
the e↵ect of the photon cuts is to reduce the expected
interference. This is only a small consideration in the
SM, but leads to much bigger di↵erences for �h � �SM

h .
Observe that in the SM the interference contribution is
destructive. However, if the sign of FggF�� were flipped,
(�s ! ⇡ + �s), the interference e↵ect would lead to an
enhancement of the diphoton rate rather than a suppres-
sion. The theoretical scale uncertainty is shown in the
bottom panel of Fig. 2 and amounts to about +50%

�30%

, as
will be discussed in detail in the next section. For exam-
ple, the interference e↵ect is as large as �(2.20+1.06

�0.55)%
without photon cut for SM Higgs. Although a measure-
ment at the 2% level may be challenging at the LHC, this
shows that a precise measurement of the gg ! h ! ��
rate can place a limit on the width of the Higgs boson.
In this respect a measurement of the ratio of the �� rate
to the 4` rate is a promising route to reduce many of the
systematic and theoretical, e.g. PDF and other paramet-
ric, uncertainties (see Sec. IV for details).

III. SIGNAL-BACKGROUND INTERFERENCE
AT NLO

The most recent calculation of the e↵ect of the strong
phase in the gg ! h ! �� process was performed in
Ref. [7] in 2003. This calculation was primarily based on
an analysis of the e↵ect of the two-loop contribution to
the background amplitude, which is justified because of
the size of the resulting strong phase at two-loop relative
to the one obtained in a one-loop analysis [6]. In this pa-
per we perform a full NLO QCD analysis of this e↵ect, in
which the singularities present in the two-loop amplitude
are explicitly isolated and cancelled by corresponding real
radiation contributions. We note that, as anticipated in
the original analysis [7], the impact of real radiation on
the I int

h contribution to the interference is tiny. However,
the inclusion of these e↵ects allow us to present a consis-
tent fixed-order calculation of the strong-phase induced
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The result of a full NLO calculation of the interference ef-
fect, the details of which will be presented in Section III,
are presented in Fig. 2, that shows the relative size of the
interference e↵ect as a function of the total width, nor-
malized to its SM value, for parameter excursions defined
by Eq. (6). The variation of the interference e↵ect with
the total width is shown imposing a 20 GeV phT -veto,
with and without LHC cuts on the final state photons
(see Sec. III for details). Since the interference e↵ect is
largest at small scattering angles (see Fig. 3 in Sec. III),
the e↵ect of the photon cuts is to reduce the expected
interference. This is only a small consideration in the
SM, but leads to much bigger di↵erences for �h � �SM

h .
Observe that in the SM the interference contribution is
destructive. However, if the sign of FggF�� were flipped,
(�s ! ⇡ + �s), the interference e↵ect would lead to an
enhancement of the diphoton rate rather than a suppres-
sion. The theoretical scale uncertainty is shown in the
bottom panel of Fig. 2 and amounts to about +50%

�30%

, as
will be discussed in detail in the next section. For exam-
ple, the interference e↵ect is as large as �(2.20+1.06

�0.55)%
without photon cut for SM Higgs. Although a measure-
ment at the 2% level may be challenging at the LHC, this
shows that a precise measurement of the gg ! h ! ��
rate can place a limit on the width of the Higgs boson.
In this respect a measurement of the ratio of the �� rate
to the 4` rate is a promising route to reduce many of the
systematic and theoretical, e.g. PDF and other paramet-
ric, uncertainties (see Sec. IV for details).

III. SIGNAL-BACKGROUND INTERFERENCE
AT NLO

The most recent calculation of the e↵ect of the strong
phase in the gg ! h ! �� process was performed in
Ref. [7] in 2003. This calculation was primarily based on
an analysis of the e↵ect of the two-loop contribution to
the background amplitude, which is justified because of
the size of the resulting strong phase at two-loop relative
to the one obtained in a one-loop analysis [6]. In this pa-
per we perform a full NLO QCD analysis of this e↵ect, in
which the singularities present in the two-loop amplitude
are explicitly isolated and cancelled by corresponding real
radiation contributions. We note that, as anticipated in
the original analysis [7], the impact of real radiation on
the I int

h contribution to the interference is tiny. However,
the inclusion of these e↵ects allow us to present a consis-
tent fixed-order calculation of the strong-phase induced

3
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Di-Higgs Production as a signal of Enhanced Yukawa couplings

2

More model-independent methods are inclusive mea-
surements of h ! cc̄ or associated production of
pp ! hc + hc̄, which strongly depend on the c� and
b�tagging e�ciencies [13–15]. Exclusive, radiative Higgs
decays h ! J/ (⌥)� provide an alternative way to
test charm (and bottom) Yukawas and notably also to
access their sign [16–19]. Measurements of the total
width of the Higgs o↵er another handle on individual
Yukawa couplings [14], as well as measurements of
pT�distributions in pp ! h and pp ! hj [20, 21]. A
novel strategy based on measuring the charge asymmetry
in W±h has been proposed [12]. If Higgs couplings to
proton valence quarks and electrons are simultaneously
enhanced, even frequencies of atomic clocks could be
modified [22].

Formalism. In 2HDMs, the SM singlet operator
�1�2 can carry a flavour charge, such that for a given
flavour the SM Yukawa coupling is replaced by a higher
order operator

yf f̄L�fR ! y0
f

✓
�1�2
⇤2

◆nf

f̄L�ifR , (6)

in which ⇤ is the suppression scale, �i is either �1 or �2
and the integer nf depends on the flavor charge assigned
to fL�ifR and �1�2. As a consequence, the correspond-
ing fermion masses are given by

mf = y0
f "

nf
vp
2

, " =
v1v2
2⇤2

=
t�

1 + t2�

v2

2⇤2
, (7)

with the vacuum expectation values h�1,2i = v1,2 and
t� ⌘ v1/v2. For the right choice of flavor charges, the
hierarchy of SM fermion masses and mixing angles can
be explained by higher order operators [7, 8]. In contrast
to the ansatz (1), lower dimensional operators can be
forbidden by these flavor charges. In the following, we
will illustrate our result based on the Lagrangian

LI
Y 3 yu

ij

✓
�1�2
⇤2

◆nuij

Q̄i�1 uj + yd
ij

✓
�†1�

†
2

⇤2

◆ndij

Q̄i�̃1 dj

+ y`
ij

✓
�†1�

†
2

⇤2

◆n`ij

L̄i�̃1 `j + h.c. , (8)

which reduces to a 2HDM of type I in the limit
nu, nd, n` ! 0. This expression can be readily extended
to other types of 2HDMs [8] and the discussion in
the remainder of the paper holds independent of this
choice. The Higgs sector contains two neutral scalar
mass eigenstates h, H, one pseudoscalar A and one
charged scalar H± and we identify the lighter scalar
mass eigenstate h with the 125 GeV resonance observed
at the LHC. The couplings between the scalars and the
electroweak gauge bosons are fixed as in any 2HDM
to g'V V = 'V 2 m2

V /v, with hV = s��↵ , HV = c��↵

for V = W±, Z, and we use the notation sx = sin(x),

cx = cos(x) and tx = tan(x). The couplings between the
scalars ' = h, H and SM fermions fLi,Ri = PL,Rfi in
the mass eigenbasis read

L = g'fLifRj
' f̄LifRj + h.c. (9)

with a flavor index i, such that ui = u, c, t, di = d, s, b
and `i = e, µ, ⌧ . This induces flavor-diagonal couplings

g'fLifRi
='fi

mfi

v
=
⇣
g'fi(↵,�) + nfi f'(↵,�)

⌘mfi

v
, (10)

and flavor o↵-diagonal couplings

g'fLifRj
= f'(↵,�)

⇣
Aij

mfj

v
� mfi

v
Bij

⌘
. (11)

The flavor universal functions in (10) and (11) are given
by

ghfi =
c��↵

t�
+ s��↵ , gHfi = c��↵ � s��↵

t�
, (12)

and

fh(↵,�) = c��↵

⇣ 1

t�
� t�

⌘
+ 2s��↵ , (13)

fH(↵,�) = �s��↵

⇣ 1

t�
� t�

⌘
+ 2c��↵ . (14)

Flavor o↵-diagonal couplings between the neutral scalars
and SM fermions are induced in (11) through the ma-
trices in flavor space A and B, whose entries are propor-
tional to the flavor charges of the corresponding fermions
that define the coe�cients in (8). In general, there are
flavor charges of the fermion singlets, afi , doublets, aQi

and aLi , as well as those of the Higgs doublets a1 and a2.
We set the flavor charge of �1�2 to a1 + a2 = 1 by fixing
a2 = 1 and a1 = 0, such that

nuij= aQi � auj , ndij= aQi � adj , n`ij= aLi � a`j . (15)

While these exponents depend on the relative charge as-
signments for the two Higgs doublets, the structure of
the matrices A and B is independent of this choice. If
all flavor charges for a given type of fermions are equal,
the o↵-diagonal elements of these matrices vanish. Oth-
erwise, for couplings of the neutral scalars to up-type
quarks B = U with o↵-diagonal elements

U12 ⇡ (1��au1au2
)✏|au1�au2| + �au1au2

✏|au3�au2|+|au3�au1| ,

U13 ⇡ (1��au1au3
)✏|au1�au3| + �au1au3

✏|au2�au1|+|au2�au3| ,

U23 ⇡ (1��au2au3
)✏|au2�au3| + �au2au3

✏|au1�au2|+|au1�au3| ,

(16)

and the same expressions hold for A = Q with aui !
aQi . For couplings between the neutral scalars and down-
type quarks A = Q and B = D, where the elements of
D are given by (16) for aui ! adi . Finally, flavor o↵-
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
to constant |h

f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.

�
(17)

+ �1

�
�†
1�1

�2
+ �2

�
�†
2�2

�2

+ �3

�
�†
1�1

��
�†
2�2

�
+ �4

�
�1�2

��
�†
2�

†
1

�
+ O

⇣ 1

⇤2

⌘
.

The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵
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h�M2
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⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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expressed as [35, 36]
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rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h
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= 2nfi + 1.
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rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
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singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
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mt-dependent form factors are inserted into the mt ! 1
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
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pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]
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Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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More model-independent methods are inclusive mea-
surements of h ! cc̄ or associated production of
pp ! hc + hc̄, which strongly depend on the c� and
b�tagging e�ciencies [13–15]. Exclusive, radiative Higgs
decays h ! J/ (⌥)� provide an alternative way to
test charm (and bottom) Yukawas and notably also to
access their sign [16–19]. Measurements of the total
width of the Higgs o↵er another handle on individual
Yukawa couplings [14], as well as measurements of
pT�distributions in pp ! h and pp ! hj [20, 21]. A
novel strategy based on measuring the charge asymmetry
in W±h has been proposed [12]. If Higgs couplings to
proton valence quarks and electrons are simultaneously
enhanced, even frequencies of atomic clocks could be
modified [22].

Formalism. In 2HDMs, the SM singlet operator
�1�2 can carry a flavour charge, such that for a given
flavour the SM Yukawa coupling is replaced by a higher
order operator

yf f̄L�fR ! y0
f

✓
�1�2
⇤2

◆nf

f̄L�ifR , (6)

in which ⇤ is the suppression scale, �i is either �1 or �2
and the integer nf depends on the flavor charge assigned
to fL�ifR and �1�2. As a consequence, the correspond-
ing fermion masses are given by

mf = y0
f "

nf
vp
2

, " =
v1v2
2⇤2

=
t�

1 + t2�

v2

2⇤2
, (7)

with the vacuum expectation values h�1,2i = v1,2 and
t� ⌘ v1/v2. For the right choice of flavor charges, the
hierarchy of SM fermion masses and mixing angles can
be explained by higher order operators [7, 8]. In contrast
to the ansatz (1), lower dimensional operators can be
forbidden by these flavor charges. In the following, we
will illustrate our result based on the Lagrangian

LI
Y 3 yu

ij

✓
�1�2
⇤2

◆nuij

Q̄i�1 uj + yd
ij

✓
�†1�

†
2

⇤2

◆ndij

Q̄i�̃1 dj

+ y`
ij

✓
�†1�

†
2

⇤2

◆n`ij

L̄i�̃1 `j + h.c. , (8)

which reduces to a 2HDM of type I in the limit
nu, nd, n` ! 0. This expression can be readily extended
to other types of 2HDMs [8] and the discussion in
the remainder of the paper holds independent of this
choice. The Higgs sector contains two neutral scalar
mass eigenstates h, H, one pseudoscalar A and one
charged scalar H± and we identify the lighter scalar
mass eigenstate h with the 125 GeV resonance observed
at the LHC. The couplings between the scalars and the
electroweak gauge bosons are fixed as in any 2HDM
to g'V V = 'V 2 m2

V /v, with hV = s��↵ , HV = c��↵

for V = W±, Z, and we use the notation sx = sin(x),

cx = cos(x) and tx = tan(x). The couplings between the
scalars ' = h, H and SM fermions fLi,Ri = PL,Rfi in
the mass eigenbasis read

L = g'fLifRj
' f̄LifRj + h.c. (9)

with a flavor index i, such that ui = u, c, t, di = d, s, b
and `i = e, µ, ⌧ . This induces flavor-diagonal couplings

g'fLifRi
='fi

mfi

v
=
⇣
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v
, (10)

and flavor o↵-diagonal couplings
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v
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⌘
. (11)

The flavor universal functions in (10) and (11) are given
by

ghfi =
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t�
+ s��↵ , gHfi = c��↵ � s��↵
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, (12)

and
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⌘
+ 2c��↵ . (14)

Flavor o↵-diagonal couplings between the neutral scalars
and SM fermions are induced in (11) through the ma-
trices in flavor space A and B, whose entries are propor-
tional to the flavor charges of the corresponding fermions
that define the coe�cients in (8). In general, there are
flavor charges of the fermion singlets, afi , doublets, aQi

and aLi , as well as those of the Higgs doublets a1 and a2.
We set the flavor charge of �1�2 to a1 + a2 = 1 by fixing
a2 = 1 and a1 = 0, such that

nuij= aQi � auj , ndij= aQi � adj , n`ij= aLi � a`j . (15)

While these exponents depend on the relative charge as-
signments for the two Higgs doublets, the structure of
the matrices A and B is independent of this choice. If
all flavor charges for a given type of fermions are equal,
the o↵-diagonal elements of these matrices vanish. Oth-
erwise, for couplings of the neutral scalars to up-type
quarks B = U with o↵-diagonal elements

U12 ⇡ (1��au1au2
)✏|au1�au2| + �au1au2

✏|au3�au2|+|au3�au1| ,

U13 ⇡ (1��au1au3
)✏|au1�au3| + �au1au3

✏|au2�au1|+|au2�au3| ,

U23 ⇡ (1��au2au3
)✏|au2�au3| + �au2au3

✏|au1�au2|+|au1�au3| ,

(16)

and the same expressions hold for A = Q with aui !
aQi . For couplings between the neutral scalars and down-
type quarks A = Q and B = D, where the elements of
D are given by (16) for aui ! adi . Finally, flavor o↵-
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⇣ 1

t�
� t�

⌘
+ 2s��↵ , (13)

fH(↵,�) = �s��↵

⇣ 1

t�
� t�

⌘
+ 2c��↵ . (14)

Flavor o↵-diagonal couplings between the neutral scalars
and SM fermions are induced in (11) through the ma-
trices in flavor space A and B, whose entries are propor-
tional to the flavor charges of the corresponding fermions
that define the coe�cients in (8). In general, there are
flavor charges of the fermion singlets, afi , doublets, aQi

and aLi , as well as those of the Higgs doublets a1 and a2.
We set the flavor charge of �1�2 to a1 + a2 = 1 by fixing
a2 = 1 and a1 = 0, such that

nuij= aQi � auj , ndij= aQi � adj , n`ij= aLi � a`j . (15)

While these exponents depend on the relative charge as-
signments for the two Higgs doublets, the structure of
the matrices A and B is independent of this choice. If
all flavor charges for a given type of fermions are equal,
the o↵-diagonal elements of these matrices vanish. Oth-
erwise, for couplings of the neutral scalars to up-type
quarks B = U with o↵-diagonal elements

U12 ⇡ (1��au1au2
)✏|au1�au2| + �au1au2

✏|au3�au2|+|au3�au1| ,

U13 ⇡ (1��au1au3
)✏|au1�au3| + �au1au3

✏|au2�au1|+|au2�au3| ,

U23 ⇡ (1��au2au3
)✏|au2�au3| + �au2au3

✏|au1�au2|+|au1�au3| ,

(16)

and the same expressions hold for A = Q with aui !
aQi . For couplings between the neutral scalars and down-
type quarks A = Q and B = D, where the elements of
D are given by (16) for aui ! adi . Finally, flavor o↵-

3

3

2

2

3

5 7

10

5

7

10

-��� ��� ���

�

�

�

�

��

��

��

10

20

30

50

70

80

90

20%

10%

30%

50%

70%

80%

90%

Br(H ! hh)

FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
to constant |h

f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.

�
(17)

+ �1

�
�†
1�1

�2
+ �2

�
�†
2�2

�2

+ �3

�
�†
1�1

��
�†
2�2

�
+ �4

�
�1�2

��
�†
2�

†
1

�
+ O

⇣ 1

⇤2

⌘
.

The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.

�
(17)

+ �1

�
�†
1�1

�2
+ �2

�
�†
2�2

�2

+ �3

�
�†
1�1

��
�†
2�2

�
+ �4

�
�1�2

��
�†
2�

†
1

�
+ O

⇣ 1

⇤2

⌘
.

The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
to constant |h

f | for nf = 1.

diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.

�
(17)

+ �1

�
�†
1�1

�2
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�
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2�2

�2
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⌘
.

The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 1: The color coding shows the dependence of
Br(H ! hh) on c��↵ and t� for MH = MH± = 550

GeV, MA = 450 GeV. The dashed contours correspond
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diagonal couplings between charged leptons and neutral
scalars are given by (11) with A = C with the elements
(16) for aui ! aLi , and B = E with the elements (16)
for aui ! a`i . These structures lead to flavor-FCNCs,
which are chirally suppressed and proportional to powers
of the ratio ". The flavor symmetry strongly constrains
the Higgs potential

V = µ2
1�

†
1�1 + µ2

2�
†
2�2 +

�
µ2
3�1�2 + h.c.
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The seven independent parameters µ2
1, µ

2
2, µ

2
3 and

�1, �2, �3, �4 can be exchanged for the vacuum ex-
pectation values v1 and v2, the physical masses
mh, MH , MA, MH± and the mixing angle c��↵. The cou-
pling between the heavy scalar H and two SM Higgs
scalars h, as well as the triple Higgs coupling can be
expressed as [35, 36]

gHhh = (18)
c��↵

v

⇥�
1�fh(↵, �)s��↵

��
3M2

A�2m2
h�M2

H

��M2
A

⇤
,

ghhh = �3

v

⇥
fh(↵, �)c2��↵(m2

h � M2
A) + m2

hs��↵

⇤
. (19)

Higgs Pair Production. The main finding of our pa-
per is that the parameter space for which the diagonal
couplings of the SM Higgs to fermions (10) are maxi-
mally enhanced is directly correlated with an enhance-
ment of the trilinear couplings (18) and (19). This pa-
rameter space can be identified with the region for which
fh(↵, �) � 1, outside of the decoupling limit c��↵ = 0.
For maximally enhanced couplings, the mass of the heavy

scalar H cannot be arbitrarily large and resonant Higgs
pair production is a signal of this model. The corre-
lation between the enhancement of the Higgs couplings
to SM fermions h

f and Br(H ! hh) is illustrated for
MH = MH± = 550 GeV, MA = 450 GeV in Fig. 1.
The color coding shows the dependence of Br(H ! hh)
on c��↵ and t� , and the dashed contours correspond to
constant |h

f | for nf = 1. The correlation is independent
of the factor nf while nf > 1 leads to larger enhancement
factors, and holds throughout the parameter space, apart
from the limits c��↵ ⇡ 0 and c��↵ ⇡ ±1. The latter case
is strongly disfavoured by SM Higgs coupling strength
measurements, and the correlation breaks down due to
the factor s��↵ in front of fh(↵, �) in (18). The limit
c��↵ = 0 is usually associated with the decoupling of the
heavy scalar states, for which ghhh = �3m2

h/v takes on
its SM value and gHhh = 0, while the enhancement of
Higgs couplings to fermions is fixed to h

fi
= 2nfi + 1.

The decoupling limit corresponds to a large value of the
pseudoscalar mass MA � v, which is related to the spu-
rion µ3 / MA that softly breaks the flavour symmetry
assumed in (8). At one-loop, one expects this spurion to
break the structure of the matrices (16), inducing FCNCs
proportional to µ2

3/(4⇡⇤)2. Therefore, the relations we
present only hold if additional scalars are present below
the TeV scale, for which the parameter space c��↵ 6= 0 is
allowed. We further stress that enhanced Higgs pair pro-
duction is not an unambiguous signal of enhanced Higgs-
fermion couplings, and models with an additional SM
singlet scalar or a 2HDM without modified Yukawa cou-
plings can lead to modified non-resonant and resonant
Higgs pair production as well [30, 31].
For larger values of t� there is a suppression of gluon-
fusion production, �(gg ! H) / 1 + 1/t2� � (h

t )2,

where h
t ⇡ 1, that partially cancels the enhancement

of Br(H ! hh). However, since �(gg ! h) / (h
t )2, the

cross section �(gg ! h ! hh) is unsuppressed for large
values of t� resulting in a continuous correlation between
h
f and �(gg ! hh) due to the non-trivial interplay be-

tween the resonant and non-resonant Higgs pair produc-
tion processes. We illustrate this result in the left panel
of Fig. 2, in which the dotted (dashed) lines correspond
to the contribution from resonant (non-resonant) Higgs
pair production in gluon fusion. The solid line is the full
�(gg ! hh) in the 2HDM in units of the SM value. We
set MH± = MH = 550 GeV, MA = 450 GeV, and show
values of c��↵ = �0.45(�0.4) in green (blue) lines. Higgs
coupling strengths measurements and electroweak preci-
sion measurements constrain large values of c��↵, but do
not exclude the values considered here for a Yukawa sec-
tor of a 2HDM of type I. In order to produce the signal,
we use our own C++ implementation of the NLO QCD
cross section for di-Higgs production in the presence of a
scalar singlet [30], in the approximation where the exact
mt-dependent form factors are inserted into the mt ! 1
NLO calculation [32]. Since the pseudoscalar and the
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FIG. 2: Left: Cross section for Higgs pair production in units of the SM prediction as a function of h
f for

c��↵ = �0.45 (�0.4) and MH = MH± = 550 GeV, MA = 450 GeV in blue (green) at
p

s = 13 TeV. Right: Invariant
mass distribution for the di↵erent contributions to the signal with c��↵ = �0.45 and h

f = 5 (blue), h
f = 4 (green)

and h
f = 3 (red) at

p
s = 13 TeV, respectively. Solid (dot-dashed) lines correspond to the NLO (LO) calculation for

the sum of the resonant and non-resonant production, while dotted (dashed) lines correspond to the pure resonant
(non-resonant) contributions.

charged Higgs do not contribute, these results can be
easily applied here. We use the CT14NLO PDF from
LHAPDF6 [33] as well as the C++ library QCDLoop [34]
to evaluate the corresponding one-loop integrals, neglect-
ing small corrections from quark initial states. Solid lines
show the NLO results, while the solid shaded lines mark
the values of f excluded by perturbativity and unitar-
ity constraints [23, 37]. For a given value of c��↵ a lower
and an upper bound on h

f exist, corresponding to small
and large t� , respectively, in both cases leading to tension
with perturbativity and unitarity constraints.

The dotted (dashed) lines show the LO ratios for
the resonant (non-resonant) contribution. However,
to a very good approximation the NLO corrections
factorize and drop out of the ratio. For the values of h

f

considered, �(pp ! hh) never exceeds the experimental
bound on the non-resonant Higgs pair production cross
section [38]. The values of h

f in Fig. 2 follow from fixing
nf = 1 and values of O(10) and larger are obtained for
nf > 1. Note that the correlation between �(pp ! hh)
and h

f is stronger for vector boson fusion production,
because there is no suppression of �(pp ! H) for t� > 1
and �(qq ! qqH) / s2��↵. In the right panel of Fig. 2,
the invariant mass distribution for the di↵erent contri-
butions to the signal with c��↵ = �0.45 are shown for
three values of h

f and
p

s = 13 TeV. As a consequence
of the enhancement of Higgs-fermion couplings, both
non-resonant and resonant contributions are enhanced.
The relevance of the d�/dmhh distribution for both
resonant [24] and non-resonant contributions [25] to
the Higgs pair production cross-section has long been
emphasized [26–28]. Searches for resonant di-Higgs

production are sensitive to a peak in the spectrum,
which roughly excludes heavy scalar masses MH . 500
GeV, independent of fh(↵, �) [29]. For larger MH

and sizable h
f , the interference between the di↵erent

contributions turns the broad resonance peak into a
shoulder in the d�/dmhh distribution for the total cross
section, as shown by the blue line in the right panel
of Fig. 2. Whether current experimental resonance
searches can resolve such a structure strongly depends
on the shape of the invariant mass distribution [40].
We encourage a dedicated analysis considering the
corresponding d�/dmhh templates to maximize the
sensitivity to features in the di-Higgs invariant mass
distribution from the simultaneous enhancement of
ghhh, gHhh and f

h.

An Explicit Example. We now consider a con-
crete example for which the flavour charges of down-type
quarks and leptons vanish n`i = ndi = 0 8 i, whereas
the up quarks carry charges nt = 0, nc = 1, nu = 3 and
we choose all charges of the SU(2)L fermion doublets to
be zero. As a consequence, the top coupling to the SM
Higgs h is unchanged from its value in the 2HDM of type
I, while charm and up-quark couplings vary with t� and
c��↵ according to (10). This leads to flavour-changing
couplings of the SM Higgs to up-type quarks suppressed
by powers of the ratio ",

U =

0

@
1 "2 "3

"2 1 "
"3 " 1

1

A , Q = 0 . (20)



Dark Matter searches at the LHC: Simplified Models
• Models designed to involve only a few new particles and interactions
• Can be understood as a limit of a more general new-physics scenario, where all but 

the lightest dark-sector states are integrated out.
• A broad variety of DM candidates and Mediators

Scalar s-channel mediators, Various types of Higgs portals to DM,
Vector s-channel mediators DM, t-channel flavored mediators, ….

Mono-object searches for DM
The most model-independent searches for dark matter at the LHC.

The targeted interaction is pp→ χχ+X,
where the X represents the “mono” system of observable particles 

recoiling against the DM pair χχ, that is identifyed as missing transverse momentum

X can be  a system composed of jets, photons, weak bosons (γ, W, Ζ), 
Higgs bosons, or heavy flavor quarks (b and t)



Mono-object searches for DM

Sensitivity of mono-boson searches  (W,Z,H) to this model is low,  UNLESS we consider 
the effects of the Higgs portal (upper middle diagram or right diagrams). 

With the MFV assumption, however,  the top and bottom quarks can play an important 
role in the phenomenology.

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 39
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m

c

, m
f,a, g

c

, gq (and G
f,a) parameter space that differ significantly

from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m
c

and m
f,a.

Figure 2.23 and 2.24 show typical dependencies for scalar and

Scalar and Pseudoscalar mediator, s-channel

Monojet search

mχ,mφ/a, gχ, gu,

32 atlas+cms dark matter forum
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling g

c

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2

�g
2
v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by

(�v)(��̄ ! � ! f f̄ ) = Nc
3g2

�g
2
v y

2
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where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2

�g
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v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by

(�v)(��̄ ! � ! f f̄ ) = Nc
3g2

�g
2
v y

2
f m�T

8⇡
⇥
(m2

� � 4m2
� )2 + m2

�� 2
�

⇤

⇥
 

1 � m2
f

m2
�

!3/2

, (17)

(�v)(��̄ ! a ! f f̄ ) = Nc
g2
�g

2
v y

2
f m

2
�

4⇡
⇥
(m2

a � 4m2
� )2 + m2

a�
2
a
⇤

⇥
 

1 � m2
f

m2
�

!1/2

, (18)

where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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2
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Mono-V search
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:
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Since the Z boson couples directly to pairs of DM particles �1, the
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Mono-Higgs search

Top (bottom) pair search
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh
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Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.
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5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]
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where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
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while, in the latter case, the corresponding set is
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Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh
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Since the Z boson couples directly to pairs of DM particles �1, the
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invisible decay width of the Z boson of the form
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]
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where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-
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Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.



Is it possible to use ML techniques to improve exploration of 
the Higgs realm? [both SM Higgs and Higgs extended sectors] 
• ML improves object tagging: 
e.g., top tagging (W. Hopkins@ML4Jets’18) ;  

hadronic Higgs tagging (arXiv:1807.10768v3: boosting Hà bb with ML), 
è these can propagate into improvements in the H->tt and H->hh searches

Important to generate signal events w/ interference, not just a bump hunting
Perform scalar resonant searches above the top threshold;
Enhance LHC sensitivity to simple models with a strong first order phase transition

• ML improves results for complex final states (e.g., high multiplicity (and hence 
combinatoric) is problematic for traditional taggers)

è Use as alternative method in searching for ttH with heavy Higgs decaying to top
or bottom pairs

e.g., Convolutional Neural Networks used for the discovery of top Yukawa in tth

• ML for higher order QCD correction calculations (?)
h à γγ is statistically limited but ML might help in reducing the +50%-30% scale 
uncertainty in the  theory calculation of the interference effect and help with
obtaining  novel on-shell info on the Higgs total width

• Other ideas for ML for Higgs and DM searches …..


