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• The discovery of the 125 GeV Higgs boson is arguably the major 
achievement of the LHC (so far)
✓ It finally provides evidence of the last ingredient required to confirm the 

validity of the SM at low energies…
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achievement of the LHC (so far)
✓ It finally provides evidence of the last ingredient required to confirm the 

validity of the SM at low energies…

✓ … and brings up further interesting (related) questions:
‣ Is the Higgs an elementary particle or a composite state?
‣ How does it interact with itself?
‣ What is its role in answering other important questions?
‣ Are there more scalars? Pseudo-scalars?
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The LHC provides the most precise, controlled way of studying 
the Higgs and direct access to TeV scales 

Exploiting complementarity with cosmo/astro probes

Similar story for Axions and ALPs, scalars are versatile
BSM scenarios dealing with these issues tend to: 

1. Introduce modifications of the Higgs properties → indirect tests of new physics  
2. Introduce new particles in the scalar sector → Direct searches  

Stolen from V. Sanz’s talk
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Figure 6: Signal strength modifiers for the production times decay mode, µ
f
i . The black points and

horizontal error bars show the best-fit values and 1s confidence intervals, respectively. The arrows in-
dicate cases where the confidence intervals exceed the scale of the horizontal axis. The gray filled boxes
indicate signal strength modifiers which are not included in the model, while the gray hatched box indi-
cates the region for which the sum of signal and background becomes negative in the fit for µ

ZZ
ttH. In the

H ! ZZ decay mode, a common modifier is fit to the WH and ZH production modes. The measured
value and 1s confidence interval for each production cross section modifier, µi, from the combination
across decay channels, is indicated by the blue vertical line, and the blue bands, respectively. The indi-
cated p-value is given for the production times decay mode signal strength modifiers. The assumptions
used in this fit are described in the text.

measured directly by the LHC. It is assumed that there are no additional Higgs boson decays,
beyond those to SM particles. With this assumption, the cross section times branching fraction
for a production process i and decay f can be expressed as:

siB
f =

si(~k)G f (~k)
GH(~k)

(4)

where GH(~k) is the total width of the Higgs boson and G f (~k) is the partial width of the Higgs
boson decay to the final state f . A set of coupling modifiers, ~k, is introduced to parametrize
potential deviations in the bosonic and fermionic couplings of the Higgs boson from the SM
predictions. For a given production process or decay mode j, a coupling modifier, kj, is defined
such that,

k2
j = sj/sSM

j or k2
j = Gj/Gj

SM (5)

In the SM, all kj values are positive and equal to unity. In this parametrization it is assumed
that the higher-order accuracy of the QCD and electroweak corrections to the SM cross sections
and branching fractions is preserved when the values of kj deviate from unity.
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The LHC is the only current experiment with direct access to  
both ways of testing the Higgs sector (directly and indirectly) 
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Figure 13: Data are compared to the background-only fit for the resonant search for the (a) <- = 300 GeV and (b)
<- = 500 GeV mass hypotheses. The continuum background, as well as the background from single Higgs boson
production and from the SM �� production are considered.
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Figure 1: Measured signal strength for each STXS category entering the EFT analysis. The corresponding categories
are defined in Table 2. Input data taken from Ref. [9]. The probability to obtain the observed data under the SM
hypothesis (pSM ) is 91%.
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Figure 6: Expected and observed exclusion limits at 95% CL on the X cross section times branch-
ing fraction to WW for a number of fVBF hypotheses. For the SM fVBF (top left) and floating
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Figure 6: Signal strength modifiers for the production times decay mode, µ
f
i . The black points and

horizontal error bars show the best-fit values and 1s confidence intervals, respectively. The arrows in-
dicate cases where the confidence intervals exceed the scale of the horizontal axis. The gray filled boxes
indicate signal strength modifiers which are not included in the model, while the gray hatched box indi-
cates the region for which the sum of signal and background becomes negative in the fit for µ

ZZ
ttH. In the

H ! ZZ decay mode, a common modifier is fit to the WH and ZH production modes. The measured
value and 1s confidence interval for each production cross section modifier, µi, from the combination
across decay channels, is indicated by the blue vertical line, and the blue bands, respectively. The indi-
cated p-value is given for the production times decay mode signal strength modifiers. The assumptions
used in this fit are described in the text.

measured directly by the LHC. It is assumed that there are no additional Higgs boson decays,
beyond those to SM particles. With this assumption, the cross section times branching fraction
for a production process i and decay f can be expressed as:

siB
f =

si(~k)G f (~k)
GH(~k)

(4)

where GH(~k) is the total width of the Higgs boson and G f (~k) is the partial width of the Higgs
boson decay to the final state f . A set of coupling modifiers, ~k, is introduced to parametrize
potential deviations in the bosonic and fermionic couplings of the Higgs boson from the SM
predictions. For a given production process or decay mode j, a coupling modifier, kj, is defined
such that,

k2
j = sj/sSM

j or k2
j = Gj/Gj

SM (5)

In the SM, all kj values are positive and equal to unity. In this parametrization it is assumed
that the higher-order accuracy of the QCD and electroweak corrections to the SM cross sections
and branching fractions is preserved when the values of kj deviate from unity.
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The LHC is the only current experiment with direct access to  
both ways of testing the Higgs sector (directly and indirectly) 
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Figure 12: Observed and expected limits at 95% CL on the cross section of non-resonant Higgs boson pair production
as a function of the Higgs boson self-coupling modifier ^_ = _��� /_SM

��� . The constraints on ^_ are obtained over
an expected hypothesis excluding ?? ! �� production. The ±1f and ±2f variations about the expected limit due
to statistical and systematic uncertainties are also shown. The theory prediction curve represents the scenario where
all parameters and couplings are set to their SM values except for ^_. The uncertainty band of the theory prediction
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<- = 500 GeV mass hypotheses. The continuum background, as well as the background from single Higgs boson
production and from the SM �� production are considered.
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Figure 1: Measured signal strength for each STXS category entering the EFT analysis. The corresponding categories
are defined in Table 2. Input data taken from Ref. [9]. The probability to obtain the observed data under the SM
hypothesis (pSM ) is 91%.
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Figure 6: Expected and observed exclusion limits at 95% CL on the X cross section times branch-
ing fraction to WW for a number of fVBF hypotheses. For the SM fVBF (top left) and floating
fVBF (top right) cases the red line represents the sum of the SM cross sections for ggF and
VBF production, while for the fVBF = 0 (bottom left) and the fVBF = 1 (bottom right) cases it
represents the ggF and VBF production cross sections respectively. The black dotted line corre-
sponds to the central expected value while the yellow and green bands represent the ±1s and
±2s uncertainties respectively.
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Figure 5: The combined observed and median expected 95% limits on s(gg ! H)⇥ B(H !
µt), for µth (top left) and µte (top right) channels, and their combination µt (bottom)
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In this talk I will focus on what can we learn about BSM physics 
from all this information from the LHC after the Run 2,  

with special emphasis on the implications of the  
measurements of the properties of the Higgs 
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• Several frameworks have been used to parameterise BSM deformations on Higgs 
interactions:

✓ The κ framework ← Used mainly during Run 1

✓ The EFT framework ← Being adopted in Run 2 results and for future 
interpretations

✓ Two EFTs consistent with the SM particles and symmetries at low energies, 
differing in the treatment of the scalar sector:

‣ The non-linear/Higgs EFT (HEFT): EW symmetry non-linearly realised

‣ The (dimension-6) SMEFT: EW symmetry linearly realised

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

See:  R. Alonso, E. E. Jenkins, A. Manohar, JHEP 08 (2016) 10, arXiv: 1605.03602 [hep-ph] 
  T. Cohen, N. Craig, X. Lu, D. Sutherland, JHEP 03 (2021) 237, arXiv: 2008.08597 [hep-ph] 

For a geometrical interpretation of the differences between HEFT and SMEFT

SM ⊂ SMEFT ⊂ HEFT
In short:  
• HEFT when there are light BSM states (compared to EW scale) or BSM sources of sym. breaking

• SMEFT when heavy new states (compared to EW scale) 

https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/2008.08597
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The resulting Lagrangian, which we use for our fit, is then [52, 70]2

Lfit = 2cV
�
m2

WW+

µ W�µ + 1

2
m2

ZZµZ
µ
� h
v
�

X

 

c m  ̄ 
h

v

+
e2

16⇡2
c�Fµ⌫F

µ⌫ h

v
+

e2

16⇡2
cZ�Zµ⌫F

µ⌫ h

v
+

g2s
16⇡2

cghGµ⌫G
µ⌫
i
h

v
,

(2.2)

where the Wilson coe�cients are3

ci = cSMi +O(⇠), (2.3)

cSMi =

(
1 for i = V, t, b, c, ⌧, µ

0 for i = g, �, Z�.
(2.4)

Note that the coe�cients c� and cZ� are independent at the considered order. These can

be induced by the following three operators,

OXh1 = g02Bµ⌫B
µ⌫ FXh1(h),

OXh2 = g2hWµ⌫W
µ⌫
iFXh2(h),

OXU1 = g0gBµ⌫hW
µ⌫UT3U

†
i (1 + FXU1(h)).

(2.5)

These operators contribute to the following four interactions

hFµ⌫F
µ⌫ , hZµ⌫F

µ⌫ , hZµ⌫Z
µ⌫ , hWµ⌫W

µ⌫ , (2.6)

yielding one linear dependent operator in (2.6). However, corrections induced by the two

last operators are subleading (at O(⇠/16⇡2)) compared to the leading-order contributions

parametrized by cV (at O(⇠)) and are therefore neglected.

As indicated above, we focus our study to single-Higgs processes. To describe double-

Higgs production consistently within the electroweak chiral Lagrangian, we would need to

include several more parameters in the fit (at least three more to describe gluon fusion,

corresponding to the interactions h3, t̄th2, ggh2 [6, 97, 98]). Given the low current sensitivity

of the ATLAS and CMS experiments to double-Higgs production (the best upper limits

are of the order of 20-30 times the SM [99, 100]) and that these parameters cannot be

constrained by the other available measurements, we decided to not include double-Higgs

production in our analysis.

Finally, let us mention that the analysis with the leading-order electroweak chiral

Lagrangian is closely related [70], but not identical to the -framework [8, 9], which was

introduced by the LHC Higgs cross section working group. We discuss the relation and the

di↵erences in appendix B.

2
Similar parametrizations have been also discussed, using phenomenological motivations, in Refs. [89–95].

3
While the assumptions that lead to these generic power counting estimates hold for many models of

new physics, there are also exceptions: if there are, for example, di↵erent sources of electroweak symmetry

breaking for di↵erent generations of fermions, it could be that the Higgs couplings to the light fermions are

enhanced by larger factors, see [96].

– 6 –

Terms relevant for  
single-Higgs processes

Modifications of SM couplings 
 (like κ framework)

h

�

�

h

�

�

h

�

�

Figure 1. Schematic contributions to the h ! �� amplitude. Black dots denote vertices from
LLO, black squares from LNLO. All of these contributions introduce deviations from the SM at
O(⇠/16⇡2).

The leading-order chiral Lagrangian, not expanded in ⇠ (i.e. for ⇠ = O(1)), is then [80]

LLO = �
1

2
hGµ⌫G

µ⌫
i �

1

2
hWµ⌫W

µ⌫
i �

1

4
Bµ⌫B

µ⌫

+ iq̄L /DqL + i¯̀L /D`L + iūR /DuR + id̄R /DdR + iēR /DeR

+
v2

4
hDµU

†DµUi (1 + FU (h)) +
1

2
@µh@

µh� V (h)

�
v
p
2

⇥
q̄LYu(h)UP+qR + q̄LYd(h)UP�qR + ¯̀

LYe(h)UP�`R + h.c.
⇤
,

(2.1)

where U = exp (2i'aT a/v) collects the Goldstone bosons, T a are the generators of SU(2),

P± = 1/2±T 3, and h·i denotes the trace. As already said, we do not assume a relation be-

tween h and the Goldstone bosons in U . This yields free coe�cients for all Higgs couplings

in V (h), FU (h), and Y (h) for any fermion  . To allow for a possible strongly-coupled

origin of h, we do not truncate the polynomials at any order in h.

All terms in LLO have chiral dimension two. The list of NLO operators (i.e. with

chiral dimension four) is lengthy [80] and we will not list all the operators here, as only a

few operators are important for our analysis. In particular, we will focus on single-Higgs

production processes. (We briefly comment on double-Higgs production at the end of this

section.) Working at the leading order in each process we can therefore focus on operators

with a single Higgs field. At tree level, this includes couplings of h to W+W�, ZZ, t̄t,

b̄b, c̄c, ⌧+⌧�, and µ+µ�. Normalized to their SM values, we expect the couplings to be

1±O(⇠) by the power counting arguments from above. Couplings to lighter fermions have

not been observed so far, and therefore we do not include them in our fit. Nevertheless,

to illustrate what e↵ect those couplings could have in the fit, we still include the e↵ective

charm coupling.

There is also experimental information for loop-induced processes, involving Higgs

couplings to gg, ��, and Z�. The amplitudes of these processes receive contributions of

O((1 + ⇠)/16⇡2) coming from the modified leading-order couplings that enter in the loop.

In addition, there are operators in LNLO that, when included at tree level, contribute at

O(⇠/16⇡2) in these amplitudes. We therefore include these operators as well. Figure 1

shows the contributions of LLO and LNLO to the example process h ! �� schematically.
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• HEFT: SM particles and symmetries at low energies, but does not assume relation 
between the Higgs scalar and the Goldstone bosons of EWSB (non-linear EWSB)

• Leading order HEFT Lagrangian (L=0 in chiral (χ) dimensions):
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Figure 1. Schematic contributions to the h ! �� amplitude. Black dots denote vertices from
LLO, black squares from LNLO. All of these contributions introduce deviations from the SM at
O(⇠/16⇡2).

The leading-order chiral Lagrangian, not expanded in ⇠ (i.e. for ⇠ = O(1)), is then [80]

LLO = �
1

2
hGµ⌫G

µ⌫
i �

1

2
hWµ⌫W

µ⌫
i �

1

4
Bµ⌫B

µ⌫

+ iq̄L /DqL + i¯̀L /D`L + iūR /DuR + id̄R /DdR + iēR /DeR

+
v2

4
hDµU

†DµUi (1 + FU (h)) +
1

2
@µh@

µh� V (h)

�
v
p
2

⇥
q̄LYu(h)UP+qR + q̄LYd(h)UP�qR + ¯̀

LYe(h)UP�`R + h.c.
⇤
,

(2.1)

where U = exp (2i'aT a/v) collects the Goldstone bosons, T a are the generators of SU(2),

P± = 1/2±T 3, and h·i denotes the trace. As already said, we do not assume a relation be-

tween h and the Goldstone bosons in U . This yields free coe�cients for all Higgs couplings

in V (h), FU (h), and Y (h) for any fermion  . To allow for a possible strongly-coupled

origin of h, we do not truncate the polynomials at any order in h.

All terms in LLO have chiral dimension two. The list of NLO operators (i.e. with

chiral dimension four) is lengthy [80] and we will not list all the operators here, as only a

few operators are important for our analysis. In particular, we will focus on single-Higgs

production processes. (We briefly comment on double-Higgs production at the end of this

section.) Working at the leading order in each process we can therefore focus on operators

with a single Higgs field. At tree level, this includes couplings of h to W+W�, ZZ, t̄t,

b̄b, c̄c, ⌧+⌧�, and µ+µ�. Normalized to their SM values, we expect the couplings to be

1±O(⇠) by the power counting arguments from above. Couplings to lighter fermions have

not been observed so far, and therefore we do not include them in our fit. Nevertheless,

to illustrate what e↵ect those couplings could have in the fit, we still include the e↵ective

charm coupling.

There is also experimental information for loop-induced processes, involving Higgs

couplings to gg, ��, and Z�. The amplitudes of these processes receive contributions of

O((1 + ⇠)/16⇡2) coming from the modified leading-order couplings that enter in the loop.

In addition, there are operators in LNLO that, when included at tree level, contribute at

O(⇠/16⇡2) in these amplitudes. We therefore include these operators as well. Figure 1

shows the contributions of LLO and LNLO to the example process h ! �� schematically.

– 5 –

The resulting Lagrangian, which we use for our fit, is then [52, 70]2

Lfit = 2cV
�
m2

WW+

µ W�µ + 1

2
m2

ZZµZ
µ
� h
v
�

X

 

c m  ̄ 
h

v

+
e2

16⇡2
c�Fµ⌫F

µ⌫ h

v
+

e2

16⇡2
cZ�Zµ⌫F

µ⌫ h

v
+

g2s
16⇡2

cghGµ⌫G
µ⌫
i
h

v
,

(2.2)

where the Wilson coe�cients are3

ci = cSMi +O(⇠), (2.3)

cSMi =

(
1 for i = V, t, b, c, ⌧, µ

0 for i = g, �, Z�.
(2.4)

Note that the coe�cients c� and cZ� are independent at the considered order. These can

be induced by the following three operators,

OXh1 = g02Bµ⌫B
µ⌫ FXh1(h),

OXh2 = g2hWµ⌫W
µ⌫
iFXh2(h),

OXU1 = g0gBµ⌫hW
µ⌫UT3U

†
i (1 + FXU1(h)).

(2.5)

These operators contribute to the following four interactions

hFµ⌫F
µ⌫ , hZµ⌫F

µ⌫ , hZµ⌫Z
µ⌫ , hWµ⌫W

µ⌫ , (2.6)

yielding one linear dependent operator in (2.6). However, corrections induced by the two

last operators are subleading (at O(⇠/16⇡2)) compared to the leading-order contributions

parametrized by cV (at O(⇠)) and are therefore neglected.

As indicated above, we focus our study to single-Higgs processes. To describe double-

Higgs production consistently within the electroweak chiral Lagrangian, we would need to

include several more parameters in the fit (at least three more to describe gluon fusion,

corresponding to the interactions h3, t̄th2, ggh2 [6, 97, 98]). Given the low current sensitivity

of the ATLAS and CMS experiments to double-Higgs production (the best upper limits

are of the order of 20-30 times the SM [99, 100]) and that these parameters cannot be

constrained by the other available measurements, we decided to not include double-Higgs

production in our analysis.

Finally, let us mention that the analysis with the leading-order electroweak chiral

Lagrangian is closely related [70], but not identical to the -framework [8, 9], which was

introduced by the LHC Higgs cross section working group. We discuss the relation and the

di↵erences in appendix B.

2
Similar parametrizations have been also discussed, using phenomenological motivations, in Refs. [89–95].

3
While the assumptions that lead to these generic power counting estimates hold for many models of

new physics, there are also exceptions: if there are, for example, di↵erent sources of electroweak symmetry

breaking for di↵erent generations of fermions, it could be that the Higgs couplings to the light fermions are

enhanced by larger factors, see [96].
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• Fits to LHC Higgs observables: Run 1 + Run 2 (~36-140 fb-1)

Updated from JB, O. Eberhardt, C. Krause, JHEP 07 (2018) 048, arXiv 1803.00939 [hep-ph]

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

cV 1.02±0.04 [0.94, 1.09]
cg 0.04±0.05 [�0.04, 0.13]
c� 0.02±0.14 [�0.26, 0.30]
cZ� 0.00 (Fixed) �
ct 0.94±0.06 [0.82, 1.05]
cb 0.98±0.09 [0.81, 1.15]
cµ 1.02±0.19 [0.64, 1.39]
c⌧ 0.93±0.07 [0.78, 1.07]

Table 3: Fit to Higgs observables only. UPDATED.
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V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (21)

cV 2 [0.96, 1.08] (22)

2

EWPO:
95% Prob.

Custodial + Universal fermion interactions

Custodial

⇒

⇑

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob. Correlations

cV 1.02±0.02 [0.99, 1.06] 1.00
cf 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 3: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

cV 1.02±0.04 [0.94, 1.09]
cg 0.04±0.05 [�0.04, 0.13]
c� 0.02±0.14 [�0.26, 0.30]
cZ� 0.00 (Fixed) �
ct 0.94±0.06 [0.82, 1.05]
cb 0.98±0.09 [0.81, 1.15]
cµ 1.02±0.19 [0.64, 1.39]
c⌧ 0.93±0.07 [0.78, 1.07]

Table 4: Fit to Higgs observables only. UPDATED.

Scenario C� Cy |Cg| |C�| ⇠95% f95% [GeV]

SILH1a 1 0 0 0 0.049 1107

SILH1b 1 1 0 0 0.054 1057

SILH2a 1 0 1 1 0.029 1433

SILH2b 1 1 1 1 0.039 1253

Table 5: Fit to Higgs observables only. UPDATED.

Scenario ⇠95% f95% [GeV]

Min CH-4 0.049 1117

Min CH-5 0.053 1067

Table 6: Fit to Higgs observables only. UPDATED.

4

https://arxiv.org/abs/1803.00939


Effective Field Theories: SMEFT

14Jorge de Blas 
University of Granada

• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ)

• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

UV IR
Λ vEE≪Λ

We don’t need to know this to describe the physics here

Low Energy observables:
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3 E↵ective Lagrangian description of New Physics:
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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• Many EFT operators entering in Higgs processes at LO

• But SMEFT automatically incorporates correlations between Higgs and other 
processes imposed by gauge invariance + linearly realised EWSB

• Most EFT directions in Higgs processes in a LO EFT fit can be closed by 
combining Higgs with EWPO and Diboson (e.g. WW, WZ) observables

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

“Model-independent” only when including ALL contributing operators

⇒ Use Global fit to constraint all directions
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• SMEFT fit to EW/Higgs/diBoson: LHC Run 1 + Run 2 (~36-140 fb-1)

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

JB, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Silvestrini, In preparation

New Physics assumptions: CP-even, U(3)5

OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6OH OT OW OB O�W O�B O� Og Oye Oyu Oyd O2B O2W O3W O6

10-3

10-2

10-1

1

10

32.

10

3.2

1

0.32

c i
/�
2 [
Te
V-

2 ]

�/
c i

[T
eV

]

HL-LHC HL+LHeC HL+HELHC
HL+ILC500 HL+CLIC3000

HL+CEPC
HL+FCCee365

HL+ILC250 HL+CLIC1500 HL+FCCee�eh�hh

Global fit to �SILHMay 2019

Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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• Many EFT operators entering in Higgs processes at LO

• But SMEFT automatically incorporates correlations between Higgs and other 
processes imposed by gauge invariance + linearly realised EWSB

• Most EFT directions in Higgs processes in a LO EFT fit can be closed by 
combining Higgs with EWPO and Diboson (e.g. WW, WZ) observables

• A model independent description of ttH as well requires to add Top observables
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Figure 11. Comparison of the constraints on the indicated marginalised operator coefficients
Ci(1 TeV)2/⇤2 (top and third panels) and the corresponding scales ⇤ for the indicated values of the
Ci at the 95% confidence level (second and bottom panels), found in a combined linear fit to the
Higgs, diboson and electroweak precision observables (top two panels) and including in addition top
data (bottom two panels), including CG in the fit (orange) and setting CG = 0 (red). Also displayed
in yellow in the top two panels is a fit without LEP (EWPO and WW ) measurements.
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• SMEFT fit to EW/Higgs/diBoson/Top

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

J.Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You, JHEP 04 (2021) 279, arXiv: 2012.02779 [hep-ph]
(See also J.J. Ethier, F. Maltoni, E. R. Nocera, J. Rojo, arXiv: 2105.00006 [hep-ph] for recent  Higgs/diBoson/Top EFT interpretations)

https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
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• Many EFT operators entering in Higgs processes at LO

• But SMEFT automatically incorporates correlations between Higgs and other 
processes imposed by gauge invariance + linearly realised EWSB

• Most EFT directions in Higgs processes in a LO EFT fit can be closed by 
combining Higgs with EWPO and Diboson (e.g. WW, WZ) observables

• A model independent description of ttH as well requires to add Top observables

• Consistent treatment of non-flavour-universal interactions requires combination 
with flavour observables ⇐ None yet
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“Model-independent” only when including ALL contributing operators

⇒ Use Global fit to constraint all directions
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• EFT fits provide a useful phenomenological tool to learn from New Physics

• Projecting (SM)EFT results to specific scenarios requires matching between the 
NP model and the EFT

• Matching fully classified at tree-level
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Limits on EFT Wilson coefficients                   Limits on BSM
Matching: Wilson coefficients as function of BSM model couplings and masses

Name S S1 S2 ' ⌅ ⌅1 ⇥1 ⇥3

Irrep (1, 1)0 (1, 1)1 (1, 1)2 (1, 2) 1
2

(1, 3)0 (1, 3)1 (1, 4) 1
2

(1, 4) 3
2

Name !1 !2 !4 ⇧1 ⇧7 ⇣

Irrep (3, 1)� 1
3

(3, 1) 2
3

(3, 1)� 4
3

(3, 2) 1
6

(3, 2) 7
6

(3, 3)� 1
3

Name ⌦1 ⌦2 ⌦4 ⌥ �

Irrep (6, 1) 1
3

(6, 1)� 2
3

(6, 1) 4
3

(6, 3) 1
3

(8, 2) 1
2

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.
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Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.
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Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

new fields of different spin, and Lmixed contains terms of dimension d  4 involving products
of extra fields of different spin. In writing the dimension-five interactions with the heavy
particles we remove redundant operators by using the SM equations of motion. The dots
indicate terms that do not contribute in our approximation.

The extra fields can have kinetic or mass mixing with the a priori SM ones if they
share the same quantum numbers. However, field rotations and rescalings can always be
performed in such a way that all the kinetic terms in LBSM are diagonal and canonical
and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved
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The full UV/IR tree-level dictionary:  
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• EFT limits on simple BSM extensions contribution at tree-level to dimension 6:

Model CHD CH⇤ C⌧H CtH CbH
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Table 5. Operator coefficients generated by the tree-level single-field models B, W and TB, which
each depend on two couplings a and b, with yt, yb and y⌧ denoting the top, bottom and tau Yukawa
couplings respectively, v denoting the electroweak scale and ↵s denoting the strong coupling. The
coefficients of all operators are proportional to the corresponding entries in the Table and divided
by M
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Figure 14. The horizontal bars show the mass limits (in TeV) at the 95% CL for the models
described in Table 3, setting the corresponding couplings to unity. The coupling limits obtained
when setting the mass to 1 TeV are shown in grey boxes. We also note in light blue the pulls that
exceed 1-�.

whereas the other operator coefficients are zero, or very mildly constrained (e.g., C⌧H ,
which is / y⌧ ). Interpreted in terms of these models, the global SMEFT fit leads to mass
limits of the order of 5 TeV for unit couplings, or corresponding coupling limits of O(10�1)
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Neutrino singlet
Charged vector triplet

Neutral scalar triplet
Charged scalar singlet

Top singlet
Neutral scalar singlet
Exotic lepton doublet

Exotic quark doublet
Lepton triplet

“Up-type” triplet
Charged lepton singlet

Up-quark singlet
Scalar doublet

Quark bi-doublet

Exotic quark doublet
Down-quark singlet

Custodial vector pair

Charged vector singlet
“Down-type” triplet

Lepton triplet
Lepton doublet

Description
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• Well-motivated BSM scenarios designed to address specific issues of the SM.      
In particular,

✓ Naturalness models: to solve or ameliorate the hierarchy problem, e.g.

‣ SUSY

‣ Composite Higgs scenarios

‣ Neutral Naturalness models

‣ Relaxion, …

• These typically induce sizeable modifications of the Higgs couplings…

• … and involve extensions of the scalar sector, e.g. 

✓ SUSY → Two Higgs Doublet Models 

✓ Models with axion-like particles

• In what follows we go over a few of these scenarios and summarise some 
implications of current LHC Higgs measurements  

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021



• The Higgs is a resonance of some strong dynamics not far from the TeV

✓ Dynamical explanation of strong dynamics scale m* (as in QCD)

✓ Motivated as solutions to the hierarchy problem

• Strongly Interacting Light Higgs (SILH) scenario: Strong dynamics, characterised 
by a single mass scale m* and coupling g*,  generates a H doublet with same 
quantum numbers as the SM one (pNGB or accidentally light)

✓ Leading effects in Higgs couplings

Composite Higgs Models
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CH models with pNGB H
CH models with  

accidentally light H

Benchmarks from L. Vecchi contributions to HL-LHC WG2 report , arXiv: 1902.00134 [hep-ph]

�! h ! Za (28)

�! a ! �� (29)

h ! aa, Za (30)

pp ! h ! aa ! 4� (31)

[bosons]� = 0 (32)

[  ]� = [@]� = [gweak]� = 1 (33)

[�L]� = 2L + 2 (34)

cV =
p
1 � ⇠, c(4)f =

p
1 � ⇠, c(5)f =

1�2⇠p
1�⇠

(35)

SO(5)/SO(4) (36)

2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (37)

cV 2 [0.96, 1.08] (38)

3

Fermion couplings depending on SO(5) irrep (here 4 or 5)

Updated from JB, O. Eberhardt, C. Krause, JHEP 07 (2018) 048, arXiv 1803.00939 [hep-ph]

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob. Correlations

cV 1.03±0.02 [0.98, 1.07] 1.00
cf 0.95±0.03 [0.88, 1.02] 0.29 1.00

Table 3: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

cV 1.02±0.04 [0.94, 1.09]
cg 0.04±0.05 [�0.04, 0.13]
c� 0.02±0.14 [�0.26, 0.30]
cZ� 0.00 (Fixed) �
ct 0.94±0.06 [0.82, 1.05]
cb 0.98±0.09 [0.81, 1.15]
cµ 1.02±0.19 [0.64, 1.39]
c⌧ 0.93±0.07 [0.78, 1.07]

Table 4: Fit to Higgs observables only. UPDATED.

Scenario C� Cy |Cg| |C�| ⇠95% f95% [GeV]

SILH1a 1 0 0 0 0.049 1107

SILH1b 1 1 0 0 0.054 1057

SILH2a 1 0 1 1 0.029 1433

SILH2b 1 1 1 1 0.039 1253

Table 5: Fit to Higgs observables only. UPDATED.

Scenario ⇠95% f95% [GeV]

Min CH-4 0.049 1117

Min CH-5 0.053 1067

Table 6: Fit to Higgs observables only. UPDATED.
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Exotic decays and deviations in Higgs couplings
Model dependent: depend on what is the lightest Twin particle

Generically, invisible decays and displaced leptons or jets
Current best constraint on invisible h decays: ATLAS Run 2 (ATLAS-CONF-2020-027)


Br(h→inv.)<0.09  at 95% prob. 
From Higgs coupling fits, assuming cV<1

See also A. Albert’s talk

Explicit U(4)→U(3)  
breaking 

(Gauge loops)
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Exotic decays and deviations in Higgs couplings
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Generically, universal O(1) deviations in h couplings, unless tuned
Tuning~
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Figure 1. The impact of the h signal strength measurements is illustrated in the � � ↵ vs. tan�
plane in all four 2HDM types. We show the 95.4% posterior probability contours for individual fits
to data from h decays to ��, bb, ⌧⌧ , µµ, WW and ZZ in red, cyan, purple, orange, blue and green,
respectively. The resulting 95.4% regions of the combined fits to all signal strengths are the grey
areas.

status before EPS-HEP 2017, see [120]. The di↵erences in the Z2 symmetry assignment

to the fermions result in a type dependent treatment of their couplings to the light Higgs

boson. The signal strength of the process with a given initial state i producing an h which

decays to the final state f can be written as

µ
f

i
= ri ·

rfP
f 0

rf 0BSM(h ! f 0)
, (4.1)

where rx is the ratio of the 2HDM and the SM partial width of an h decaying into x and

BSM(h ! x) is the corresponding SM branching ratio. From this equation one can see that

every signal strength depends on the 2HDM h couplings of all decay products.

In Figure 1 we show the individual impact of the signal strengths with a specific final

state on the � � ↵ vs. tan� plane as well as their combination in all four types of Z2

symmetry. We have tried to adopt the colouring scheme from Figure 14 of the Run 1
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Experimental constraints

TeV, that is beyond the region where the 125 GeV scalar was found. Moreover, we trade

the angles ↵ and � with � � ↵ and tan�, since these combinations can be directly related

to physical observables. All SM parameters were fixed to their best-fit values [33, 34].

Neglecting the first two generations of fermions, the Yukawa part of the 2HDM La-

grangian reads as follows:

LY =� YtQLi�2�
⇤
2tR � Yb,1QL�1bR � Yb,2QL�2bR � Y⌧,1LL�1⌧R � Y⌧,2LL�2⌧R + h.c.

In the above Lagrangian, by convention the top quark only couples to �2; its Yukawa cou-

pling is related to the SM value Y
SM
t by Yt=Y

SM
t / sin�. With an unbroken Z2 symmetry

in the Yukawa sector, there are only four possibilities through which the Higgs fields couple

to the bottom quark and tau lepton at tree-level. They are called type I, type II, type X

or “lepton specific” and type Y or “flipped”. In Table 1 we categorize the corresponding

Yukawa coupling assignments.

Table 1. Yukawa coupling assignments in the four possible Z2 symmetric 2HDM types.

Type I Type II Type X (“lepton specific”) Type Y (“flipped”)

Yb,1 = Y⌧,1 = 0 Yb,2 = Y⌧,2 = 0 Yb,1 = Y⌧,2 = 0 Yb,2 = Y⌧,1 = 0

Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos� Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos�

Y⌧,2=Y
SM
⌧ / sin� Y⌧,1=Y

SM
⌧ / cos� Y⌧,1=Y

SM
⌧ / cos� Y⌧,2=Y

SM
⌧ / sin�

3 Constraints and fitting set-up

Our statistical analysis of the 2HDM is a Bayesian fit, in which the following priors are

used for the previously defined parameters:

�1.1  log(tan�)  1.7 (equivalent to 0.08  tan�  50),

0  � � ↵  ⇡,

130 GeV  mH ,mA,mH+  1.6 TeV,

�(1.6 TeV)2  m
2
12  (1.6 TeV)2

Extreme tan� values outside the chosen prior are expected to be excluded due to the

absence of strong 2HDM e↵ects in certain flavour observables (see e.g. reference [35]); the

aforementioned interval is a very conservative estimate. The only implicit assumption we

make is that the 125 GeV scalar is the light CP-even Higgs particle of the 2HDM and that

the other scalars should be heavier, yet in LHC reach.

The focus of this article is on LHC Higgs observables, that is h signal strengths and searches

for H, A and H
+. Most details of the implementation of the corresponding observables

can be found in our last article [31]. The modifications to this will be explained in the

following.
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Current status of 2HDMs Otto EberhardtIntroduction Model Results Summary

H mass fits with all constraints

Otto Eberhardt Current status of 2HDM’s 6 / 9

Introduction Model Results Summary

A, H+ mass fits with all constraints

Otto Eberhardt Current status of 2HDM’s 7 / 9

Figure 2: Impact of the various sets of constraints on the b�a vs. mH (upper row), the tanb vs. mA/H+

(lower rows) planes in the 2HDM of type I (left) and type II (right). The individually applied sets of con-
straints are the h signal strengths (grey contours), the theoretical bounds (in green), the searches for heavy
Higgs particles (in blue) and the flavour observables (in yellow). Their combination is given by the red
contours. All shaded regions are allowed with a probability of 95%.
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Scalar Sector

ranges and associated error correlation matrix are listed in Tab. 3, which are obtained

by using Gfitter package [14].

ILC Precision

↵s(M2

Z
) ±1.0⇥ 10�4

�↵
(5)

had
(M2

Z
) ±4.7⇥ 10�5

mZ [GeV] ±0.0021

mt [GeV] (pole) ±0.03exp ± 0.1th
mh [GeV] < ±0.1

mW [GeV] (±5exp ± 1th)⇥ 10�3

sin2
✓
`

e↵
(±1.3exp ± 1.5th)⇥ 10�5

�Z [GeV] ±0.001

Table 2. Anticipated precisions of the EW observables at the future lepton colliders. The

results are mainly from [14, 18–21].

3 Type-II 2HDM

3.1 Model Setup

In 2HDM, two SU(2)L scalar doublets �i (i = 1, 2) with a hyper-charge assignment

Y = +1/2:

�i =

 
�
+

i

vi+�
0
i+iGip
2

!
(3.1)

The neutral component of each doublet obtains a vacuum expectation value (vev) vi

(i=1,2) after EWSB satisfying v
2

1
+ v

2

2
= v

2 = (246 GeV)2, and v2/v1 = tan �.

Current (1.7⇥ 107 Z’s) ILC (109Z’s)

�
correlation � correlation

S T U (10�2) S T U

S 0.04± 0.11 1 0.92 �0.68 3.53 1 0.988 �0.879

T 0.09± 0.14 � 1 �0.87 4.89 � 1 �0.909

U �0.02± 0.11 � � 1 3.76 � � 1

Table 3. Estimated S, T , and U ranges and correlation matrices ⇢ij from Z-pole precision

measurements of the current results, mostly from LEP-I [22], and at future lepton colliders

ILC [16]. Gfitter package [14] is used in obtaining those constraints.
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where the vi are taken to be real, i.e. we assume that spontaneous CP violation does not

occur.5 The corresponding potential minimum conditions are:

m2
11 = m2

12tβ − 1
2v

2
[
λ1c

2
β + λ345s

2
β + 3λ6sβcβ + λ7s

2
βtβ
]

, (6)

m2
22 = m2

12t
−1
β − 1

2v
2
[
λ2s

2
β + λ345c

2
β + λ6c

2
βt−1

β + 3λ7sβcβ

]
, (7)

where we have defined:

λ345 ≡ λ3 + λ4 + λ5 , tβ ≡ tan β ≡
v2

v1
, (8)

and

v2 ≡ v2
1 + v2

2 =
4m2

W

g2
= (246 GeV)2 . (9)

It is always possible to choose the phases of the scalar doublet Higgs fields such that both

v1 and v2 are positive; henceforth we take 0 ≤ β ≤ π/2.

Of the original eight scalar degrees of freedom, three Goldstone bosons (G± and G) are

absorbed (“eaten”) by the W± and Z. The remaining five physical Higgs particles are: two

CP-even scalars (h and H , with mh ≤ mH), one CP-odd scalar (A) and a charged Higgs

pair (H±). The squared-mass parameters m2
11 and m2

22 can be eliminated by minimizing

the scalar potential. The resulting squared-masses for the CP-odd and charged Higgs states

are6

m2
A =

m2
12

sβcβ
− 1

2v
2(2λ5 + λ6t

−1
β + λ7tβ) , (10)

m2
H± = m2

A0 + 1
2v

2(λ5 − λ4) . (11)

The two CP-even Higgs states mix according to the following squared-mass matrix:

M2 ≡ m2
A0




s2

β −sβcβ

−sβcβ c2
β



+ B2 , (12)

where

B2 ≡ v2




λ1c2

β + 2λ6sβcβ + λ5s2
β (λ3 + λ4)sβcβ + λ6c2

β + λ7s2
β

(λ3 + λ4)sβcβ + λ6c2
β + λ7s2

β λ2s2
β + 2λ7sβcβ + λ5c2

β



 . (13)

5 The conditions required for the absence of explicit and spontaneous CP-violation in the Higgs sector are

elucidated in Appendix B.
6 Here and in the following, we use the shorthand notation cβ ≡ cosβ, sβ ≡ sin β, cα ≡ cosα, sα ≡ sin α,

c2α ≡ cos 2α, s2α ≡ cos 2α, cβ−α ≡ cos(β − α), sβ−α ≡ sin(β − α), etc.

6

and

c2
β−α =

m2
L
− m2

h

m2
H − m2

h

. (20)

Eq. (20) is most easily derived by using c2
β−α = 1

2(1 + c2βc2α + s2βs2α) and the results of

eq. (17). Note that the case of mh = mH is special and must be treated carefully. We do

this in Appendix C, where we explicitly verify that 0 ≤ c2
β−α ≤ 1.

Finally, for completeness we record the expressions for the original hypercharge-one scalar

fields Φi in terms of the physical Higgs states and the Goldstone bosons:

Φ±
1 = cβG± − sβH± ,

Φ±
2 = sβG

± + cβH± ,

Φ0
1 = 1√

2
[v1 + cαH − sαh + icβG − isβA] ,

Φ0
2 = 1√

2
[v2 + sαH + cαh + isβG + icβA] . (21)

III. THE DECOUPLING LIMIT

In effective field theory, we may examine the behavior of the theory characterized by two

disparate mass scales, mL # mS, by integrating out all particles with masses of order mS,

assuming that all the couplings of the “low-mass” effective theory comprising particles with

masses of order mL can be kept fixed. In the 2HDM, the low-mass effective theory, if it

exists, must correspond to the case where one of the Higgs doublets is integrated out. That

is, the resulting effective low-mass theory is precisely equivalent to the one-scalar-doublet

SM Higgs sector. These conclusions follow from electroweak gauge invariance. Namely,

there are two relevant scales—the electroweak scale characterized by the scale v = 246 GeV

and a second scale mS $ v. The underlying electroweak symmetry requires that scalar

mass splittings within doublets cannot be larger than O(v) [assuming that dimensionless

couplings of the theory are no larger than O(1)]. It follows that the H±, A and H masses

must be of O(mS), while mh ∼ O(v). Moreover, since the effective low-mass theory consists

of a one-doublet Higgs sector, the properties of h must be indistinguishable from those of

the SM Higgs boson.

We can illustrate these results more explicitly as follows. Suppose that all the Higgs

self-coupling constants λi are held fixed such that |λi| <∼ O(1), while taking m2
A $ |λi|v2. In

particular, we constrain the αi ≡ λi/(4π) so that the Higgs sector does not become strongly

8
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disparate mass scales, mL # mS, by integrating out all particles with masses of order mS,

assuming that all the couplings of the “low-mass” effective theory comprising particles with

masses of order mL can be kept fixed. In the 2HDM, the low-mass effective theory, if it

exists, must correspond to the case where one of the Higgs doublets is integrated out. That

is, the resulting effective low-mass theory is precisely equivalent to the one-scalar-doublet

SM Higgs sector. These conclusions follow from electroweak gauge invariance. Namely,

there are two relevant scales—the electroweak scale characterized by the scale v = 246 GeV

and a second scale mS $ v. The underlying electroweak symmetry requires that scalar

mass splittings within doublets cannot be larger than O(v) [assuming that dimensionless

couplings of the theory are no larger than O(1)]. It follows that the H±, A and H masses

must be of O(mS), while mh ∼ O(v). Moreover, since the effective low-mass theory consists

of a one-doublet Higgs sector, the properties of h must be indistinguishable from those of

the SM Higgs boson.

We can illustrate these results more explicitly as follows. Suppose that all the Higgs

self-coupling constants λi are held fixed such that |λi| <∼ O(1), while taking m2
A $ |λi|v2. In

particular, we constrain the αi ≡ λi/(4π) so that the Higgs sector does not become strongly

8

Physical: h, H, A, H±

Goldstones: G, G±

Figure 1. The impact of the h signal strength measurements is illustrated in the � � ↵ vs. tan�
plane in all four 2HDM types. We show the 95.4% posterior probability contours for individual fits
to data from h decays to ��, bb, ⌧⌧ , µµ, WW and ZZ in red, cyan, purple, orange, blue and green,
respectively. The resulting 95.4% regions of the combined fits to all signal strengths are the grey
areas.

status before EPS-HEP 2017, see [120]. The di↵erences in the Z2 symmetry assignment

to the fermions result in a type dependent treatment of their couplings to the light Higgs

boson. The signal strength of the process with a given initial state i producing an h which

decays to the final state f can be written as

µ
f

i
= ri ·

rfP
f 0

rf 0BSM(h ! f 0)
, (4.1)

where rx is the ratio of the 2HDM and the SM partial width of an h decaying into x and

BSM(h ! x) is the corresponding SM branching ratio. From this equation one can see that

every signal strength depends on the 2HDM h couplings of all decay products.

In Figure 1 we show the individual impact of the signal strengths with a specific final

state on the � � ↵ vs. tan� plane as well as their combination in all four types of Z2

symmetry. We have tried to adopt the colouring scheme from Figure 14 of the Run 1
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General scalar Potential

Experimental constraints

TeV, that is beyond the region where the 125 GeV scalar was found. Moreover, we trade

the angles ↵ and � with � � ↵ and tan�, since these combinations can be directly related

to physical observables. All SM parameters were fixed to their best-fit values [33, 34].

Neglecting the first two generations of fermions, the Yukawa part of the 2HDM La-

grangian reads as follows:

LY =� YtQLi�2�
⇤
2tR � Yb,1QL�1bR � Yb,2QL�2bR � Y⌧,1LL�1⌧R � Y⌧,2LL�2⌧R + h.c.

In the above Lagrangian, by convention the top quark only couples to �2; its Yukawa cou-

pling is related to the SM value Y
SM
t by Yt=Y

SM
t / sin�. With an unbroken Z2 symmetry

in the Yukawa sector, there are only four possibilities through which the Higgs fields couple

to the bottom quark and tau lepton at tree-level. They are called type I, type II, type X

or “lepton specific” and type Y or “flipped”. In Table 1 we categorize the corresponding

Yukawa coupling assignments.

Table 1. Yukawa coupling assignments in the four possible Z2 symmetric 2HDM types.

Type I Type II Type X (“lepton specific”) Type Y (“flipped”)

Yb,1 = Y⌧,1 = 0 Yb,2 = Y⌧,2 = 0 Yb,1 = Y⌧,2 = 0 Yb,2 = Y⌧,1 = 0

Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos� Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos�

Y⌧,2=Y
SM
⌧ / sin� Y⌧,1=Y

SM
⌧ / cos� Y⌧,1=Y

SM
⌧ / cos� Y⌧,2=Y

SM
⌧ / sin�

3 Constraints and fitting set-up

Our statistical analysis of the 2HDM is a Bayesian fit, in which the following priors are

used for the previously defined parameters:

�1.1  log(tan�)  1.7 (equivalent to 0.08  tan�  50),

0  � � ↵  ⇡,

130 GeV  mH ,mA,mH+  1.6 TeV,

�(1.6 TeV)2  m
2
12  (1.6 TeV)2

Extreme tan� values outside the chosen prior are expected to be excluded due to the

absence of strong 2HDM e↵ects in certain flavour observables (see e.g. reference [35]); the

aforementioned interval is a very conservative estimate. The only implicit assumption we

make is that the 125 GeV scalar is the light CP-even Higgs particle of the 2HDM and that

the other scalars should be heavier, yet in LHC reach.

The focus of this article is on LHC Higgs observables, that is h signal strengths and searches

for H, A and H
+. Most details of the implementation of the corresponding observables

can be found in our last article [31]. The modifications to this will be explained in the

following.
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Figure 2: Impact of the various sets of constraints on the b�a vs. mH (upper row), the tanb vs. mA/H+

(lower rows) planes in the 2HDM of type I (left) and type II (right). The individually applied sets of con-
straints are the h signal strengths (grey contours), the theoretical bounds (in green), the searches for heavy
Higgs particles (in blue) and the flavour observables (in yellow). Their combination is given by the red
contours. All shaded regions are allowed with a probability of 95%.
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ranges and associated error correlation matrix are listed in Tab. 3, which are obtained

by using Gfitter package [14].

ILC Precision

↵s(M2

Z
) ±1.0⇥ 10�4

�↵
(5)

had
(M2

Z
) ±4.7⇥ 10�5

mZ [GeV] ±0.0021

mt [GeV] (pole) ±0.03exp ± 0.1th
mh [GeV] < ±0.1

mW [GeV] (±5exp ± 1th)⇥ 10�3

sin2
✓
`

e↵
(±1.3exp ± 1.5th)⇥ 10�5

�Z [GeV] ±0.001

Table 2. Anticipated precisions of the EW observables at the future lepton colliders. The

results are mainly from [14, 18–21].

3 Type-II 2HDM

3.1 Model Setup

In 2HDM, two SU(2)L scalar doublets �i (i = 1, 2) with a hyper-charge assignment

Y = +1/2:

�i =

 
�
+

i

vi+�
0
i+iGip
2

!
(3.1)

The neutral component of each doublet obtains a vacuum expectation value (vev) vi

(i=1,2) after EWSB satisfying v
2

1
+ v

2

2
= v

2 = (246 GeV)2, and v2/v1 = tan �.

Current (1.7⇥ 107 Z’s) ILC (109Z’s)

�
correlation � correlation

S T U (10�2) S T U

S 0.04± 0.11 1 0.92 �0.68 3.53 1 0.988 �0.879

T 0.09± 0.14 � 1 �0.87 4.89 � 1 �0.909

U �0.02± 0.11 � � 1 3.76 � � 1

Table 3. Estimated S, T , and U ranges and correlation matrices ⇢ij from Z-pole precision

measurements of the current results, mostly from LEP-I [22], and at future lepton colliders

ILC [16]. Gfitter package [14] is used in obtaining those constraints.
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Label Channel Experiment Mass range L

[GeV] [fb
�1

]

C
bb

13 pp ! H/A ! bb CMS [75] [0.55;1.2] 2.69

A
⌧⌧

13
gg ! H/A ! ⌧⌧

ATLAS [76] [0.2;2.25] 36.1
C

⌧⌧

13 CMS [77] [0.09;3.2] 12.9

A
⌧⌧

13b
bb ! H/A ! ⌧⌧

ATLAS [76] [0.2;2.25] 36.1
C

⌧⌧

13b CMS [77] [0.09;3.2] 12.9

A
��

13 pp ! H/A ! �� ATLAS [78] [0.2;2.7] 36.7

C
��

13 gg ! H/A ! �� CMS [79] [0.5;4] 35.9

A
Z�

13 gg ! H/A ! Z�[! (``)�] ATLAS [45] [0.25;2.4] 36.1

C
Z�

13 gg ! H/A ! Z� CMS [80] [0.35;4] 35.9

A
2`2L
13 gg ! H ! ZZ[! (``)(``, ⌫⌫)] ATLAS [81] [0.2;1.2] 36.1

A
2`2L
13V V V ! H ! ZZ[! (``)(``, ⌫⌫)] ATLAS [81] [0.2;1.2] 36.1

C
2`2⌫
13 pp ! H ! ZZ[! (``)(⌫⌫)] CMS [82] [0.6;2.5] 35.9

C
2`2⌫
13g gg ! H ! ZZ[! (``)(⌫⌫)] CMS [83] [0.2;0.6] 2.3

C
2`2⌫
13V V V ! H ! ZZ[! (``)(⌫⌫)] CMS [83] [0.2;0.6] 2.3

C
4`
13V (V V + V H) ! H ! ZZ ! (``)(``) CMS [84] [0.13;2.53] 12.9

C
2`2q
13 pp ! H ! ZZ[! (``)(qq)] CMS [85] [0.5;2] 12.9

A
2L2q
13 gg ! H ! ZZ[! (``, ⌫⌫)(qq)] ATLAS [86] [0.3;3] 36.1

A
2L2q
13V V V ! H ! ZZ[! (``, ⌫⌫)(qq)] ATLAS [86] [0.3;3] 36.1

A
2(`⌫)
13 gg ! H ! WW [! (e⌫)(µ⌫)] ATLAS [87] [0.25;4] 36.1

A
2(`⌫)
13V V V ! H ! WW [! (e⌫)(µ⌫)] ATLAS [87] [0.25;3] 36.1

C
2(`⌫)
13 (gg+V V ) ! H ! WW ! (`⌫)(`⌫) CMS [88] [0.2;1] 2.3

A
`⌫2q
13 gg ! H ! WW [! (`⌫)(qq)] ATLAS [89] [0.3;3] 36.1

A
`⌫2q
13V V V ! H ! WW [! (`⌫)(qq)] ATLAS [89] [0.3;3] 36.1

A
4q
13 pp ! H ! V V [! (qq)(qq)] ATLAS [90] [1.2;3] 36.7

A
4b
13

pp ! H ! hh ! (bb)(bb)
ATLAS [91] [0.3;3] 13.3

C
4b
13 CMS [92] [0.26;1.2] 35.9

C
4b
13g gg ! H ! hh ! (bb)(bb) CMS [93] [1.2;3] 35.9

A
2�2b
13 pp ! H ! hh[! (��)(bb)] ATLAS [94] [0.275;0.4] 3.2

C
2�2b
13 pp ! H ! hh ! (��)(bb) CMS [95] [0.25;0.9] 35.9

C
2b2⌧
13 pp ! H ! hh ! (bb)(⌧⌧) CMS [96] [0.25;0.9] 35.9

C
2b2V
13 pp ! H ! hh ! (bb)(V V ! `⌫`⌫) CMS [97] [0.26;0.9] 36

A
2�2W
13 gg ! H ! hh[! (��)(WW )] ATLAS [98] [0.25;0.5] 13.3

A
bbZ

13 gg ! A ! hZ ! (bb)Z ATLAS [99] [0.2;2] 36.1

A
bbZ

13b bb̄ ! A ! hZ ! (bb)Z ATLAS [99] [0.2;2] 36.1

Table 6. List of the available neutral heavy Higgs searches from LHC Run 2 relevant for the
2HDM. For an explanation, see the description below Table 5. In the last column, we additionally
highlight an underlying integrated luminosity of around 3, 13 or 36 fb�1 in red, yellow or green,
respectively.

interpreted as A; finally, the searches for charged Higgs particles were performed looking

for the final states tb or ⌧⌫. If the branching ratio into a specific final state – like for
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Label Channel Experiment Mass range [TeV] L [fb
�1

]

A
⌧⌫

13
pp ! H

±
! ⌧

±
⌫

ATLAS [100] [0.2;2] 14.7
C

⌧⌫

13 CMS [101] [0.18;3] 12.9

A
tb

13
pp ! H

+
! tb̄

ATLAS [102] [0.3;1] 13.2
A

tb

13 ATLAS [103] [0.2;0.3][[1;2] 13.2

Table 7. List of the available charged heavy Higgs searches from LHC Run 2 relevant for the
2HDM. For an explanation, see the description below Table 5.

instance (��)(bb) – is included in the upper limit, we list it in the table. If the final state

is not included in the � · B limits, but its information is needed to distinguish it from other

searches, we write it in square brackets. The secondary decay products of one particle are

combined in parentheses. In the case in which two concurring searches are available that

are partially based on the same set of data, we use the limit which is derived from the larger

amount of data. For instance, the latest CMS results of the searches for an H decaying via

ZZ into two leptons and two neutrinos are available only for mH > 600 GeV. Lighter mH

scenarios will be constrained using an older publication based on an integrated luminosity

of 2.3 fb�1. Also for the upper limits on H ! hh ! (bb̄)(bb̄) by CMS and on H
+

! tb̄

by ATLAS we apply di↵erent searches depending on the masses. For gg ! X ! ��, CMS

combined their 8 and 13 TeV data; the limits are given for the 13 TeV production cross

section. A detailed discussion of how the di↵erent searches constrain the 2HDM can be

found in Section 5, where we show the results ordered by the decay products.

Apart from the discussed tree-level Higgs observables the 2HDM scalars can also con-

tribute to the quantum corrections of other observables, the most important ones being

the electroweak precision observables, the b ! s� branching ratio and the mass di↵erence

in the Bs meson system. While the implementation into HEPfit was already explained in

[31], we updated the experimental values [34, 116, 117]. Also for the treatment of theo-

retical constraints we refer to [31], with two exceptions: We do not apply any constraints

arising from the renormalization group evolution and define our model at the electroweak

scale. And for the next-to-leading order unitarity bounds we chose the most conservative

approach that appeared reasonable to us, namely requiring that the real and imaginary

parts of the S-matrix eigenvalues should be between �0.5 and 0.5 and between 0 and

1, respectively. Moreover we impose perturbativity by discarding scenarios for which the

one-loop contribution to these eigenvalues exceeds the tree-level term in magnitude.

As numerical set-up we use the open-source package HEPfit [118], interfaced with the

release candidate of the Bayesian Analysis Toolkit (BAT) [119]. The former calculates all

mentioned 2HDM observables and feeds them into the parallelized BAT, which applies the

Bayesian fit with Markov chain Monte Carlo simulations.

4 h signal strengths

In this section we show the impact of the h signal strengths on the 2HDM parameters. The

fits were done with the most up-to-date experimental inputs; for a comparison with the
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Figure 1. The impact of the h signal strength measurements is illustrated in the � � ↵ vs. tan�
plane in all four 2HDM types. We show the 95.4% posterior probability contours for individual fits
to data from h decays to ��, bb, ⌧⌧ , µµ, WW and ZZ in red, cyan, purple, orange, blue and green,
respectively. The resulting 95.4% regions of the combined fits to all signal strengths are the grey
areas.

status before EPS-HEP 2017, see [120]. The di↵erences in the Z2 symmetry assignment

to the fermions result in a type dependent treatment of their couplings to the light Higgs

boson. The signal strength of the process with a given initial state i producing an h which

decays to the final state f can be written as

µ
f

i
= ri ·

rfP
f 0

rf 0BSM(h ! f 0)
, (4.1)

where rx is the ratio of the 2HDM and the SM partial width of an h decaying into x and

BSM(h ! x) is the corresponding SM branching ratio. From this equation one can see that

every signal strength depends on the 2HDM h couplings of all decay products.

In Figure 1 we show the individual impact of the signal strengths with a specific final

state on the � � ↵ vs. tan� plane as well as their combination in all four types of Z2

symmetry. We have tried to adopt the colouring scheme from Figure 14 of the Run 1
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Experimental constraints

TeV, that is beyond the region where the 125 GeV scalar was found. Moreover, we trade

the angles ↵ and � with � � ↵ and tan�, since these combinations can be directly related

to physical observables. All SM parameters were fixed to their best-fit values [33, 34].

Neglecting the first two generations of fermions, the Yukawa part of the 2HDM La-

grangian reads as follows:

LY =� YtQLi�2�
⇤
2tR � Yb,1QL�1bR � Yb,2QL�2bR � Y⌧,1LL�1⌧R � Y⌧,2LL�2⌧R + h.c.

In the above Lagrangian, by convention the top quark only couples to �2; its Yukawa cou-

pling is related to the SM value Y
SM
t by Yt=Y

SM
t / sin�. With an unbroken Z2 symmetry

in the Yukawa sector, there are only four possibilities through which the Higgs fields couple

to the bottom quark and tau lepton at tree-level. They are called type I, type II, type X

or “lepton specific” and type Y or “flipped”. In Table 1 we categorize the corresponding

Yukawa coupling assignments.

Table 1. Yukawa coupling assignments in the four possible Z2 symmetric 2HDM types.

Type I Type II Type X (“lepton specific”) Type Y (“flipped”)

Yb,1 = Y⌧,1 = 0 Yb,2 = Y⌧,2 = 0 Yb,1 = Y⌧,2 = 0 Yb,2 = Y⌧,1 = 0

Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos� Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos�

Y⌧,2=Y
SM
⌧ / sin� Y⌧,1=Y

SM
⌧ / cos� Y⌧,1=Y

SM
⌧ / cos� Y⌧,2=Y

SM
⌧ / sin�

3 Constraints and fitting set-up

Our statistical analysis of the 2HDM is a Bayesian fit, in which the following priors are

used for the previously defined parameters:

�1.1  log(tan�)  1.7 (equivalent to 0.08  tan�  50),

0  � � ↵  ⇡,

130 GeV  mH ,mA,mH+  1.6 TeV,

�(1.6 TeV)2  m
2
12  (1.6 TeV)2

Extreme tan� values outside the chosen prior are expected to be excluded due to the

absence of strong 2HDM e↵ects in certain flavour observables (see e.g. reference [35]); the

aforementioned interval is a very conservative estimate. The only implicit assumption we

make is that the 125 GeV scalar is the light CP-even Higgs particle of the 2HDM and that

the other scalars should be heavier, yet in LHC reach.

The focus of this article is on LHC Higgs observables, that is h signal strengths and searches

for H, A and H
+. Most details of the implementation of the corresponding observables

can be found in our last article [31]. The modifications to this will be explained in the

following.
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The focus of this article is on LHC Higgs observables, that is h signal strengths and searches

for H, A and H
+. Most details of the implementation of the corresponding observables

can be found in our last article [31]. The modifications to this will be explained in the

following.
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Figure 2: Impact of the various sets of constraints on the b�a vs. mH (upper row), the tanb vs. mA/H+

(lower rows) planes in the 2HDM of type I (left) and type II (right). The individually applied sets of con-
straints are the h signal strengths (grey contours), the theoretical bounds (in green), the searches for heavy
Higgs particles (in blue) and the flavour observables (in yellow). Their combination is given by the red
contours. All shaded regions are allowed with a probability of 95%.

3

Higgs signal strengths  
(LHC Run 1 + Run 2 [36 fb-1] ) 

push THDM 
towards alignment limit

V (H) = �m2 |H|2 + � |H|4 + �
�
|hA|4 + |hB|4

�
(11)

H =

✓
hA

hB

◆
(12)

H =

✓
hA

hB

◆
=

⇣
f +

�p
2

⌘
ei

p
2⇧aTa

f � (13)

�LYuk = ythAQAtA + ythBQBtB (14)

�LYuk = ythAQAUA + ythBQBUB ! ythQAUA + yt(f � |h|2
2f

)QBUB (15)

�LEFT =
1

2f
C�@µ(�†�)@µ

(�†�) + . . . (16)

C� =
1

2
� 8� f2

m2
�

(17)

|cos (� � ↵)| ⌧ 1 (18)

�LSILH =
g2
?

2m2
?
C�@µ(�†�)@µ

(�†�) + g2
?

m2
?
Cy

P
y  ̄L� R(�†�)

+
g2
?g

2
s

16⇡2m2
?
Cg(�†�)GA

µ⌫G
A µ⌫

+
g2
?g

02

16⇡2m2
?
C�(�†�)Bµ⌫Bµ⌫

(19)

cV = 1 � C�

2
⇠, cf = 1 � (

C�

2
+ Cy)⇠, cg = 2Cg⇠, c� = C�⇠ (20)

⇠ ⌘ g2
?v

2

m2
?

⌘ v2

f2 C�,y,g,� ⇠ O(1) (21)

C�,y,g,� ⇠ O(1) (22)

�! h ! aa (23)

�! h ! Za (24)

�! a ! �� (25)

2 Tables

cV = 1.02 ± 0.03 (26)

cV 2 [0.96, 1.08] (27)

2

D. Chowdhury, O. Eberhardt, JHEP 05 (2018) 161, arXiv: 1711.02095 [hep-ph]

V (H) = �m2 |H|2 + � |H|4 + �
�
|hA|4 + |hB|4

�
(11)

H =

✓
hA

hB

◆
(12)

H =

✓
hA

hB

◆
=

⇣
f +

�p
2

⌘
ei

p
2⇧aTa

f � (13)

�LYuk = ythAQAtA + ythBQBtB (14)

�LYuk = ythAQAUA + ythBQBUB ! ythQAUA + yt(f � |h|2
2f

)QBUB (15)

�LEFT =
1

2f
C�@µ(�†�)@µ

(�†�) + . . . (16)

C� =
1

2
� 8� f2

m2
�

(17)

|cos (� � ↵)| ⌧ 1 (18)

|cos (� � ↵)| < 0.05 (0.26) (19)

�LSILH =
g2
?

2m2
?
C�@µ(�†�)@µ

(�†�) + g2
?

m2
?
Cy

P
y  ̄L� R(�†�)

+
g2
?g

2
s

16⇡2m2
?
Cg(�†�)GA

µ⌫G
A µ⌫

+
g2
?g

02

16⇡2m2
?
C�(�†�)Bµ⌫Bµ⌫

(20)

cV = 1 � C�

2
⇠, cf = 1 � (

C�

2
+ Cy)⇠, cg = 2Cg⇠, c� = C�⇠ (21)

⇠ ⌘ g2
?v

2

m2
?

⌘ v2

f2 C�,y,g,� ⇠ O(1) (22)

⇠�1 ⌘ f2

v2 (23)

⇠ . 0.128 (24)

(1 � 16
�f2

m2
�
)⇠ . 0.128 (25)

C�,y,g,� ⇠ O(1) (26)

�! h ! aa (27)

2

e.g. for type II (type I)

Scalar Sector

ranges and associated error correlation matrix are listed in Tab. 3, which are obtained

by using Gfitter package [14].

ILC Precision

↵s(M2

Z
) ±1.0⇥ 10�4

�↵
(5)

had
(M2

Z
) ±4.7⇥ 10�5

mZ [GeV] ±0.0021

mt [GeV] (pole) ±0.03exp ± 0.1th
mh [GeV] < ±0.1

mW [GeV] (±5exp ± 1th)⇥ 10�3

sin2
✓
`

e↵
(±1.3exp ± 1.5th)⇥ 10�5

�Z [GeV] ±0.001

Table 2. Anticipated precisions of the EW observables at the future lepton colliders. The

results are mainly from [14, 18–21].

3 Type-II 2HDM

3.1 Model Setup

In 2HDM, two SU(2)L scalar doublets �i (i = 1, 2) with a hyper-charge assignment

Y = +1/2:

�i =

 
�
+

i

vi+�
0
i+iGip
2

!
(3.1)

The neutral component of each doublet obtains a vacuum expectation value (vev) vi

(i=1,2) after EWSB satisfying v
2

1
+ v

2

2
= v

2 = (246 GeV)2, and v2/v1 = tan �.

Current (1.7⇥ 107 Z’s) ILC (109Z’s)

�
correlation � correlation

S T U (10�2) S T U

S 0.04± 0.11 1 0.92 �0.68 3.53 1 0.988 �0.879

T 0.09± 0.14 � 1 �0.87 4.89 � 1 �0.909

U �0.02± 0.11 � � 1 3.76 � � 1

Table 3. Estimated S, T , and U ranges and correlation matrices ⇢ij from Z-pole precision

measurements of the current results, mostly from LEP-I [22], and at future lepton colliders

ILC [16]. Gfitter package [14] is used in obtaining those constraints.
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where the vi are taken to be real, i.e. we assume that spontaneous CP violation does not

occur.5 The corresponding potential minimum conditions are:

m2
11 = m2

12tβ − 1
2v

2
[
λ1c

2
β + λ345s

2
β + 3λ6sβcβ + λ7s

2
βtβ
]

, (6)

m2
22 = m2

12t
−1
β − 1

2v
2
[
λ2s

2
β + λ345c

2
β + λ6c

2
βt−1

β + 3λ7sβcβ

]
, (7)

where we have defined:

λ345 ≡ λ3 + λ4 + λ5 , tβ ≡ tan β ≡
v2

v1
, (8)

and

v2 ≡ v2
1 + v2

2 =
4m2

W

g2
= (246 GeV)2 . (9)

It is always possible to choose the phases of the scalar doublet Higgs fields such that both

v1 and v2 are positive; henceforth we take 0 ≤ β ≤ π/2.

Of the original eight scalar degrees of freedom, three Goldstone bosons (G± and G) are

absorbed (“eaten”) by the W± and Z. The remaining five physical Higgs particles are: two

CP-even scalars (h and H , with mh ≤ mH), one CP-odd scalar (A) and a charged Higgs

pair (H±). The squared-mass parameters m2
11 and m2

22 can be eliminated by minimizing

the scalar potential. The resulting squared-masses for the CP-odd and charged Higgs states

are6

m2
A =

m2
12

sβcβ
− 1

2v
2(2λ5 + λ6t

−1
β + λ7tβ) , (10)

m2
H± = m2

A0 + 1
2v

2(λ5 − λ4) . (11)

The two CP-even Higgs states mix according to the following squared-mass matrix:

M2 ≡ m2
A0




s2

β −sβcβ

−sβcβ c2
β



+ B2 , (12)

where

B2 ≡ v2




λ1c2

β + 2λ6sβcβ + λ5s2
β (λ3 + λ4)sβcβ + λ6c2

β + λ7s2
β

(λ3 + λ4)sβcβ + λ6c2
β + λ7s2

β λ2s2
β + 2λ7sβcβ + λ5c2

β



 . (13)

5 The conditions required for the absence of explicit and spontaneous CP-violation in the Higgs sector are

elucidated in Appendix B.
6 Here and in the following, we use the shorthand notation cβ ≡ cosβ, sβ ≡ sin β, cα ≡ cosα, sα ≡ sin α,

c2α ≡ cos 2α, s2α ≡ cos 2α, cβ−α ≡ cos(β − α), sβ−α ≡ sin(β − α), etc.

6

and

c2
β−α =

m2
L
− m2

h

m2
H − m2

h

. (20)

Eq. (20) is most easily derived by using c2
β−α = 1

2(1 + c2βc2α + s2βs2α) and the results of

eq. (17). Note that the case of mh = mH is special and must be treated carefully. We do

this in Appendix C, where we explicitly verify that 0 ≤ c2
β−α ≤ 1.

Finally, for completeness we record the expressions for the original hypercharge-one scalar

fields Φi in terms of the physical Higgs states and the Goldstone bosons:

Φ±
1 = cβG± − sβH± ,

Φ±
2 = sβG

± + cβH± ,

Φ0
1 = 1√

2
[v1 + cαH − sαh + icβG − isβA] ,

Φ0
2 = 1√

2
[v2 + sαH + cαh + isβG + icβA] . (21)

III. THE DECOUPLING LIMIT

In effective field theory, we may examine the behavior of the theory characterized by two

disparate mass scales, mL # mS, by integrating out all particles with masses of order mS,

assuming that all the couplings of the “low-mass” effective theory comprising particles with

masses of order mL can be kept fixed. In the 2HDM, the low-mass effective theory, if it

exists, must correspond to the case where one of the Higgs doublets is integrated out. That

is, the resulting effective low-mass theory is precisely equivalent to the one-scalar-doublet

SM Higgs sector. These conclusions follow from electroweak gauge invariance. Namely,

there are two relevant scales—the electroweak scale characterized by the scale v = 246 GeV

and a second scale mS $ v. The underlying electroweak symmetry requires that scalar

mass splittings within doublets cannot be larger than O(v) [assuming that dimensionless

couplings of the theory are no larger than O(1)]. It follows that the H±, A and H masses

must be of O(mS), while mh ∼ O(v). Moreover, since the effective low-mass theory consists

of a one-doublet Higgs sector, the properties of h must be indistinguishable from those of

the SM Higgs boson.

We can illustrate these results more explicitly as follows. Suppose that all the Higgs

self-coupling constants λi are held fixed such that |λi| <∼ O(1), while taking m2
A $ |λi|v2. In

particular, we constrain the αi ≡ λi/(4π) so that the Higgs sector does not become strongly
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Experimental constraints

TeV, that is beyond the region where the 125 GeV scalar was found. Moreover, we trade

the angles ↵ and � with � � ↵ and tan�, since these combinations can be directly related

to physical observables. All SM parameters were fixed to their best-fit values [33, 34].

Neglecting the first two generations of fermions, the Yukawa part of the 2HDM La-

grangian reads as follows:

LY =� YtQLi�2�
⇤
2tR � Yb,1QL�1bR � Yb,2QL�2bR � Y⌧,1LL�1⌧R � Y⌧,2LL�2⌧R + h.c.

In the above Lagrangian, by convention the top quark only couples to �2; its Yukawa cou-

pling is related to the SM value Y
SM
t by Yt=Y

SM
t / sin�. With an unbroken Z2 symmetry

in the Yukawa sector, there are only four possibilities through which the Higgs fields couple

to the bottom quark and tau lepton at tree-level. They are called type I, type II, type X

or “lepton specific” and type Y or “flipped”. In Table 1 we categorize the corresponding

Yukawa coupling assignments.

Table 1. Yukawa coupling assignments in the four possible Z2 symmetric 2HDM types.

Type I Type II Type X (“lepton specific”) Type Y (“flipped”)

Yb,1 = Y⌧,1 = 0 Yb,2 = Y⌧,2 = 0 Yb,1 = Y⌧,2 = 0 Yb,2 = Y⌧,1 = 0

Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos� Yb,2=Y
SM
b

/ sin� Yb,1=Y
SM
b

/ cos�

Y⌧,2=Y
SM
⌧ / sin� Y⌧,1=Y

SM
⌧ / cos� Y⌧,1=Y

SM
⌧ / cos� Y⌧,2=Y

SM
⌧ / sin�

3 Constraints and fitting set-up

Our statistical analysis of the 2HDM is a Bayesian fit, in which the following priors are

used for the previously defined parameters:

�1.1  log(tan�)  1.7 (equivalent to 0.08  tan�  50),

0  � � ↵  ⇡,

130 GeV  mH ,mA,mH+  1.6 TeV,

�(1.6 TeV)2  m
2
12  (1.6 TeV)2

Extreme tan� values outside the chosen prior are expected to be excluded due to the

absence of strong 2HDM e↵ects in certain flavour observables (see e.g. reference [35]); the

aforementioned interval is a very conservative estimate. The only implicit assumption we

make is that the 125 GeV scalar is the light CP-even Higgs particle of the 2HDM and that

the other scalars should be heavier, yet in LHC reach.

The focus of this article is on LHC Higgs observables, that is h signal strengths and searches

for H, A and H
+. Most details of the implementation of the corresponding observables

can be found in our last article [31]. The modifications to this will be explained in the

following.
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make is that the 125 GeV scalar is the light CP-even Higgs particle of the 2HDM and that

the other scalars should be heavier, yet in LHC reach.

The focus of this article is on LHC Higgs observables, that is h signal strengths and searches

for H, A and H
+. Most details of the implementation of the corresponding observables

can be found in our last article [31]. The modifications to this will be explained in the

following.

– 3 –

Current status of 2HDMs Otto EberhardtIntroduction Model Results Summary

H mass fits with all constraints

Otto Eberhardt Current status of 2HDM’s 6 / 9

Introduction Model Results Summary

A, H+ mass fits with all constraints

Otto Eberhardt Current status of 2HDM’s 7 / 9

Figure 2: Impact of the various sets of constraints on the b�a vs. mH (upper row), the tanb vs. mA/H+

(lower rows) planes in the 2HDM of type I (left) and type II (right). The individually applied sets of con-
straints are the h signal strengths (grey contours), the theoretical bounds (in green), the searches for heavy
Higgs particles (in blue) and the flavour observables (in yellow). Their combination is given by the red
contours. All shaded regions are allowed with a probability of 95%.

3

(a) (b)

(c) (d)

Figure 17: Regions of the (cos(V � U), tan V) plane of four types of 2HDMs excluded by fits to the measured rates of
Higgs boson production and decays. Contours at 95% CL, defined in the asymptotic approximation by �2 ln⇤ = 5.99,
are drawn for both the data and the expectation for the SM Higgs sector. In all cases, the observed best-fit points
are out of the range, and are thus provided as numerical values instead. The angles U and V are taken to satisfy
0  V  c/2 and 0  V � U  c without loss of generality. The alignment limit at cos(V � U) = 0, in which all
Higgs boson couplings take their SM values, is indicated by the dashed red line.
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ranges and associated error correlation matrix are listed in Tab. 3, which are obtained

by using Gfitter package [14].

ILC Precision

↵s(M2

Z
) ±1.0⇥ 10�4

�↵
(5)

had
(M2

Z
) ±4.7⇥ 10�5

mZ [GeV] ±0.0021

mt [GeV] (pole) ±0.03exp ± 0.1th
mh [GeV] < ±0.1

mW [GeV] (±5exp ± 1th)⇥ 10�3

sin2
✓
`

e↵
(±1.3exp ± 1.5th)⇥ 10�5

�Z [GeV] ±0.001

Table 2. Anticipated precisions of the EW observables at the future lepton colliders. The

results are mainly from [14, 18–21].

3 Type-II 2HDM

3.1 Model Setup

In 2HDM, two SU(2)L scalar doublets �i (i = 1, 2) with a hyper-charge assignment

Y = +1/2:

�i =
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+

i

vi+�
0
i+iGip
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!
(3.1)

The neutral component of each doublet obtains a vacuum expectation value (vev) vi

(i=1,2) after EWSB satisfying v
2

1
+ v

2

2
= v

2 = (246 GeV)2, and v2/v1 = tan �.

Current (1.7⇥ 107 Z’s) ILC (109Z’s)
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correlation � correlation

S T U (10�2) S T U

S 0.04± 0.11 1 0.92 �0.68 3.53 1 0.988 �0.879

T 0.09± 0.14 � 1 �0.87 4.89 � 1 �0.909

U �0.02± 0.11 � � 1 3.76 � � 1

Table 3. Estimated S, T , and U ranges and correlation matrices ⇢ij from Z-pole precision

measurements of the current results, mostly from LEP-I [22], and at future lepton colliders

ILC [16]. Gfitter package [14] is used in obtaining those constraints.

– 5 –

where the vi are taken to be real, i.e. we assume that spontaneous CP violation does not

occur.5 The corresponding potential minimum conditions are:

m2
11 = m2

12tβ − 1
2v

2
[
λ1c

2
β + λ345s

2
β + 3λ6sβcβ + λ7s

2
βtβ
]

, (6)

m2
22 = m2

12t
−1
β − 1

2v
2
[
λ2s

2
β + λ345c

2
β + λ6c

2
βt−1

β + 3λ7sβcβ

]
, (7)

where we have defined:

λ345 ≡ λ3 + λ4 + λ5 , tβ ≡ tan β ≡
v2

v1
, (8)

and

v2 ≡ v2
1 + v2

2 =
4m2

W

g2
= (246 GeV)2 . (9)

It is always possible to choose the phases of the scalar doublet Higgs fields such that both

v1 and v2 are positive; henceforth we take 0 ≤ β ≤ π/2.

Of the original eight scalar degrees of freedom, three Goldstone bosons (G± and G) are

absorbed (“eaten”) by the W± and Z. The remaining five physical Higgs particles are: two

CP-even scalars (h and H , with mh ≤ mH), one CP-odd scalar (A) and a charged Higgs

pair (H±). The squared-mass parameters m2
11 and m2

22 can be eliminated by minimizing

the scalar potential. The resulting squared-masses for the CP-odd and charged Higgs states

are6

m2
A =

m2
12

sβcβ
− 1

2v
2(2λ5 + λ6t

−1
β + λ7tβ) , (10)

m2
H± = m2

A0 + 1
2v

2(λ5 − λ4) . (11)

The two CP-even Higgs states mix according to the following squared-mass matrix:

M2 ≡ m2
A0




s2

β −sβcβ

−sβcβ c2
β



+ B2 , (12)

where

B2 ≡ v2




λ1c2

β + 2λ6sβcβ + λ5s2
β (λ3 + λ4)sβcβ + λ6c2

β + λ7s2
β

(λ3 + λ4)sβcβ + λ6c2
β + λ7s2

β λ2s2
β + 2λ7sβcβ + λ5c2

β



 . (13)

5 The conditions required for the absence of explicit and spontaneous CP-violation in the Higgs sector are

elucidated in Appendix B.
6 Here and in the following, we use the shorthand notation cβ ≡ cosβ, sβ ≡ sin β, cα ≡ cosα, sα ≡ sin α,

c2α ≡ cos 2α, s2α ≡ cos 2α, cβ−α ≡ cos(β − α), sβ−α ≡ sin(β − α), etc.

6

and

c2
β−α =

m2
L
− m2

h

m2
H − m2

h

. (20)

Eq. (20) is most easily derived by using c2
β−α = 1

2(1 + c2βc2α + s2βs2α) and the results of

eq. (17). Note that the case of mh = mH is special and must be treated carefully. We do

this in Appendix C, where we explicitly verify that 0 ≤ c2
β−α ≤ 1.

Finally, for completeness we record the expressions for the original hypercharge-one scalar

fields Φi in terms of the physical Higgs states and the Goldstone bosons:

Φ±
1 = cβG± − sβH± ,

Φ±
2 = sβG

± + cβH± ,

Φ0
1 = 1√

2
[v1 + cαH − sαh + icβG − isβA] ,

Φ0
2 = 1√

2
[v2 + sαH + cαh + isβG + icβA] . (21)

III. THE DECOUPLING LIMIT

In effective field theory, we may examine the behavior of the theory characterized by two

disparate mass scales, mL # mS, by integrating out all particles with masses of order mS,

assuming that all the couplings of the “low-mass” effective theory comprising particles with

masses of order mL can be kept fixed. In the 2HDM, the low-mass effective theory, if it

exists, must correspond to the case where one of the Higgs doublets is integrated out. That

is, the resulting effective low-mass theory is precisely equivalent to the one-scalar-doublet

SM Higgs sector. These conclusions follow from electroweak gauge invariance. Namely,

there are two relevant scales—the electroweak scale characterized by the scale v = 246 GeV

and a second scale mS $ v. The underlying electroweak symmetry requires that scalar

mass splittings within doublets cannot be larger than O(v) [assuming that dimensionless

couplings of the theory are no larger than O(1)]. It follows that the H±, A and H masses

must be of O(mS), while mh ∼ O(v). Moreover, since the effective low-mass theory consists

of a one-doublet Higgs sector, the properties of h must be indistinguishable from those of

the SM Higgs boson.

We can illustrate these results more explicitly as follows. Suppose that all the Higgs

self-coupling constants λi are held fixed such that |λi| <∼ O(1), while taking m2
A $ |λi|v2. In

particular, we constrain the αi ≡ λi/(4π) so that the Higgs sector does not become strongly

8

Physical: h, H, A, H±

Goldstones: G, G±
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• Light, gauge-singlet pseudo-scalar particles arising as:

✓ PQ solutions to strong CP problem (the original QCD axion)

✓ pNBG of spontaneously broken global symmetries in extensions of the SM, 
e.g. in composite Higgs models

✓ Dark Matter candidates or mediators

• Leading dim ≤ 6 axion interactions with SM particles
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Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].

9.1.7 Exotic Higgs decays to axion-like particles: h ! Za and h ! aa
118

In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
particle often called an axion-like particle (ALP). Its interactions with SM particles are described by
dimension-5 operators or higher when assuming that the ALP respects a shift symmetry apart from a soft
breaking through an explicit mass term [840]
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where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
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where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
symmetry breaking [841, 842, 843, 844]. The exotic Higgs decay rates into ALPs are given by
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Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].

9.1.7 Exotic Higgs decays to axion-like particles: h ! Za and h ! aa
118

In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
particle often called an axion-like particle (ALP). Its interactions with SM particles are described by
dimension-5 operators or higher when assuming that the ALP respects a shift symmetry apart from a soft
breaking through an explicit mass term [840]

L
D5
e↵ =

1

2

�
@µa
�
(@µa) �

m2
a,0

2
a2

+

X

f

cff

2

@µa

⇤
f̄�µ�5f + g2

s CGG
a

⇤
GA

µ⌫ G̃µ⌫,A

+ e2 C��
a

⇤
Fµ⌫ F̃µ⌫

+
2e2

swcw
C�Z

a

⇤
Fµ⌫ Z̃µ⌫

+
e2

s2
wc2

w

CZZ
a

⇤
Zµ⌫ Z̃µ⌫ ,

(185)

where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
Interactions with the Higgs boson, �, are described by the dimension-6 and 7 operators

L
D�6
e↵ =

Cah

⇤
2

�
@µa
�
(@µa) �†� +

CZh

⇤
3 (@µa)

⇣
�† iDµ � + h.c.

⌘
�†� + . . . , (186)

where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
symmetry breaking [841, 842, 843, 844]. The exotic Higgs decay rates into ALPs are given by

�(h ! Za) =
m3

h

16⇡ ⇤
2 |Ceff

Zh|
2�3/2

⇣m2
Z

m2
h

,
m2

a

m2
h

⌘
, (187)

�(h ! aa) =
m3

h v2

32⇡ ⇤
4 |Ce↵

ah |
2

 
1 �

2m2
a

m2
h

!2s

1 �
4m2

a

m2
h

, (188)

118 Contacts: M. Bauer, M. Neubert, A. Thamm

258

See also P. Foldenauer’s talk



Axion-Like Particles (ALPs)

36Jorge de Blas 
University of Granada

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].
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Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].
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Axion production in Higgs decays 

• Light, gauge-singlet pseudo-scalar particles arising as:

✓ PQ solutions to strong CP problem (the original QCD axion)

✓ pNBG of spontaneously broken global symmetries in extensions of the SM, 
e.g. in composite Higgs models

✓ Dark Matter candidates or mediators

• Leading dim ≤ 6 axion interactions with SM particles

See also P. Foldenauer’s talk
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Testable at LHC in exotic Higgs decays

Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].
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where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
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where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
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Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].
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In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
particle often called an axion-like particle (ALP). Its interactions with SM particles are described by
dimension-5 operators or higher when assuming that the ALP respects a shift symmetry apart from a soft
breaking through an explicit mass term [840]
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where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
Interactions with the Higgs boson, �, are described by the dimension-6 and 7 operators

L
D�6
e↵ =

Cah

⇤
2

�
@µa
�
(@µa) �†� +

CZh

⇤
3 (@µa)

⇣
�† iDµ � + h.c.

⌘
�†� + . . . , (186)

where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
symmetry breaking [841, 842, 843, 844]. The exotic Higgs decay rates into ALPs are given by

�(h ! Za) =
m3

h

16⇡ ⇤
2 |Ceff

Zh|
2�3/2

⇣m2
Z

m2
h

,
m2

a

m2
h

⌘
, (187)

�(h ! aa) =
m3

h v2

32⇡ ⇤
4 |Ce↵

ah |
2

 
1 �

2m2
a

m2
h

!2s

1 �
4m2

a

m2
h

, (188)

118 Contacts: M. Bauer, M. Neubert, A. Thamm

258

V (H) = �m2 |H|2 + � |H|4 + �
�
|hA|4 + |hB|4

�
(11)

H =

✓
hA

hB

◆
(12)

H =

✓
hA

hB

◆
=

⇣
f +

�p
2

⌘
ei

p
2⇧aTa

f � (13)

�LYuk = ythAQAtA + ythBQBtB (14)

�LYuk = ythAQAUA + ythBQBUB ! ythQAUA + yt(f � |h|2
2f

)QBUB (15)

�LEFT =
1

2f
C�@µ(�†�)@µ

(�†�) + . . . (16)

C� =
1

2
� 8� f2

m2
�

(17)

|cos (� � ↵)| ⌧ 1 (18)

�LSILH =
g2
?

2m2
?
C�@µ(�†�)@µ

(�†�) + g2
?

m2
?
Cy

P
y  ̄L� R(�†�)

+
g2
?g

2
s

16⇡2m2
?
Cg(�†�)GA

µ⌫G
A µ⌫

+
g2
?g

02

16⇡2m2
?
C�(�†�)Bµ⌫Bµ⌫

(19)

cV = 1 � C�

2
⇠, cf = 1 � (

C�

2
+ Cy)⇠, cg = 2Cg⇠, c� = C�⇠ (20)

⇠ ⌘ g2
?v

2

m2
?

⌘ v2

f2 C�,y,g,� ⇠ O(1) (21)

⇠�1 ⌘ f2

v2 (22)

⇠ . 0.128 (23)

(1 � 16
�f2

m2
�
)⇠ . 0.128 (24)

C�,y,g,� ⇠ O(1) (25)

�! h ! aa (26)

�! h ! Za (27)

�! a ! �� (28)

h ! aa, Za (29)

2

Figure 5: Left: 95% CL upper limits on (�/�SM)⇥BR(H ! aa)⇥ BR(a ! ��) with ±1� and
±2� uncertainty bands from the resonance search hypothesis tests, accounting for statistical
and systematic uncertainties from simulated signal samples [71]. Right: Detailed bounds in the
(ma, ga�) plane from all existing accelerator and collider ALP searches for massesma ⇡ 1 MeV–
3 TeV. The LHC constraints summarized in this work are indicated by the area in red (p-p)
and violet (Pb-Pb collisions).

ma ⇡ 1 GeV can only be accessed via collider experiments (except for extremely weakly cou-
pled ones, with ga� < 10�6 TeV�1, excluded by cosmological observations), with the LEP and
Tevatron data providing the best limits up toma ⇡ 100, 300 GeV before the LHC started oper-
ation 10 years ago. Searches at the CERN LHC for ALPs decaying into two photons, a ! ��,
have been summarized, focusing on scenarii with dominant a-� couplings. Di↵erent channels
have been scrutrinized including exclusive and inclusive diphoton production in proton-proton
and lead-lead collisions, pp, PbPb ! a ! �� (+X), as well as exotic Z and Higgs boson de-
cays, pp ! Z,H ! a� ! 3� and pp ! H ! aa ! 4�. The limits in the ALP-photon coupling
vs. ALP mass plane (ma, ga�) derived from the LHC data extend by one-order-of-magnitude
the range of preceding bounds in both mass (from ma ⇡ 400 GeV previously at Tevatron,
up to 2.6 TeV now) and in ga� for masses ma ⇡ 100 GeV (from ga� = 0.5 TeV�1 previously
at LEP, down to 0.05 TeV�1 now). Exclusive diphoton searches in PbPb collisions provide
now the best ALP exclusion limits for masses ma ⇡ 5–100 GeV, whereas the other channels
are the most competitive ones over ma ⇡ 100 GeV–2.6 TeV. ALP searches in exotic Z boson
decays have been also exploited to set bounds in the ma ⇡ 10–70 GeV range, with specific
assumptions about the relationship between the C�� and C�Z coupling operators. Searches
for exotic 3- and 4-photon Higgs boson decays through intermediate ALPs provide also strong
constraints on new dimension-6 and -7 operators. Although the latter cannot be recast into
bounds in the standard (ma, ga�) plane, the study of several couplings simultaneously is crucial
to identify the most interesting regions in ALP parameter space.

The LHC constraints summarized here are indicated by the red (for p-p collisions) and
violet (for Pb-Pb collisions) areas in Fig. 5 (right), compared to previous fixed-target and
collider results. In the next 15 years, the currently uncovered (white) areas in this plot will be
probed by many di↵erent experiments. The now “empty” region ma ⇡ 50 MeV–5 GeV will
be accessible to various future experiments both descending along the vertical ga� axis alone,
such as Belle-II with 50 ab�1 (improving its current limits at ga� ⇡ 1 TeV�1 by two orders
of magnitude, over ma ⇡ 0.2–8 GeV) [69] and GlueX (50 times better than the local PrimEx
limit today of ga� ⇡ 1 TeV�1, over ma ⇡ 50–500 MeV) [40], or extending the beam-dump
“wedge” in both ga� and ma directions at new CERN experiments searching for long-lived
particles such as e.g. SHiP [72], FASER [73], and MATHUSLA [74].

The full completion of the LHC physics program will provide about 10 and 100 times more
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�! a ! �� (28)

h ! aa, Za (29)

pp ! h ! aa ! 4� (30)

2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob. Correlations

cV 1.03±0.02 [0.98, 1.07] 1.00
cf 0.95±0.03 [0.88, 1.02] 0.29 1.00

Table 3: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (31)

cV 2 [0.96, 1.08] (32)

3

See also P. Foldenauer’s talk



Axion-Like Particles (ALPs)

38Jorge de Blas 
University of Granada

• Leading dim ≤ 6 axion interactions with SM particles

LHCP 2021 - Constraints on BSM from the Higgs sector 
June 10, 2021

Testable at LHC in exotic Higgs decays

Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].
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In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
particle often called an axion-like particle (ALP). Its interactions with SM particles are described by
dimension-5 operators or higher when assuming that the ALP respects a shift symmetry apart from a soft
breaking through an explicit mass term [840]
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where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
Interactions with the Higgs boson, �, are described by the dimension-6 and 7 operators
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where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
symmetry breaking [841, 842, 843, 844]. The exotic Higgs decay rates into ALPs are given by
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Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].
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In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
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where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
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Figure 13: Left: Parameter space excluded by a search for h ! ZZd ! 2`+`�, assuming Br(a !

`+`�) = 1 (solid line) and Br(a ! `+`�) = 0.1 (dotted line). Right: Constraints from dedicated
LHC searches for h ! aa with subsequent ALP decays into fermion pairs. The solid contours assume
Br(a ! `+`�) = 1 if all fermions have the same flavor, and Br(a ! µ+µ�) = Br(a ! ⌧+⌧�) =
Br(a ! bb̄) = 0.5 otherwise. The dotted contours correspond to Br(a ! `+`�) = 0.1 if all fermions
have the same flavor, and Br(a ! µ+µ�) = 0.1, Br(a ! ⌧+⌧�) = Br(a ! bb̄) = 0.9 otherwise. The
gray dashed lines indicate the model-independent bounds (56) and (61).

as a single photon jet, and the decays h ! Za would then lead to a modification of the
observed pp ! h ! Z� rate. Since there is no interference term, this rate would necessarily
be enhanced in this case. From Figure 11 it follows that this enhancement can easily be of O(1)
and stronger. We estimate the mass below which a di-photon decay of the ALP will mimic a
single photon in the detector to be about 47MeV by following the analysis for h ! aa decay of
[102] and accounting for the di↵erent Lorentz boost factors (see the discussion in Section 5.2).
The current best limit on the cross section of �(pp ! h ! Z�) < 9 �(pp ! h ! Z�)SM
[90] then rules out the shaded area above the solid and dotted blue lines in the left panel of
Figure 12. The lines in this figure have the same meaning as in Figure 9. Solid and dotted lines
refer to Br(a ! ��) = 1 and Br(a ! ��) = 0.1, respectively. Blue lines are obtained with
|C

e↵

�� |/⇤ = 1/TeV, while red lines correspond to |C
e↵

�� |/⇤ = 0.1/TeV. With present luminosity,
only the former choice gives rise to non-trivial bounds. As explained above, for low ALP
masses the constraints become independent of the a ! �� branching ratio. For very low ALP
masses sensitivity is lost, because most of the ALPs decay outside the detector.

If the leptonic decay modes are relevant, ALPs can be searched for in h ! Za ! 4`
decays. An analysis by ATLAS searching for new “dark” bosons Zd produced in Higgs decays
h ! ZZd with subsequent decays ZZd ! 4`, where ` = e or µ, can be reinterpreted to
constrain C

e↵

Zh in the considered mass windowmZd
= (15�35)GeV [44]. We show the excluded

region in the left panel of Figure 13, in which the solid and dotted contours correspond to
Br(a ! `

+
`
�) = 1 and 0.1, respectively. For these high ALP masses, the h ! Za ! 4` rate
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• Leading dim ≤ 6 axion interactions with SM particles
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Testable at LHC in exotic Higgs decays

Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].

9.1.7 Exotic Higgs decays to axion-like particles: h ! Za and h ! aa
118

In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
particle often called an axion-like particle (ALP). Its interactions with SM particles are described by
dimension-5 operators or higher when assuming that the ALP respects a shift symmetry apart from a soft
breaking through an explicit mass term [840]
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where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
Interactions with the Higgs boson, �, are described by the dimension-6 and 7 operators
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where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
symmetry breaking [841, 842, 843, 844]. The exotic Higgs decay rates into ALPs are given by
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Fig. 159: Sensitivity of the (HL-)LHC and HE-LHC to h ! ZDZD decays, where each ZD decays
to ee or µµ promptly. Limits are shown as a function of dark photon mass and exotic Higgs decay
branching ratio (left) or Higgs mixing parameter  (right). Figures taken from [836] with the addition of
the HE-LHC projection and the recent experimental limit from [839]. Purple contours, taken from [836],
correspond to the reach of 14 TeV pp collisions with the HL-LHC sensitivity indicated by a solid purple
curve. The green contour corresponds to the HE-LHC at

p
s = 27 TeV with 15 ab

�1 of luminosity, and
is derived by rescaling the 14 TeV projections for 27 TeV signal and background cross sections, see text
for details. The blue shaded regions show the exclusions from the recent ATLAS search at 13 TeV with
36 fb�1 [839].

9.1.7 Exotic Higgs decays to axion-like particles: h ! Za and h ! aa
118

In this section, we discuss the exotic Higgs decays h ! aa and h ! Za, where a is a light pseudoscalar
particle often called an axion-like particle (ALP). Its interactions with SM particles are described by
dimension-5 operators or higher when assuming that the ALP respects a shift symmetry apart from a soft
breaking through an explicit mass term [840]

L
D5
e↵ =

1

2

�
@µa
�
(@µa) �

m2
a,0

2
a2

+

X

f

cff

2

@µa

⇤
f̄�µ�5f + g2

s CGG
a

⇤
GA

µ⌫ G̃µ⌫,A

+ e2 C��
a

⇤
Fµ⌫ F̃µ⌫

+
2e2

swcw
C�Z

a

⇤
Fµ⌫ Z̃µ⌫

+
e2

s2
wc2

w

CZZ
a

⇤
Zµ⌫ Z̃µ⌫ ,

(185)

where ma,0 is the explicit symmetry breaking mass term, sw and cw are the sine and cosine of the weak
mixing angle, respectively, and ⇤ sets the new physics scale and is related to the ALP decay constant
by ⇤/|CGG| = 32⇡2fa. Note that an exotic Z-decay Z ! �a proceeds through the C�Z operator.
Interactions with the Higgs boson, �, are described by the dimension-6 and 7 operators

L
D�6
e↵ =

Cah

⇤
2

�
@µa
�
(@µa) �†� +

CZh

⇤
3 (@µa)

⇣
�† iDµ � + h.c.

⌘
�†� + . . . , (186)

where the first operator mediates the decay h ! aa, while the second one is responsible for h ! Za.
Note that a possible dimension-5 operator coupling the ALP to the Higgs current is redundant unless it is
introduced by integrating out a heavy new particle which acquires most of its mass through electroweak
symmetry breaking [841, 842, 843, 844]. The exotic Higgs decay rates into ALPs are given by

�(h ! Za) =
m3

h

16⇡ ⇤
2 |Ceff

Zh|
2�3/2

⇣m2
Z

m2
h

,
m2

a

m2
h

⌘
, (187)

�(h ! aa) =
m3

h v2

32⇡ ⇤
4 |Ce↵

ah |
2

 
1 �

2m2
a

m2
h

!2s

1 �
4m2

a

m2
h

, (188)

118 Contacts: M. Bauer, M. Neubert, A. Thamm

258

V (H) = �m2 |H|2 + � |H|4 + �
�
|hA|4 + |hB|4

�
(11)

H =

✓
hA

hB

◆
(12)

H =

✓
hA

hB

◆
=

⇣
f +

�p
2

⌘
ei

p
2⇧aTa

f � (13)

�LYuk = ythAQAtA + ythBQBtB (14)

�LYuk = ythAQAUA + ythBQBUB ! ythQAUA + yt(f � |h|2
2f

)QBUB (15)

�LEFT =
1

2f
C�@µ(�†�)@µ

(�†�) + . . . (16)

C� =
1

2
� 8� f2

m2
�

(17)

|cos (� � ↵)| ⌧ 1 (18)

�LSILH =
g2
?

2m2
?
C�@µ(�†�)@µ

(�†�) + g2
?

m2
?
Cy

P
y  ̄L� R(�†�)

+
g2
?g

2
s

16⇡2m2
?
Cg(�†�)GA

µ⌫G
A µ⌫

+
g2
?g

02

16⇡2m2
?
C�(�†�)Bµ⌫Bµ⌫

(19)

cV = 1 � C�

2
⇠, cf = 1 � (

C�

2
+ Cy)⇠, cg = 2Cg⇠, c� = C�⇠ (20)

⇠ ⌘ g2
?v

2

m2
?

⌘ v2

f2 C�,y,g,� ⇠ O(1) (21)

⇠�1 ⌘ f2

v2 (22)

⇠ . 0.128 (23)

(1 � 16
�f2

m2
�
)⇠ . 0.128 (24)

C�,y,g,� ⇠ O(1) (25)

�! h ! aa (26)

�! h ! Za (27)

�! a ! �� (28)

h ! aa, Za (29)

2

M. Bauer, M. Neubert, A. Thamm,  
JHEP 12 (2017) 044, arXiv: 1708.00443 [hep-ph]

-� -� � � �
-�

-�

�

�

�

Figure 15: Allowed region for the Wilson coe�cients Ce↵

Zh and Ce↵

ah obtained from the present
bound Br(h ! BSM) < 0.34 (orange) derived from the global analysis of Higgs decays [98]. The
black dashed line shows the projected bound one would obtain for Br(h ! BSM) < 0.1, as expected
for 3000 fb�1 of integrated luminosity at

p
s = 14 TeV.

Note that the second Higgs-portal interaction in (6) does not contribute in this approximation,
because its e↵ect is suppressed by m

2

a/m
2

h. Numerically, we obtain for ⇤ = 1TeV
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indicating that the top-quark contribution, in particular, can be sizable. Relation (58) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if the ALP couples to at least one of the heavy SM particles (t, Z or W ).
Also, because of the presence of UV divergences in the various terms, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent
to set it to zero in general. For a light ALP (ma < 1GeV) a 10% h ! aa branching ratio is
obtained for |C

e↵

ah |/⇤2 = 0.62TeV�2. Note that a Wilson coe�cient of this size could even be
due to a loop-induced contribution from the top quark, if |ctt|/⇤ ⇡ 1.9TeV�1.

Imposing the current upper limit Br(h ! BSM) < 0.34 (at 95% CL) [98], we obtain
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. (61)

More generally, if both coe�cients are non-zero, the allowed values for C
e↵

Zh and C
e↵

ah are
constrained to lie within the orange region in Figure 15. At the end of LHC operation, with
a projected integrated luminosity of 3000 fb�1 at

p
s = 14TeV, one expects the improved

bound Br(h ! BSM) < 0.1 [99], which would imply that the two coe�cients must be inside
the dashed black contour in the figure. The constraint on C

e↵

ah alone would then be |C
e↵

ah | <

0.62 (⇤/TeV)2. Invisible ALP decays would lead to invisible Higgs-boson decays, for which

30

From ATLAS+CM Run 1 combination:

Br(h→BSM)<0.32  at 95% prob. (Outdated)

e.g. ATLAS Run 2 (ATLAS-CONF-2020-027):

Br(h→BSM)<0.19  at 95% prob.

See also P. Foldenauer’s talk

https://arxiv.org/abs/1708.00443
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• The measurement of the Higgs self-interaction is directly connected to our 
understanding of EWSB and can have important implications from the point of 
view of, e.g. EW baryogenesis

• Higgs pair production is a difficult process to measure at the LHC
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• The sensitivity of the analysis is limited by the 
statistical precision
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•  candidates are reconstructed from the 4 jets and  is 

used to divide events in SR and CR.


•  candidates are selected by requiring 2 additional non  -jets and a -vs-  BDT is used 
to reduce mis-classification of  events.


•  + -vs-  BDT or a dedicated  BDT are used to enhance sensitivity to both SM and 
BSM scenarios, resulting in a total of 4 SRs.


HH χ = (mH1
− 125)2 + (mH2

− 120)2
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 CMS-PAS-HIG-20-005

CMS  (138 fb-1)HH → bbbb NEW!

• The large multijet background is estimated from data and a maximum likelihood binned fit is simultaneously performed in all SRs. 


• Dominated by background modelling uncertainties.
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HL-LHC projection (3 ab-1): 

between the two experiments.
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤) ! (bb̄)(`+`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤
)

channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T

2
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39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park

112

68% prob.



41Jorge de Blas 
University of Granada

• New physics effects can enter the process in many different places, affecting the 
hh distributions, e.g. in the SMEFT:

• But from the point of view of models of naturalness, the bounds from single 
Higgs couplings dominate over any limit from hh that will be set at the (HL-)LHC

• Similarly, for models of the EWPT, large (tree-level) contrib. to                     
always come with other operators at the same order
✓ Exceptions: Custodial scalar quadruplets or fermio-phobic scalar doublets  
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   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 09

                                                                                          Effective Theory for HH
Status:  
Predictions given only for variation of κλ

HEFT:

ℒ = −mtt̄t ( h
v

+ h2

v2 )ct ctt + αs

8π ( h
v

+ h2

v2 ) GμνGμνcg cgg + m2
h

2v
h3chhh

two Higgs couplings only to be probed in HH

04

From R. Groeber’s talk

Most of these interactions can be better measured in other processes,  
using SMEFT correlations, with the exception of the h3 coupling

�! h ! aa (28)

�! h ! Za (29)

�! a ! �� (30)

h ! aa, Za (31)

pp ! h ! aa ! 4� (32)

[bosons]� = 0 (33)

[  ]� = [@]� = [gweak]� = 1 (34)

[�L]� = 2L + 2 (35)

cV =
p
1 � ⇠, c(4)f =

p
1 � ⇠, c(5)f =

1�2⇠p
1�⇠

(36)

SO(5)/SO(4) (37)

2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (38)

cV 2 [0.96, 1.08] (39)

O6 = (H†H)
3

(40)

3

hh at  (HL-)LHC could still provide some limited sensitivity to this type of scenarios

M. Chala et al. , JHEP 07 (2018) 062

Two slides on Higgs pair production and BSM
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• Despite the LHC success in finding the Higgs boson, new physics beyond the 
Standard Model (BSM) still proves to be elusive to existing searches

• Such searches, however, provide valuable information to constraint many of the 
ideas that theorist have proposed to address the problems of the SM

• In particular, LHC Higgs physics provides crucial information to constrain 
solutions to the hierarchy problem:

✓ The consistency of the Higgs couplings with the SM predictions imposes 
some of the strongest bounds on these scenarios

✓ Direct searches for exotic decays and non-SM extra scalars keep also pushing 
the scale of new physics

• In this talk I have presented some of the implications of current LHC 
measurements of the Higgs properties on different BSM scenarios

• With the Run 3, and the future HL-LHC we are entering the LHC precision era 
for measurements of the Higgs properties
✓ Indirect constraints will become more relevant…
✓ …and hence also the precision with which we know the SM
✓  The (SM) theory role: to keep learning from BSM it is crucial to keep 

improving our SM calculations! See B. Mistlberger’s talk
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• Compact parameterisation of new physics in single Higgs processes:

• κi interpreted as modified Higgs couplings + describes non-SM decays

✓ No BSM calculation needed per se

✓ Applicable to a good approximation to interesting NP scenarios (e.g. 
Composite Higgs, MSSM)

✓ Limited to single Higgs processes and total rates (no kinematics)

✓ No consistent Lagrangian/EFT interpretation in the general case (i.e. with 
general κg,γ,Ζγ)
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using some of the model flags. Setting the flag QuadraticTerms to “True”, one can test the
quadratic e�ects of the dimension-six interactions in the Higgs productions cross sections
and decay widths.

3.6. Modified Higgs Couplings in the Ÿ-framework
In many scenarios of new physics one of the main predictions are deviations in the Higgs

boson couplings with respect to the SM ones. Such an scenario can be described in general
by considering the following e�ective Lagrangian for a light Higgs-like scalar field h [43, 44]:

L =1
2ˆµhˆµh ≠ V (h) + v2
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(10)

This Lagrangian assumes an approximate custodial symmetry and the absence of other
light degrees of freedom below the given cut-o� scale. In the previous Lagrangian the
longitudinal components of the W and Z gauge bosons, ‰a(x), are described by the 2 ◊ 2
matrix �(x) = exp (i‡a‰a(x)/v), with ‡a the Pauli matrices, and V (h) is the scalar potential
of the Higgs field, whose details are not relevant for the discussion here. The SM is recovered
for ŸV = Ÿu = Ÿd = Ÿ¸ = 1. Deviations from such a class of scenarios (and beyond) are
convenient encoded in the so-called Ÿ framework. In this parameterization, deviations from
the SM in the Higgs properties are described by coupling modifier, Ÿi, defined from the
di�erent Higgs production cross sections and decay widths. Schematically,

(‡ · BR)(i æ H æ f) = Ÿ
2
i
‡

SM(i æ H)Ÿ
2
f

�SM(Hæf)
�H

(11)

where the total Higgs width, allowing the possibility of non-SM invisible or exotic decays,
parameterized by BRinv and BRexo, can be written as

�H = �SM
H

q
i

Ÿ
2
i

BRSM
i

1≠BRinv≠BRunt
(12)

The model class HiggsKigen contains a general implementation of the parameterization
described in the Ÿ framework, o�ering also several flags to adjust the di�erent types of
assumptions that are used in the literature (see []). The most general set of coupling mod-
ifiers allowed in the class is described in Table 4, including also the possibility for non-SM
contributions to invisible or exotic (non-invisible) Higgs decays. 2 Note that, even though

2As in the NPSMEFTd6 class, there are several nuisance parameters in the model to control theory un-
certainties in certain Higgs processes. We refer to the documentation for a extensive list of the model
parameters.
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• Fits to LHC Higgs observables: Run 1 + Run 2 (~36-140 fb-1)
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2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

2

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

W 1.03±0.04 [0.95, 1.10]
Z 0.99±0.04 [0.90, 1.07]
t 0.98±0.04 [0.89, 1.06]
b 0.96±0.08 [0.80, 1.12]
µ 1.02±0.18 [0.65, 1.38]
⌧ 0.90±0.07 [0.77, 1.04]

Table 3: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob. Correlations

cV 1.02±0.02 [0.99, 1.06] 1.00
cf 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 4: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

cV 1.02±0.04 [0.94, 1.09]
cg 0.04±0.05 [�0.04, 0.13]
c� 0.02±0.14 [�0.26, 0.30]
cZ� 0.00 (Fixed) �
ct 0.94±0.06 [0.82, 1.05]
cb 0.98±0.09 [0.81, 1.15]
cµ 1.02±0.19 [0.64, 1.39]
c⌧ 0.93±0.07 [0.78, 1.07]

Table 5: Fit to Higgs observables only. UPDATED.

4

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

3

Custodial + Universal fermion interactions

Non custodial + non universal fermion interactions

Non custodial + non universal fermion interactions

+ independent κ for rad. processes
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we have neglected additional sources of CP violation beyond the quark mixing matrix, i.e.,
we assume a CP-conserving scalar potential and real alignment parameters.

This paper is organized as follows: Section 2 contains a brief overview of the model.
In Section 3 the fit setup and the theoretical and experimental constraints considered are
explained. The results of the fit are presented in Sections 4 and 5, which discuss the two
possible mass orderings for the observed 125 GeV Higgs, being either the lightest CP-even
scalar or the heaviest one. Our main conclusions are finally given in Section 6. An appendix
compiles the collider data sources employed in our global fit.

2 The Aligned Two-Higgs-Doublet model

Let us consider the SM extended with a second complex scalar doublet of hypercharge
Y =

1
2 . In general, the neutral components of both doublets can acquire vacuum expec-

tation values. However, making a global SU(2) transformation in the scalar space spanned
by the two doublets, it is always possible to work in the so-called Higgs basis,
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1p
2
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)

#
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2
(S2 + i S3)

#
, (2.1)

where only one doublet has non-zero vacuum expectation value, with v = (
p
2GF )

�1/2
⇡

246 GeV. The field �1 plays the role of the SM Higgs doublet with G0 and G± the elec-
troweak Goldstone bosons. The scalar spectrum contains five degrees of freedom: the
charged scalars H± and three neutral fields Si.

The most general scalar potential, invariant under SU(2)L ⌦ U(1)Y reads
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, (2.2)

where all parameters are real except µ3, �5, �6 and �7. The minimization of the potential
(in the Higgs basis) gives the relations µ1 = �

1
2 �1v2 and µ3 = �

1
2 �6v2. Moreover, one

phase can be reabsorbed into the field �2. Thus, the potential is fully characterized by
eleven real parameters: v, µ2, �1,2,3,4, |�5,6,7|, and the two relative phases between �5,
�6 and �7. To simplify the analysis, we will assume a CP-conserving potential with all
couplings real, which reduces the number of degrees of freedom to nine.

The quadratic terms in the potential determine the physical scalar masses [17]:
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2 , (2.3)
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where
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2
v2 (2�1 + �4 + �5) , (2.5)
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Figure 5: Constraints on the planes ↵̃� &f from the Higgs signal strengths at a 68% (dark green),
95.5% (light green) and 99.7% (olive green) probability.

4.3.2 Direct searches

The negative results from direct searches restrict the masses of the scalar particles. In order
to access to the information that these observables provide, we first calculate the theoretical
production cross section times branching ratio � · B in the A2HDM. We consider then the
ratio R ⌘ (� · B)

theo/(� · B)
obs between the theoretical value and the observed limit, to

which we assign a Gaussian likelihood with zero central value, which is in agreement with
the null results obtained so far in the searches of heavy scalars. The corresponding standard
deviation of the likelihood is adjusted in a way that the value R = 1 can be excluded with
a probability of the 95%. The production cross sections and branching ratios for the other
scalar particles are calculated in a similar way to the SM Higgs, taking into account the
kinematically allowed region and the CP quantum number of the particle.

In general, the data from direct searches favour heavier scalars and help us to restrict
lower masses. However, since there are less experimental searches in the low-mass range,
one gets less restrictive constraints for masses below 100 GeV. The constraints available so
far seem to indicate that low masses are still allowed, so information from direct searches
in that region would be crucial to understand the phenomenology at low masses.

4.4 Flavour constraints

Flavour observables are useful to constrain the Yukawa alignment parameters &f . Fig. 6
displays the allowed (95% probability) two-dimensional regions in the three-dimensional
&f space from independent analyses of the most relevant flavour measurements: B0 mass
mixing (dark pink), Bs ! µ+µ� (red), B ! Xs� (blue) and (g � 2)µ (light pink). For
clarity the observables that do not give relevant constraints in a given plane are omitted
from the corresponding plot.

As already known from previous works [90–92], the (g � 2)µ anomaly requires sizeable
NP contributions, which translates into non-zero values for &` that are rather large, while
it is insensitive to &d. This can be clearly seen in the central and right panels of Fig. 6
where the light-pink regions exclude values of |&`| below 10-20. The precise size of the
discrepancy with the SM expectation relies, however, in a phenomenological evaluation of

– 12 –
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A = S3 is a CP-odd neutral scalar, while the CP-even neutral mass eigenstates are linear
combinations of S1 and S2,
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The couplings of a single neutral scalar with a pair of gauge bosons are identical to the
SM ones, with the field S1 taking the role of the SM Higgs. Therefore (V V = W+W�, ZZ),

ghV V = cos ↵̃ gSM
hV V

, gHV V = � sin ↵̃ gSM
hV V

, gAV V = 0 . (2.9)

The complete list of gauge couplings and scalar interactions can be found in Ref. [17].
In terms of fermion mass eigenstates the Yukawa Lagrangian reads:
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where all fermionic fields are written as 3-dimensional flavour vectors, Mf (f = d, u, `) are
the diagonal mass matrices and VCKM is the usual Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix. In general, the Yukawa matrices Yf of the second doublet are not
related to the fermion mass matrices and their elements can take arbitrary values, yield-
ing FCNCs which are tightly constrained phenomenologically [52]. The dangerous FCNC
transitions can be easily avoided at tree level, imposing that only a single flavour structure
is present for each right-handed fermion, i.e., that the Yukawa matrices are aligned in the
flavour space [8],

Yd,` = &d,`Md,` , Yu = &⇤u Mu , (2.11)

where &f are complex numbers called alignment parameters. This alignment condition
determines the Yukawa Lagrangian of the A2HDM [7–9]:
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ghV V = cos ↵̃ gSM
hV V

, gHV V = � sin ↵̃ gSM
hV V

, gAV V = 0 . (2.9)

The complete list of gauge couplings and scalar interactions can be found in Ref. [17].
In terms of fermion mass eigenstates the Yukawa Lagrangian reads:
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d̄LMddR + ūLMuuR + ¯̀

LM``R
 

�
1

v
(S2 + iS3)

�
d̄LYddR + ūLYuuR + ¯̀
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where all fermionic fields are written as 3-dimensional flavour vectors, Mf (f = d, u, `) are
the diagonal mass matrices and VCKM is the usual Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix. In general, the Yukawa matrices Yf of the second doublet are not
related to the fermion mass matrices and their elements can take arbitrary values, yield-
ing FCNCs which are tightly constrained phenomenologically [52]. The dangerous FCNC
transitions can be easily avoided at tree level, imposing that only a single flavour structure
is present for each right-handed fermion, i.e., that the Yukawa matrices are aligned in the
flavour space [8],

Yd,` = &d,`Md,` , Yu = &⇤u Mu , (2.11)

where &f are complex numbers called alignment parameters. This alignment condition
determines the Yukawa Lagrangian of the A2HDM [7–9]:
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where PR,L = (1±�5)/2 are the chirality projectors, '0
i
= h,H,A the scalar mass eigenstates

and y
'
0
i

f
their Yukawa couplings,

yh
d,`

= cos ↵̃+ sin ↵̃ &d,` , yH
d,`

= � sin ↵̃+ cos ↵̃ &d,` , yA
d,`

= i &d,` ,

yhu = cos ↵̃+ sin ↵̃ &⇤u , yHu = � sin ↵̃+ cos ↵̃ &⇤u , yAu = �i &⇤u . (2.13)

To simplify the analysis, we will assume real alignment parameters &f . Thus, the only
source of CP violation will be the CKM matrix.

The usual 2HDMs based on discrete Z2 symmetries are recovered by setting µ3 =

�6 = �7 = 0, and correlating the alignment parameters through one of the following four
possible choices: &d = &u = &` = cot� (type I); &d = &` = � tan�, &u = cot� (type II);
&d = &u = cot�, &` = � tan� (type X); and &d = � tan�, &u = &` = cot� (type Y). The
particular type-I model with cot� = 0 is known as inert 2HDM.

3 Fit setup and constraints

For our analysis we consider the CKM matrix as the only source of CP violation. Thus,
we are assuming that the couplings of the scalar potential in Eq. (2.2) and the alignment
parameters in Eq. (2.11) are real. The parameter space of the A2HDM is then characterized
by twelve real quantities: the three alignment parameters and nine degrees of freedom in
the scalar potential which we choose to be v, the four scalar masses, the CP-even mixing
angle ↵̃ and the quartic couplings �5,6,7. Two inputs are already empirically determined:
the vacuum expectation value and the Higgs mass mh = 125.10 ± 0.14 GeV [53].1 The
numerical values of the relevant SM parameters entering the fits are compiled in Table 1.

Constant Value Ref. Constant Value Ref.

GF 1.166 378 7 (6) · 10�5
GeV

�2 [53] mt 172.4 (7) GeV [53]
MZ 91.1876 (21) GeV [53] mb 4.18 (3) GeV [53]
↵ 7.297 352 5693 (11) · 10�3 [53] mc 1.27 (2) GeV [53]
mh 125.10 (14) GeV [53] ↵s(MZ) 0.1179 (10) [53]

�↵(5)
had(MZ) 0.02753± 0.00010 [54]

Table 1: Numerical values for the SM parameters used in the fits. mb and mc denote the bottom
and charm running quark masses, in the MS scheme, at µ = 2 GeV, while mt is the value of the
pole top mass extracted from cross-section measurements.

Our fits have been performed with the open-source HEPfit package [55, 56],2 which uses
a Markov-Chain Monte-Carlo implementation based on the Bayesian Analysis Toolkit [57].
We assume the following priors for the fitted parameters:

|�5,6,7| < 10 , ↵̃ 2

h
�
⇡

2
,
⇡

2

i
, M2

A,H± 2 [10
2, 15002] GeV

2 ,

1From now on we denote by h the already discovered Higgs-like boson, and use H for the second CP-even
boson, irrespective of their mass ordering.

2The HEPfit version used in this work corresponds to the git revision of 09/2020 with the choice of
model class GeneralTHDM. The version used in this work is available at [56].
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d̄LMddR + ūLMuuR + ¯̀

LM``R
 

�
1

v
(S2 + iS3)

�
d̄LYddR + ūLYuuR + ¯̀
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Physical CP-even neutral scalars

we have neglected additional sources of CP violation beyond the quark mixing matrix, i.e.,
we assume a CP-conserving scalar potential and real alignment parameters.

This paper is organized as follows: Section 2 contains a brief overview of the model.
In Section 3 the fit setup and the theoretical and experimental constraints considered are
explained. The results of the fit are presented in Sections 4 and 5, which discuss the two
possible mass orderings for the observed 125 GeV Higgs, being either the lightest CP-even
scalar or the heaviest one. Our main conclusions are finally given in Section 6. An appendix
compiles the collider data sources employed in our global fit.

2 The Aligned Two-Higgs-Doublet model

Let us consider the SM extended with a second complex scalar doublet of hypercharge
Y =

1
2 . In general, the neutral components of both doublets can acquire vacuum expec-

tation values. However, making a global SU(2) transformation in the scalar space spanned
by the two doublets, it is always possible to work in the so-called Higgs basis,
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where only one doublet has non-zero vacuum expectation value, with v = (
p
2GF )

�1/2
⇡

246 GeV. The field �1 plays the role of the SM Higgs doublet with G0 and G± the elec-
troweak Goldstone bosons. The scalar spectrum contains five degrees of freedom: the
charged scalars H± and three neutral fields Si.

The most general scalar potential, invariant under SU(2)L ⌦ U(1)Y reads
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, (2.2)

where all parameters are real except µ3, �5, �6 and �7. The minimization of the potential
(in the Higgs basis) gives the relations µ1 = �

1
2 �1v2 and µ3 = �

1
2 �6v2. Moreover, one

phase can be reabsorbed into the field �2. Thus, the potential is fully characterized by
eleven real parameters: v, µ2, �1,2,3,4, |�5,6,7|, and the two relative phases between �5,
�6 and �7. To simplify the analysis, we will assume a CP-conserving potential with all
couplings real, which reduces the number of degrees of freedom to nine.

The quadratic terms in the potential determine the physical scalar masses [17]:
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Most LHC Higgs observables  
not sensitive to sign of Yukawas  
→ 2 types of solutions yfh ≈ ±1

For the “right-sign” solution

ranges for mass-squared priors. If the scalar masses are varied until 1500 GeV, masses
below approximately 750 GeV are not allowed at a 68% probability, while if a lower range
below 1000 GeV is adopted, scalar masses of 500 GeV are allowed at the same probability.
The same tendency is observed if lower mass regions are chosen. If the fit is repeated with
linear mass priors (purple regions), masses as low as 10 GeV are allowed for the charged and
CP-odd neutral scalars, at a 68% probability. In this case, the dependence on the input
mass ranges is also weaker. The allowed regions for linear mass priors up to 1000 GeV
(1500 GeV) are indicated in dark (light) purple colour.

The orange and light purple regions in the left panel of Fig. 2 display the constraints
from EWPOs on the scalar mass splittings with squared and linear priors, respectively.
These allowed regions have been obtained varying the mass priors in their full range up to
1500 GeV.

4.3 Higgs constraints

4.3.1 Higgs signal strengths

Since the measured Higgs signal strengths are consistent with the SM, within their current
uncertainties, the gauge and Yukawa couplings of the SM-like Higgs boson should be close
to the SM limit. In particular, the measured data on the WW ⇤ and ZZ⇤ decay modes
imply that cos ↵̃ cannot deviate much from one and, therefore, ↵̃ should be small. A
similar comment applies to the Hff̄ interactions. However, most Higgs observables are not
sensitive to the signs of the Yukawa couplings and, therefore, the LHC data only require
the modulus of |yh

f
|� 1 to be smaller than about 0.1-0.2. This gives two different types of

solutions for the Yukawa couplings: there will be a broad range of allowed values of &f with
↵̃ ⇡ 0, corresponding to yh

f
⇡ 1, and another region with somewhat larger values of the

mixing angle corresponding to yh
f

⇡ � 1.
For small values of ↵̃, Eq. (2.13) gives yh

f
= 1 + ↵̃ &f + O(↵̃2

) (assuming h to be the
lightest CP-even neutral scalar), so that the Yukawa coupling is close to -1 for ↵̃ &f ⇡ �2.
This effect can be observed in the allowed (↵̃, &f ) regions of Fig. 5, for the down-quark
and lepton alignment parameters, where separate ↵̃ &f ⌧ 1 and ↵̃ &f ⇡ �2 solutions are
clearly visible. The up-quark Yukawa sign ambiguity gets broken by the two-photon decay
amplitude of the Higgs that involves one-loop contributions from virtual W±, t and H±.
Assuming that the charged-scalar correction is small, the measured H ! �� signal strength
determines the relative sign between yhu and ghWW to be positive. Therefore, only the region
↵̃ &u ⌧ 1 is allowed in this case.

In the following we will distinguish among the two different possibilities: the “right-sign”
solution, corresponding to yh

d,`
⇡ 1 and the “wrong-sign” one corresponding to yh

d,`
⇡ �1.

The former was previously analysed in the A2HDM [23] and, more recently, in the particular
case of Z2 symmetric models [47]. For the “right-sign” solution we find that the value of ↵̃
is strongly constrained (radian units):

|↵̃|  0.003 (68% probability),

|↵̃|  0.023 (95.5% probability). (4.2)
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