
Complementarity: 
mono-Higgs 

Exotic Higgs Decays	

Sam Meehan 
LHC Dark Matter WG Meeting 

22 June 2016 



Starting Point	
•  Inspired by DM summary plot 

o  Described initially here : https://arxiv.org/abs/1409.2893  

•  Contextualize in one simplified model  
o  Fix some parameters à scan others 
o  Exercised for axial vector model only 

•  Nice talk last week at reinterpretations workshop 
o  https://indico.cern.ch/event/525142/contr ibutions/2173688/attachments/1292747/1926191/

Kahlhoefer_DM_Reinterpretation.pdf  
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Need to assume 
some gDM here	

h%ps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/
EXOTICS/ATLAS_DarkMa%er_Summary/ATLAS_DarkMa%er_Summary.png	



Scalar Models	
•  Can we do something similar for scalar models? 

o  Connect models via [med-h] coupling : gssh 

•  Would need to specify  
o  gDM couplings in both models 
o  Mixing angle of h-s for scalar model 

•  Mass range of interest is not directly overlapping 
o  Similar case as for the monojet/dijet case 
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Searching	for	new	physics	in	h125	
decays	

•  It	could	be	h	à	WIMP	(invisible/undetected)	
– Not	discussed	here	

•  Or	it	could	be	

3	Here,	consider	prompt	decays	of	the	intermediate	state	

4

comes from the Z 0 mass term

L � 1

2
m2

Z0

✓
1 +

hB

vB

◆2

Z 0
µZ

0µ , (11)

where vB is the baryonic Higgs vev. Generically hB will
mix with the SM Higgs boson, giving rise to an interac-
tion of the form

L � �ghZ0Z0hZ 0
µZ

0µ , ghZ0Z0 =
m2

Z0 sin ✓

vB
(12)

where ✓ is the h-hB mixing angle. Combining Eqs. (10)
and (12) allows for mono-Higgs signals at the LHC,
shown in Fig. 2(a). At energies below mZ0 , the relevant
e↵ective operators for fermionic DM are

Le↵ = �gqg�
m2

Z0
q̄�µq�̄�µ�

⇣
1 +

ghZ0Z0

m2
Z0

h
⌘
, (13)

and similarly for scalar DM. The first term in Eq. (13) is
relevant for mono-j/�/W/Z signals (through ISR), while
the second term gives rise to mono-Higgs. It is clear
that mono-Higgs, depending on a di↵erent combination
of underlying parameters, o↵ers a complementary handle
for DM studies.

An alternate framework for the Z 0 is that of a hidden
sector (see e.g. [30–34]). In this case, we suppose that DM
remains charged under the U(1)0, while all SM states are
neutral. The Lagrangian we consider is

L � g2
2cW

Jµ
NCZµ + g��̄�

µ�Z 0
µ , (14)

where Jµ
NC is the usual SM neutral current coupled to the

Z, and the Z 0 is coupled to fermionic DM. Although the
two sectors appear decoupled, small couplings can arise
through mixing [34–36]. One simple possibility is that
the Z 0 has a mass mixing term with the Z. In this case,
one diagonalizes the Z,Z 0 system by a rotation

Z ! c✓Z � s✓Z
0, Z 0 ! c✓Z

0 + s✓Z , (15)

where ✓ is the Z-Z 0 mixing angle, and s✓ ⌘ sin ✓ and
c✓ ⌘ cos ✓. Thus, the physical Z,Z 0 states are linear
combinations of the gauge eigenstates, and each one in-
herits the couplings of the other from Eq. (14). We note
that such mixing gives a contribution to the ⇢ parame-
ter of �⇢ = sin2 ✓(m2

Z0/m2
Z � 1) [36]. Current precision

electroweak global fits exclude |�⇢| & 10�3 [21], although
any tension is also a↵ected by new physics entering other
observables in the global fit.
Mono-Higgs signals arise through diagrams shown in

Fig. 2(b). The hZZ 0 vertex arises as a consequence of
the fact Z-Z 0 mixing violates SU(2)L and is given by

L � m2
Zs✓
v

hZ 0
µZ

µ . (16)
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FIG. 3: Diagram showing collider production mode in a sim-
plified model including a Z0 boson which decays to ��̄.

2. Scalar mediator models

New scalar particles may provide a portal into the dark
sector [18]. The simplest possibility is to introduce a real
scalar singlet, denoted S, with a Yukawa coupling to DM

L � �y��̄�S . (17)

By virtue of gauge invariance, S may couple to the
SM (at the renormalizable level) only through the Higgs
field [37]. The relevant terms in the scalar potential are

V � a|H|2S + b|H|2S2 + �h|H|4

�! 1
2a(h+ v)2S + 1

2b(h+ v)2S2 +
�h

4
(h+ v)4, (18)

where a, b are new physics couplings and �h is the usual
Higgs quartic. The second line in Eq. (18) follows once
the Higgs field acquires a vev, thereby leading to a mix-
ing term av in the h-S mass matrix. (Without loss of
generality, the vev of S can be taken to be zero through
a field shift [37].) The two scalar system is diagonalized
by a field rotation

h ! c✓h+ s✓S , S ! c✓S � s✓h (19)

where the mixing angle ✓ is defined by sin 2✓ =
2av/(m2

S � m2
h), with s✓ ⌘ sin ✓ and c✓ ⌘ cos ✓. Af-

ter the field rotation, the quark and DM Yukawa terms
become

L � �y��̄�(c✓S � s✓h)� mq

v
q̄q(c✓h+ s✓S) . (20)

Mono-Higgs	
Mmed=~[1,1000] GeV	

Exotic Higgs 	
Decays	

Mmed=~[1,60] GeV	
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indirect detection signals [22, 23].) For fermionic DM,
there are many such operators, e.g.,

1

⇤4
�̄�µ�Bµ⌫H

†D⌫H ,
1

⇤4
�̄�µ�W a

µ⌫H
†taD⌫H (8a)

1

⇤4
�̄�µ⌫�Bµ⌫H

†H ,
1

⇤4
�̄�µ⌫�W a

µ⌫H
†taH (8b)

where W a
µ⌫ and Bµ⌫ are the SU(2)L and U(1)Y field

strength tensors, respectively. Additional operators arise
where �̄�µ� can be replaced by the axial current �̄�µ�5�,
or the field strength tensors are replaced with their duals.
For illustrative purposes, we investigate the mono-Higgs
signals from one operator

1

⇤4
�̄�µ�Bµ⌫H

†D⌫H . (9)

This operator leads to h+ 6ET via qq̄ ! Z⇤/�⇤ ! h��. It
is noteworthy that the Feynman rule for this process in-
volves derivative couplings, i.e., @µZ⌫@

⌫h. Consequently,
compared to our other e↵ective operators, this one leads
to a harder 6ET spectrum and has by far the best kine-
matic acceptance e�ciency, as we show below. We also
note that the operators in (8) also induce mono-W/Z/�
signals, as required by gauge invariance, when both Higgs
fields H are replaced by v. For a single operator, the ra-
tio between mono-h/W/Z/� is fixed, and therefore con-
straints on each channel are relevant. In the presence of
a signal, on the other hand, all channels are complemen-
tary in disentangling the underlying operator(s).

B. Simplified models

Beyond the EFT framework, it is useful to consider
simple, concrete models for how DM may couple to the
visible sector. Simplified models provide a helpful bridge
between bottom-up EFT studies and realistic DM mod-
els motivated by top-down physics [24]. Here, we explore
a few representative scenarios where the dark and visi-
ble sectors are coupled through a new massive mediator
particle. Mono-Higgs signals are a prediction of these sce-
narios since in general the mediator may couple to the
Higgs boson.

1. Vector mediator models (Z0)

A Z 0 vector boson is a well-motivated feature of many
new physics scenarios, arising either as a remnant of em-
bedding the SM gauge symmetry within a larger rank
group or as part of a hidden sector that may be se-
questered from the SM (see e.g. [25] and references
therein). The Z 0 has an added appeal for DM since the
corresponding U(1)0 gauge symmetry ensures DM sta-
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FIG. 2: Diagram showing collider production mode in a sim-
plified model including a Z0 boson which decays to ��̄.

bility, even if the symmetry is spontaneously broken.1

Although how the Z 0 couples to SM particles is highly
model-dependent, we focus here on simple scenarios that
are representative of both extended gauge models and
hidden sector models. For practical purposes, this dis-
tinction a↵ects whether the Z 0-quark vertex is a gauge-
strength coupling or is suppressed by a small mixing an-
gle, which in turn impacts DM production at the LHC.

One gauge extension of the SM is to suppose that
baryon number (B) is gauged, with the Z 0 being the
gauge boson of U(1)B [26]. The consistency of such the-
ories often implies the existence of new stable baryonic
states that are neutral under the SM gauge symmetry,
providing excellent DM candidates [27, 28]. Taking the
DM particle � to carry baryon number B�, the Z 0-quark-
DM part of the Lagrangian is

L � gq q̄�
µqZ 0

µ+

⇢
ig��

†
$
@µ�Z 0

µ + g2�|�|2Z 0
µZ

0µ scalar
g��̄�

µ�Z 0
µ fermion

(10)
depending on whether � is a scalar or fermion. The Z 0

couplings to quarks and DM are related to the U(1)B
gauge coupling gB by gq = gB/3 and g� = B�gB , respec-
tively. This scenario is an example of a leptophobic Z 0

model, and many precision constraints are evaded since
the Z 0 does not couple to leptons [29].

To investigate mono-Higgs signals, we ask whether the
Z 0 is coupled to the Higgs boson h. To generate the Z 0

mass, the minimal possibility is to introduce a “baryonic
Higgs” scalar to spontaneously break U(1)B . Analogous
to the SM, there remains a physical baryonic Higgs parti-
cle, denoted hB , with a coupling hBZ

0Z 0. This coupling

1 It is required that the U(1)0 is broken by n > 1 units, where the
� field carries n = 1 unit of U(1)0 charge. This breaks the U(1)0

down to a Zn discrete symmetry.

Need to 	
assume gDM	

Need to 	
assume gDM	

These gDM’s are 
not the same!	

h%p://arxiv.org/abs/1312.4992 	

Are the models compatible?	Does Z’ mean Z’?	



Parameter Space (1)	
•  How are they complementary? 
•  The mass ranges are very different 

o  Exotic decays could “close the gap” depending on perturbativity bound 
o  Would exotic decays care about mDM? 
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Ruled out by 
perturbativity?	

NOTE : This is for vector mediator! 
Only for illustration	

mh/2	

Exclusions here from	
(1)   Exotic higgs decays	

(2)  Higgs width	



Parameter Space (2)	
•  Coupling scan is important for (mono-jet/dijet) 

o  http://arxiv.org/abs/1503.05916v2  

•  (Left) For scalar models we must also consider mixing with higgs 
o  http://arxiv.org/abs/1404.3716v2  
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
by DSP overproduction (red) and perturbativity (grey). For the left (right) column, we have fixed
g ⌘ (gA

� gA
q )1/2 = 1 (g = 0.5), while the di↵erent rows show di↵erent coupling ratios gA

� /gA
q .
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SM coupling 	
preferred	

DM coupling 	
preferred	



Parameter Space (2)	
•  For scalar models we must also consider mixing with higgs 

o  http://arxiv.org/abs/1404.3716v2  

•  Sigma(mixing) varies strongly 
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section for pp ! (H/A) + X is enhanced at large tan�
so the lack of a signal sets an upper limit on tan� as
a function of mA,H . This limit is roughly tan� < 10
at mA,H = 300 GeV, and weakens to tan� < 60 at
mA,H = 900 GeV.

IV. CONSTRAINTS ON THE DARK SECTOR

In this section we investigate the limits on the media-
tor mass and the mixing angle between the mediator and
the pseudoscalar of the 2HDM. Taking the heavy Higgs
search described above into account, we fix the other pa-
rameters to the benchmark values mH = mH± ' mA =
800 GeV, tan� = 40, ↵ = � � ⇡/2, and y� = 0.5 and
comment on changing these later. We first consider the
spin-independent direct detection cross section induced
at one-loop. Current limits from direct detection exper-
iments do not constrain this model, but future searches
can possibly probe interesting regions of parameter space.
We next consider Higgs decays to the pseudoscalar medi-
ator. Searches for h ! bb̄ can be used to put bounds to
h ! aa ! 4b decays for mh > 2ma and future h ! 2b2µ
searches could probe much more of the ma-✓ parameter
space. Indirect limits on the branching for h ! aa from
global Higgs property fits are also quite constraining. We
then consider changes to the Bs ! µ+µ� branching ra-
tio. Since this has been measured to be very close to its
SM value, it is particularly constraining for a light me-
diator. Finally, we consider monojet searches. Our main
results are summarized in Fig. 1.

A. Direct Detection

One of the virtues of this model is that single pseu-
doscalar exchange between � and quarks leads to (highly
suppressed) spin-dependent scattering of the DM on nu-
clei [13, 14]. At one-loop, however, spin-independent in-
teractions are generated through the diagrams shown in
Fig. 2. The top diagram (plus its crossed version) leads
to an e↵ective interaction between � and b quarks at zero
momentum transfer given by

Lbox =
X

q=d,s,b

m2
qy

2
� tan2 � sin2 2✓

128⇡2m2
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� �m2
q
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The function F is given in the Appendix in Eq. A.1.
The bottom diagram of Fig. 2 leads to a DM-Higgs

coupling of

Lh�� = �
�
m2

A �m2
a

�
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64⇡2m2
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G (x�, xq)
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v
h�̄�,

(31)
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FIG. 1. Regions of mixing angle ✓ vs. ma that are ruled
out or suggested by various measurements. We have fixed
mH,H± ' mA = 800 GeV, tan � = 40, ↵ = � � ⇡/2, and
y� = 0.5. The area that gives an annihilation cross section
of h�vreli = 1 � 5 ⇥ 10�26 cm3/s as indicated by fits to the
gamma ray excess is between the solid black lines (shaded
in green). The shaded purple region above the solid pur-
ple line is in 2� conflict with the LHCb measurement of
Bs ! µ+µ�. The darker red region with the solid outline
is ruled out by h ! bb̄ constraints on the h ! 4b signal.
The larger, lighter red region with a solid outline is ruled
out from the indirect limit Br (h ! aa) < 0.22 coming from
fits to Higgs properties, assuming SM Higgs production. The
dashed red line shows the area that could be probed by lim-
iting Br (h ! aa ! 2b2µ) . 10�4. The blue region labeled
LUX is in conflict with the limit �SI < 8 ⇥ 10�46 cm2 while
the area above the blue dashed line leads to �SI > 10�49 cm2,
potentially accessible at the next generation of direct detec-
tion experiments. The orange region shows the area ruled out
by a mono-b-jet search at 8 TeV with 20 fb�1 of data. See
text for details.

where x� = m2
�/m

2
a, xq = q2/m2

a, and q is the momen-
tum transfer between � and �̄. G is given in Eq. A.3.
This leads to an e↵ective 4-fermion interaction relevant
for spin-independent nucleon scattering,

Lh =

�
m2

A �m2
a

�
s22✓y

2
�

64⇡2m2
hm

2
a

G (x�, 0)
m�mq

v2
�̄�q̄q. (32)

We have assumed ↵ = � � ⇡/2 which results in SM-like
couplings of h to quarks, �s↵/c� = c↵/s� = 1. For

tan� . 100
⇣ mA

800 GeV

⌘
, (33)

the Higgs exchange contribution to direct detection
dominates over the box diagram, leading to a spin-

MonoH	
Constraint?	

Constrained by 
hàInvisible	



Open Points	
•  Are there large issues with perturbativity in models 

involving scalar mediator? 
o  Some experts seem to say yes, some say no 
o  Repeat http://arxiv.org/abs/1510.02110 for scalar mediators 

•  Are the exotic higgs decay models equivalent to 
mono-H simplified models? (i.e. 2HDM proliferation) 
o  Exotic Higgs : http://arxiv.org/abs/1312.4992  
o  Mono-H : http://arxiv.org/abs/1312.2592  
o  Should consider this as ATLAS/CMS are aligning on signal models for 

mono-H à in contact with CMS – Fang-Ying Tsai and Shi-Shan Tsu 

•  What regions are ruled out  
o  Carry through the exercise on the previous slide to the end 
o  Requires that (2) be sorted out ... help requested 
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