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Figure 3.3: Examples of Feynman
diagrams leading to Higgs+/ET events
for a model with a scalar mediator (S)
coupling with DM and with the Higgs
boson h.

3.1.1 /ET +Higgs from a baryonic Z0
1489

The model shown in Fig. 3.2 (a) postulates a new gauge boson1490

Z0 corresponding to a new U(1)B baryon number symmetry. The1491

stable baryonic states included in this model are the DM candidate1492

particles. The mass of the Z0 boson is acquired through a baryonic1493

Higgs hB, which mixes with the SM Higgs boson.1494

The interactions between the Z0, the quarks and the DM are1495

described by the following Lagrangian:1496

L = gqq̄g

µqZ0
µ

+ g
c

c̄g

µ

cZ0
µ

. (3.1)

The quark couplings gq are fixed to be equal to one third of the1497

gauge coupling gB, while the DM coupling to the Z0 are proportional1498

to the baryon number and to the gauge coupling (g
c

= BgB). No1499

leptonic couplings of the Z0 are allowed, thus evading dilepton1500

constraints. After incorporating the mixing of the baryonic and SM1501

Higgs bosons, this model is is described by the following Lagrangian1502

term at energies below mZ0 1: 1 The operator in Eqn. 3.2 is an effective
one, to highlight the two main terms.
The full dimension-4 simplified
model is used in the model for event
generation.

1503

Leff = � gqg
c

m2
Z0

q̄g

µqc̄g

µ

c

⇣

1 +
ghZ0Z0

m2
Z0

h
⌘

, (3.2)

The first term of this equation is the standard DMV model in the1504

large MZ0 limit. This term can lead to a monojet signature, which1505

can be also used to constrain this model. The second term describes1506

the interaction between the Z0 and the SM Higgs boson, via the1507

coupling ghZ0Z0 =
mZ02 sin q

vB
, where sin q is the mixing angle between1508

the SM Higgs and the baryonic Higgs hB, and vB is the Baryonic1509

Higgs vacuum expectation value.1510

In its most general form, this model can contribute to mono-1511

Z signals due to the Z0 mixing with the Z or photon. Note that1512
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Yukawa term y
c

. The relevant terms in the scalar potential are:1568

V � a|H|2S + b|H|2S2 + lh|H|4

�! 1
2 a(h + v)2S + 1

2 b(h + v)2S2 +
lh
4
(h + v)4, (3.4)

where a, b are new physics couplings and lh is the Higgs quartic1569

coupling.1570

The additional Lagrangian terms for this model are:1571

L � �y
c

c̄c(cos q S � sin q h)� mq

v
q̄q(cos q h + sin q S) (3.5)

where q is the mixing angle between the Higgs boson and the new1572

scalar.1573

Mono-Higgs signals in this second model arise through processes1574

shown in Fig. 3.3 (a,b), or through the radiation of a Higgs boson1575

from the t quark in the production loop, in Fig. 3.3 (c). The first two1576

processes depend on the h2S and hS2 cubic terms in Eq. (3.4). At1577

leading order in sin q, these terms are:1578

Vcubic ⇡ sin q

v
(2m2

h + m2
S)h

2S + b v h S2 + ... (3.6)

with a and lh expressed in terms of sin q and m2
h, respectively. At1579

leading order of sin q, the h2S term is fixed once the mass eigen-1580

values mh, mS and mixing angle are specified. The h S2 term is not1581

fixed and remains a free parameter of the model, depending on the1582

new physics coupling b.1583

This model also has mono-X signatures through h/S mixing.1584

This model is related to the scalar model discussed in Sec. 2.2 in the1585

case of mS � mh or mh � mS and Mmed equal to the lighter of the1586

two masses, albeit with different mono-Higgs signatures due to the1587

hS2 vertex.1588

3.1.2.1 Parameter scan1589

The model is described by five parameters:1590

1. the Yukawa coupling of heavy scalar to dark matter, g
c

(also1591

referred to as y
c

)1592

2. the mixing angle between heavy scalar and SM-like Higgs boson,1593

sin q;1594

3. the new physics coupling, b;1595

4. mass of heavy scalar, mS, also termed Mmed;1596

5. mass of dark matter. m
c

;1597

The mixing angle is constrained from current Higgs data to1598

satisfy cos q = 1 within 10% and therefore sin q . 0.4. This provides1599

a starting point for the parameter scan in this model: we recommend1600

to set sin q = 0.3.1601
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• From	DM	report	(1507.00966)	
• a	benchmark	for	this	mono-higgs	scalar	model:			

๏ b=3:	coupling	between	new	scalar	and	SM	Higgs		
๏ Yukawa-like	coupling	of	new	scalar	to	DM:	yx=1,		
๏ mixing	angle	of	new	scalar	S	and	Higgs:	sinθ=0.3
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Scalar mediator (same mDM)

  11

Scalar mediator (same mZ')

• However	
๏ With	the	recommended	parameter	setting	(in	1507.00966),	we	see	a	

strange	shape	at	yy	pT	and	ETmiss	when	mS	~	2mχ+mh	
๏ We	think	the	recommended	mixing	angle	sinθ=0.3	was	

overestimated		

next page ☛
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• The	mixing	angle	sinθ	was	recommended	to	be	0.3:	
๏ come	from	Run	1	Higgs	data:	sinθ	<=	0.4

Scalar Resolution	
•  So what do we learn? 

o  There are only four diagrams in the on shell case where sc is in the s-channel 
•  One of these is sc à hh which would be resonant if m(sc)=250 GeV J 

o  The cross section for these onshell and offshell pieces agrees with our initial 
observation 
•  Cross section for the onshell case (i.e. diagram 4) shows kink 
•  This diagram will have significantly smaller MET since the full energy must go into 

creating the pair of higgses, not boosting the DM 

17 June 2016 S. Meehan 18 
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Diagrams made by MadGraph5_aMC@NLO
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Apologies if you suggested this months ago.  
Please speak more loudly next time	

• the	large	sinθ	will	
give	huge	weight	
on	the	resonant	
S→hh	diagram
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S→hh
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Scalar mediator : sinq ?

● Constraints on the Higgs measurements impose cosq = 1 within 10% (sinq ~ 0.4)

● Scans on report show no huge dependence of kinematics on sinq. But :

– Plots in report show scans on mS = 100 GeV and mS = 1 TeV.

– What about mS = 250 GeV ?

● Resonant diagram coupling depends on sinq so therefore some effect should be 
seen.

– Simulated samples for mS = 300 GeV , mx = [1 , 50] GeV and sinq = [ 0.001, 0.01, 0.1, 
0.2, 0.3]  

 sinq was recommended  to be 0.3 :

From Samuel Meehan

• Scans	on	DM	report	unfortunately	didn’t	see	this	dependence	of	
kinematics	on	mixing	angle	because	of	the	mass	is	chosen	to	plot
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Scalar mediator : sinq 

● Is mixing angle q overestimated ? 
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Scalar mediator : sinq 

● Is mixing angle q overestimated ? 

• Is	the	recommended	(1507.00966)	mixing	angle	sinθ	=	0.3	
overestimated	?		

• We	suggest	to	use	sinθ	=	0.1	as	a	revised	benchmark	for	both	
experiments
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• Besides	the	recommended	mono-Higgs	models,	in	ATLAS	mono-
H(yy)	searches,	we	had	taken	on	a	search	for	a	heavy	scalar	which	
can	decay	to	a	SM	Higgs	in	association	with	ETmiss		

• This	scalar,	H,	is	assumed	to	be	produced	through	gluon	fusion		
• H	is	being	searches	for	in	the	range	of	2mh	<	mH	<	2mt	(1506.00612)	
• H	is	chosen	to	decay	to	hχχ	through	an	effective	vertex

Opening the effective vertex
For theoretical reasons (most notably gauge invariance) an inert
scalar S can be introduced to explain the large H → hχχ
branching ratio.

H

h

�

�

S
H

h

�

�

• S is a singlet, although we assume Higgs-like BRs for simplicity,
plus invisible decays.

• If this is the case, then we would also expect
H → SS, hS → γγ + X .

• Phenomenologically interesting in the range
mh < mS < mH − mh

• Introduced here (arXiv:1603.01208) and in more detail here
(arXiv:1606.01674)

Stefan von Buddenbrock stef.von.b@cern.ch Joint HBSM/Astroparticle forum meeting 5/17
5/17

5. the coupling constant between the Z 0, Higgs boson and pseudoscalar fields, gZ 0.

2.2 Heavy scalar model

t

t

t
g

g

H H

h

�

�

Figure 2: Production of a heavy scalar H via gluon fusion (left), and decay of the H into a Higgs boson (denoted as
h) and a pair of dark matter candidates via an e�ective coupling (right).

The heavy scalar model [10] introduces a heavy scalar H 1 in the mass range of 2mh < mH < 2mtop, which
is produced primarily via gluon fusion (ggF) as shown in Fig. 2 (left). The upper bound on mH is to avoid
large tt̄ branching of the H . The DM mass m� is taken to be roughly half of the SM Higgs boson mass to
ensure on shell decay of H ! h � �, and suppress invisible decay modes of h. It also satisfies constraints
from direct detection experiments [11]. The heavy scalar is allowed to decay into a Higgs boson and
DM candidates, H ! h � �, where � is a DM candidate with spin-0, as shown in Fig. 2 (right). These
interactions can be expressed by the Lagrangian:

LQ = �
1
2
�

Hh�� Hh � � � 1
4
�

HHhh
HHhh � 1

4
�

hh�� hh � � � 1
4
�HH �� HH � �, (1)

the first term of which contains an e�ective quartic coupling between h, H , and �, relevant for this
analysis. The larger branching ratio (BR) of the three-body decay of H to the SM Higgs boson and DM
particles compared to two-body decays can be obtained by assuming that the DM candidates originate
from the decay of some real scalar S. The masses mH and m� , as well as the branching ratios of the three
decay modes of H , are free parameters of the model.

3 The ATLAS Detector

The ATLAS detector [12] is a multi-purpose particle physics detector with approximately forward-
backward symmetric cylindrical geometry2. The inner tracking detector (ID) covers |⌘ | < 2.5 and
consists of a silicon pixel detector, a silicon micro-strip detector, and a transition radiation tracker (TRT)
which allow a precise reconstruction of charged particle trajectories and of decay vertices of long lifetime
particles. This is especially important for the present analysis in the case of photon conversion vertex
reconstruction. The tracking system includes the newly installed innermost pixel layer, the insertable
B-Layer (IBL) [13]. The ID is surrounded by a thin superconducting solenoid providing a 2 T axial
magnetic field. A high-granularity lead/liquid-argon (LAr) sampling calorimeter measures the energy
1 Throughout this note, a lowercase h refers to the observed Higgs boson, while an uppercase H refers to the heavy scalar in

this model.
2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Figure 8: Expected and observed 95% CL exclusion upper limits on the product of the cross section and BR(H !
h � �, h ! ��) for the heavy scalar model, with a DM candidate mass of 50 GeV (left) and 60 GeV (right). The
limits are shown as a function of the heavy scalar mass in the range between 260 GeV and 350 GeV for a DM
candidate mass of 50 GeV (60 GeV).

last ATLAS public results, the present limits are improved by more than a factor of two due to the new
data and the improvements in the categorisation.
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