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LHC discovered the Higgs boson
Mass Measurement 

12 

Combina(on)of)SM)Higgs)result)and)Proper(es)Measurements)at)CMS)Experiment 

  
 

Mass measurement using high resolution 
channels: 
 

•  H!ZZ!4l 
 

Very good control of the leptons scale and 
resolution, 
exploits per-event mass uncertainties 
 

 

H! γγ$( mass: fit mγγ floating µγγ ) 
 

Good resolution, systematics on the 
extrapolation from the Z→ee to H→γγ 

The mass is measured to be: 
 
 
And the two measurement (ZZ, γγ) agree at  
 

1.6 sigma: 
 

mH = 125.04+0.26
�0.27 stat. +0.13

�0.15 syst. GeV

m��
H �m4l

H = �0.87+0.54
�0.59 GeV
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LHC discovered the Higgs boson
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Higgs Properties:
● Mass
● Width
● Spin and other Quantum 

Numbers
● Couplings (to vector bosons 

and fermions, and to itself)
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As	
  of	
  August	
  2014,	
  CMS	
  and	
  ATLAS	
  close	
  chapter	
  on	
  Higgs	
  measurements	
  
with	
  the	
  final	
  harvest	
  of	
  results	
  from	
  the	
  full	
  Run	
  I	
  (7	
  &	
  8	
  TeV)	
  dataset.	
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arxiv:1406.3827

m
H
=125.36±0.37 (stat.)±0.18(syst.) GeV

The Latest ATLAS Higgs Mass Results

m
H

γ γ=125.98±0.42(stat.)±0.28 (syst.) GeV

m
H

ZZ=124.51±0.52(stat.)±0.06 (syst.) GeV
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Mass combination
● Combination of H → γγ and 

H → ZZ

● Floating yields for 
production and decay

● Individual final states 
compatible @ 1.6σ level 

NEW!

CMS PAS HIG-14-009
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SpinXparity)hypothesis)tes(ng 
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Combina(on)of)SM)Higgs)result)and)Proper(es)Measurements)at)CMS)Experiment 

  
 •  compatibility of the new boson with alternative JP hypotheses 

•  exploit shapes of kinematic observables (angles, inv. masses) 
•  Use of : 

•  ) H!ZZ!4l)
•  ) H!WW)
•  ) H!γγ)

SUSY 2014 - Manchester 

hypotheses excluded using the HZZ channel 
@99%C.L. 

JP = 0+ strongly favoured by 
measurements 

CMS-HIG-13-005 

•  Combined test for hypothesis gg → 2m
+ 

•  Hypothesis gg → 2m
+ is excluded at 99% 

CL 

22/07/14    Arnaud Pin 

Spin 1 and spin 2 and Pseudoscalar boson hypotheses: 
Excluded 
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The JP hypothesis 0+ is highly favored; alternative 
hypotheses (0-,1+,1-, and 2+ with minimal SM couplings) are 

disfavored at the 97.8% CL or better.

ATLAS Higgs Spin-Parity ResultsPhys. Lett. B 726 (2013), pp. 120-144
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Conclusions

Very rich results on Higgs fermion
decays in ATLAS Run1 data

Evidence at 4.1 � of H! �+��
decay mode

Limits set in H! �+�� mode (7.0
SM): no strong deviation in lepton
couplings

No signal observed in tt̄H and
VH! bb̄ modes, but results
compatible with SM Higgs:
�̂= 1.7± 1.4 and 0.2± 0.7
respectively

Combined evidence for fermion
decays (ATLAS-CONF-2014-009)

H! �+�� and VH! bb̄ combined
excess of 3.7 �

Result compatible with SM
expectation:

�̂= 1.09+0.36
�0.32 ) µSignal strength (

-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.28-
0.33+ = 1.57µ

γγ →H 

 0.12-
 0.17+
 0.18-
 0.24+
 0.22-
 0.23+

0.35-
0.40+ = 1.44µ

 4l→ ZZ* →H 

 0.10-
 0.17+
 0.13-
 0.20+
 0.32-
 0.35+

0.29-
0.32+ = 1.00µ

νlν l→ WW* →H 

 0.08-
 0.16+
 0.19-
 0.24+
 0.21-
 0.21+

0.20-
0.21+ = 1.35µ

, ZZ*, WW*γγ→H
Combined

 0.11-
 0.13+
 0.14-
 0.16+
 0.14-
 0.14+

0.6-
0.7+ = 0.2µ

b b→W,Z H 
<0.1

0.4±

0.5±

0.4-
0.5+ = 1.4µ

(8 TeV data only)  ττ →H 

 0.1-
 0.2+
 0.3-
 0.4+
 0.3-
 0.3+

0.32-
0.36+ = 1.09µ

ττ, bb→H
Combined

 0.04-
 0.08+
 0.21-
 0.27+
 0.24-
 0.24+

0.17-
0.18+ = 1.30µ

Combined
 0.08-
 0.10+
 0.11-
 0.14+
 0.12-
 0.12+

Total uncertainty
µ on σ 1±

(stat.)σ

)theory
sys inc.(σ

(theory)σ

Updates of some analyses are expected: stay tuned for further results !
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Combined signal strength

  

per decay

● Uncertainty at 15% level

● Theoretical systematics start 
to become important

● Compatibility between 
measurements and with SM

per production

ttH → multileptons
and diphotons

CMS PAS HIG-14-009

NEW!

Summary 

15 

Combina(on)of)SM)Higgs)result)and)Proper(es)Measurements)at)CMS)Experiment 

SUSY 2014 - Manchester 

SM Higgs boson evidences at CMS: 
• 3.8 σ for direct fermionic decays 
• 3.6 σ for VBF production 
• 2.7 σ for VH production 
• + 2 σ excess over SM in ttH searches 

Wide range of test of  Higgs 
coupling performed.  

 ! No deviations observed 

All measurements show that: 
This particle is compatible with the SM Higgs boson! 

Properties measurements: 
•  combining information from different 

channels: 
•  mass:  

•  spin-parity: compatible with JP = 0+ 
mH = 125.04+0.26

�0.27 stat. +0.13
�0.15 syst. GeV

22/07/14    Arnaud Pin 
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Summary of CMS searches

★ 
“seen”
☆ 
“tried”

H→bbb H→ττ H→WW* H→ZZ* H→γγ H→Zγ H→inv. H→μμ

ggH ★ ★ ★ ★ ☆ ☆

  VBF ☆ ★ ★ ☆ ★ ☆ ☆ ☆

VH ★ ☆ ☆ ☆ ☆ ☆

ttH ☆ ☆ ☆ ☆ ☆

● First of all, we have 
found only one Higgs 
boson around 125 GeV

● Even if we would find  it 
had it been elsewhere...
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Summary of CMS searches

★ 
“seen”
☆ 
“tried”

H→bbb H→ττ H→WW* H→ZZ* H→γγ H→Zγ H→inv. H→μμ

ggH ★ ★ ★ ★ ☆ ☆

  VBF ☆ ★ ★ ☆ ★ ☆ ☆ ☆

VH ★ ☆ ☆ ☆ ☆ ☆

ttH ☆ ☆ ☆ ☆ ☆

● First of all, we have 
found only one Higgs 
boson around 125 GeV

● Even if we would find  it 
had it been elsewhere...

  

However, non-SM effect is still a possibility.
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Higgs fit update

�2
Y =

✓
µggF,Y � µ̂ggF,Y

µVBF,Y � µ̂VBF,Y

◆T ✓
aY bY
bY cY

◆✓
µggF,Y � µ̂ggF,Y

µVBF,Y � µ̂VBF,Y

◆

� =
X

Y

�2
Y

http://lpsc.in2p3.fr/projects-th/lilith/index.html

arXiv:1306.2941; 1409.1588

The most significant changes are slight downward/upward shifts of the central μgg(γγ) and μgg(VV) value.

γγ VV bb/tautau

FALL 2014
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2HDM Higgs sector

V =m2
11�

†
1�1 + m2

22�
†
2�2 �

h
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12�
†
1�2 + h.c.

i

+
1
2
�1

⇣
�†

1�1

⌘2
+

1
2
�2

⇣
�†

2�2

⌘2
+ �3

⇣
�†

1�1
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+

⇢
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2
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1�2

⌘2
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�

The models we studied
1 NO explicit CP violation: all �i and m2

12 are assumed to be real.

2 NO spontaneous CP breaking: take ⇠ = 0.

3 "soft" Z2 symmetry (�1 ! �1, �2 ! ��2) breaking: m2
12 6= 0; �6 = �7 = 0.

our inputs: mh,mH ,mA,mH+ , tan�, sin↵,m2
12

Electroweak symmetry breaking

�1 =

✓
�+

1
(v cos � + ⇢1 + i⌘1)/

p
2

◆

�2 =

✓
�+

2
(e i⇠v sin � + ⇢2 + i⌘2)/

p
2

◆

2 CP-even neutral scalars: h = �⇢1 sin↵ + ⇢2 cos↵
H = ⇢1 cos↵ + ⇢2 sin↵

1 CP-odd neutral pseudoscalar: A = �⌘1 sin � + ⌘2 cos �

2 charged scalars: H±
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2HDM Yukawa sector

L = y1
ij  ̄i j�1 + y2

ij  ̄i j�2

We consider the Type I and Type II models, in which tree level FCNC are completely
absent due to some symmetry. 1

Model ui
R d i

R e i
R Realization

Type I �2 �2 �2 �1 ! ��1
Type II �2 �1 �1 �1 ! ��1, d i

R ! �d i
R

L2HDM
Yukawa = �

X

f =u,d ,`

mf

v

⇣
Ch

f f fh + CH
f f fH � iCA

f f �5fA
⌘

�
(p

2Vud

v
u
⇣
muCA

u PL + md CA
d PR

⌘
dH+ +

p
2m`CA

`

v
⌫L`RH1 + h.c.

)

Ch
V Ch

u Ch
d ,` CH

V CH
u CH

d ,` CA
V CA

u CA
d ,`

Type I sin(� � ↵) cos ↵
sin �

cos ↵
sin � cos(� � ↵) sin ↵

sin �
sin ↵
sin � 0 cot � � cot �

Type II sin(� � ↵) cos ↵
sin � � sin ↵

cos � cos(� � ↵) sin ↵
sin �

cos ↵
cos � 0 cot � tan �

(Ch
V )

2 + (CH
V )2 + (CA

V )2 = 1
1Paschos-Glashow-Weinberg theorem: if all fermions with the same quantum numbers couple to the

same Higgs multiplet, then FCNC will be absent.



Stephen J. Sekula - SMU 11

The JP hypothesis 0+ is highly favored; alternative 
hypotheses (0-,1+,1-, and 2+ with minimal SM couplings) are 

disfavored at the 97.8% CL or better.
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Feed-down 

Heavier scalars H/A 
may already be  
indirectly observed 
at the LHC, not 
through their decay 
into gauge bosons 
or fermions, but rather 
through chain decays 
into 125.5 GeV Higgs.

LHC8 
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Points are retained only when “preLHC” constraints including  are all satisfied.
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• In the Type II, sin(β − α) is pretty much forced into the decoupling/alignment regime 
• A slight narrowing of the allowed sin(β − α) range, but no visible change in the tan β direction

Type I Type II

Type I Type II

H-125.5

h-125.5



• In the Type II, sin(β − α) is pretty much forced into the decoupling/alignment regime 
• A slight narrowing of the allowed sin(β − α) range, but no visible change in the tan β direction

wrong-sign Yukawa
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Higgs Signals for h~125.5
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H ⇠ 125-Higgs signals

Two most precisely measured µH
gg (ZZ) vs. µH

gg (��)

Type I
not too much above 1
because that gluon fusion
production cannot be
much enhanced (universal
up and down type
couplings).
µH

gg (ZZ)

µH
gg (��)

< 1 for enhanced

µH
gg (��) rate.

Type II
easy realization of
substantial enhancement.
µH

gg (ZZ) is strictly larger
than µH

gg (��) for
enhanced µH

gg (��) rate.
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Higgs Signals for h~125.5
Type I

Type II

, , , ,

Higgcision in the 2HDM

What happens if all measured
signals converge to very SM?

For example, if the observed values
of µh

X (Y ) all lie within ±15%,
±10% and ±5% of the SM
prediction for the channels

(gg , ��), (gg ,ZZ), (gg , ⌧⌧),

(VBF, ��), (VBF,ZZ),

(VBF, ⌧⌧) = (VH, bb), (ttH, bb)
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1.2 Coupling Measurements

23

Table 1-17. Photon collider precisions on Higgs production rates into various final states X, using a

sample of 50,000 �� ! H events [4, 5, 83–87].
Final state

bb̄
WW ⇤

⌧⌧
cc̄ gg

��
ZZ ⇤

Z�
µµ

��� ⇥ BR(H ! X) 1%
3%

–
–

–
12%

6%
20%

38%

Table 1-18. Muon collider statistical precisions on Higgs production rates into various final states X from

a 5-point energy scan centered atm
H with a combined yield of 39,000 Higgs bosons. The ⌧⌧ uncertainty is an

average of asymmetric uncertainties. The rates are proportional to BR(H ! µµ)⇥BR(H ! X) /  2
µ 2

X /� 2
H .

Final state
bb̄

WW ⇤
⌧⌧

cc̄ gg
��

ZZ ⇤
Z�

µµ
�H

m
H

�(µµ ! H ! X) 9%
5%

60%
–

–
–

–
–

–
4.3%

0.06 MeV

Table 1-19. Precisions of measured � · BR inputs for e+
e�

Higgs factories for complete programs: ILC:

250 fb�1
at 250 GeV, 500 fb�1

at 500 GeV, 1000 fb�1
at 1000 GeV; ILC LumiUp: adding 900 fb�1

at 250

GeV, 1100 fb�1
at 500 GeV, 1500 fb�1

at 1000 GeV; CLIC: 500 fb�1
at 350 GeV, 1500 fb�1

at 1.4 TeV,

3000�1
at 3.0 TeV; TLEP (following luminosities the sum over 4 interaction points): 10000 fb�1

at 240

GeV, 2600 fb�1
at 350 GeV. The CLIC numbers are assuming increased WW cross sections above 1 TeV

with (�0.8, 0) polarization of (e�
, e+

) (e↵ective luminosities scaled by a factor of approximately 1.8 above

the unpolarized case given in Ref. [3]). †
CLIC at 350 GeV. ‡

ILC luminosity upgrade assumes an extended

running period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC

numbers without accounting for the additional running period.
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Parameter @ higher precision

, , , ,

H ⇠ 125-Parameter

Not unexpectedly, as increasingly precise agreement with the SM is imposed in the
various final state channels one is quickly pushed to small |sin(� � ↵)|, but tan�
remains unrestricted.

SM±10% on each of the individual µ’s will exclude the “wrong-sign" Yukawa region
of the Type II model.

If ±5% agreement with the SM can be verified in all the channels, then
mH = 125.5 GeV scenario will be eliminated in Type II and all but eliminated in
Type I (due to the H± loop non-decoupling effect at large mH±).
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of the Type II model.

If ±5% agreement with the SM can be verified in all the channels, then
mH = 125.5 GeV scenario will be eliminated in Type II and all but eliminated in
Type I (due to the H± loop non-decoupling effect at large mH±).
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Increased precision in 
the signal strength 
measurements reduces 
the “danger” of FD 
contamination.	
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heavy Η search

deviations from μXðYÞ ¼ 1 in the various channels, then
observing a deviation from Chhh ¼ 1 becomes increasingly
difficult, even at the ILC. For example, from [43] we
find that the predicted precision on λhhh for ILC1000
with L ¼ 500–1000 fb−1 of 21% and for ILC1000 with
L ¼ 1600–2500 fb−1 is of order 13%. At CLIC3000
with L ¼ 2000 fb−1 the accuracy achievable would be
about 10%.

Comparing to the deviations shown in Fig. 9, we see that
in Type I a determination of μXðYÞ rates at the level of
SM$ 10% still allows Chhh as small as ∼0, while SM$
5% allows Chhh as small as 0.3, either of which will be
observable for any of the listed machines and integrated L
values. In contrast, for Type II, even SM$ 15% would
already imply that Chhh must lie below 1. This agrees with
the conclusion reached in [17] where it is stated that current

FIG. 10 (color online). We plot ½σðgg → HÞ þ σðbbHÞ'BRðH → ZZÞ as functions ofmH , for Type I (left) and Type II (right) 2HDMs.
Only FDOK points are shown. Implications of various levels of precision for future h measurements are displayed. Color scheme is
as for Fig. 7.

FIG. 11 (color online). Scatterplots of ½σðgg → HÞ þ σðbbHÞ'BRðH → ττÞ and ½σðgg → AÞ þ σðbbAÞ'BRðA → ττÞ, in pb, as
functions of mH (top row) and mA (bottom row), respectively, for postLHC8-FDOK points with mh ∼ 125.5 GeV. The values of tan β
are color coded as indicated on the plots.
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FIG. 7: 8 TeV cross sections for light A production from gg fusion and bb associated production

in the ⌧⌧ and µµ final states. Orange points correspond to the sin(� + ↵) ⇠ 1 parameter choices.

• The orange points have the smallest (largest) cross sections in the case of Type I (Type II).   

• In the case of Type II, the levels are reached for essentially the entire mA ≤ mh/2 region in the case of 
gg fusion and for the orange points in the case of bb associated production. In particular, the orange 
point cross sections are really very large and should produce readily observable peaks.  

• In the case of the Type I, many of the cyan points have gg fusion cross sections at the probably 
observable 10 pb (0.1 pb) level in the ττ (μμ) final states. 
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FIG. 7: 8 TeV cross sections for light A production from gg fusion and bb associated production

in the ⌧⌧ and µµ final states. Orange points correspond to the sin(� + ↵) ⇠ 1 parameter choices.
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Stage I remarks
• There is consistent descriptions with the LHC8 Higgs signal in the both Type I and Type II 

2HDMs in which either the h or the H is identified as the 125.5 GeV state. The updated 
ATLAS and CMS analyses in the Summer 2014 lead to relatively minor modifications of 
the preferred parameter ranges. 

• Higher precision measurements could be accomplished at future colliders. Feed down 
effect will be dramatically reduced if the higher precision in the signal measurement is 
verified in the future. 

• The H/A can be detected in many modes at reachable cross section level.  The 
opportunity of such detection is still ample even if the 125.5 GeV signals converge to very 
SM-like.  

• In addition, there is good probability for viable signals in the ττ and μμ final states for the 
lighter h or A.  If such a light Higgs is detected then models such as the MSSM will be 
eliminated and a strong preference in favor of a general 2HDM or similar model will arise.  

We are waiting for the exciting LHC 14 (Run II).
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Dark Matter Properties 
! Neutral (electric charge =0 and colorless) 
 

! Very weakly interacting, no EM interaction 
 

! Very long lived or absolutely stable 
 

! Hot or warm or cold, prefer cold dark matter (CMD) 

! Mass, spin not known 
 
This talk will concentrate on WIMP CMD 



2HDMS DM sector 
•  Add an extra gauge singlet S with <S>=0 

After EWSB: 

�(1 cos↵ cos� + 2 sin↵ sin�)vhS2

�(�1 sin↵ cos� + 2 cos↵ sin�)vHS2

+(HH,hH, hh,AA,H+H�)S2 terms

LS � �1

2

[m2
0 + (1 cos

2 � + 2 sin
2 �)v2]S2

m2
S

�h

�H

LS � �1

2
m2

0S
2 � 1S

2(H†
1H1)� 2S

2(H†
2H2)�

1

4!
�SS

4

an additional physical state 

NO       term ! AS2

H1 H2 S
Z2 + � +
Z0
2 + + � S is stable, being a DM candidate  

Free inputs:                                 or [1,2,mS ,�S ] [�h,�H ,mS ,�S ]

CP violation!

Aleksandra Drozd http://www.fuw.edu.pl/≥mpd/
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distinguished only by the pattern of their fermionic couplings.
When expanding the 2HDM to include an extra singlet that could be dark matter, it is appropriate to begin with

2HDM points that provide a good fit to the LHC data. As noted above, we assume that it is the lighter h that should
be identified with the 125.5 GeV state and take the 2HDM points from [32] that provide a fit to the LHC data within
68% C.L. These points, along with the points agreeing at the less restrictive 95% C.L., are shown in Fig. 1 using the
tan� vs. sin↵ plane. (Because there are so many 68% C.L. points in the Type I 2HDM we employ only a subset
of these points in this case — the full 68% C.L. set of points are shown in dark green while the selected points are
shown in red.) Of course, in order that the LHC fit for mh ⇠ 125.5 GeV be good, the vector boson and fermionic
couplings (see Table I) should be quite SM-like. The exact SM limit occurs for � � ↵ = ⇡/2. The extent to which
68% C.L. allows deviation in these couplings is illustrated in Fig. 2 where we plot the ratios of these couplings to
their SM values, Ch

V for the V V coupling and Ch
D for the down-quark. (For Type I, Ch

U = Ch
D.) We observe that in

the case of Type II almost all points have Ch
V and Ch

D (and Ch
U , not plotted) very close to unity (whereas at 95% C.L.

significant deviations are allowed). In the case of Type I, significant deviations in these couplings from unity are still
allowed at 68% C.L.

Type I and II Type I Type II
Higgs CV CU CD CU CD

h sin(� � ↵) cos↵/ sin� cos↵/ sin� cos↵/ sin� �sin↵/ cos�
H cos(� � ↵) sin↵/ sin� sin↵/ sin� sin↵/ sin� cos↵/ cos�
A 0 cot� � cot� cot� tan�

TABLE I: Tree-level vector boson couplings CV (V = W,Z) and fermionic couplings CF (F = U,D) normalized to their SM
values for the Type I and Type II two-Higgs-doublet models.
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FIG. 1: 2HDM points in the (tan�, sin↵) plane that provide a fit the LHC/Tevatron signal strengths at 95% C.L. (cyan) and
68% C.L. (dark green), from the analysis in [56]. In red we have marked the 68% C.L. points used later in the singlet scalar
model analysis (for the Type II model we have used all 68% C.L. points).

When adding in the singlet S we thus must be certain that it will not significantly disturb the fit of the h to the
LHC data. Because of the extra imposed Z0

2

symmetry, the only influence of the S on the h fits arises if h ! SS
decays are present, which of course requires mS < mh/2. These would constitute invisible decays. In [56] a 68% C.L.
limit of BR

inv

 0.1 (see also [59, 60]) was obtained in the context where the CU , CD and CV coupling ratios could be
varied with respect to their SM values of unity (but with CV  1 as appropriate to a 2HDM) and assuming no extra
loop contributions to the h�� and hgg couplings. In the 2HDM, the H± loops can contribute to the h�� coupling,
but for simplicity we will assume that BR

inv

 0.1 remains applicable. The constraint of small BR
inv

= BR(h ! SS)
plays a major role in eliminating many mS < mh/2 scenarios.

III. 2HDMS MODELS

Our goal is to analyse a model with two Higgs doublets H
1

, H
2

and a real scalar S, which is a singlet under the
SM gauge group. We will assign equal U(1)Y charges Y = 1 to H

1

and H
2

. We also introduce a Z0
2

symmetry

Jiang et.al, arXiv:1405.3548
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FIG. 9: The couplings of h/H to SS after imposing the full set of constraints including ⌦h2 but not LUX and without the
BR(h ! SS)  0.1 constraint. Coloring is according to BR(h ! SS): points with small BR are red, large BR points are
green. The 2HDM points employed in this scan are the red points of Fig. 1. A full scan over the singlet sector parameters is
performed subject to the standard P+S+U+EW constraints.

for which BR(h ! SS)  0.1. This is illustrated in Fig. 9, which shows points in the (�h,�H) plane, coloured with
respect to the resulting BR(h ! SS). Invisible decays of the H will be discussed later.

C. Direct Detection

The rate at which DM-particles scattering o↵ nuclei can be detected is directly related to the DM-nuclei scattering
cross-section [67], which is given by:

�
DM�N =

Z
4µ2

rv
2

0
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d|q|2 d|q|2 =
4µ2

r
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fn
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(A� Z)

�
2

(23)

where q is the momentum transfer, µr = (mNmS)/(mN +mS) and v is the relative velocity. The couplings of DM to
the proton and neutron, fp and fn, can be expressed as

fN =
mN

2mS

0

@
X
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�SSqq

mq
+

2

27
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X
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Tq, (N = p, n). (24)

where mN is the mass of the nucleon, fN
Tq is the form factor of the nucleon (see Table III) and �SSqq is the e↵ective

coupling of the DM particle S to a q-flavor quark component in the nucleon. In the 2HDMS, this interaction derives
from t-channel exchange of the h and H, as illustrated in Fig. 10. Thus, in the limit of zero momentum transfer, the
Higgs hi = h or H propagator reduces to i

�m2
hi

and we find

�SSqq =
X

hi=h,H

ghiSSghiqq

�m2

hi

=

✓
2�h

m2

h

Ch
q +

2�H

m2

H
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q

◆
mq , (25)

where we have used ghiqq = �i
gmq

2mW
Chi

q (mW = 1

2

gv in our convention) with the quark coupling factors Chi
q for Type

I and II models as listed in Table I and the Feynman rule ghiSS expressions given in eq. (11). In practice, direct
detection rates in our calculation have been evaluated using micrOMEGAs [68], including QCD NLO corrections.

�h being constrained very small for light DM 
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ATLAS-CONF-2014-011 

!  Indirect constraint on B(H→inv)  
can also be obtained from global 
fit of measured decay modes. 

!  Combination of direct and 
indirect results 

!  Observed (expected) limit 
B(H→inv) <0.41(0.55) at 95% 
CL 

!  Interpret limit on B(H→inv) as direct 
bounds on massive dark particles 
with mχ < mH/2 coupling to the Higgs 

!  Interpretation in Higgs-portal model: 
"  DM sector decoupled from SM, except 

for Higgs-mediated interactions 

The Higgs fit SM very well 

The LHC Higgs cannot have invisible  
branching ratio larger than 20 ~ 30%! 

Constrain Higgs portal Dark Matter models. 
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FIG. 3: See Fig. 2. The value of �S parameter was set to 0.1.

A. Dark Matter Relic Abundance

The total relic abundance of the Universe is assumed to be composed by the cold Dark Matter candidate S in the
model. To a good approximation, it can be express by

⌦S =
⇢S
⇢
c

' 1.07⇥ 109
mSp

g⇤ TfMPl

h�
ann

v
rel

i
1

GeV
(13)

where xf = mS/Tf ' 20 is the typical freeze-out temperature of WIMP [46], MPl is the Planck mass, g⇤ is number
of relativistic degrees of freedom, h�vi is a thermally averaged cross section for SS anihillation into the SM particles
such as leptons and quarks (ff̄), gauge bosons(W+W�, ZZ) and Higgs bosons (hh, hH,HH,AA). The Feynman
diagram for all the processes are shown in Fig. 4. The process of annihilation into the SM particles and Higgs boson
pairs AA and H+H� (each mode is label as XX) is mediated by a s-channel h or H, Follow [] we find

h�SS!XXv
rel

i =
X

H=h,H

4�2

Hv2

(4m2

S �m2

H)2 + �2

Hm2

H

P
X �(H⇤ ! XX)

2mS
(14)

where H⇤ is a virtual Higgs boson having the same couplings to other states X as the physical mass eigenstate H of
mass mH and �(H⇤ ! XX) stands for the partial width of H to any possible decay modes calculated at invariant
mass

p
s = 2mS . For the one into the CP-even Higgs pair (h, h), (H,H), (h,H), it involves in not only s-channel h or

H exchange but also t-channel S or simply a four-point contact coupling (three diagrams in the top panel).

h�SS!HiHjvreli =
X

H=h,H

4�2

Hv2

(4m2

S �m2

H)2 + �2

Hm2

H

P
X �(H⇤ ! XX)

2mS
(15)

Note that for a light S particle, some exchange diagrams will be kinematically closed. [Yun: we can discuss in
details in the mass splitting subsections.]
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B. Resonance region

In this subsection we focus on the h resonance region, which is defined such that the h is near the pole of SS
annihilation, mS ⇡ mh/2. As a result, the annihilation of SS into SM particles is mainly mediated through exchanging
a s-channel h (unless H is not much heavier than h, mH ⇡ mh), therefore the annihilation cross section rapidly grows
in the resonance region 55 GeV  mS  70 GeV, as seen in Fig 10 for Type I and Fig. 12 for Type II, respectively.
In order to compensate the resonance enhancement, �h and/or �H in the resonance region must be small enough to
reproduce observed DM abundance, as could be observed in Fig. 15. In this mass range we scan over �h and �H from
(10�4, 10�1) and (10�4, 4⇡), respectively, with logarithmic density. Repeat again that the exotic decay BR(h ! SS)
is always below 10%, while the for heavier Higgs BR(H ! SS) is typically large, between ⇠ 0.1 and ⇠ 0.9. Implication
of the properties for 2HDM parameters are summarized in Fig. 16.

FIG. 15: Couplings �h,�H allowed by the full set of constraints, within the resonance mass region. LUX constraint imposed
on the points shown in lower panels.

19

C. High mass region

Above the resonance region 70  mS  1000 GeV, we term the high mass region. In our study, the parameters

1

and 
2

in the extra singlet sector are both scanned over in the range (10�2, 4⇡) with logarithmic density. Results
of (�h, �H) plane are shown in Fig. 17. There, one can observe that for high mS there are ample parameter space
surviving the full set of constraints together with the LUX bound on the spin-independent cross section of DM direct
detection.

FIG. 17: Couplings �h,�H allowed by the full set of constraints, within the high mass region. LUX constraint is imposed on
the points showed in lower panels.

DM Physics

9

FIG. 5: Bounds in the (�h,�H) plane associated with the sequential constraints as described in the caption for Fig. 3 for
parameter choices yielding mS  50 GeV. We observe that EW is an especially strong contraint in this mass region.

then X = Z also. In this case, �(H⇤ ! XX) must include the 1/2! for identical particles in the final state.) In this
equation, the total width, �H, must include the width for H ! SS and any partial width modifications relative to
the SM width for the various SM channels (in particular, the enhancement of �(H ! bb) at large tan� in the Type II
case.)

Second, there are all the channels containing Higgs pairs. For the (HiHi) = (AA) or (H+H�) final states, the
relevant diagrams are the first two diagrams in the upper row of the figure, which include not only s-channel h or
H exchange but also a four-point contact self-coupling. For final states containing CP-even Higgs pairs, (HiHj) =
(hh), (HH), (hH), there are contributions from t- and u-channel S exchange (the last two diagrams with di↵erent
topologies in the top row of Fig. 6) in addition to the s-channel h or H exchange diagrams and the four-point contact
self-coupling. A formula that applies to all these di↵erent cases is most easily given in terms of the Feynman rules
for the various relevant vertices: the quartic Feynman rules were given earlier in eq. (11) and the trilinear coupling
gHhH Feynman rule can be found in Appendix F of [57]. We find
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where
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⇢
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Note that some final states will typically be kinematically closed. In particular, for mS < mh only the ff (f 6= t),
V V and, possibly, AA channels will be allowed.

In order to illustrate results of the scan over singlet parameter space, in Figs. 7 and 8 we show ⌦h2 as a function
of mS for representative 2HDM points when scanning over the remaining singlet parameters. The 2HDM parameters
for these four points are given in Table II. For the first case, Fig. 7, the 2HDM parameters are such that low mS is
eliminated when correct EWSB is imposed in addition to stability and unitarity. In the second case, Fig. 8, a large
range of mS values is consistent with EWSB and the observed ⌦h2 ⇠ 0.1. Note that for the case of Fig. 8, mH is
relatively small. This means that relatively modest values of |�H | provide adequate annihilation for achieving the
observed ⌦h2. In contrast, in the case of Fig. 7 relatively large values of mH were employed. As a result, quite large
values of |�H | would be needed for su�cient annihilation. However, as shown in Fig. 5, in the region of mS  50 GeV
P+S+U+EW (especially the latter) require |�H | <⇠ 3, a value that is insu�cient, implying that no points satisfying
P+S+U+EW (i.e. red points) are found in this region. In addition, at low mS values, it is possible that BR(h ! SS)
is not below the 68% C.L. upper limit of ⇠ 0.1 required by fitting of the h properties to the LHC data — see next
subsection. The figures show the impact of the additional requirement of BR(h ! SS)  0.1.

BMP # tan� sin↵ m2
12 mh mH mA mH± �1 �2 �3 �4 �5

I-1 1.586 �0.587 5621 123.71 534.25 645.13 549.25 5.98 1.683 3.203 -1.032 -4.81
II-1 0.969 �0.721 1.251⇥ 105 127.96 678.98 600.36 563.18 3.463 4.046 -0.997 -0.389 -1.816
I-2 1.346 �0.663 �2236 126.49 168.01 560.92 556.94 1.199 0.59 10.101 -5.12 -5.267
II-2 2.092 �0.4096 �1.264⇥ 104 125.89 137.86 451.33 398.76 3.984 0.454 5.732 -2.422 -3.896

TABLE II: 2HDM parameters for the plots of Figs. 7 and 8. Masses in GeV; m2
12 in GeV2.

In both Fig. 7 and Fig. 8, one can see a sharp dip in ⌦h2 at mS ' 63 GeV which arises from on-shell h exchange,
as well as a sudden drop in ⌦h2 near 80/90 GeV due to the WW and ZZ final states becoming available in the
SS annihilation (the relic abundance is inversely proportional to the annihilation cross section). A similar threshold
appears around mS ⇠ mt. One can also observe sharp dips in ⌦h2, corresponding to s-channel exchange of the
heavy scalar H, at mS ' mH/2 ⇠ 265 GeV and 340 GeV for Type I and Type II, respectively, for Fig. 7 and at
mS ⇠ 85 GeV and 68 GeV in the case of Fig. 8.

8

FIG. 4: Bounds in the (�h,�H) plane associated with the sequential constraints as described in the caption for Fig. 3. No
restriction on mS is imposed.

A. Dark Matter Relic Abundance

In the 2HDMS, the S particle provides the only candidate for DM and thus should comprise the total relic abundance
of the early Universe. To a good approximation, the relic density is given by

⌦S ' 1.07⇥ 109
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g⇤ MPl

h�
ann

v
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i GeV�1 (17)

where xf = mS/Tf ' 20 is the typical freeze-out temperature of a WIMP [65], MPl is the Planck mass, g⇤ is number
of relativistic degrees of freedom, h�vi is the thermally averaged cross section for SS annihilation into the SM particles
(i.e. leptons and quarks , ff̄ , and gauge bosons, W+W�, ZZ, denoted collectively as XX) and into Higgs bosons
(hh, hH,HH,AA,H+H�). The Feynman diagrams for all the processes are shown in Fig. 6. First, the process of
annihilation into the SM particles is mediated by an s-channel h or H only. Following [38] (see also [43], which
however has small numerical factor errors), we find
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where CH
X is the coupling of H to XX relative to the coupling of the SM Higgs boson to XX and �

SM

(H⇤ ! XX)
stands for the SM partial width in the XX final state calculated at invariant mass

p
s = 2mS . (Note: for X = Z,
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Note that some final states will typically be kinematically closed. In particular, for mS < mh only the ff (f 6= t),
V V and, possibly, AA channels will be allowed.

In order to illustrate results of the scan over singlet parameter space, in Figs. 7 and 8 we show ⌦h2 as a function
of mS for representative 2HDM points when scanning over the remaining singlet parameters. The 2HDM parameters
for these four points are given in Table II. For the first case, Fig. 7, the 2HDM parameters are such that low mS is
eliminated when correct EWSB is imposed in addition to stability and unitarity. In the second case, Fig. 8, a large
range of mS values is consistent with EWSB and the observed ⌦h2 ⇠ 0.1. Note that for the case of Fig. 8, mH is
relatively small. This means that relatively modest values of |�H | provide adequate annihilation for achieving the
observed ⌦h2. In contrast, in the case of Fig. 7 relatively large values of mH were employed. As a result, quite large
values of |�H | would be needed for su�cient annihilation. However, as shown in Fig. 5, in the region of mS  50 GeV
P+S+U+EW (especially the latter) require |�H | <⇠ 3, a value that is insu�cient, implying that no points satisfying
P+S+U+EW (i.e. red points) are found in this region. In addition, at low mS values, it is possible that BR(h ! SS)
is not below the 68% C.L. upper limit of ⇠ 0.1 required by fitting of the h properties to the LHC data — see next
subsection. The figures show the impact of the additional requirement of BR(h ! SS)  0.1.

BMP # tan� sin↵ m2
12 mh mH mA mH± �1 �2 �3 �4 �5

I-1 1.586 �0.587 5621 123.71 534.25 645.13 549.25 5.98 1.683 3.203 -1.032 -4.81
II-1 0.969 �0.721 1.251⇥ 105 127.96 678.98 600.36 563.18 3.463 4.046 -0.997 -0.389 -1.816
I-2 1.346 �0.663 �2236 126.49 168.01 560.92 556.94 1.199 0.59 10.101 -5.12 -5.267
II-2 2.092 �0.4096 �1.264⇥ 104 125.89 137.86 451.33 398.76 3.984 0.454 5.732 -2.422 -3.896

TABLE II: 2HDM parameters for the plots of Figs. 7 and 8. Masses in GeV; m2
12 in GeV2.

In both Fig. 7 and Fig. 8, one can see a sharp dip in ⌦h2 at mS ' 63 GeV which arises from on-shell h exchange,
as well as a sudden drop in ⌦h2 near 80/90 GeV due to the WW and ZZ final states becoming available in the
SS annihilation (the relic abundance is inversely proportional to the annihilation cross section). A similar threshold
appears around mS ⇠ mt. One can also observe sharp dips in ⌦h2, corresponding to s-channel exchange of the
heavy scalar H, at mS ' mH/2 ⇠ 265 GeV and 340 GeV for Type I and Type II, respectively, for Fig. 7 and at
mS ⇠ 85 GeV and 68 GeV in the case of Fig. 8.
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FIG. 3: See Fig. 2. The value of �S parameter was set to 0.1.

A. Dark Matter Relic Abundance

The total relic abundance of the Universe is assumed to be composed by the cold Dark Matter candidate S in the
model. To a good approximation, it can be express by

⌦S =
⇢S
⇢
c

' 1.07⇥ 109
mSp

g⇤ TfMPl

h�
ann

v
rel

i
1

GeV
(13)

where xf = mS/Tf ' 20 is the typical freeze-out temperature of WIMP [46], MPl is the Planck mass, g⇤ is number
of relativistic degrees of freedom, h�vi is a thermally averaged cross section for SS anihillation into the SM particles
such as leptons and quarks (ff̄), gauge bosons(W+W�, ZZ) and Higgs bosons (hh, hH,HH,AA). The Feynman
diagram for all the processes are shown in Fig. 4. The process of annihilation into the SM particles and Higgs boson
pairs AA and H+H� (each mode is label as XX) is mediated by a s-channel h or H, Follow [] we find

h�SS!XXv
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X

H=h,H

4�2

Hv2
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H)2 + �2
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2mS
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where H⇤ is a virtual Higgs boson having the same couplings to other states X as the physical mass eigenstate H of
mass mH and �(H⇤ ! XX) stands for the partial width of H to any possible decay modes calculated at invariant
mass

p
s = 2mS . For the one into the CP-even Higgs pair (h, h), (H,H), (h,H), it involves in not only s-channel h or

H exchange but also t-channel S or simply a four-point contact coupling (three diagrams in the top panel).
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2mS
(15)

Note that for a light S particle, some exchange diagrams will be kinematically closed. [Yun: we can discuss in
details in the mass splitting subsections.]
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FIG. 5: Bounds in the (�h,�H) plane associated with the sequential constraints as described in the caption for Fig. 3 for
parameter choices yielding mS  50 GeV. We observe that EW is an especially strong contraint in this mass region.

then X = Z also. In this case, �(H⇤ ! XX) must include the 1/2! for identical particles in the final state.) In this
equation, the total width, �H, must include the width for H ! SS and any partial width modifications relative to
the SM width for the various SM channels (in particular, the enhancement of �(H ! bb) at large tan� in the Type II
case.)

Second, there are all the channels containing Higgs pairs. For the (HiHi) = (AA) or (H+H�) final states, the
relevant diagrams are the first two diagrams in the upper row of the figure, which include not only s-channel h or
H exchange but also a four-point contact self-coupling. For final states containing CP-even Higgs pairs, (HiHj) =
(hh), (HH), (hH), there are contributions from t- and u-channel S exchange (the last two diagrams with di↵erent
topologies in the top row of Fig. 6) in addition to the s-channel h or H exchange diagrams and the four-point contact
self-coupling. A formula that applies to all these di↵erent cases is most easily given in terms of the Feynman rules
for the various relevant vertices: the quartic Feynman rules were given earlier in eq. (11) and the trilinear coupling
gHhH Feynman rule can be found in Appendix F of [57]. We find
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FIG. 6: Singlet annihilation diagrams relevant for the relic density calculation.

where
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⇢
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Note that some final states will typically be kinematically closed. In particular, for mS < mh only the ff (f 6= t),
V V and, possibly, AA channels will be allowed.

In order to illustrate results of the scan over singlet parameter space, in Figs. 7 and 8 we show ⌦h2 as a function
of mS for representative 2HDM points when scanning over the remaining singlet parameters. The 2HDM parameters
for these four points are given in Table II. For the first case, Fig. 7, the 2HDM parameters are such that low mS is
eliminated when correct EWSB is imposed in addition to stability and unitarity. In the second case, Fig. 8, a large
range of mS values is consistent with EWSB and the observed ⌦h2 ⇠ 0.1. Note that for the case of Fig. 8, mH is
relatively small. This means that relatively modest values of |�H | provide adequate annihilation for achieving the
observed ⌦h2. In contrast, in the case of Fig. 7 relatively large values of mH were employed. As a result, quite large
values of |�H | would be needed for su�cient annihilation. However, as shown in Fig. 5, in the region of mS  50 GeV
P+S+U+EW (especially the latter) require |�H | <⇠ 3, a value that is insu�cient, implying that no points satisfying
P+S+U+EW (i.e. red points) are found in this region. In addition, at low mS values, it is possible that BR(h ! SS)
is not below the 68% C.L. upper limit of ⇠ 0.1 required by fitting of the h properties to the LHC data — see next
subsection. The figures show the impact of the additional requirement of BR(h ! SS)  0.1.

BMP # tan� sin↵ m2
12 mh mH mA mH± �1 �2 �3 �4 �5

I-1 1.586 �0.587 5621 123.71 534.25 645.13 549.25 5.98 1.683 3.203 -1.032 -4.81
II-1 0.969 �0.721 1.251⇥ 105 127.96 678.98 600.36 563.18 3.463 4.046 -0.997 -0.389 -1.816
I-2 1.346 �0.663 �2236 126.49 168.01 560.92 556.94 1.199 0.59 10.101 -5.12 -5.267
II-2 2.092 �0.4096 �1.264⇥ 104 125.89 137.86 451.33 398.76 3.984 0.454 5.732 -2.422 -3.896

TABLE II: 2HDM parameters for the plots of Figs. 7 and 8. Masses in GeV; m2
12 in GeV2.

In both Fig. 7 and Fig. 8, one can see a sharp dip in ⌦h2 at mS ' 63 GeV which arises from on-shell h exchange,
as well as a sudden drop in ⌦h2 near 80/90 GeV due to the WW and ZZ final states becoming available in the
SS annihilation (the relic abundance is inversely proportional to the annihilation cross section). A similar threshold
appears around mS ⇠ mt. One can also observe sharp dips in ⌦h2, corresponding to s-channel exchange of the
heavy scalar H, at mS ' mH/2 ⇠ 265 GeV and 340 GeV for Type I and Type II, respectively, for Fig. 7 and at
mS ⇠ 85 GeV and 68 GeV in the case of Fig. 8.
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FIG. 4: Bounds in the (�h,�H) plane associated with the sequential constraints as described in the caption for Fig. 3. No
restriction on mS is imposed.

A. Dark Matter Relic Abundance

In the 2HDMS, the S particle provides the only candidate for DM and thus should comprise the total relic abundance
of the early Universe. To a good approximation, the relic density is given by
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where xf = mS/Tf ' 20 is the typical freeze-out temperature of a WIMP [65], MPl is the Planck mass, g⇤ is number
of relativistic degrees of freedom, h�vi is the thermally averaged cross section for SS annihilation into the SM particles
(i.e. leptons and quarks , ff̄ , and gauge bosons, W+W�, ZZ, denoted collectively as XX) and into Higgs bosons
(hh, hH,HH,AA,H+H�). The Feynman diagrams for all the processes are shown in Fig. 6. First, the process of
annihilation into the SM particles is mediated by an s-channel h or H only. Following [38] (see also [43], which
however has small numerical factor errors), we find
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Note that some final states will typically be kinematically closed. In particular, for mS < mh only the ff (f 6= t),
V V and, possibly, AA channels will be allowed.

In order to illustrate results of the scan over singlet parameter space, in Figs. 7 and 8 we show ⌦h2 as a function
of mS for representative 2HDM points when scanning over the remaining singlet parameters. The 2HDM parameters
for these four points are given in Table II. For the first case, Fig. 7, the 2HDM parameters are such that low mS is
eliminated when correct EWSB is imposed in addition to stability and unitarity. In the second case, Fig. 8, a large
range of mS values is consistent with EWSB and the observed ⌦h2 ⇠ 0.1. Note that for the case of Fig. 8, mH is
relatively small. This means that relatively modest values of |�H | provide adequate annihilation for achieving the
observed ⌦h2. In contrast, in the case of Fig. 7 relatively large values of mH were employed. As a result, quite large
values of |�H | would be needed for su�cient annihilation. However, as shown in Fig. 5, in the region of mS  50 GeV
P+S+U+EW (especially the latter) require |�H | <⇠ 3, a value that is insu�cient, implying that no points satisfying
P+S+U+EW (i.e. red points) are found in this region. In addition, at low mS values, it is possible that BR(h ! SS)
is not below the 68% C.L. upper limit of ⇠ 0.1 required by fitting of the h properties to the LHC data — see next
subsection. The figures show the impact of the additional requirement of BR(h ! SS)  0.1.

BMP # tan� sin↵ m2
12 mh mH mA mH± �1 �2 �3 �4 �5

I-1 1.586 �0.587 5621 123.71 534.25 645.13 549.25 5.98 1.683 3.203 -1.032 -4.81
II-1 0.969 �0.721 1.251⇥ 105 127.96 678.98 600.36 563.18 3.463 4.046 -0.997 -0.389 -1.816
I-2 1.346 �0.663 �2236 126.49 168.01 560.92 556.94 1.199 0.59 10.101 -5.12 -5.267
II-2 2.092 �0.4096 �1.264⇥ 104 125.89 137.86 451.33 398.76 3.984 0.454 5.732 -2.422 -3.896

TABLE II: 2HDM parameters for the plots of Figs. 7 and 8. Masses in GeV; m2
12 in GeV2.

In both Fig. 7 and Fig. 8, one can see a sharp dip in ⌦h2 at mS ' 63 GeV which arises from on-shell h exchange,
as well as a sudden drop in ⌦h2 near 80/90 GeV due to the WW and ZZ final states becoming available in the
SS annihilation (the relic abundance is inversely proportional to the annihilation cross section). A similar threshold
appears around mS ⇠ mt. One can also observe sharp dips in ⌦h2, corresponding to s-channel exchange of the
heavy scalar H, at mS ' mH/2 ⇠ 265 GeV and 340 GeV for Type I and Type II, respectively, for Fig. 7 and at
mS ⇠ 85 GeV and 68 GeV in the case of Fig. 8.
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= (1.7, -0.7, 400 GeV, 160 GeV, 403 GeV, -12261 GeV2, 2.3, 3.1, -6.3), this 2HDM point is also visible in Fig. 9
as a separate branch of dots with �H ⇠ �2 and mS < 50. In general, this is the only point with such large value
of mH(> 400 GeV), that survives after imposing the full set of constraints in mS < 50 GeV mass range. [Yun:
Really? I see lots of points with mH > 400 in the middle panel of Fig. 14.] As a consequence of large
couplings �

1

,�
2

,�
345

, the decay width for H ! AA and H ! ZA increase substantially reaching �H!AA = 3.22 GeV
and �H!ZA = 8.73 GeV for the total width �H = 19.8 GeV. Besides this point in the 2HDM parameter space there
are only two other points with non zero �H!ZA and �H!AA that survive after imposing the full set of constraints
in mS < 50 GeV mass range. The other two points (second and third) are related to the upper branch in Fig. 7,
their 2HDM parameters are: (tan�, sin↵,mH ,mA,mH± ,m2

12

,�
1

,�
2

,�
345

) = (3.3, -0.4, 176 GeV, 77 GeV, 130 GeV,
4164 GeV2, 0.3, -0.04, -0.07) and (tan�, sin↵,mH ,mA,mH± ,m2

12

,�
1

,�
2

,�
345

) = (2.0, -0.6, 224 GeV, 100 GeV, 262
GeV, 9289.44 GeV2, 0.47, 1.22, -1.5). Although the quartic couplings are in this case not so large as for the first
point, the decay widths for H ! AA and H ! ZA are substantial: for the second point �H!AA = 0.94 GeV for
�H = 0.97 GeV while for the third one �H!AA = 0.44 GeV and �H!ZA = 0.5 GeV with �H = 0.98 GeV. That
explains the presence of the two branches with BR(H ! SS) < 1 for mS < 55 GeV in Fig. 7. FOR YUN’s check:
those are 2HDM points number 103, 85 and 284, see plots in /test with 103 and /test2 for 85 and 284.

Note that for low mS region, the S is predominantly annihilated into bb̄ pairs at the leading order. [Yun: Ola,
what’s you point here?]

We complete this subsection with plots showing regions on the 2HDM parameter space that survive Planck constraint
imposed here: in Fig. 14 we show allowed regions in the plane (tan�, sin↵), (mH ,mA) and (mH± ,mA).

FIG. 13: Couplings �h,�H allowed by the full set of constraints, within low mass region. LUX constraint imposed on the
points shown in lower panels. Red points correspond to the lowest S mass for which a solution was found. (why there is no
solutions with �h ' 0?) - points on lower plot are below LUX, that happens close to the resonance region and
�H also should be small, such that we actually go below LUX. And such small �H is excluded, - when both
couplings are small we should observe overabundance.
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Fig. 17, we require mS  50 GeV while the lower plots are for 50 < mS  55 GeV. In the latter case, we observe a
hole in the vicinity of small �h and �H which expands to a gap in the former case due to the fact that points with
mS  50 GeV are su�ciently far from the resonance region that H exchange, i.e. �H 6= 0, is needed for correct ⌦h2.
In contrast, for points with 50 < mS  55 GeV, for �h 6= 0 the h alone can provide enough annihilation for correct
⌦h2 even if �H = 0.

As expected, the temperature plots show that, generally speaking, the larger mH is the larger �H must be for
correct relic density (the SS annihilation amplitude containing the ratio �H/m2

H). However, there is an exception
in the case of the Type II model; at large tan� (>⇠ 25) one can have su�cient annihilation even if �H/m2

H is not
large since the Hbb coupling is highly enhanced, CH

D / tan�, see eq. (18). We observe a smattering of such points in
the (upper) mS  50 GeV Type II plot. For these points, the SS ! bb̄ annihilation cross section is large enough to
produce relic abundance within the experimental limit even though |�H | < 0.2 and mH > 500 GeV.

We end this subsection with the plots of Fig. 18 showing the regions of the 2HDM parameter space with mS 
55 GeV that remain after imposing the full set of preLUX constraints. The allowed regions are displayed in the
(tan�, sin↵), (mH ,mA) and (mH± ,mA) planes. Di↵erent colors are used to distinguish those points with mS  50
from those with 50 < mS  55 GeV. Also shown are those points that in addition satisfy the LUX limit.

FIG. 17: Couplings �h,�H allowed by the full set of preLUX constraints for the mS  55 GeV mass region. Points are
temperatured according to mH , with red points corresponding to the lowest H mass for which a solution was found. Upper
figures are for mS  50 GeV while lower figures are for 50 < mS  55 GeV.



DM Direct detection

For the discovered Higgs boson an upper limit of 75% at
95% C.L. (63% at 90% C.L.) is set on the branching ratio to
invisible particles. For this the predicted SM ZH produc-
tion rate with mH ¼ 125.5 GeV, is assumed. The expected
limit in the absence of BSM decays to invisible particles is
62% at 95% C.L. (52% at 90% C.L.).
Within the context of a Higgs-portal DM scenario [59], in

which the Higgs boson acts as the mediator particle between
DM and SM particles, the Higgs boson can decay to a pair
of DM particles. In this case the limit on BRðH → inv:Þ for
the 125.5 GeV Higgs boson can be interpreted in terms of an
upper limit on the DM–nucleon scattering cross section
[60]. The formalism used to interpret the BRðH → inv:Þ
limit in terms of the spin-independent DM–nucleon scatter-
ing cross sections is described in Refs. [61,62]. Figure 4
shows 90% C.L. upper limits on the DM–nucleon scattering
cross section for three model variants in which a single DM
candidate is considered and is either a scalar, a vector, or a
Majorana fermion. The Higgs–nucleon coupling is taken as
0.33þ0.30

−0.07 [62], the uncertainty of which is expressed by the
bands in the figure. Spin-independent results from direct-
search experiments are also shown [63–70]. These results do
not depend on the assumptions of the Higgs-portal scenario.
Within the constraints of such a scenario, however, the
results presented in this Letter provide the strongest avail-
able limits for low-mass DM candidates. There is no
sensitivity to these models once the mass of the DM
candidate exceeds mH=2. A search by the ATLAS experi-
ment for DM in more generic models, also using the
dilepton þ large Emiss

T final state, is presented in Ref. [71].
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FIG. 9: The couplings of h/H to SS after imposing the full set of constraints including ⌦h2 but not LUX and without the
BR(h ! SS)  0.1 constraint. Coloring is according to BR(h ! SS): points with small BR are red, large BR points are
green. The 2HDM points employed in this scan are the red points of Fig. 1. A full scan over the singlet sector parameters is
performed subject to the standard P+S+U+EW constraints.

for which BR(h ! SS)  0.1. This is illustrated in Fig. 9, which shows points in the (�h,�H) plane, coloured with
respect to the resulting BR(h ! SS). Invisible decays of the H will be discussed later.

C. Direct Detection

The rate at which DM-particles scattering o↵ nuclei can be detected is directly related to the DM-nuclei scattering
cross-section [67], which is given by:
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where q is the momentum transfer, µr = (mNmS)/(mN +mS) and v is the relative velocity. The couplings of DM to
the proton and neutron, fp and fn, can be expressed as
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where mN is the mass of the nucleon, fN
Tq is the form factor of the nucleon (see Table III) and �SSqq is the e↵ective

coupling of the DM particle S to a q-flavor quark component in the nucleon. In the 2HDMS, this interaction derives
from t-channel exchange of the h and H, as illustrated in Fig. 10. Thus, in the limit of zero momentum transfer, the
Higgs hi = h or H propagator reduces to i
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where we have used ghiqq = �i
gmq

2mW
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q (mW = 1

2

gv in our convention) with the quark coupling factors Chi
q for Type

I and II models as listed in Table I and the Feynman rule ghiSS expressions given in eq. (11). In practice, direct
detection rates in our calculation have been evaluated using micrOMEGAs [68], including QCD NLO corrections.
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For the discovered Higgs boson an upper limit of 75% at
95% C.L. (63% at 90% C.L.) is set on the branching ratio to
invisible particles. For this the predicted SM ZH produc-
tion rate with mH ¼ 125.5 GeV, is assumed. The expected
limit in the absence of BSM decays to invisible particles is
62% at 95% C.L. (52% at 90% C.L.).
Within the context of a Higgs-portal DM scenario [59], in

which the Higgs boson acts as the mediator particle between
DM and SM particles, the Higgs boson can decay to a pair
of DM particles. In this case the limit on BRðH → inv:Þ for
the 125.5 GeV Higgs boson can be interpreted in terms of an
upper limit on the DM–nucleon scattering cross section
[60]. The formalism used to interpret the BRðH → inv:Þ
limit in terms of the spin-independent DM–nucleon scatter-
ing cross sections is described in Refs. [61,62]. Figure 4
shows 90% C.L. upper limits on the DM–nucleon scattering
cross section for three model variants in which a single DM
candidate is considered and is either a scalar, a vector, or a
Majorana fermion. The Higgs–nucleon coupling is taken as
0.33þ0.30

−0.07 [62], the uncertainty of which is expressed by the
bands in the figure. Spin-independent results from direct-
search experiments are also shown [63–70]. These results do
not depend on the assumptions of the Higgs-portal scenario.
Within the constraints of such a scenario, however, the
results presented in this Letter provide the strongest avail-
able limits for low-mass DM candidates. There is no
sensitivity to these models once the mass of the DM
candidate exceeds mH=2. A search by the ATLAS experi-
ment for DM in more generic models, also using the
dilepton þ large Emiss

T final state, is presented in Ref. [71].
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FIG. 9: The couplings of h/H to SS after imposing the full set of constraints including ⌦h2 but not LUX and without the
BR(h ! SS)  0.1 constraint. Coloring is according to BR(h ! SS): points with small BR are red, large BR points are
green. The 2HDM points employed in this scan are the red points of Fig. 1. A full scan over the singlet sector parameters is
performed subject to the standard P+S+U+EW constraints.

for which BR(h ! SS)  0.1. This is illustrated in Fig. 9, which shows points in the (�h,�H) plane, coloured with
respect to the resulting BR(h ! SS). Invisible decays of the H will be discussed later.

C. Direct Detection

The rate at which DM-particles scattering o↵ nuclei can be detected is directly related to the DM-nuclei scattering
cross-section [67], which is given by:
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where q is the momentum transfer, µr = (mNmS)/(mN +mS) and v is the relative velocity. The couplings of DM to
the proton and neutron, fp and fn, can be expressed as
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where mN is the mass of the nucleon, fN
Tq is the form factor of the nucleon (see Table III) and �SSqq is the e↵ective

coupling of the DM particle S to a q-flavor quark component in the nucleon. In the 2HDMS, this interaction derives
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q for Type

I and II models as listed in Table I and the Feynman rule ghiSS expressions given in eq. (11). In practice, direct
detection rates in our calculation have been evaluated using micrOMEGAs [68], including QCD NLO corrections.
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.
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FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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FIG. 12: Cross section for DM-proton scattering for the Type I model. All points shown satisfy the full set of preLUX
constraints, including BR(h ! SS)  0.1, while the green points satisfy in addition the LUX limits. The pink and green
lines are the limits from SuperCDMS and LUX, respectively. Recall that for Type I, fn/fp ⇠ 1 and so no rescaling is required
between target types. Also shown are contours corresponding to the CRESST-II, CoGeNT and CDMS II positive signal regions.
In the case of CRESST-II, the darker black contour is at 68% C.L. and the lighter grey contours are at 95% C.L. In the case of
CoGeNT (orange region) we show only the 90% C.L. contour. For CDMS II, we display contours (using various levels of grey)
at 68%, 90%, 95% and 99% C.L.

FIG. 13: The couplings �h and �H as a function of mS for Type I. All points shown satisfy the full set of preLUX constraints;
blue points are excluded by LUX while green points are allowed by LUX results. The green points at very low mS are, however,
excluded by SuperCDMS.

exchange is dominant for SS ! XX annihilation. One finds that each band is associated with a particular mH value
for the associated 2HDM point. As expected from eq. (18), the larger the value of mH the larger the value of �H that
is needed for correct ⌦h2.

B. Type II Analysis

We now turn to the Type II model. A particularly interesting question is whether or not one can have consistency
between the CDMS II/CRESST-II preferred regions and the LUX limits. As already noted, this requires fn/fp ⇠ �0.7.
As a first step, we examine the correlation between the ratio of fn/fp and BR(h ! SS), as illustrated in Fig. 14.
After imposing the constraint BR(h ! SS)  10%, as well as all the other preLUX constraints, all points with
fn/fp ⇠ �0.7 in the low mS region are excluded. Indeed, in the low mS region fn/fp >⇠ 1. Even relaxing the invisible
decay limit to BR(h ! SS)  55% (the most conservative upper bound on BR

inv

at the LHC [69]) still does not allow
for points with fn/fp ⇠ �0.7. In the resonance region of mS ' 55 GeV, a predicted fn/fp values range from below

• Very low mass region: few green points that pass the LUX limit are excluded by the SuperCDMS limit. 

• low mass region: agree pretty well with CDMS II/CRESST-II data, of course, disobey the LUX limit. 

• mS >∼ 55 GeV region: the majority of points pass the LUX limit.

13

TABLE III: Properties summary for the 2HDM Type I points which enable to realize low mS after imposing the full set of
constraints together with the LUX bound.

2HDM number tan� sin↵ mH [GeV] mA [GeV] mH± [GeV] (mS [GeV], log⇥(fn, fp)�S�p[cm
2])

169 1.34577655 -0.662979835 168 561 557 ?

Since the LHC data at 68% CL are well in agreement with the SM predictions therefore most of the 2HDM points
shown in Fig. 1 live at the limit � � ↵ ' ⇡/2, under which ⇠Hu ' � cot�, ⇠Hd ' tan� in the Type II. In turn, one can
express the tan� for a given fn/fp in the limit of �h ! 0:
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For the value fn/fp = �0.7, tan� ' 1. [Yun: Ola, I correct your calculation, please double check.] Such
values of tan� are allowed by all the constraints imposed on 2HDM. However, if �h is very small (|�h| < 0.001) then
the value of �H has to be large enough to avoid an overabundance of DM, |�H | >⇠ 2. A consequence of small tan� is
that the couplings 

1

,
2

have opposite sign and roughly |
1

| ⇠ |
2

| ⇠ |�H | for very small �h. Such strong negative
coupling (

1

or 
2

) leads to vacuum instability in the singlet sector, therefore those points must be excluded in our
analysis.

FIG. 11: correlation between the ratio of fn/fp and BR(h ! SS). All points on the plot satisfy all theoretical constraints for
2HDMS, 2HDM fit and the constraint from ⌦DM . Blue points have BR(h ! SS) < 10% (therefore blue points satisfy the full
set of constraints). Red dashed line denotes for the ratio fn/fp = �0.7.

We adopt parameters in [8] to calculate the rescaling factor ⇥ for the Xenon based detectors and present the �DM�p

cross sections in Fig. 12. In the Figure We pick up two representive groups with fn/fp ⇠ 1 (for which ⇥ ⇠ 1) and
fn/fp ⇠ �0.7, which are favored by present direct detection data.

In next we expand the detailed discussion by splitting the scalar mass mS into three regions, depending on the
status of the exotic decay h ! SS:

• low mass region (1� 55 GeV) where the decay is opening and could be substantial

• resonance region (55� 70 GeV) where the decay is kinematically open but its BR is always smaller than 10%

• high mass region (70� 1000 GeV) where the decay is absolutely closed

universal coupling effect
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This implies the ratio of the amplitudes of the DM-proton and DM-neutron scattering are almost equal, one thus can
directly compare results of our calculations with the XENON/LUX and the CDMS-II/CRESST data.

However, this equality is not always true in the Type II model. In order to compare predicted the cross-sections for
DM-nucleon scattering with the results presented by the experimental groups, we define the normalized-to-nucleon
cross section, �

DM�p, following [8]:

�
DM�p = �

DM�p ⇥(fn, fp) (21)

where �
DM�p is the predicted DM-proton cross-section and the rescaling factor ⇥ is defined as

⇥(fn, fp) ⌘
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>>:
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fp
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�i2
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P
I ⌘Iµ

2
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[Z+fn/fp(AI�Z)]

2

P
I ⌘Iµ2

AI
A2

I
, multiple isotope detector

(22)

here I runs over all isotopes present in the detector and ⌘I is the relative abundance of the I’th isotope. Note that if
fn/fp = 1, then ⇥(fn, fp) = 1, however when fn/fp 6= 1, then the presence of di↵erent isotopes becomes correlated.

Apparently, the ⇥ factor is determined by the the property of chemical elements used in the various detectors. It
has been noticed in [8] that the scattering amplitudes of DM with proton and neutron may interfere destructively such
that it is possible to find an optimum value of fn/fp ⇠ �0.7 for which the XENON 100 exclusion limit produced is not
in conflict with the favored signal regions from CDMS-II and COGENT experiments, both of which are Germanium
detectors. We will discuss this possibility in the 2HDMS context in the next section.

V. DM FULL MASS SCAN

Instead of scanning over the full 2HDMS parameter space, for simplicity we used the phenomenological allowed
points in the 2HDM (labelled as “postLHC8-FDOK” in [? ]) which have been defined in Sec. II. The general analysis
of 2HDM in [? ] in the case of mh ⇠ 125.5 GeV found ⇠ 5200 points for 68% CL in Type I model, from which
we randomly chosse 1250 points for further analysis while for Type II model we use all ⇠ 900 points. These points
are marked in red in Fig. 1. For each surviving 2HDM point, we perform a scan over the extra singlet parameters:
mS ,�h,�H (or another set of 3 independent singlet sector parameters, as will be discussed later), [Yun: what’s the
scan range, Ola?] We then check theoretical constraints for the 2HDMS model including the stability, unitarity
and perturbativity which are discussed in Sec. III. Since the extra scalar S does not acquire a VEV, thus it does
not mix with the other Higgs bosons h, H, A and H± therefore experimental constraints from electroweak precision
tests (STU parameters), B physics, direct searches at LEP and also searches of the heavier Higgs boson are barely
influenced by the presence of the singlet scalar S. Therefore the ’postLHC8-FDOK’ points in the 2HDM should be
adopted in 2HDMS. The only caveat may arise if the scalar S is light for which the exotic decay h ! SS is opening.
Substantial BR(h ! SS), roughly > 30%(10%) at 95%(68%) CL in [38, 48], will spoil the pure 2HDM fit performed
in [? ] and also conflicts with the current Higgs invisible decay at the LHC. Therefore, as discussed earlier, we set a
cut on BR(h ! SS) < 10% for all points presented in the following context (except for where specially described) in
oder to maintain the LHC signal fit be valid. Finally we use micrOMEGAs [51] to calculate the relic abundance of
DM candidate S and require it within the ±3� Planck window ⌦exp

DM

= 0.1187± 0.0017 at 68% CL [47]. Since now we
refer to this set of constraints as ’full set of constraints’.

For the points satisfying the “full set of constraints”, we then calculate the cross section of DM scattering o↵ a
nucleon and compare the predicted value �

DM�p (after rescaling by ⇥ in Type II) with the latest LUX data �exp

DM�p

(which is obtained assuming fn/fp = 1 by experiments), If the points obey the condition �
DM�p  �exp

DM�p, they
are not excluded by the LUX limit, refers to the green points in Fig. 9. The singlet sector parameters, mS ,�h,�H ,
obtained after imposing the DM abundance constraint are shown in Fig. 9. Note that the occurrence of narrow band
focusing on very small �h in Type II is purely originated from non-uniform scans.

In Fig. 10 we present the cross section versus full mS region in the Type I model. In the lowmS range, one can
see that the Type I predictions agree pretty well with CDMS-II/CRESST data (for more detailed discussion see
sectionVA). In this mass region we have known �h ' 0, as a result, both DM annihilation and scattering o↵ nucleon
are realized by exchanging a t-channel H, which process is essentially controlled by the coupling �H . It is at the order
of ±0.5 from Fig. 9. We emphasize that both two constraints BR(h ! SS) < 0.1 and good ⌦DM have to be satisfied,
thus �h and �H are roughly fixed. This results in a small fluctuation in the predicted value of �S�p, which happens
to agree with the CDMS-II/CRESST data.
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Figure 2. 90% CL bounds and 68% and 90% CL allowed regions in the SI DM-proton cross section vs
WIMP mass plane, assuming the SHM. The CRESST-II low mass allowed region is only shown at 2�
CL. The CoGeNT 2014 solid and dashed dark blue contours show 90% regions, with fixed and floating
surface event background energy distributions, respectively. The left panel is for isospin-conserving
fn = fp couplings, the right panel is for isospin-violating fn/fp = �0.7 couplings. For XENON10
(orange bounds), the solid line is produced by conservatively setting the electron yield Qy to zero
below 1.4 keVnr as in ref. [13], while the dashed line ignores the Qy cut. For LUX (magenta bounds),
the limits correspond to (from the bottom) 0, 1, 3, 5, and 24 observed events (see section 2 and
figure 1). Only sodium is considered for DAMA, and the quenching factor is taken to be QNa = 0.3.

for which the maximum possible xenon recoil energy for a WIMP moving at the maximum
possible speed with respect to Earth, v

max

, is 3 keVnr. Since this energy depends on µ2

T v
2

max

'
m2

limit

v2
max

for m
limit

⌧ mT we have m
limit

⇠ v�1

max

. Given the uncertainty in v
max

of about
30% above and 20% below the value we assume for our SHM plots, as argued after eq. (4.1),
the position of the lowest reach of the LUX and XENON100 limits can change from about
4.6GeV/c2 to 7.5GeV/c2. The signal regions do not depend so strongly on the escape speed
value. Thus, because of the CDMSlite limit the conclusions of our SHM analysis do not
change due to the uncertainties in v

max

.
This SHM analysis of SI interactions puts the DM interpretation of the DAMA annual

modulations in severe tension with the LUX and CDMSlite results, and the upper limit of
CoGeNT. In the isospin-violating case we consider, the CoGeNT 2014 region is incompat-
ible only with the LUX limit, although the XENON100 and CDMS-II-Si limits constrain
it significantly too. The analysis in ref. [34] (which does not include the CoGeNT 2014
data), although less conservative than ours because it is based on taking a signal fraction of
1/2 below the NR mean line (see our discussion in section 2), reaches qualitatively similar
conclusions.

5 The halo-independent data comparison

Given the large uncertainties on the properties of the DM halo, most notably on the velocity
distribution f

G

(v), a method was put forth in ref. [23–25] to compare the di↵erent experi-

– 8 –
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This implies the ratio of the amplitudes of the DM-proton and DM-neutron scattering are almost equal, one thus can
directly compare results of our calculations with the XENON/LUX and the CDMS-II/CRESST data.

However, this equality is not always true in the Type II model. In order to compare predicted the cross-sections for
DM-nucleon scattering with the results presented by the experimental groups, we define the normalized-to-nucleon
cross section, �

DM�p, following [8]:

�
DM�p = �

DM�p ⇥(fn, fp) (21)

where �
DM�p is the predicted DM-proton cross-section and the rescaling factor ⇥ is defined as
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here I runs over all isotopes present in the detector and ⌘I is the relative abundance of the I’th isotope. Note that if
fn/fp = 1, then ⇥(fn, fp) = 1, however when fn/fp 6= 1, then the presence of di↵erent isotopes becomes correlated.

Apparently, the ⇥ factor is determined by the the property of chemical elements used in the various detectors. It
has been noticed in [8] that the scattering amplitudes of DM with proton and neutron may interfere destructively such
that it is possible to find an optimum value of fn/fp ⇠ �0.7 for which the XENON 100 exclusion limit produced is not
in conflict with the favored signal regions from CDMS-II and COGENT experiments, both of which are Germanium
detectors. We will discuss this possibility in the 2HDMS context in the next section.

V. DM FULL MASS SCAN

Instead of scanning over the full 2HDMS parameter space, for simplicity we used the phenomenological allowed
points in the 2HDM (labelled as “postLHC8-FDOK” in [? ]) which have been defined in Sec. II. The general analysis
of 2HDM in [? ] in the case of mh ⇠ 125.5 GeV found ⇠ 5200 points for 68% CL in Type I model, from which
we randomly chosse 1250 points for further analysis while for Type II model we use all ⇠ 900 points. These points
are marked in red in Fig. 1. For each surviving 2HDM point, we perform a scan over the extra singlet parameters:
mS ,�h,�H (or another set of 3 independent singlet sector parameters, as will be discussed later), [Yun: what’s the
scan range, Ola?] We then check theoretical constraints for the 2HDMS model including the stability, unitarity
and perturbativity which are discussed in Sec. III. Since the extra scalar S does not acquire a VEV, thus it does
not mix with the other Higgs bosons h, H, A and H± therefore experimental constraints from electroweak precision
tests (STU parameters), B physics, direct searches at LEP and also searches of the heavier Higgs boson are barely
influenced by the presence of the singlet scalar S. Therefore the ’postLHC8-FDOK’ points in the 2HDM should be
adopted in 2HDMS. The only caveat may arise if the scalar S is light for which the exotic decay h ! SS is opening.
Substantial BR(h ! SS), roughly > 30%(10%) at 95%(68%) CL in [38, 48], will spoil the pure 2HDM fit performed
in [? ] and also conflicts with the current Higgs invisible decay at the LHC. Therefore, as discussed earlier, we set a
cut on BR(h ! SS) < 10% for all points presented in the following context (except for where specially described) in
oder to maintain the LHC signal fit be valid. Finally we use micrOMEGAs [51] to calculate the relic abundance of
DM candidate S and require it within the ±3� Planck window ⌦exp

DM

= 0.1187± 0.0017 at 68% CL [47]. Since now we
refer to this set of constraints as ’full set of constraints’.

For the points satisfying the “full set of constraints”, we then calculate the cross section of DM scattering o↵ a
nucleon and compare the predicted value �

DM�p (after rescaling by ⇥ in Type II) with the latest LUX data �exp

DM�p

(which is obtained assuming fn/fp = 1 by experiments), If the points obey the condition �
DM�p  �exp

DM�p, they
are not excluded by the LUX limit, refers to the green points in Fig. 9. The singlet sector parameters, mS ,�h,�H ,
obtained after imposing the DM abundance constraint are shown in Fig. 9. Note that the occurrence of narrow band
focusing on very small �h in Type II is purely originated from non-uniform scans.

In Fig. 10 we present the cross section versus full mS region in the Type I model. In the lowmS range, one can
see that the Type I predictions agree pretty well with CDMS-II/CRESST data (for more detailed discussion see
sectionVA). In this mass region we have known �h ' 0, as a result, both DM annihilation and scattering o↵ nucleon
are realized by exchanging a t-channel H, which process is essentially controlled by the coupling �H . It is at the order
of ±0.5 from Fig. 9. We emphasize that both two constraints BR(h ! SS) < 0.1 and good ⌦DM have to be satisfied,
thus �h and �H are roughly fixed. This results in a small fluctuation in the predicted value of �S�p, which happens
to agree with the CDMS-II/CRESST data.
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Figure 2. 90% CL bounds and 68% and 90% CL allowed regions in the SI DM-proton cross section vs
WIMP mass plane, assuming the SHM. The CRESST-II low mass allowed region is only shown at 2�
CL. The CoGeNT 2014 solid and dashed dark blue contours show 90% regions, with fixed and floating
surface event background energy distributions, respectively. The left panel is for isospin-conserving
fn = fp couplings, the right panel is for isospin-violating fn/fp = �0.7 couplings. For XENON10
(orange bounds), the solid line is produced by conservatively setting the electron yield Qy to zero
below 1.4 keVnr as in ref. [13], while the dashed line ignores the Qy cut. For LUX (magenta bounds),
the limits correspond to (from the bottom) 0, 1, 3, 5, and 24 observed events (see section 2 and
figure 1). Only sodium is considered for DAMA, and the quenching factor is taken to be QNa = 0.3.
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of about
30% above and 20% below the value we assume for our SHM plots, as argued after eq. (4.1),
the position of the lowest reach of the LUX and XENON100 limits can change from about
4.6GeV/c2 to 7.5GeV/c2. The signal regions do not depend so strongly on the escape speed
value. Thus, because of the CDMSlite limit the conclusions of our SHM analysis do not
change due to the uncertainties in v

max

.
This SHM analysis of SI interactions puts the DM interpretation of the DAMA annual

modulations in severe tension with the LUX and CDMSlite results, and the upper limit of
CoGeNT. In the isospin-violating case we consider, the CoGeNT 2014 region is incompat-
ible only with the LUX limit, although the XENON100 and CDMS-II-Si limits constrain
it significantly too. The analysis in ref. [34] (which does not include the CoGeNT 2014
data), although less conservative than ours because it is based on taking a signal fraction of
1/2 below the NR mean line (see our discussion in section 2), reaches qualitatively similar
conclusions.

5 The halo-independent data comparison

Given the large uncertainties on the properties of the DM halo, most notably on the velocity
distribution f
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(v), a method was put forth in ref. [23–25] to compare the di↵erent experi-
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FIG. 7: Branching ratio for invisible decays of heavy Higgs boson H. We show blue points that satisfy the full set of constraints
(as discussed in Section V) and green points that satisfy also the LUX results. [Yun: the position is not bad, but showing
LUX ok layer is a little bit strange to me. The better place to first appear the LUX bounds should be the
famous cross section vs. mS plot]

where mN is the mass of nucleon, fN
Tq is the form factor of the nucleon (see Table II) and �SSqq is the e↵ective coupling

of the DM particle S with a q-flavor quark component in the nuclei. In the 2HDMS this interaction exchanges t-channel
Higgs bosons h and H, as illustrated in Fig. 8, thus in the limit of zero momentum transfer

�SSqq = �
✓

�h

m2

h

⇠hq +
�H

m2

H

⇠Hq

◆
mq (19)

The Yukawa couplings ⇠ for Type I and II models are listed in Table ?? and the trilinear scalar couplings �h and �H

are given in eqs. (9) and (10). Direct detection rates in our calculation has been evaluated adopting MicrOmegas
[51], including QCD NLO corrections.

q u d s
fp
Tq 0.0153 0.0191 0.0447
fn
Tq 0.0110 0.0273 0.0447

TABLE II: Form factors extracted from micrOMEGAs.3 [Yun: Ola, I quote the parameters from micoOMEGAs 3.0
manual here.]

FIG. 8: Feynman diagram for the scattering of DM o↵ a nucleon.

In reality, various collaborations on the direct detection of DM (e.g. XENON 100, LUX, CDMS, COGENT)
translate the event rate at their detectors into the limits on DM-proton cross section (�

DM�p). There are many
simplifications hidden in the analysis, for instance the DM density and the velocity distribution in the vicinity of
Earth or the assumption that the DM couplings to neutron and proton are equal. Indeed, ratio of fn/fp in the Type
I model is very approximately to one because of the universal coupling structure with up-type and down-type quarks,
see details in Table ??. In fact, �SSqq

mq
is independent of quark-spices and the common couplings ⇠h and ⇠H in the

Type I can be factored and then canceled out. From eq. (18) and , one can derive the ratio of fn/fp in the Type I:
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FIG. 7: Branching ratio for invisible decays of heavy Higgs boson H. We show blue points that satisfy the full set of constraints
(as discussed in Section V) and green points that satisfy also the LUX results. [Yun: the position is not bad, but showing
LUX ok layer is a little bit strange to me. The better place to first appear the LUX bounds should be the
famous cross section vs. mS plot]

where mN is the mass of nucleon, fN
Tq is the form factor of the nucleon (see Table II) and �SSqq is the e↵ective coupling
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[51], including QCD NLO corrections.
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In reality, various collaborations on the direct detection of DM (e.g. XENON 100, LUX, CDMS, COGENT)
translate the event rate at their detectors into the limits on DM-proton cross section (�

DM�p). There are many
simplifications hidden in the analysis, for instance the DM density and the velocity distribution in the vicinity of
Earth or the assumption that the DM couplings to neutron and proton are equal. Indeed, ratio of fn/fp in the Type
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FIG. 6: The couplings of h/H to SS after imposing the full set of constraints without BR(h ! SS) < 0.1 constraint. Coloring
due to BR(h ! SS): points with small BR are red, large BR points are green.

B. Higgs invisible/exotic? decays

In addition decaying into the 2HDM particles, CP-even Higgs bosons h and H in the 2HDMS have an exotic decay
mode h,H ! SS. Its decay width at the tree-level is given by:

�(hi ! SS) =
1

8⇡

�2

hiSSv
2

mhi

s

1� 4m2

S

m2

hi

(16)

where i = 1, 2 denotes h,H and the dimensionless couplings �hiSS are given in eqs. (9) and (10). When the decay
h ! SS is kinematically opening, it dominates the h decay and its branching ratio thus become pretty large. This
must be eliminated otherwise it will result in the suppression in theWW and ZZ to escape the 95% CL regions of LHC
signals. Being a DM candidate, the stable S cannot be detected in the visible searches, we therefore applies the current
LHC search on the invisible Higgs decay [48? , 49] to our case and require the branching ratio BR(h ! SS)  10% so
that the result of LHC signal fit will not be invalidated. In practice, BR(h ! SS) for majority of mh < 55 GeV points
in the full 2HDMS parameter space may exceed the 10% limit, however, there also exist points such that �h ⌧ 1 for
which BR(h ! SS) < 0.1, see Fig. 6, which shows (�h,�H) plane coloured with respect to the resulting BR(h ! SS).

However, the invisible branching ration for H is not constrained experimentally, in Fig. 7 we show predictions for
BR(H ! SS), in addition points which satisfy the LUX conditions are selected by the green colour. The two branches
of BR(H ! SS) < 1 seen in the left panel of Fig. 7 for mS < 55 GeV are discussed in sec. VA.

C. Direct Detection

The detection event rate of DM-particles scattering o↵ nuclei is directly related to the DM-nuclei scattering cross-
section [50], which is given by:

�
DM�N =

Z
4µ2

rv
2

0

d�(q = 0)

d|q|2 d|q|2 =
4µ2

r

⇡
f2

p


Z +
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(A� Z)

�
2

(17)

where q is the momentum transfer, µr is DM-nuclei reduced mass and v is the relative velocity. The couplings of DM
to proton and neutron fp and fn can be expressed as

fN = mN
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fN
Tq, (N = p, n). (18)
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FIG. 7: Branching ratio for invisible decays of heavy Higgs boson H. We show blue points that satisfy the full set of constraints
(as discussed in Section V) and green points that satisfy also the LUX results. [Yun: the position is not bad, but showing
LUX ok layer is a little bit strange to me. The better place to first appear the LUX bounds should be the
famous cross section vs. mS plot]

where mN is the mass of nucleon, fN
Tq is the form factor of the nucleon (see Table II) and �SSqq is the e↵ective coupling

of the DM particle S with a q-flavor quark component in the nuclei. In the 2HDMS this interaction exchanges t-channel
Higgs bosons h and H, as illustrated in Fig. 8, thus in the limit of zero momentum transfer
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The Yukawa couplings ⇠ for Type I and II models are listed in Table ?? and the trilinear scalar couplings �h and �H
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translate the event rate at their detectors into the limits on DM-proton cross section (�

DM�p). There are many
simplifications hidden in the analysis, for instance the DM density and the velocity distribution in the vicinity of
Earth or the assumption that the DM couplings to neutron and proton are equal. Indeed, ratio of fn/fp in the Type
I model is very approximately to one because of the universal coupling structure with up-type and down-type quarks,
see details in Table ??. In fact, �SSqq

mq
is independent of quark-spices and the common couplings ⇠h and ⇠H in the

Type I can be factored and then canceled out. From eq. (18) and , one can derive the ratio of fn/fp in the Type I:

fn
fp

=
mn

mp

P
q=u,d,s f

n
Tq +

2

27

fn
TG

P
q=c,b,tP

q=u,d,s f
p
Tq +

2

27

fp
TG

P
q=c,b,t

⇡ 1.01208 (20)

10

FIG. 7: Branching ratio for invisible decays of heavy Higgs boson H. We show blue points that satisfy the full set of constraints
(as discussed in Section V) and green points that satisfy also the LUX results. [Yun: the position is not bad, but showing
LUX ok layer is a little bit strange to me. The better place to first appear the LUX bounds should be the
famous cross section vs. mS plot]
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FIG. 6: The couplings of h/H to SS after imposing the full set of constraints without BR(h ! SS) < 0.1 constraint. Coloring
due to BR(h ! SS): points with small BR are red, large BR points are green.

B. Higgs invisible/exotic? decays

In addition decaying into the 2HDM particles, CP-even Higgs bosons h and H in the 2HDMS have an exotic decay
mode h,H ! SS. Its decay width at the tree-level is given by:
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where i = 1, 2 denotes h,H and the dimensionless couplings �hiSS are given in eqs. (9) and (10). When the decay
h ! SS is kinematically opening, it dominates the h decay and its branching ratio thus become pretty large. This
must be eliminated otherwise it will result in the suppression in theWW and ZZ to escape the 95% CL regions of LHC
signals. Being a DM candidate, the stable S cannot be detected in the visible searches, we therefore applies the current
LHC search on the invisible Higgs decay [48? , 49] to our case and require the branching ratio BR(h ! SS)  10% so
that the result of LHC signal fit will not be invalidated. In practice, BR(h ! SS) for majority of mh < 55 GeV points
in the full 2HDMS parameter space may exceed the 10% limit, however, there also exist points such that �h ⌧ 1 for
which BR(h ! SS) < 0.1, see Fig. 6, which shows (�h,�H) plane coloured with respect to the resulting BR(h ! SS).

However, the invisible branching ration for H is not constrained experimentally, in Fig. 7 we show predictions for
BR(H ! SS), in addition points which satisfy the LUX conditions are selected by the green colour. The two branches
of BR(H ! SS) < 1 seen in the left panel of Fig. 7 for mS < 55 GeV are discussed in sec. VA.

C. Direct Detection

The detection event rate of DM-particles scattering o↵ nuclei is directly related to the DM-nuclei scattering cross-
section [50], which is given by:
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where q is the momentum transfer, µr is DM-nuclei reduced mass and v is the relative velocity. The couplings of DM
to proton and neutron fp and fn can be expressed as
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FIG. 7: Branching ratio for invisible decays of heavy Higgs boson H. We show blue points that satisfy the full set of constraints
(as discussed in Section V) and green points that satisfy also the LUX results. [Yun: the position is not bad, but showing
LUX ok layer is a little bit strange to me. The better place to first appear the LUX bounds should be the
famous cross section vs. mS plot]

where mN is the mass of nucleon, fN
Tq is the form factor of the nucleon (see Table II) and �SSqq is the e↵ective coupling

of the DM particle S with a q-flavor quark component in the nuclei. In the 2HDMS this interaction exchanges t-channel
Higgs bosons h and H, as illustrated in Fig. 8, thus in the limit of zero momentum transfer
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The Yukawa couplings ⇠ for Type I and II models are listed in Table ?? and the trilinear scalar couplings �h and �H

are given in eqs. (9) and (10). Direct detection rates in our calculation has been evaluated adopting MicrOmegas
[51], including QCD NLO corrections.
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FIG. 8: Feynman diagram for the scattering of DM o↵ a nucleon.

In reality, various collaborations on the direct detection of DM (e.g. XENON 100, LUX, CDMS, COGENT)
translate the event rate at their detectors into the limits on DM-proton cross section (�

DM�p). There are many
simplifications hidden in the analysis, for instance the DM density and the velocity distribution in the vicinity of
Earth or the assumption that the DM couplings to neutron and proton are equal. Indeed, ratio of fn/fp in the Type
I model is very approximately to one because of the universal coupling structure with up-type and down-type quarks,
see details in Table ??. In fact, �SSqq
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B. Higgs invisible/exotic? decays

In addition decaying into the 2HDM particles, CP-even Higgs bosons h and H in the 2HDMS have an exotic decay
mode h,H ! SS. Its decay width at the tree-level is given by:
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where i = 1, 2 denotes h,H and the dimensionless couplings �hiSS are given in eqs. (9) and (10). When the decay
h ! SS is kinematically opening, it dominates the h decay and its branching ratio thus become pretty large. This
must be eliminated otherwise it will result in the suppression in theWW and ZZ to escape the 95% CL regions of LHC
signals. Being a DM candidate, the stable S cannot be detected in the visible searches, we therefore applies the current
LHC search on the invisible Higgs decay [48? , 49] to our case and require the branching ratio BR(h ! SS)  10% so
that the result of LHC signal fit will not be invalidated. In practice, BR(h ! SS) for majority of mh < 55 GeV points
in the full 2HDMS parameter space may exceed the 10% limit, however, there also exist points such that �h ⌧ 1 for
which BR(h ! SS) < 0.1, see Fig. 6, which shows (�h,�H) plane coloured with respect to the resulting BR(h ! SS).

However, the invisible branching ration for H is not constrained experimentally, in Fig. 7 we show predictions for
BR(H ! SS), in addition points which satisfy the LUX conditions are selected by the green colour. The two branches
of BR(H ! SS) < 1 seen in the left panel of Fig. 7 for mS < 55 GeV are discussed in sec. VA.

C. Direct Detection

The detection event rate of DM-particles scattering o↵ nuclei is directly related to the DM-nuclei scattering cross-
section [50], which is given by:
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where q is the momentum transfer, µr is DM-nuclei reduced mass and v is the relative velocity. The couplings of DM
to proton and neutron fp and fn can be expressed as
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FIG. 15: Cross section for DM - proton scattering for the Type II model rescaled by the function ⇥X defined in eq. (28), where
X = Xe for a Xenon-based detector. All points plotted satisfy the preLUX constraints except BR(h ! SS)  0.1 (i.e. they
satisfy the theoretical constraints for 2HDMS, 2HDM fitting at 68% C.L. and the constraint on ⌦h2). In the left-hand plot,
for the light purple points the ratio fn/fp is within the range (0.95, 1.05). For the darker purple points �0.8  fn/fp  �0.6.
The right-hand plot displays points that obey BR(h ! SS)  0.1 in blue (i.e. they obey the full set of preLUX constraints),
while the orange points obey only the weaker limit of BR(h ! SS)  0.55.

FIG. 16: Cross section for DM - proton scattering for the Type II model rescaled by the function ⇥X defined in eq. (28),
where X = Si for a Silicon detector (CDMS II) on the left and X=Ge for the Germanium detector (CoGeNT) on the right.
All points satisfy all the preLUX constraints (i.e. they satisfy the theoretical constraints for 2HDMS, 2HDM fitting at 68%
C.L., BR(h ! SS)  0.1 and the constraint on ⌦h2). The CDMS II contours shown are at 68%, 90%, 95% and 99% C.L. The
CoGeNT contour is the 90% C.L. level contour. Light green points are allowed by LUX results. The larger black points are
those allowed by both SuperCDMS and LUX and that also lie within the 99% C.L. CDMS II contour. The pink and light pink
lines (almost degenerate) correspond to the SuperCDMS limit, after rescaling from the SuperCDMS Germanium target to the
CDMS-II Silicon target using fn/fp = 1.05 and 1.25 (the minimum and maximum values shown in Fig. 14 for BR(h ! SS)  0.1
when mS  35 GeV). Also shown by the dark green lines is the rescaled LUX limit, �LUX

Si = �LUX⇥Si(fn, fp)/⇥Xe(fn, fp),
using the same two fn/fp values.

allowed point, the 2HDM parameters including tan�, sin↵, mh, mH , mA, mH± and m
12

are fixed. We then randomly
scan over the singlet sector parameters 

1

, 
2

(or equivalently �h, �H) and mS . Therefore, one can have many values
of mS and corresponding rescaled cross section (the pair of numbers appearing in the last column of Table IV) for
each fixed 2HDM point whose parameters are listed in the first 6 columns.

For the right figure, we rescale �
DM�p using ⇥X as computed for X=Ge in order to compare to the potential signal

region for the CoGeNT Germanium detector. We find points consistent with all pre-LUX constraints within the
CoGeNT 90% C.L. signal region for mS ⇠ 10 � 15 GeV. However, the entire CoGeNT signal region is excluded by
the SuperCDMS limit (no relative rescaling required since both are for a Germanium target) and by the LUX limit
as indicated by the point coloring (where these limits have been rescaled using the fn/fp value for a given point to
determine whether or not the point is excluded).

In the case of both the CDMS II figure and the CoGeNT figure, we note that allowing BR(h ! SS) larger than
0.1 does not allow points much above those already shown, but rather increases the density of points where points
are already shown.
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of mS and corresponding rescaled cross section (the pair of numbers appearing in the last column of Table IV) for
each fixed 2HDM point whose parameters are listed in the first 6 columns.

For the right figure, we rescale �
DM�p using ⇥X as computed for X=Ge in order to compare to the potential signal

region for the CoGeNT Germanium detector. We find points consistent with all pre-LUX constraints within the
CoGeNT 90% C.L. signal region for mS ⇠ 10 � 15 GeV. However, the entire CoGeNT signal region is excluded by
the SuperCDMS limit (no relative rescaling required since both are for a Germanium target) and by the LUX limit
as indicated by the point coloring (where these limits have been rescaled using the fn/fp value for a given point to
determine whether or not the point is excluded).

In the case of both the CDMS II figure and the CoGeNT figure, we note that allowing BR(h ! SS) larger than
0.1 does not allow points much above those already shown, but rather increases the density of points where points
are already shown.
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FIG. 15: Cross section for DM - proton scattering for the Type II model rescaled by the function ⇥X defined in eq. (28), where
X = Xe for a Xenon-based detector. All points plotted satisfy the preLUX constraints except BR(h ! SS)  0.1 (i.e. they
satisfy the theoretical constraints for 2HDMS, 2HDM fitting at 68% C.L. and the constraint on ⌦h2). In the left-hand plot,
for the light purple points the ratio fn/fp is within the range (0.95, 1.05). For the darker purple points �0.8  fn/fp  �0.6.
The right-hand plot displays points that obey BR(h ! SS)  0.1 in blue (i.e. they obey the full set of preLUX constraints),
while the orange points obey only the weaker limit of BR(h ! SS)  0.55.

FIG. 16: Cross section for DM - proton scattering for the Type II model rescaled by the function ⇥X defined in eq. (28),
where X = Si for a Silicon detector (CDMS II) on the left and X=Ge for the Germanium detector (CoGeNT) on the right.
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C.L., BR(h ! SS)  0.1 and the constraint on ⌦h2). The CDMS II contours shown are at 68%, 90%, 95% and 99% C.L. The
CoGeNT contour is the 90% C.L. level contour. Light green points are allowed by LUX results. The larger black points are
those allowed by both SuperCDMS and LUX and that also lie within the 99% C.L. CDMS II contour. The pink and light pink
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CDMS-II Silicon target using fn/fp = 1.05 and 1.25 (the minimum and maximum values shown in Fig. 14 for BR(h ! SS)  0.1
when mS  35 GeV). Also shown by the dark green lines is the rescaled LUX limit, �LUX

Si = �LUX⇥Si(fn, fp)/⇥Xe(fn, fp),
using the same two fn/fp values.
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Stage II remarks
• The Higgs and DM sectors may be intimately connected. If so, detecting 

the signs of one of sectors could shine light on still hidden elements of the 
other. 

• It is of interest to explore some of the implications of recent developments 
in hunting for Higgs and detecting DM in the context of simple frameworks 

• We are in the process of exploring the possibility of Isospin-Violating DM 
in the Type II. 

“Dark matter study is becoming 
more and more complicated, 

however, maybe we are approaching 
the reality step by step …”

– Yun Jiang



Back up



FIG. 7 (color online). The postLHC8-FDOK points in the cosðβ − αÞ versus tan β plane for the mh ∼ 125.5 GeV scenario comparing
current h fits (blue) to the case that the rates for all the channels listed in Eq. (6) are within#15% (cyan),#10% (green) or#5% (red) of
the SM Higgs prediction. FDOK is also required for these latter points.

FIG. 8 (color online). The postLHC8-FDOK points in the μhggðγγÞ versus sin α plane for the mh ∼ 125.5 GeV scenario, requiring that
the gg → ZZ and VV → ZZ rates are both within #15% (cyan), #10% (green) and #5% (red) of the SM predictions. The individual
rates for the ττ and bb final states are consistent with current 95% C.L. limits.

FIG. 9 (color online). The postLHC8-FDOK points in the Chhh versusmA plane for themh ∼ 125.5 GeV scenario comparing current h
fits to the case where future measurements show that the rates for all the channels listed in Eq. (6) are within #15%;#10%;#5% of
the SM Higgs prediction; FDOK is required in all cases. Color scheme is as for Fig. 7.
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.
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Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.
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h~125-Triple h coupling

•  Currently, a large deviation present. 
•  Tightly limited deviation if  the 
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FIG. 7 (color online). The postLHC8-FDOK points in the cosðβ − αÞ versus tan β plane for the mh ∼ 125.5 GeV scenario comparing
current h fits (blue) to the case that the rates for all the channels listed in Eq. (6) are within#15% (cyan),#10% (green) or#5% (red) of
the SM Higgs prediction. FDOK is also required for these latter points.

FIG. 8 (color online). The postLHC8-FDOK points in the μhggðγγÞ versus sin α plane for the mh ∼ 125.5 GeV scenario, requiring that
the gg → ZZ and VV → ZZ rates are both within #15% (cyan), #10% (green) and #5% (red) of the SM predictions. The individual
rates for the ττ and bb final states are consistent with current 95% C.L. limits.

FIG. 9 (color online). The postLHC8-FDOK points in the Chhh versusmA plane for themh ∼ 125.5 GeV scenario comparing current h
fits to the case where future measurements show that the rates for all the channels listed in Eq. (6) are within #15%;#10%;#5% of
the SM Higgs prediction; FDOK is required in all cases. Color scheme is as for Fig. 7.
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.
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Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.

Community Planning Study: Snowmass 2013

h~125-Triple h coupling

•  Currently, a large deviation present. 
•  Tightly limited deviation if  the 

signals become increasingly SM-like. 

FIG. 7 (color online). The postLHC8-FDOK points in the cosðβ − αÞ versus tan β plane for the mh ∼ 125.5 GeV scenario comparing
current h fits (blue) to the case that the rates for all the channels listed in Eq. (6) are within#15% (cyan),#10% (green) or#5% (red) of
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the gg → ZZ and VV → ZZ rates are both within #15% (cyan), #10% (green) and #5% (red) of the SM predictions. The individual
rates for the ττ and bb final states are consistent with current 95% C.L. limits.
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.
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Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.
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•  Currently, a large deviation present. 
•  Tightly limited deviation if  the 

signals become increasingly SM-like. 
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FIG. 28: Rates (in pb) of pseudoscalar A production at
p
s = 14 TeV as a function of mA for

the mH ⇠ 125.5 GeV scenarios, separated into di↵erent A decay modes: A ! �� (top), A ! ⌧⌧

(middle) and A ! tt̄ (bottom). In each case, we sum over gg ! A and gg ! bbA production. The

values of tan� are color-coded as indicated by the scale on the right of the plots.
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• In Type I mA<60 GeV is 
possible but must 
have small BR(H->AA). 
In Type II, mA>200 
GeV due to the preLHC 
condition. 

• LHC8 125 GeV Higgs 
data constrain the A 
mass <700 GeV in 
Type I and <625 GeV in 
Type II.  
NON-DECOUPLING

pseudoscalar A search
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and is at a marginal level in the case of Type I. At the ±5% level, the few surviving Type I

points have µh
V H(bb) <⇠ 0.05 (assuming that a more extensive scan would reveal red points

with mh ⇠ 98 GeV that would have a signal level comparable to those around 90 GeV and

108 GeV plotted), a value that is not very consistent with the LEP ⇠ 2.3� excess observed.

At 14 TeV, there is also potential for detecting the h in the gg ! h ! �� mode — see

Fig. 27. Of course, while significant rate for L � 300 fb�1 is possible, the level of continuum

irreducible and reducible backgrounds must be assessed and could prove too large for the

blip at mh to be observable.

Finally, it is important to discuss the impact/constraints from non-observation of the A.

In the case of Type II models, low mA points are eliminated as a result of the B physics

related limit of mH± >⇠ 300 GeV and the requirement of an acceptable T parameter (which

limits mA � mH±). In the case of Type I models, mA <⇠ 60 GeV is possible but finding

points with small enough H ! AA to allow the H to have reasonably SM-like channel rates

requires a highly tuned scan. Overall, given the large range of possible cross sections, we

would have been lucky to see a signal in this mode.

Fig. ?? displays [�(gg ! A) + �(bbA))] ⇥ BR(A ! ��) (top), ⇥BR(A ! ⌧⌧) (middle)

and ⇥BR(A ! tt) (bottom) at 14 TeV as a function of mA. 7 Again, there is a large range

FIG. 26: µh
VH(bb), i.e. V ⇤ ! V h associated production with h ! bb relative to the SM, as a

function of mh. Note that µh
VH(bb) is actually independent of energy and that the ratio also applies

to any situation where the subprocess of interest is V ⇤ ! V h, including the LEP Z⇤ ! Zh process.

Color scheme is as for Fig. 20.

7 As commented in the last section, we plot the sum as this defines the inclusive production rate. Of course,

, , , ,

H ⇠ 125-Triple Higgs couplings

For mh <⇠ 60 GeV, one can require BR(H ! hh) small enough to still allow the H
rates in the various channels to fit the 125.5 GeV signal at the LHC8.

Can explain the LEP ⇠ 2.3� excess at mh ⇠ 98 GeV in both the Type I and Type II
models given current postLHC8 constraints on the H properties. However, the
Type I ±5% level and the Type II ±10% level would have a signal level that is not
consistent with this LEP excess observed.
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