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2 Higgs-Doublet Model with
Pseudoscalar Dark Matter Mediator

2 Higgs-Doublet Model (2HDM) ....

e SM has only one Higgs doublet .... with Dark Matter Mediator (+a)
e 5 proper bosons e pseudoscalar a,

= SM like scalar boson: h o couples to fermionic Dark Matter

m heavy neutral scalar: H (DM) particle

= heavy charged scalars: H*™ e a,andA, a

= pseudoscalar A, and A

e couples to SM particles o After mixing:
o 2 pseudoscalars: aand A
h o both couple to DM
o both couple to SM particles
X

a < .
\' https://arxiv.org/abs/1701.07427
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2HDM+a: Diverse palette of signatures

sinf = 1/4/2, M, = 500 GeV

100 200 300 400 500
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The interplay is experimentally exciting!




2HDM+a Parameters

e 2HDM + pseudoscalar DM-mediators a, A nono-
e parameters of interest: dom'\“a"?

m_m, : DM mediator masses K
m_=m_, :heavy neutral (charged) scalar mass
tan(f3): ratio of vacuum expectation values o
sin(8) : a-A mixing angle ‘\o’ﬁ\zzwa’i\c’%
Ass Ao At quartic scalar couplings ©

Y- DM Yukawa-coupling to a and A
m : DM particle mass
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cross section [pb]

mono-h: Signal Kinematics
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e m_and m, dominant effect on signal shape
o = make signal grid a mass grid




Estimate mono-h(bb) Signal Sensitivity

2HDM+a: O panen X Acceptance x Efficiency x BR(h — bb) / o,,, ,in E™ bins: 1,2, 3, 4 1. simulate parton-level x-sec
>1600 1 2z 2. bininto 4 MET bins
£ % 3. multiply (bin-by-bin) with
£1400 09'a Acceptance x Efficiency
- JT: 4. multiply with SM h—bb
1200 T x branching ratio
07 x 5. divide (bin-by-bin) by observed
1000 9 .
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X
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The mono-h(bb) mass Grid

2HDM+a: O, aron XAcCeptance xEfficiency xBR(h = bb)/ g, ,in E:’“" bins: 1, 2, 3,4
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mono-h(bb) Grid: Parameter Choice

parameters of interest:

©)

@)

m_,m, : scan
a A

m=m, :=m, (= also

scanned )
tan(B) = 1

sin(@) = 0.35

= kinematically diverse set of

signals

= complementarity of signatures:
— mono-h(bb)
— mono-h(yy)
— mono-Z(ll)
— mono-V(qq)



cross section [pb]

mono-h: tan([3)

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.35 scan tan(beta)

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0 35 tan(beta)=0.5

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin{theta)=0.35 tan(beta)=0.8

2HDM+a ma=200.0 mA=500.0 mH=500.0 sinitheta}=0.35 tan(beta)=1.0

2HDM+a ma=200.0 mA=500.0 mH=500.0 sinitheta)=0.35 tan(beta)=2.0

2HDM+a ma=200.0 mA=500.0 mH=500.0 sinitheta)=0 35 tan(beta)=4 0
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2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.35 scan tan(beta)

2HDM-+a ma=350.0 mA=1000.0 mH=1000.0 sin{theta)=0.35 tan(betaj=0.5

2HDM+a ma=350.0 mi&=1000.0 mH=1000.0 sinjtheta}=0 35 tan(beta}=0.8

2HDM-+a ma=350.0 mA=1000.0 mH=1000.0 sin{theta)=0.35 tan{beta}=1.0

2HDA-+a ma=350.0 mA=1000.0 miH=1000.0 sinitheta)=0.35 tan(betaj=2.0

2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin{theta}=0.35 tan(beta}=4.0
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less strong dependence than m,, m_

non-trivial shape dependence
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cross section [pb]

mono-h: sin(0)

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.1-0.9 2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.1-0.9
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e less strong dependence than m,, m_

e non-trivial shape dependence 10



mono-h(bb) Grid: Parameter Choice

e parameters of interest:
o m_m, :scan

= kinematically diverse set of

o mg=m, =m, (= also signals
scanned ) = complementarity of signatures:

o tan(B)=1 — mono-h(bb)

m scaninma, tan(B) forone my  _ mono-h(yy)
o sin(B@) =0.35

. — mono-Z(ll)

m scan at two mass points
o A=A, =A,=3 — mono-V(qq)
oy, = 1

o mX=1GeV
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Summary

e choice of parameters:
© m_m, :scan
oc m,z=m, ==m,
o tan(B) =1
m 12D scan
o sin(8) =0.35
m 21D scans
Ay Apyshp, =3
y, =1

@ mx=1GeV
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mono-h(yy) MET-spectra of base
samples

2HDM+a ma=350.0-500.0 mA=1000.0-1500.0 mH=1000.0-1500.0 sin(theta)=0.35
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mono-h(yy) MET-spectra of validation
samples

2HDM+a ma=100.0-500.0 mA=200.0-1600.0 mH=200.0-1600.0 sin(theta)=0.35

5 = 2HDM+a ma=100.0 mA=1600.0 mH=1600.0 sin(theta)=0.35
& 1 = 2HDM+a ma=100.0 mA=200.0 mH=200.0 sin({theta)=0.35
g = 2HDM+a ma=100.0 mA=600.0 mH=600.0 sin{theta)=0.35
'*3 C 2HDM+a ma=250.0 mA=900.0 mH=900.0 sin(theta)=0.35
g — 2HDM+a ma=300.0 mA=1600.0 mH=1600.0 sin{theta)=0.35
) 10—1 = 2HDM+a ma=300.0 mA=600.0 mH=600.0 sin(theta)=0.35
8 = 2HDM+a ma=500.0 mA=1600.0 mH=1600.0 sin{theta)=0.35
t“; = 2HDM+a ma=500.0 mA=600.0 mH=600.0 sin(theta)=0.35
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2HDM-+a: Intrinsic Decay Width of Light Scalar h
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2HDM+a: Intrinsic Decay Width of Heavy Scalar H
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2HDM+a: Intrinsic Decay Width of Massive Charged Scalar H*
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2HDM-+a: Intrinsic Decay Width of Heavy Pseudoscalar A
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2HDM+a: Intrinsic Decay Width of Light Pseudoscalar a
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200

2HDM+a: parton level cross section
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2HDM+a: maxa_ﬁm {0 1on ¢ ACCeptance x Efficiency x BR(h— b E} f um}, in Erm bins: 1,2, 3,4
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2HDM+a: max % Acceptance x Efficiency x BR(h— b b)/ UM.}, in E_':“iE bins:1,2,3
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. - o . miss .
2HDM+a: . Acceptance x Efficiency x BR(h —» b b)/ 6, .inE." bin1
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2HDM+a: o, x Acceptance x Efficiency x BR(h — b b)/ 6, . in ET"™* bin2
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. . = . miss . .
2HDM+a: [ T Acceptance x Efficiency x BR(h —» b b)/ o, .inE_ " bin3
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miss

2HDM+a: 0 ton % Acceptance x Efficiency x BR(h — b b)/ 6, .inE_ ™ bin4
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Events (arb.u.)
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mono-h: tan

2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.35 scan tan(beta)

2HDAa ma=350.0 mA=1000.0 mH=1000.0 sintheta)=0.35 tan(betaj=0.5

ZHDAM+a ma=350.0 mA=1000.0 mH=1000.0 sintheta)=D 35 tan(betay=0.8

ZHDAM+a ma=350.0 mA=1000.0 mH=1000.0 sintheta)=D 35 tan(betay=1.0

2HDA+a ma=350.0 mA=1000.0 mé=1000.0 sinftheta)=D 35 tan(betay=2.0

2HDAMa ma=350.0 mA=1000.0 mé4=1000.0 sintheta)=D.35 tan(betaf=4.0
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2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.35 scan tan(beta)

2HDM+a ma=200.0 mA=500.0 mH=500 0 sin(theta)=0 35 tan(beta}=05

2HDM+a ma=200.0 mA=500.0 mH=500.0 sinitheta)=0.35 tan(beta)=0.8

2HDM+a ma=200.0 mA=500.0 mH=500 0 sin(theta)=0 35 tan(beta)=1.0

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.35 tan(beta}=2.0

2HDM+a ma=200.0 mA=500.0 mH=>500.0 sin(theta)=0.35 tan(betaj=4.0
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2 Sparion xAxexBR(h—=bb)/ OpiL

E™*-bins

=2

mono-h(bb): tan([3) sensitivity

tan(p) scan for m = 200 GeV, m, =my =500 GeV, &, = A, = A, =3 and sin(8) = 0.35

05 1 1.5 2 2.5 3 3.5
tan(p)

tan(f) scan for m = 350 GeV, m, =my = 1000 GeV, A, = Ap, = Ap, = 3 and sin(6) = 0.35

(h—>bb)/ oy,
I

Z GparmxAxexBR

ET**-bins

107 —

0.5 1 15 2 25 3 3.5
tan(p)
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parton level cross-section [pb]
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mono-h: tan([3): parton level
cross-section

tan(p) scan for m_ = 200 GeV, m, =m, = 500 GeV, &, =A,, = 4,, = 3and sin(0) = 0.35 tan(B) scan for m_ = 350 GeV, m, = my = 1000 GeV, &, = Ay, =&y, = 3 and sin(@) = 0.35

parton level cross-section [pb]
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O'Da“XA % € x BR(h—bb) [pb]
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mono-h(bb): tan
MIL-comparison

tan(p) scan for m, = 200 GeV, m, =my =500 GeV, &, = A, = Ay, = 3 and sin(@) = 0.35

G A x & x BR(h—bb} in first MET bin, [150.200) GeV
G A x € x BR(h—bb}) in second MET bin, [200,350) GeV
Cpan A x € x BR(h—bb} in third MET bin, [350,500) GeV
™ Axex BR(h—»bE} in fourth MET bin, == 500 GeV
Observed Model Independent Limit in first MET bin
Observed Medel Independent Limit in secend MET bin

Observed Model Independent Limit in third MET bin

Ohserved Model Independent Limit in fourth MET bin

 bin-wise

tan(p) scan for m_ = 350 GeV, m, =my = 1000 GeV, &, = Ay, = Ap, = 3 and sin(8) = 0.35

i) B EERBERR A x < x BR(h—bb) in first MET bin, [150,200) GeV
2 10 5
= BB .. A< xBR(h—bB) in second MET bin, (200,350} GeV
o =
3 = I .. - = BRN—05) in third MET bin, [350,500) GeV
J; BEE BEE A <= xBR(N-bB) in fourth MET bin, >= 500 GeV
x B  observed Model Independent Limit in first MET bin
m F e Observed Model Independent Limit in second MET bin
X v
w11 B  ©scrved Model Independent Liniit in third MET bin
X — — Onserved Model Independent Limit in fourth MET bin
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Decay width of heavy scalar H [GeV]

mono-h: tan([3): width of H

tan(p) scan form_ =350 GeV, m, = =1000 GeV, h, =L, .=k , =3 andsin(B) =035
tan(B) scan for m_= 200 GeV, m, = my, = 500 GeV, &, = A,, = k,, = 3 and sin(@) = 0.35 a L - RITRE
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Decay width of heavy pseudoscalar A [GeV]

tan(p) scan for m = 200 GeV, m, = my =500 GeV, &, = A, =k, = 3 and sin(@) = 0.35

mono-h: tan
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Decay width of heavy pseudoscalar A [GeV]

- width of A

tan(p) scan for m = 350 GeV, m, =my,= 1000 GeV, &, =k, = kg, = 3and sin(8) = 0.35
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mono-h: tan

tan(p) scan for m_= 200 GeV, m, =my = 500 GeV, &, = Ay, = Ay, = 3 and sin(8) = 0.35
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Decay width of charged pseudoscalar H* [GeV]

mono-h: tan(B): width of H*

tan(p) scan for m_= 200 GeV, m, = My = 500 GeV, A, = A,, = A, =3 and sin(@) = 0.35 tan(p) scan for m_= 350 GeV, m, =m, = 1000 GeV, &, =L, =4, =3 and sin(6) =0.35
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Events (arb.u.)
o ©
> o

o
=5
B

0.12
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0.08

0.06

0.04

0.02

mono-h: sin(B), normalised to 1

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.1-0.9

2HDM+a ma=200.0 mA=5000 mH=500.0 sin{theta)=0.1
2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0 35
2HDM+a ma=200.0 mA=500 0 mH=500.0 sin(theta)=0.5
2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.6
2HDM+a ma=200.0 mA=500 0 mH=500.0 sin(theta)=07

2HDM+a ma=200.0 mA=500.0 mH=500.0 sin(theta)=0.9

500
ET* [GeV]

Events (arb.u.)

0.1

0.08

0.06

0.04

0.02 [

2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.1-0.9

- — 2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.1
I —————  2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.35
2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.5
B ———— 2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.6

2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin(theta)=0.7

— —— 2HDM+a ma=350.0 mA=1000.0 mH=1000.0 sin{theta)=0.9
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Y Gpaon XA X €xBR(h = b B)/ G,

E™* bins

=

107!

mono-h(bb): sin(B) sensitivity

sin(8) scan for m_= 200 GeV, m, =m, = 500 GeV, &, = A;, = A, = 3and tan(p) = 1

sin(e)

Z Cparon XA X €xBR(h — b b)/ OpiL

SIE:"“-bins

-

sin(B) scan for m_ = 350 GeV, m, = my = 1000 GeV, &, = A, = h,, = 3 and tan(p) = 1

sin(@)
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parton level cross section [pb]
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mono-h: sin(B): parton level
cross-section

sin(8) scan for m = 200 GeV, m, =my = 500 GeV, A, = Ay, = Ay, = 3and tan(p) = 1

sin(0)

107"

parton level cross section [ph]

1072

sin(8) scan for m_ = 350 GeV, m, =my = 1000 GeV, &, = Ay, = Ay, = 3and tan(p) = 1

0.1
sin(0)
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%A x & x BR(h—bb) [pb]
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mono-h(bb): sin
MIL-comparison

sin(B) scan for m = 200 GeV, m, =my= 500 GeV, A, = A,, = A, =3 and tan(B) =1

Cpant™ A x € x BR(h—bD) in first MET bin, [150,200) GeV
O™ A x g x BR(h—bb) in second MET bin, [200,350) GeV
Cpart™ A x e x BR(h—bb) in third MET bin, [350,500) GeV
Cpat® Axex ER[habE} in fourth MET bin, == 500 GeV
Observed Model Independent Limit in first MET bin
Observed Model Independent Limit in second MET bin
Observed Model Independent Limit in third MET bin
Observed Model Independent Limit in fourth MET bin

i)
= E

_kcspa“xA X ex BR{h—)tz%l:») [pb]

<
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3
&

 bin-wise

sin(8) scan for m = 350 GeV, m, =my = 1000 GeV, A, = hy, = Ay, = 3 and tan(f) = 1

[ - -] Gyurt A ¥ € X BRN-DB) in first MET bin, [150,200) GeV
EEECEEE <A x < xBR(-+b) in second MET bin, [200,350) GeV
I ..~ < = = BR(h—bB) in third MET bin, [250.500) GeV
B Bl o,.< A x <> BR(—bB) in fourth MET bin, >= 500 GeV
Observed Model Independent Limit in first MET bin
Ohserved Model Independent Limit in second MET bin
Observed Model Independent Limit in third MET bin
Ohserved Model Independent Limit in fourth MET bin

LT i v T T
0.7 0.8 0.9
sin(8)
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Decay width of heavy scalar H [GeV]
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mono-h: sin(0): width of H

sin(8) scan for m = 200 GeV, m, =my = 500 GeV, ky = hy, = Ay, =3 and tan(fi) = 1

4III‘HI|III|III|\H|IH‘III|I\I|II\‘\I

0.1
sin(B)

Decay width of heavy scalar H [GeV]
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sin(8) scan for m_ = 350 GeV, m, =my = 1000 GeV, A, = Ay, = Lo, =3and tan(p) = 1

sin(o)
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mono-h: sin(0): width of A

sin(8) scan form_= 200 GeV, m, =my, =500 GeV, &, =k, = A, = 3 and tan(B) = 1 Sin(8) scan for m,_ = 350 GeV, m, = m, = 1000 GeV, &y = Ay, = Ay, =3 and tan(p) = 1

Decay width of heavy pseudoscalar A [GeV]

> L
1]
& F
< [
S 100 —
] feis
Q
w -
o
g L
= fess
@
@ 90—
a 00
= fe
(]
8 [
i = L
5 80—
£ L
5 L
= I
%\ i
8 70—
o L
60—
I‘|II‘I‘III‘l‘II"I‘II“I‘Il“llll‘lll‘l‘lll‘l :III‘I\I\llIl\l\I\Il\\ll‘l\l\l\ll\‘ll\l‘I\Illl\l

0.1

o
EEY

Sin{f) sin(0)
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Decay width of light pseudoscalar a [GeV]

-

mono-h: sin(

sin() scan for m = 200 GeV, m, =my =500 GeV, A, =hy, = Ay, =3 and tan(B) = 1

_JII\I‘IIII|HI\|\III|II\I‘II\I‘I\I\|H

0.1 0.2 0.3 04 0.5 0.6 Q.7 0.8 09
sin(0)

Decay width of light pseudoscalar a [GeV]

 width of a

14

13

12

11

10

sin(B) scan for m_ = 350 GeV, m, =my = 1000 GeV, &, = A, = A , =3 and tan(f) = 1

_LI\II|IIII‘\I\I‘III\|\I\I|I\I\|I\II|II\I‘I\II|\I\

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
sin(0)
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Decay width of charged pseudoscalar H* [GeV]

mono-h: sin(6): width of H™

sin(0) scan for m, = 200 GeV, m, =my= 500 GeV, A, = Ap,= Ap, = 3 and tan(p) = 1 sin(0) scan for m = 350 GeV, m, =my= 1000 GeV, A, = Ay = Ap, =3 and tan(p) = 1
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Decay width of charged pseudoscalar H* [GeV]
=
o

80

60

L1 | O | | | ‘ O ‘ EEE§ | 1 | | | | | ‘ s s I | | I
01 02 0.3 04 05 06 0.7 08 0.9 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
sin(@)

sin(8)
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