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General 2ZHDM

e Lagrangian:

1

Vg1, 62) = =5 |mhi(@]61) + (miy(6]02) + hic.) +mby(hes)]

A A
5 (0101)7 + T2 (562)° + As(6161) (6h2) + Na(9]02) (9h01)
15 [Ma(8162)% + Xo(6[02)(0]61) + Ar(602)(0hn) + hc]

4 parameters can be complex and potential to
trigger CP violation:

mi, s X¢ A7



2HDM with Z,

o /7, symmetry: Preventing Tree level FCNC

Zy i 91— =01 P2 — P2
QL%QL L — L

No CPV if exact, so soft break retain non-zero m3,

Model u, d, €,
Type-1 + + +

Type-II +

Lepton-Specific + +

Fillped + +

Only two parameter can be complex:

miy  As A = A =0



2HDM with Z,

 After EWSB
(1) = ( 051 ) (P2) = ( 052 > tan 8 = wvg /vq

v1€e’ voe’

 Subset of U(2) that keeps A\g = A7 =0

- I O - 0 1
1 . i) ,
“Lod) ()

absorb the phase 1n the vev without loose generality

m%Q and As are not Independent related by the minimization
condition of potential:

Only one phase

2

Im(m7y) = viv2Im(As) :> related parameter
p




2HDM with Z,

e Changing parameter set
In the unitary gauge:

—sin 5H+ COS BHJF
¢1:< %(UCOSB—I—Hg—Z’SinﬁAO) ), ¢2:( %(vsinﬁ+H§—l—icosﬁAo) )

2 2 2 2
)\1, )\2, )\3, )\4, Im>\5, Re)\5, Re m12, Im m12, mll, m22

Minimization Mass of charge Higgs (1)

condition (3)

v Diagonalization of neutral Mass matrix (6)

v, tanﬁ, Vy Oy Oy Oy TN R s TN, s TN R4 mh—Is

Rem?,
V= ——
v*sin 23 7



2HDM with Z,

e Changing parameter set
In the unitary gauge:

—sin 5H+ COS BHJF
(bl:( (vcos B+ HY —isin BA?) )’ ¢2:( (vsin 8 + Hy +icos BAY) )

2 2 2
)\17 )\2, )\3, )\4,@ Re)\5, Rele, mll, 777,22

Mass of charge Higgs (1)

Ny
N

Minimization
condition (3)

v Diagonalization of neutral Mass matrix (6)

v, tanﬁa Vy Oy Oy Oy TN R s TN, s TN R4 mh—Is

Rem?,
V= ——
v*sin 23 7



2HDM with Z,

e Changing parameter set
In the unitary gauge:

—sin 5H+ COS BHJF
(bl:( (vcos B+ HY —isin BA?) )’ ¢2:( (vsin 8 + Hy +icos BAY) )

2 2 2
)\17 )\2, )\3, )\4,@ Re)\5, Rele, mll, 777,22

Mass of charge Higgs (1)

Ny
N

Minimization
condition (3)

v Diagonalization of neutral Mass matrix (6)

v, tan 3, v, a @mhl » Mhy s Mhg, Moy 4

2
Rem?,
v? sin 203 7

UV =



2HDM with Z,

e Diagonalization of neutral Higgs mass matrix

RMTQLRT — diag<ml2117m%27m%zg) (hlv ha, h3) — (Hga HS,AO)R
R = Ro3 (Oéc)ng (Oéb)ng(Oé —+ 7T/2)

T T
_5 < Qey Oy O < §
)\10% + I/S% (A345 — V)CBs3 —% Im Ass3
M? = v? A345 — V)C3S3 )\25% + I/C% —% Im Ascp
—%Im/\535 —%Im/\5cﬁ —ReXs Fv

Non-vanishing ImAs5 signals the mixing between CP even and
CP odd Higgs, 1.e. trigger CP Violation 1n the scalar sector.

Sy A IAX 22 _max 1.2

ar, a+p<0 g F| sin o***| £ 4 /sin” o sin” ay,
Qe = ' p o anaq, =
5 af, a+p>0" e

sin qy,



Collider Phenomenology



Collider Phenomenology

e SM-like Higgs global fit favor alignment limit:

CMS Preliminary <5.1fb" (7 TeV) +<19.7 6" (8 TeV) [» CMS Preliminary <5.1 o (7 TeV)+<19.7fo" (8 TeV) >
% 10 = ; iy (EL 10 E a
g r —10 S [ 2HDM Typell il

5+ sl

4 4+

3t 8 3t 8

2F ol

= 6 =

1= = 6
0.5 K E
0.4+ 0.5
03} 0.4r

03} ‘ ’
021 2HDM Type | —— Expected 95% CL —— Observed 95% CL
.SM seBest fit i —— Expected 95% CL

g LEm] ; . : R L [ | ---SM  «mBest fit

' -0.5 0 05 | Lt e i D RS S G

cos(p-o) -0.5 05
cos(B-o)
CMS Collaboration, Report No. CMS-PAS-HIG-16-007. hl_)WW9 ZZ:» YY» bb) T

cos(8 —a) ~ 0 Parametrize the deviation by:

B—a=m7/24+0



Collider Phenomenology

e Possible new channel sensitive to CP vioaltion

< H#+
h .
B <
. H—
o'. h
<
h, .
........... <
h,
h hy
2 -
........... <
h,
h gk
3 .
........... <
\‘ h

i enhancement, by pheno

Z .
h, / Potential to

. use on-shell
. h enhancement.

Hard to use on-shell

constraints or
inteference with other
process

R. Grober, M. Miihlleitner, M. Spira, Nucl.Phys. B925 (2017) 1-27
A. G. Akeroyd et al., Eur. Phys. J. C 77, 276 (2017)

C.Y. Chen, S. Dawson and Y. Zhang, JHEP 1506, 056 (2015)
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2HDM with Z,

e Higgs couplings:

»Cint

_%hi (craff+cifivsf)

2 2 2
+ agh ( Wy, w4 2z, zm
v (
+ gile“((ﬁuhi)hl — hzﬁuhl)

Two types of new couplings:

V
V h3
h, N N D —
V
V
h Z h Z
3
— G221 X —ap + O(Oay) -
h

)

az x —ap + O(Oay)

g3z1 X —0 -+ O(O&%)

11



2HDM with Z,

e Higgs couplings:

m = - <.
Lint = _Tfhi (craff+cifivsf)

2 2 2
+ agh ( Wy e+ %ZMZ’“’)
v v

-+ gile“((ﬁuhi)hl — hzauhl)
Two types of new couplings:

as o<—|— O(Oay)

11




Collider Phenomenology

 In the following we will focus on the process

ap, 0, tan 3
Derive the prospective upper limit on
J(pp — hgﬂg)BI‘(hzjg — Zhl)BI'(hl — bb)
in future 14TeV LHC and project this limit onto the
sina, | vs tan3

12



Collider Phenomenology

« ATLAS 8TeV analysis revisit (p p— A— Z(11)h(bb))

 2e or 2 opposite sign p, with P,>7 GeV and |n.|(|n,|)<2.5(2.7),

« Exactly 2 b tagged jets, with Py lead > 45 GeV and Py su0 > 20 GeV,
e 83 <m;<95,and 95 <m,, < 135.

e Emisy\H; <3.5 GeV12

e P;2>0.44 M,,;-106 GeV

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183 s
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Collider Phenomenology

 ATLAS 8TeV analysis revisit

 2e or 2 opposite sign p, with P,>7 GeV and |n.|(|n,|)<2.5(2.7),

« Exactly 2 b tagged jets, with Py lead > 45 GeV and Py su0 > 20 GeV,

e [ 83 <m; <95, and 95 <m,, < 135.

«4—— Reduce diboson background

o | Epmis/\H, < 3.5 GeViz |«

Reduce ttbar background

e | P12>0.44 M, -106 GeV |

Reduce Zbb and SM Zh background

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183
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Collider Phenomenology

e Comparasion between ATLAS result and ours
Madgraph, Pythia, Delphes

Backgrounds/ o(pb) o x [L simulated # of  # of expected A x ¢
Signal events after cuts event in Ref. |30]
Z(00)bb 12.91 2.620x10° 1,788 1443460 6.825x 1077
t(blv)t(blv) 18.12 3.678x10° 359 317428 9.761x10~*
SM Z(¢0)h(Bb)  0.02742 5.566 %107 47 31+1.8 8.443x 102
Diboson(Z (¢0)Z(bb)) 0.2122 4.308x10? 28 30£5 6.679x10°

Two major Backgrounds

C.-Y. Chen, H.-L. Li, M.J. Ramsey-Musolf, Phys.Rev. D97 (2018) no.1, 015020 y



Collider Phenomenology

e Comparasion between ATLAS result and ours

llob A balaoni

= = O] - ATLAS mmm m, = 500 GeV ]

g =5 FR I signal ® - 1s=8TeV,20.3 b A~>Zh(bb) .
g 180 ol [ ]Top 2 250 2/ep., 2 + 3 jets, 2 tags - gli"ggshon -
= - T -

2 160F I SM zh R m— Miltijet :
Q 140F [ ] dibosons 200 mm Z+hf ]
e B Z+hi ] _— :
= :5 Uncertainty ]

100; 150% —:
80L -' ]
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40 50 _:
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ATLAS Collaboration Phys.Lett. B744 (2015) 163-183
C.-Y. Chen, H.-L. Li, M.J. Ramsey-Musolf, Phys.Rev. D97 (2018) no.1, 015020 1o



Collider Phenomenology

 ATLAS 8TeV analysis revisit

SREA R RS RRnas SRR EEE RS RAR T EGEEE EARES B

\ ATLAS —®— Comb obs 95% CL limit _|

10 3 \ ceeTmar Comb exp 95% CL limit —§
E 20.3 fb—1 |:| + 16 band E

= \ Eli%band I
e X ==+ llbb exp 95% CL limit 3

& \\ — = vvbb exp 95% CL limit
107 =
0= =
—| IIIIIIIIIIIIIIIIIIIIIIIIIIIIII —

200 300 400 500 600 700 800 900 1000
m, [GeV]

We reproduce the ATLAS results very well.

10.00~
_ 500
el
el
A
<= 1.00¢
@ 0.50
X
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N 0.10¢
= 005}
[an]
X
8
0.01}
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519 1.2
= 1 e 1
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Mhz._
17

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183
C.-Y. Chen, H.-L. Li, M.J. Ramsey-Musolf, Phys.Rev. D97 (2018) no.1, 015020



Collider Phenomenology

e 14 TeV forecast

e First select two leptons and two b tagged jets with
same kinematic cuts:

» 2e or 2 opposite sign p, with P, > 7 GeV and [n.|(n,|)<2.5(2.7),

« Exactly 2 b tagged jets, with P lead > 45 GeV and P e > 20 GeV,

 Then we compute following quantities as inputs for
Boosted Decision Tree(BDT) to optimize the

selection.
pligflﬁdvp%}?7plﬂ(3%dvp%lg7 myee, mbb,p%,pg, Eﬂrgiss/ V HT? ARM’ ARjj’ ARZh’ AQbZh,

18
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Collider Phenomenology

e Distribution for BDT score

BDT output for m =400 GeV

M signal
[JTop

SM Zh
[P dibosons
B Z+hf

II[II]IIIl]IIlI]IIIII

-05 04 03 02 -014 0 01 02 03

BDT output
BDT output for mh3=450 GeV

[ dibosons
W Z+hf

II|IIIIIII|III|I[I|II

BDT output

BDT output for MHheaw=55O GeV

5 - -
@ 6000 M signal
E [JTop
140001 SM zh
E [ dibosons
12000 C B Z+hf
10000F
8000
6000F
4000F
2000F
—%‘6 05 04 -03 02 -01 0 01 0.2 03
BDT_output
BDT output for M =600 GeV
: . Hheavy
16000 Wsiona
£ [1Top
12000 [ dibosons
Wl Z+hf

10000
8000
6000
4000
2000

—%.6 -05 04 -03 02 -01 0 01 02 03
BDT_output
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Collider Phenomenology

e Distribution for BDT score

BDT output for m =400 GeV

3: M signal
10000 1 Top
SM Zh
[P dibosons
8000 W Zhf

6000

4000

2000

II[II]IIIl]IIlI]IIIII

2
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BDT output
BDT output for mh3=450 GeV
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W Z+hf
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II|IIIIIII|III|I[I|II

4000
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—%.6 -05 04 03 02 -01 0 041

0.2 0.3
BDT output

O(pp — h2,3)Br(h273 — Zhl)BI‘(hl — bB)

BDT output for MHheaw=55O GeV

%6000:— M signal ‘
- [JTop

14000

B M, = 400 GeV (14 TeV)

1 E Luminosity(fb~") Best Cut exclusion limit oz, (pb) cut-based result (pb)
00005— 100 0.14 0.0582 0.1003
9% 300 0.14 0.0336 0.0571
6000}~ 3000 0.14 0.0103 0.0185
4000f
2000F

My, = 600 GeV (14 TeV)
%6 05 0. Luminosity(fb~") Best Cut exclusion limit o7 (pb) cut-based result (pb)
BD 100 0.21 0.0248 0.0340

o 300 0.22 0.0138 0.0192

160001 3000 0.22 0.00423 0.00598
14000:— ' ' B SM zh : -

12000:_ [ dibosons

[ B Z+hf .

i 30% to 50% improvments
8000k on upper limit of signal
e rate.

4000
2000

0.2 03 19
BDT_output

—%.6 =0.5 =04- =03 =02. =01 0 0.1



|sin a|

EDM limit

 EDM In 2HDM has been studied In

S. Inoue, M. J. Ramsey-Musolf and Y. Zhang, Phys. Rev. D 89, no. 11, 115023 (2014)

L. Bian, T. Liu and J. Shu, Phys. Rev. Lett. 115, 021801 (2015)

Type-11 w. approximate Zy: my, =550GeV, my, =600GeV, m . =620GeV, v=1

q q
t
g N hi
f f f
All Constraints
1 P-a=n/2
1. . - .
Theoretically inaccessible sk hy 3 WW/ZZ Excl.

0.1

0.1¢
— 005}

| 8

5

0.01+ =
| 0015
0.005 +
0.001 | [
| 0.001 L,

10—4 L

h; 3-Zh; -11bb Excl.

Theory Inaccessible

|sin ap |

0.1F
0.05F

0.01}
0.005F

0.001L

cos(f-a)=0.02

. hy 3> WW/ZZ Excl.
h;3-Zh; —l1lbb Excl.

Theory Inaccessible

eEDM Excl.

| 126 GeV
i Higgs Data Excl.

05 1 2 s 10 2 50
tan 8

C. Y. Chen, S. Dawson and Y. Zhang, JHEP 1506, 056 (2015)
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EDM Limit

 EDM limits we take into account:

Source Current EDM (e cm) Projected EDM (e cm)
Electron (e) d. < 8.7 x 107% at 90% CL[15] d. < 8.7 x 107°° [1§]
Neutron (n) dn < 2.9 x 1072 at 90% CL[16] d, < 2.9 x 10~2® [1§]

Mercury (Hg) dug < 7.4 x 107°? at 95% CL[48] -
Radium (Ra) - dra < 10727 [18]

Electron: J. Baron et al. [ACME Collaboration], Science 343, 269 (2014)
Neutron: Baker, C. A. et al., Phys. Rev. Lett. 97, 131801 (2006)

Mercury: B. Graner, Y. Chen, E. G. Lindahl and B. R. Heckel, Phys. Rev. Lett. 116, no. 16, 161601 (2016)

Projected: K. Kumar, Z. T. Lu and M. J. Ramsey-Musolf, arXiv:1312.5416

21



e Two Benchmarks

Result

M h, Mps M g+
400 GeV | 450 GeV | 420 GeV
550 GeV | 600 GeV | 620 GeV

They satisty the Electroweak Precision Data.
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e Two Benchmarks

Result

M h, Mps M g+
400 GeV | 450 GeV | 420 GeV
550 GeV | 600 GeV | 620 GeV

They satisty the Electroweak Precision Data.
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|sin ayp|

e Alignment limit
Type-I

2HDM Type-I, alighment limit: a=£-7/2

051
0.1t
0.05f
0.01}
0.0057
0001 E 1 1 I | 1 1
0.5 1 2 3 10 20 50
tan S

(a) Type-I Alignment limit current

Citp = —opcotf3
Cotph = Qccotf3
C3.tp = cotf3

Results

9321 < —0 + O(o)

| Theoretical Inaccessiable

2HDM Type-I, alighment limit: a=8-7/2
L. ' ' ' ' ' Current LHC A— Zh
034 ] Mercury
— . e¢EDM
S 0.05% Ra EDM
g || neutron EDM
! [ LHC 14 TeV 0.3 ab'”
] LHC 14 TeV 3 ab''”
0.001 b . . . : . .
(SN RN 50 00 50
tan S
(b) Type-I Alignment limit future At small tanB
C1,t,b 1 9221 = —Qp O'(pp — hz) I
Cotp = cotf
c3tp = —cotfS g3z = O(ag) BR(h2 — Zhl) 1

23



|sin ayp|

e Alignment limit
Type-I

2HDM Type-I, alighment limit: a=£-7/2

| 8
051
0.1t
0.05)
0.01}
0.0057
0001 E 1 1 I | 1 1
0.5 1 2 3 10 20 50
tan S

(a) Type-I Alignment limit current

Citpy = —apcotf
Cotph = Qccotf3
C3.tp = cotf3

Results

Inteference with box may be strong

| Theoretical Inaccessiable
Current LHC A— Zh

|| Mercury

" ¢EDM
Ra EDM

|| neutron EDM
[ LHC 14 TeV 0.3 ab''”
[ ] LHC 14 TeV 3 ab'”?

2HDM/Type-1, alighment limit: a=g-n/2

|sin ay |

T Tt A | e
tan f3
(b) Type-I Alignment limit future At small tanB
ciep = 1 9221 = —Qy U(pp N h2) I
cotp = cotf
B BR(h2 — Zh1) [
Ciap = —cotf  gs = O(ad) (he )

23



|sin ap|

0.5

0.1

0.05}

0.01

0.0051

0.001 & 1 1 1 1
0.5 1 2 E] 10 20 50

Alignment limit
Type-I1I

2HDM Type-II, alighment limit: a=g-m/2

tan S8

(a) Type-II Alignment limit current

cip = —optanf
Cop = oactanpf
csp = tanpf

|sin ay|

Results

2HDM Type-II, alighment limit: a=pg-m/2

| Theoretical Inaccessiable

0_15' ] Current LHC A— Zh
| Mercury

0.1 . e¢EDM

ot Ra EDM

0.01f [ | neutron EDM
S0 [ LHC 14 TeV 0.3 ab™'?
o008 A . | [ ] LHC 14 TeV 3 ab''?

0.5 1 2 5] 10 20 50
tan f

(b) Type-1I Alignment limit future

Cl,b = 1
cop = tanp
csp = —oactanf — oy

24



Results

 Summary for the alignment limit

2HDM Type-I, alighment limit: a=f-x/2 2HDM Type-I1, alighment limit: a=-n/2

 LHC make a discovery:

1.

|sin |

|sin ap|

0.51
il i Type-I will at least give non-zero
i § Ra , electron EDM
0.01} B Otherwise, falsify Type-I.
0.0051
e AT B i Type-II will give non-zero
A A i , e > Neutron and Ra EDM
tan tan . .
(a) Type-1 Alignment limit current (b) Type-1 Alignment limit future OthGI‘WISC, falSIfy Type_II
2HDM Type-II, alighment limit: a=-n/2 2ZHDM T =1I, alighment limit: a=g-n/2 .
b biaitcs sttt sl o el e LHC gives null result:
0.55 0.5
0.1f o Does not preclude the possibility for
= e small CP Violation in 2HDM
0.01 = 0.01F
L) e EDM result may or may not falsify
0.001 & 0.001E the CPV 2HDM

5 10 20 50
tan 8

(a) Type-II Alignment limit current

S

0.5 1

0.5 1 2 5 10 20 50
tan

(b) Type-II Alignment limit future
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[sin ay |

Result

e Small deviation from the alignment limit

2HDM Type-1I, cos( f—a)=0.02

1.
0.5

0.1}
0.05

0.01F
0.005 |

0.001 E: : : : : : .
0.5 1 2 5 10 20 50
tan S

(c) Type-I cos(8 — a) = 0.02 current

2HDM Type-II, cos( f—a)=0.02

0.5

0.1}
0.05}

|sin @y

0.01p
0.0051

0.001 & . . . T
0.5 1 2 5 10 20 50

tan 8
(¢) Type-II cos(8 — ) = 0.02 current

|sin @y |

|sin @y |

2HDM Type-I, cos{ f—a)=0.02

i

20 50

0.5 1 2 3 10

tan f3
(d) Type-I cos(8 — a) = 0.02 future

2HDM Type-II, cos( f—a)=0.02

0.5f

0.1
0.05 .

0.01F
0.0051

0.001 & : : . . .
0.5 1 2 5 10 20 50

tan 8
(d) Type-II cos(8 — a) = 0.02 future

| Theoretical Inaccessiable
Current LHC A— Zh

|| Mercury

| cEDM
Ra EDM

|| neutron EDM
[ LHC 14 TeV 0.3 ab ™'
[ ] LHC 14 TeV 3 ab'”?

< > LHC constranits on
h —-WW, ZZ, vy, bb, 11
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Result

z h, z 2
------- g2:1 X —ap + O(Oay)  ======= 9321 < —0 + O(ay)
h h

e Large deviation from the alignment limit

2HDM Type-I, cos( f-a)=0.1

1.
0.5¢

0.1F

S 0.05f
£
001} 1
0.005 | /
0.001 & : : . : : E
0.5 1 2 5 10 20 50
tan f3

(e) Type-I cos(B — a) = 0.1 current

2HDM Type-I1I, cos( f—a)=0.05
0.5

0.1}
0.05}

|sin @yl

0.01
0.0051

0.001 & ' ' : T
0.5 1 2 3 10 20 50
tan 8

(e) Type-1I cos(B8 — @) = 0.05 current

[sin ay|

[sin ay|

118
0.5

0.1

0.051

0.01}
0.005

0.001 &

0.5

0.01
0.005

0.001

0.1
0.05¢ 71

2HDM Type-1, cos( f-a)=0.1

(f) Type-1 cos(B — a) = 0.1 fuXure

2HDM Type-II, cos( f—a)=0.05

tan 8
(f) Type-1I cos(B — @) = 0.05 future

| Theoretical Inaccessiable
Current LHC A— Zh

|| Mercury

| ¢EDM
Ra EDM

|| neutron EDM

[ LHC 14 TeV 0.3 ab''”

[ ] LHC 14 TeV 3 ab'”?
LHC Run-I SM Higgs

Coming from Exclusion of h3,
Not so related to CPV
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Result

e Large deviation from the alignment limit

|sin ap|

|sin @yl

1.
0.5¢

0.

2HDM Type-I, cos( f-a)=0.1

1

0.051
0.01F 1
0.005 | /
0.001 & : ' ' | : 13
0.5 1 2 5 10 20 50
tan f3
(e) Type-I cos(ff — «) = 0.1 current
2HDM Type-I1I, cos( f—a)=0.05
1. T T T T T
0.5 /
0.1f
0.051
0.01
0.005}
0.001 = : : - Lo 4
0.5 1 2 5 10 20 50

tan 8
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 LHC make a discovery:

One may not conclude that there

1s a sizeable CPV effect. Need
further CP information of the
newly discovered particle.

e LHC gives null results:

A non-zero EDM result will
falsity CPV 2HDM.
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Summary

 Discussed the CPV condition in the 2HDM

e The h,,— Zh, 1s a good process to constraint CP

 EDM experiments will generally better than collider
experiments 1n testing CPV, while the interplay of
both experiments will help to falsify CPV 2HDM.
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 Detall of Basis Invariants

I3 =0 duetog=A7=0

(M1 = A2)[Im((m75)A3)]

1/2[(A\1 = A3 = M) (A2 = Az — Ag) — [A5]]
X (miy —mi;)Im((m7y)*A3)

(M1 — A2)Tm(mi,)

1 /20102 (v102(MT; — may)Im(As)

+(m%1fuf()\3 + A4 — A1) + m%QUS(AQ — A3 — A\g))Im(m

2
12

)



2HDM Type- |, cos(B- a)=0.02
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tanp
(a) Type-I constraint on ha

2HDM Type- I, cos(B- a)=0.1
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tanp
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|sin a|

Backup
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(b) Type-1 constraint on hs
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(a) Type-I Alignment limit constraint on hg

|sin ag|

2HDM Type- |, alighrent lirit: a=B- /2
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(b) Type-I Alignment limit constraint on hs
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 Flavor Constraint

0 200 400 600 800 1000 0 200 400 600 800 1000
M,;-(GeV) Mj;-(GeV)

T. Enomoto and R. Watanabe,J. High Energy Phys. 05(2016) 002.
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* Relation to Electroweak Bayrogenesis
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G. C. Dorsch, S. J. Huber, T. Konstandin, and J. M. No, J. Cosmol. Astropart. Phys. 05 (2017) 052.
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Motivation and Goal

e Motivation

1.SFOEWPT

BAU Successful | 2.C and CP violation |

EWBG

| 3.B violation |

| Simple |

2HDM | New CPV source |
| Rich pheno on LHC |

Future reach of LHC Testing CPV in Scalar sector
pp- h,, - Z()h(bb)

* Goal: Falsify CPV2DHM

Future EDM experiment 2

This is our motivation and goal of this work. The biggest motivation is
to try to understand the origin of the baryon asymmetry of our
universe. The EWBG is one of the appealing solutions to this
problem due to its testbility. A successful EWBG needs to satisfy 3
sakharov conditions. The first is the presence of SFOEWPT. The
second condition requires C and CP violation, the third one
requires Baryon number violation. In the SM, the B V is processed
via EW Sph process. However the effect of CP violation is too
feeble and the EWPT is cross-over so that cannot satisfiy the first
two conditions, new physics must needed. 2HDM is one of the
candidate to solve these problems. The reason we choose 2ZHDM
Is that it is one of the simplest extension to the SM, and it provided
a new CP source at Tree level, and furthermore it predicts a rich
phenomonology which can be test in the collider experiments.

Our goal is to estimate ability of future collider experiments in testing
CPV in the scalar sector in the 2HDM, and also we will explore
how to combine the result from EDM and collider to better falsify
CPV 2HDM



Outline

Introduction of CPV 2HDM

Collider Phenomenology

EDM limit

Results

Summary

This is the outline of my talk. In the first part | will introduce the our
theoretical framework in studying CPV 2HDM.

In the second part | will talk about the collider phenomenology
related for testing CPV in the scalar sector and discuss some
detail about our simulation and analysis.

In the third part | will briefly review the EDM in the 2HDM

Finally | will combine all the limits and constraint to show the results



General 2HDM

» Lagrangian:

V(or,62) = —5 [mdi(6101) + (mia(é]62) + hc.) +miy (0}

2
A A
+5 (@161)° + T (9562)° + Xa(161) (Dhb2) + Na(] 62) (Hhh1)

3 [As(8162)2 + Xo(6162)(661) + Ae(6]02)(0}62) +hc]

4 parameters can be complex and potential to
trigger CP violation:

m%Q )\5 )\6 /\7



2HDM with Z,

» 7, symmetry: Preventing Tree level FCNC
Zy i 91— =91 P2 — @2
QL — QL L—L
No CPV if exact, so soft break retain non-zero mi,
Model u d e

R R R

Type-1 + +

Type-11

+

+ 4|+ +

Lepton-Specific

Fillped +

Only two parameter can be complex:

5

In our analysis we will restrict our self in a soft breaking
Z2 symmetric model to prevent problematic tree level
flavor changing neutral current. With the different
assignment of Z2 charge to higgs doublet fermion
fields, there are generally 4 types of model, in our
following analysis, we will only concentrate on the
type-l and type-ll model.

Under the soft Z2 symmetry breaking lambda6 and
lambda7 =0 leaving only m122 and lambda5
potentially be complex.



2HDM with Z,

« After EWSB
(¢1>:< 0. ) <¢2>:< 0. ) tan § = vy /v

v1€e’ vge’

* Subset of U(2) that keeps \¢ = A7 =0

; 1 0 ; 0 1
wp - i) -
“loa) (o)

absorb the phase in the vev without loose generality

m%Q and As are not Independent related by the minimization

condition of potential:

Only one phase
2y —
Im(mi,) = v1v2Im(As) :> related parameter

Qp 6

After electroweak symmetry breaking, the vev of two
Higgs doublet can generally be complex, one is free
to use a Higgs basis transformation that keeps
lambda6 and lambda7 zero to absorb the two phases
In the vev without loss of generality. So now there
are only two independent phases left in the potential
parameters m122 and lambda5, however the tadploe
condition will related the imaginary part of these two
parameters by this formular, which imply that there is
only one parameter related to CPV in our model,
later we will see that we encode this CPV information
In a mixing angle alphab when diagnolizing the
neutrual Higgs mass matrix.



2HDM with Z,

e Changing parameter set
In the unitary gauge:

. —sin BHT _ cos BHT
L= %(UCOS[J’—FH? —isin BA%) ) ¢2 = %(Usin[)’-&-ﬂg-i-icos,BAo)

2 2 2 2
/\1, )\2, /\3, /\4, Im/\5, Re/\5, Re mio, Im Mi9, M1, Moo

Minimization Mass of charge Higgs (1)
dition (3
condition (3) Diagonalization of neutral Mass matrix (6)

v, tan B, v, o, ap, Qey Mpy, My, My, my,+

Rem?,
v= -
v2sin 20 7

In the unitary gauge one can write down two higgs
doublet in this form, where H1 and H2 are two CP
even Higgs, and Ais the CP odd Higgs. One can
further change the set of potential parameters to the
set of physical parameters using these relations. One
of the minimization condition will related ImI5 and Im
m122 So finally we will end up with 9 physical
parameters.

Among these relation | will particularly mention



2HDM with Z,

e Changing parameter set
In the unitary gauge:

. —sin BHT _ cos BHT
L= %(v cos B+ HY) —isin BA%) |~ ¢2 = %(L sin 8+ HY + i cos BA?)

2 2 2
Al, )\2, AS, A/l,@ Re/\5, Re m12, mll, m22

Minimization Mass of charge Higgs (1)

condition (3) Diagonalization of neutral Mass matrix (6)

v, tanﬁ, V, 0 Oy ey My Mpy s Mg, mh};

2
L Remi,
v2sin 20 7




2HDM with Z,

e Changing parameter set
In the unitary gauge:

. —sin BHT _ cos BHT
L= %(v cos B+ HY) —isin BA%) |~ ¢2 = %(L sin 8+ HY + i cos BA?)

2 2 2
Al, )\2, AS, A/l,@ Re/\5, Re m12, mll, m22

Minimization Mass of charge Higgs (1)

condition (3) Diagonalization of neutral Mass matrix (6)

v, tan 57 v, O[ @"th sy Mhgyy Mhpg, mh};

Rem?,
v=——
v?sin 23 7




2HDM with Z,

* Diagonalization of neutral Higgs mass matrix

RMZR" = diag(mj, ,m7,,m},) (hy, ha, hs) = (HY, H, A°)R
R = Roz(ac)Riz(ap) Ria(a + 7/2)

7T T
_§ < aC? Qap, S §
)‘10;29 + ’/S% (A3a5 — V)cgsp —% Im A58
My =v® [ (Msus —v)epsp  Nosi+wveh  —5[ImAsep
|_%Im)‘55[3 —%Im)\503| —ReXs Fv

Non-vanishing ImA5 signals the mixing between CP even and
CP odd Higgs, i.e. trigger CP Violation in the scalar sector.

sin | 4 « f5in g™ — gin? [ 7
oo, a+B8<0 s Fsmeay, (= \‘.-.\m 0y, — Sl" f¥p L my,
o = i = 5 = tana, = - | —5 s .
af, a+8>0 sin oy I||I my, — My, 8

In general the neutral Higgs mass matrix can be
written in this form, one can clearly see that the non-
zero Im part of lambda5 will trigger the mixing
between CP even and CP odd Higgs which signals
the CP violation in the scalar sector.

Rotation matrix can be parametrized by three mixing
angle alphab alphac and alpha. And the higgs mass
eigen state is call h1 h2 and h3, under this
parametrization, when alphab and alphac is mall, the
h2 corresponds to the most CP even higgs and h3
corresponds to the most CP odd Higgs.

Alphab and aphac is related to this relation, this
expression generate a theoretical bond where one
must ensure there is a real solution for alphac.



Collider Phenomenology



Collider Phenomenology

» SM-like Higgs global fit favor alignment limit:

‘OCMS Preliminary =5.1 " (7 Tev) + < 19

.7 1" (8 TeV) 15

tanf

e I T
0.5 0 05 ol e e e P e

cos(f-u) 0.5

CMS Collaboration, Report No. CMS-PAS-HIG-16-007. h]—>WW, 77, YYs bb, T

COS (ﬂ - Oé) ~ 0 Parametrize the deviation by:
B—a=7/24+0

The first concept | would like to discuss is the so called
alignment limit, which denoted by cosb-a=0, in the
CPC 2HDM, under this condition the coupling
between SM like Higgs and other SM patrticles like
vector boson become their SM values automatically
without setting the mass of heavy higgs to infinity.
This is where the words “alignment” come from. This
IS the global fit for the Higgs signal strength from
LHC run-I results. One can observe that in the Type-
Il model, the absolute value of cosb-a is strongly
constriant to the alignment limit. In spite of the
possibility that in the Type-I model the deviation from
the alignment limit can be large at large tanbeta. In
the following analysis we foucus on the case of small
deviation, and we parametrize the small deviation by
a small parameter theta.



Collider Phenomenology

e Possible new channel sensitive to CP vioaltion

o H+ \Vj
hy, 7 Py <
H- Vv

~h
S z
h3 ________ h, / Potential to
~ 1 T use on-shell
“h . h = enhancement.
1 1
h h, Hard to use on-shell

............ < ) enhancement, by pheno
constraints or

h, inteference with other
-h process
- 2
My
h R. Grober, M. Miihlleitner, M. Spira, Nucl.Phys. B925 (2017) 1-27

L A. G. Akeroyd et al., Eur. Phys. J. C 77, 276 (2017)
C.Y. Chen, S. Dawson and Y. Zhang, JHEP 1506, 056 (2015)

Here we list the several three point vertices that are
potentially be used to probe the CPV in the scalar
sector in the collider experiments. The vertices in the
left column are generally hard to use on-shell
enhancement due to either phenomenological
constraint or submerged by large non-resonant
process with the same final state.

While the diagram on the right will be able to take the
advantage of the onshell enhancement, which is
studied by this literature.



2HDM with Z,

» Higgs couplings:

m ra ~ 3
Lot = ——Lhi(craf f +épifinst)

2m? m2
+ aihi ( UVV WMWM + TZZHZM>

+ g'i,zlzu((auhi)h/l - hia;l.hl)
Two types of new couplings:

Vv
v h,
h2 as X 0+ O(a%) --------------- az X —ap + 0(9(1[,)
\
z h Z
h, 3 2
_______________ 9221 X —ap + O(Oay,) = 9321 o =0 + O(ay;)
h, h,

Now let’'s take a closer look of the coupling related to
these two channels that are possible to take
advantage of on-shell enhancement. We denote ai
are the couplings between the higgs and vector
boson, gizl are the couling between heavy higgs
and z h. One can expand these couplings in the
small cp vioaltion angle limit and also small deviation
from the alignment limit. It is significant to notice that
the h2zh coupling is directly sensitive to the cp
violation angle while the h3 to zh coupling is
sensitive to the deviation from the aligment limit.
Later we will only focus on these two processes. This
IS the most important slides in my talk.
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2HDM with Z,

» Higgs couplings:

m = ~ .
Lint = —Tfhi(Cf,iferCf,istf)

2 2 2
+  a;h; < My WMWM + %ZHZM>
v
+ 912" ((Ophi)h1 — hiOpha)

Two types of new couplings:




Collider Phenomenology

* In the following we will focus on the process

ap, 0, tan

Derive the prospective upper limit on _
U(pp — hgg)BI‘(hg,g — Zhl)BI‘(h,l — bb)

in future 14TeV LHC and project this limit onto the
sina, | vs tanf3 12

| will focus on this particluar channel in the following
analysis and derive the prosecptive upper limit on
this quantity in future HL LHC. We search for the
production of heavy Higgs in gluon fusion mode, with
the heavy Higgs decay to Z and hl, and
subsequently decay two leptons and two b quark
final state. In this process, this coupilng is sensitive
to CP violation angle alphab and the theta that
parametrize the deviation from the alignment limit,
these two couplings are sensitive to alphab, theta
and also tanbeta. We will see in the following
analysis how the combination of these three
couplings influence our final results.



Collider Phenomenology

* ATLAS 8TeV analysis revisit (p p— A— Z(I1)h(bb))

* 2e or 2 opposite sign p, with P, > 7 GeV and [n.|(In,[)<2.5(2.7),

» Exactly 2 b tagged jets, with Ppled > 45 GeV and Ppsuv > 20 GeV,
e 83 <m,; <95, and 95 <m,, < 135.

o+ Emis/NH; < 3.5 GeViz

e P2>0.44 M,,; -106 GeV

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183

Before derive the projected limit in 14 TeV. We first try
to reproduce the ATLAS 8TeV result to calibrate our
monte carlo simulation. These are the cuts used in
the ATLAS analysis



Collider Phenomenology

* ATLAS 8TeV analysis revisit

* 2e or 2 opposite sign p, with P, > 7 GeV and [n.|(In,[)<2.5(2.7),
» Exactly 2 b tagged jets, with Ppled > 45 GeV and Ppsuv > 20 GeV,

o 83 < my < 95, and 95 < my, < 135. |-«—— Reduce diboson background

o Emis/\VH, < 3.5 GeV12
L4 PTZ > 0.44 Mh2,3 '106 GCV

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183

We demand this quantity less than 3.5, where Ht is the
scalar sum of the pt of all the object in the final state.

Finally we demand the PT of the reconstructed Z
boson to be large then a value depend on the
reconstructed invariant mass of the heavy higgs.



Collider Phenomenology

ATLAS 8TeV analysis revisit

* 2e or 2 opposite sign p, with P, > 7 GeV and [n.|(In,[)<2.5(2.7),
» Exactly 2 b tagged jets, with Ppled > 45 GeV and Ppsuv > 20 GeV,

o 83 < my < 95, and 95 < my, < 135. |-«——— Reduce diboson background

. ETmiSS/\/HT <3.5GeViz ——— Reduce ttbar background

L4 PTZ > 0.44 Mh2,3 '106 GGV

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183



Collider Phenomenology

ATLAS 8TeV analysis revisit

* 2e or 2 opposite sign p, with P, > 7 GeV and [n.|(In,[)<2.5(2.7),
» Exactly 2 b tagged jets, with Ppled > 45 GeV and Ppsuv > 20 GeV,

o 83 < my < 95, and 95 < my, < 135. |-«——— Reduce diboson background

. ETmiSS/\/HT <3.5GeVi2 ——— Reduce ttbar background

| P;2>0.44 Mh2’3 -106 GeV [«———— Reduce Zbb and SM Zh background

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183



Collider Phenomenology

» Comparasion between ATLAS result and ours
Madgraph, Pythia, Delphes

Backgrounds/ simulated # of  # of expected

. aipb) | ax [ L i Axe
Signal events after cuts event in Ref. [30]
Z(£€)bb 12.91 2.620x10° 1,788 1443460 6.825x1073
t(blv)E(blv) 18.12 3.678x10° 359 317428 9.761x10~4
SM Z(¢0)h (W)  0.02742 5.566x10° 47 314+1.8 8.443x1072
Diboson(Z(££)Z(bb)) 0.2122 4.308x10? 28 3045 6.679x1073

Two major Backgrounds

C.-Y. Chen, H.-L. Li, M.J. Ramsey-Musolf, Phys.Rev. D97 (2018) no.1, 015020

We use this cut obtained the similar results in the
ATLAS paper

We simulate these four backgrounds using Madgraph,
pythia and Delphes. This coluum is the result from
our simulation, this coluum is the result estimated by
ATLAS group. We can see that our result generally
matches the ATLAS results, with a slight more Zbb
background



Collider Phenomenology

» Comparasion between ATLAS result and ours

libb

> T T T T T T T
300 Data 2012
= 200( & " atLas = m, = 500 GeV
&’ 180 Fq o  1s=8TeV, 203" gﬁ;gthb}
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T Top
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ATLAS Collaboration Phys.Lett. B744 (2015) 163-183
C.-Y. Chen, H.-L. Li, M.J. Ramsey-Musolf, Phys.Rev. D97 (2018) no.1, 015020 16



oxBR(A—Zh)xBR(h—> bb) [pb]

Collider Phenomenology

* ATLAS 8TeV analysis revisit

10"

10%

ikl AR R R SRR
_. \ ATLAS —#— Comb obs 85% CL limit _
10 Vit el aTaw TR Comb exp 95% CLlmit  —
E \s=8TeV E
E \ 203! [ +swbeme
\ [ +20bana
1 \ - libb exp 85% CL limit

— = wvvbb exp 95% CL limit

Blesoolossolessaloresla,
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PP AT I AT A |E
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m, [GeV]

axBr{A=>Zh)xBr(h->bb)

We reproduce the ATLAS results very well.

ATLAS Collaboration Phys.Lett. B744 (2015) 163-183
C.-Y. Chen, H.-L. Li, M.J. Ramsey-Musolf, Phys.Rev. D97 (2018) no.1, 015020
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Collider Phenomenology

14 TeV forecast

First select two leptons and two b tagged jets with
same kinematic cuts:

2e or 2 opposite sign p, with P, >7 GeV and n.[(|n,[)<2.5(2.7),
Exactly 2 b tagged jets, with Py lead > 45 GeV and Pryswe > 20 GeV,

Then we compute following quantities as inputs for
Boosted Decision Tree(BDT) to optimize the

selection.

lead b lead b Z .k miss / /
ngf)é 7p§ll,€ap2§,ai) 7p%bam£€7mbbapTapZL"7ET1 / HTvARKEaARjijRZh7A¢Zha



Collider Phenomenology

e Distribution for BDT score

BOT output for mn2=400 GeV

04 03 02 -01 0 01

BOT output for m =450 GeV

Zahl

02 03
BDT output

BDT oulput for MHM»,:"’SU GeV

g.l.l L

s

T
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8

=]
LRARRRERDT

—
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BOT _output

BDT oulput for MH....M:GDD GeV
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BDT output

L

%5 -05 -0.4 -03 -02 -01 01 02 03
BDT_output



Collider Phenomenology

e Distribution for BDT score  o(pp — ha3)Br(has — Zhy)Br(hy — bb)
BDT output for mm=400 GeV BOT oulput for MHm;sso Gev
=T

1 5 - . 5
L ™ 6000 Msignal |
10000} ] L ETop __L[ OTop | ‘
E WSM Zh 14000 [ =
[ == M dibosons 2 | My, = 400 GeV (14 TeV)
8000~ iz 120005 |

Luminosity(fb ") Best Cut exclusion limit oy, (ph) cut-based result (ph)
100 0.14 0.0582 0.1003
300 0.14 0.0336 0.0571
3000 0.14 0.0103 0.0185

E 10000E-
6000F-

Eog 8000
000
4000F5

My, = 600 GeV (14 TeV)

Q%5 05 04 03 02 01 0 01 02 03

30% to 50% improvments
on upper limit of signal
rate.

Y% -05 -0 R RR e B S e Sy
BOT output Luminosity(fb™") Be h|. Cut exclusion ]l!llﬂ.ﬂf_ (ph) cut-based In-:-.ul‘ (ph)
BOT output for m_=450 GeV BD 100 0.21 0.0248 0.0340
5 — 300 0.22 0.0138 0.0192
& — signal E —
Tzono— r oL !Tfp E . 3000 .22 0.00423 0.00598
L [SM Zh
100001 M dibosons
F _L'-_ W Zehi

%.6 05 -0.4 =03 02 -01 0 01 02 0.3-:
BDT cutput

-%.6 =05 -04 03 02 =01 0 01 02 03 19
BOT_output

Next we find a cut on the BDT scoure to obatin the

optimized upper limit on this quantity. We find that

the BDT analysis generally give 30% to 50%
improvement.



EDM limit

« EDM in 2HDM has been studied in

S. Inoue, M. J. Ramsey-Musolf and Y. Zhang, Phys. Rev. D 89, no. 11, 115023 (2014)
L. Bian, T. Liu and J. Shu, Phys. Rev. Lett. 115, 021801 (2015)

C.Y. Chen, S. Dawson and Y. Zhang, JHEP 1506, 056 (2015) 20

In general the EDM is generated by these three kinds

It is found that, for the electron EDM, There is
cancellation between the barr-zee diagram around
tanbeta =1 in the type-ll model. That means the EDM
experiemnts are not sensitive to the test of the CPV
in the 2HDM in this region. This is the reason that
this paper propse the collider experiment as a
complementary to EDM experiments to help to close
up the parameter space in this region.



EDM Limit

EDM limits we take into account:

Source Current EDM (e cm) Projected EDM (e cm)
Electron (€) de < 8.7 x 107%° at 90% CL[I5] d. < 8.7 x 10~%°
Neutron (n) dn < 2.9 x 10726 at 90% CL[16] dn <29 x 1028

Mercury (Hg) dug < 7.4 x 1073° at 95% CL[48] =
Radium (Ra) : dna < 107%

Electron: J. Baron et al. [ACME Collaboration], Science 343, 269 (2014)

Neutron: Baker, C. A. et al., Phys. Rev. Lett. 97, 131801 (2006)

Mercury: B. Graner, Y. Chen, E. G. Lindahl and B. R. Heckel, Phys. Rev. Lett. 116, no. 16, 161601 (2016)
Projected: K. Kumar, Z. T. Lu and M. J. Ramsey-Musolf, arXiv:1312.5416
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Result

* Two Benchmarks

mhg mh3 mpg+ 1%
400 GeV | 450 GeV | 420 GeV 1
550 GeV | 600 GeV | 620 GeV 1

They satisfy the Electroweak Precision Data.
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Now Let’'s move on to the results. First | will discuss about the results in the
alignment limit, specifically in the Type-I model. The left plot is the current
exclusion limit, and the right one is the future projected limit. The verticle
axis is ... which denote the level of CP violation. the horizontal axis is the
tanbeta. The pink region is excluded by the theoretical constraints: stability,
unitarity and the existence of real solution for alphac in terms of alphab. The
orange region is the current LHC limit from a search of the heavy higgs to
Zh, and this blue and magenta region projected future LHC limit with 300
and 3000 inverse fb respectively. The light red is the mercury edm, the blue
IS the electron EDM, the green is the neutron EDM. Let me remind you that
in the alignment limit the coupling between h3 and Zh is highly suppressed,
so the LHC exclusion limit mainly comes from the exclusion of h2. One can
find that in the low tanbeta region the electron EDM is very powerful, this is
due to the fact that the pseudoscalar coupling between higgs and fermion
will be enhanced by cotbeta. However the Collider search cannot fully take
advantage of this enhancement because the increasing coupling to the b
quark will reduce the branching ratio for h2 decay to Zh.
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One should also notice that there is a small piece in
the future collider exclusion region is chopped by us.
This is becuase, in this region the ampliduted for the
resonance production become comparable to that of
non-resonant box diagram. So the shape of the
signal distribution might not be approximated by our
simple simulation. In that case we do not trust our
analysis in that region.
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The situation is pretty similar in the type Il model for
the collider exclusion. However the shape of EDM
exclusion is changed lot, the most prominent one is
that the electron EDM will present the cancellation
around tanbeta =1. And also one should notice that
the neutron EDM does not have this limitation, and it
will outperform the collider search.
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Here is the summary for the alignment limit. If our
nature is realized by the 2HDM in the alignment limit,
then If future LHC make a discovery, then one can
immediately conclude that there is a CP violation in
the 2HDM, and expected to see the corresponding
EDM signal. In this case if EDM gives null results
then CPV 2HDM is falsified.

If LHC gives null result then it does not preclude the
possibility for small CP violation in 2ZHDM. Non zero
EDM result may or may not falsify the CPV2HDM
depending on the value of the EDM. For example if
the EDM result corresponding the point in the region
that sensitive by the LHC limit then CPV2DHM is
falsified
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e Large deviation from the alignment limit
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e Large deviation from the alignment limit

ZHDM Type-1, cosi f-a)=0.1
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* LHC make a discovery:

One may not conclude that there
is a sizeable CPV effect. Need
further CP information of the
newly discovered particle.

* LHC gives null results:

A non-zero EDM result will
falsify CPV 2HDM.
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Summary

e Discussed the CPV condition in the 2ZHDM

* The hy;— Zh, is a good process to constraint CP

* EDM experiments will generally better than collider
experiments in testing CPV, while the interplay of
both experiments will help to falsify CPV 2HDM.
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* Flavor Constraint

Typel

200 400 600 800 1000 0 200 400 600 800 1000
My (GeV) My (GeV)

T. Enomoto and R. Watanabe,J. High Energy Phys. 05(2016) 002.



* Box interefence
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* Relation to Electroweak Bayrogenesis

wf2

0

- By I

- CMS search
22 — ¢EDM
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G. C. Dorsch, S. J. Huber, T. Konstandin, and J. M. No, J. Cosmol. Astropart. Phys. 05 (2017) 052.
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