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UH . .
Two Higgs Doublet Models Plus Singlet
n 1 Introduction in 2HDMs

N2HDM (real singlet)

V2

\/ V2 + V3 = 246.22 GeV

symmetries:

o Zo P2 — —P2
«Zy S-S

i
p12 = (ﬁﬂ) , S=vs+ps

2HDMS(Z3) (complex singlet)
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symmetries:
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i Potentials
n 1 Introduction in 2HDMs

N2HDM 2HDMS
V=mii¢lér +miyoi62 — miz(9301 + 6162) V=mi1 6101 + m3y0lés — mbsy(6hon + 6]62)
A A

+ 201007 + 22 (0h6)” + Xa(6]o1) (0en) + 5 (6101 + T (9362)° + Xs(8]61)(0}e2)
+ Aa (@] d2) (@) 1) + %((aﬁ%)? +(#l61)?) +Xa(9]62)(6161) +mE(STS) + X (8T (@] 91)

\ + X5 (S78) (9102) + Ny (515) + FEL (53 4 73)

+ —Ss2 + 684 + —(¢*¢ )82 + (¢$¢2)82 s

+ m2(89]62 + 8Tohon)

same same with h.c. softly breaks Zo breaks Zs | Z!
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Physical Inputs and New Particles
1 Introduction in 2HDMs

N2HDM (11 dof) 2HDMS (12 dof)

o tanf =22
p=33 e tanfi =122
) 1

e scalar: my,, mp,, mp, e scalar: my, , mp,, my,
. 19 29 3
e pseudoscalar: my
e pseudoscalar: mg, , mg,
e charged: my+ o charged: my+
. . ) h

° mixing: o, a2, a3 ixi

y X2, ° Mmixing: aq, g, (g, vy

°© Mmy2
o vg = V§I2HDM/\/§
® Vg .
) basis change
basis change ~ ~~
- >\1)\2)\39\4)\’1,)\/Q»Ag#m,#sl 7tan57VS7m12

A1,A2,A3,A4,A5,A6,A7,A8,tan B,vg,m12
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Pseudo Scalar Mass Hierarchy
2 N2HDM Limit of the 2HDMS

1.0 : ; 0.0 n = —a;sinffcosay +as...
/ \ Doublet:
7o = aicosScosay +as...
081 & 2 (0.2 _
8 S Singlet: ns =a;sinay +as ...
> 5
£ 067 doublet (042 doublet N2HDM
ouble i et __
: _ : ma” 7 = my
] singlet H [v]
©04 ; £0.6 %
3 i 2 oy < G g > G
kel 1 wn
021 ° : s 0.8
[ __ ..doublet singlet
\ : / Ma; = Mg Mg, = Mg
0.0 T } 1.0 singlet doublet
- 0§ i = Ma, = mg"® Ma, = mg™"'¢
as

7/30 Daniel Schieber | Trilinear Higgs Couplings in 2HDMS and N2HDM Type Il at e*e~ Colliders



m;» Constraint
2 N2HDM Limit of the 2HDMS

ag — 0 0.7
m p 2HDMS — N2HDM
Q4 = o 0.6
2
0.5
~2 2 2 2 2
NZHDMS == rna1 COoSs Oé4 + ma2 Sin 054 ©
2 £ 0.4
Sm? = 3 _ M B
a N2HDM ™ in B cos 3 031
N2HDM constraint: 0.21
= m?, = m2si 154 153 0.1
19 = mjsin 3 cos .
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Theoretical Constraints
3 Model Constraints

e Tree level perturbative unitarity
— M| <8r bounded from below

e Boundedness from below
— ¢i,§ > too =V —= o0

e Conditionson Ay, Ao, A3. ..

— N2HDM [1]
— 2HDMS [2]

V(¢)

not bounded from below

¢
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i Experimental Constraints
n 3 Model Constraints

o HiggsSignals[3]: hy agrees with o A hypothetical 95.4 GeV Higgs boson
measurements of 125 GeV Higgs o Fit experimental excesses (95 %CL):
boson (95 %CL) — ATLAS [4]

X%%;SM - X%QE);BSM <5.99 fiatias = 0-21 £ 0.12

e HiggsBounds[3]: exclusions on BSM — CMS'[s]

searches (95 %CL
5%t s = 03378
— LEP[6]

P, = 0.117 + 0.057

1, 7T

Luéns also exists but not compatible with Type I
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Vector Boson and Yukawa Couplings
n

4 Type Il Couplings

CaqCa Saq Ca S

1 2 1 2 2

o R = | —(caysassas t5a1cas)  —SaySagSasz + Caylay CagSag
—CaySagCag tSajSaz  —(SajSasCaz +CaysSaz) CapCag

e coupling ratio: cppp = Ihipp_

9 hsmpp

Vector Boson Coupling

Yukawa Coupling
® Cpyv = Rj1 cos 3 + Rip sin 8

Typell: tt~ ¢y bb~ ¢y 77 ~ ¢
. . R;
e alignment limit to SM * Chi = sin2,8
— Cnyyy — 1 o crop — il
hibb
= Chy s — 0 C(;;’B
— il
— f—a1— Sg(a2)a3 - % ¢ Chrr = cos B
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Trilinear Higgs Couplings
4 Type Il Couplings

UH
° Ala,b,c) =3 cs. Rio(@)Rio(v)Rio(c)

n
foka’s
[ ] = —F
gh,’hjhk ahl-ahjahk
ij,k=0
Ri1Ri1 R RioRi2 R Ri3Ri3R,
2 2 2 118451 Kkl i2 42 8k2 i3 83 8k3
hs m; +m; 4+ m + +
gh’hJ k ( ! I k) |: vcos 3 vsin B vg ]
i 3R Rj1Ri sin® B 3RioRpRgocos® 1 1
+ — | - - + —cos BA(1,2,2) + —sin BA(1, 1, 2)
RS cos B sin 8 2 2
mfz - mfl 5Ri3Rj3Rk3v2 sin 23 vsin 3
+ €OS vy sin iy 5 — —tan BA(1,1,3) — ——A(1,3,3)
3vg 2vg
Ri3RizRz o o 2 2
T (mﬂl sin” ayg + ma2 cos a4)

1 vceos B :|
— — ot BA(2,2,3) — ——A(2,3,3) + A(1,2,3) | +
2 2vg
same part [19HDMS 7 [IN2HDM only in 2HDMS
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Trilinear Higgs Couplings

5 Physical Processes

Higgs Strahlung Vector Boson Fusion
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i Higgs Strahlung Background

5 Physical Processes
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i ILCs00
n 5 Physical Processes

* /s =500GeV uncertainty estimation
o Ly =4ab!
. Pol. e+ — 403 e ILCsqp significance: 8o at 2ab~! [7]
. . v -
e Pol.e” = —0.8 e unc = [1 oo
o Expected ogv(ZHH) = 0.232fb o dey — loompvs—onampm|
UNCN2HDM

Cross-sections with MadGraph5_aMC@NLO[8]
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Strategy

6 Analysis
» differences only in ay and myg — NzHDM — offs. 100GeV  — allowed
— offs. 10 GeV ~ —— offs. 150 GeV ~ —— excluded
° hierarchy: oy § 7I'/4 —— offs. 50GeV ~ —— offs. 200 GeV
. rlnas =mj + offs rln,,s =mj — offs
¢ angles by coupling: 0.24 \
T 022
Chybb =
ch1VV7 , € — 01,012,003 < 0-20
Chytt K018
1
. o 1 016
o alignment limit offset: 2014
S
. 0.12
B — Q] — Sg(ag)ag = 5 — € 0.10
-0.785 0.000 0.785 1571 2.356

Qa

= 10 limits on a4 for tan 3 vs my
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Distinguishable Parameter Space
n 6 Analysis

=1 not unitary E—1 HB excl. [II1 hes excl.

[ZA not bfb [T HS excl.
400 5
350 o setay =2.2
4
300 2 o setmg, = my — 120 GeV
- 38
= 250 5 I3
o 2
© 200 5
3 o v < 150 GeV
150 £ . € (0.23,0.4)
1 Ch1W . , U,
100 e * benchmark point
50 0
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Distinguishable Parameter Space
6 Analysis

[ not unitary = HB excl. [T10 hos excl.

72 not bfb [T HS excl.
2.00

1.4
s}
. 12
e small impact 5 g
£~ c
< [
° £~ 0.05" < 10§
Chybb g S
Chaee 083
S

0.6

0.00 " T ; ; .
0.00 0.02 0.04 0.06 0.08 0.10 0.12
&

"further investigation needed!
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o4 Limit Estimation
6 Analysis

[S9 not unitary ] HBexcl.  [IID hgs excl.
ZZ] not bfb [0 HS excl.

ay=2

3.0 3.00 3.0 3.0
.7

25 275 25 25
) ) 5}
£ £ £

207 207G 205
2 g g
g a g @ o

158 ¢ 158 & 158
5 5 5
B s 175 B

108 108 108
3 3 3
£ E 150 E

0.5 0.5 0.5

1.25
0.0 .00 0.0 1.00 0.0
350 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500 550 600
ma [GeV] ma [GeV] ma [GeV]
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o4 Limit Calculation
6 Analysis

e precision vs running time

® 50 ay steps
. . . . +lg
¢ linear interpolation in between

1.75 1.80 1.85 1.90 1.95 2.00 2.05 2.10 2.15
ay
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Benchmark Point
mn 6 Analysis

my, = 95.4GeV my= = 539.662 GeV ch vy = 0.36
mp, = 125.09 GeV vs = 135.31 GeV chlbb/chltt =1.124
mp, = 539.662 GeV Mgy = My, = 120 GeV e =0.033

scan: tanf € (1,3)
ma € (300,600) GeV
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Limit Regions
n 6 Analysis

N not unitary mmm HB excl. B hos excl.

= not bfo . HS excl. allowed B not unitary B HB excl. m  hos excl.
mmm not bfb mmm HS excl. allowed
1000
3.00
—_ 2.75
2 800
2 2.50
Em 2.25
600 '
Q
§ 2.00
400 175
% 1.50
=
5200 1.25
€
1.00
300 350 400 450 500 550 600
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[ notunitary = HBexcl. [III hgs excl.

10 Limits ay > /4 (my > mg,)

6 Analysis

771 not bfb [TTT HS excl. &3 no limit

3.00
2.75

2.50

300 350 400 450 500 550 600

ma [GeV]

Figure: oy € (%, %)

9 notunitary == HBexcl. [III hes excl.

771 not bfb [0 HS excl. &3 no limit
3.00
2.3
2.75
2.2
2.50
2.1
2.25
@ 20
E 2.00 =
193
1.75
1.50 18
125 L7
1.00 16

300 350 400 450 500 550 600

my [GeV]

Figure: oy € (%, 3%)
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10 Limits ay < /4 (my < mg,)
6 Analysis

(XY notunitary == HBexcl. [III hos excl.

X9 notunitary == HBexcl. [T hgs excl. s
73 not bfb [T HS excl. & no limit 771 not bfb 110 HS excl. &4 no limit
3.00 0.0 3.00
2.75 -0.1 2.75 0.7
2.50 -02 2.50 06
2.25 03 2.25 05
«Q = @ E
5 2.00 —0af < 2.00 04E
= 3 = 3
1.75 -0.5 1.75 0.3
1.50 -0.6 1.50 0.2
1.25 07 1.25 0.1
00
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Figure: ay € (—%,0)

300 350 400 450 500 550 600
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Figure: ay € (0, %)
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Outlook

2HDMS (tanf=1-10)

0.8

* Better choice of ¢y, pp/Chy et

e mass limits for fixed ay o

e ML Limit enhancement?

o different final states (h1hy, h1hy...)

e cross-check with different processes
pp — tttt from Cheng Li

0.4

0.2

0.2 0.4 0.6 0.8 1.0 [cheel®
Il

o TeV scale my, in decoupling limit Hovs

Plot taken from [2]
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Any Questions?

- Daniel.Schieber@desy.de

Corporate needsgy;ou to¥findthe differences
between,this piétﬁr‘e and!this picture.
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Tree Level Perturbative Unitarity
n 8 Back up

scattering matrix unitary! Optical Theorem:

1=88=1—iT)(1+iT)=1+4i(T— T+ T'T= T'T = —i(T — T") = Im(T)

Decompose matrix element M with partial wave expansion:

M(s,0) = 167rz 2] + 1)a;Pj(cos 0) with |aj|* = Jm(aj) = Re(ay) <
J

l\DlH

In high energy limit leading contribution M, to tree level matrix element
= M| < 8r

M from interaction basis all possible initial and final states: sz, £1,2,8,11,2,8
Eigenvalues smaller than 87
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o, g, a3 calculation

8 Back up
tan

aq = arctan (—B) (1)

Chybb/Chytt

Chyvv

= arccos 2
2 <cosﬁcosa1 -|—sinﬁsina1> (@)

T
ag = sg(az) (ﬁ — Q1 — 3 + 8) (3)

Daniel Schieber | Trilinear Higgs Couplings in 2HDMS and N2HDM Type Il at e*e~ Colliders



	Introduction in 2HDMs
	N2HDM Limit of the 2HDMS
	Model Constraints
	Type II Couplings
	Physical Processes
	Analysis
	Outlook
	Back up

