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\/ TWO HIGGS DOUBLET MODEL

—

~/ ¢ CP conserving 2HDM:
V= m20!®; + mield, [m§2<1>§c1>2 + h.c.}
A Mo

+ SH(@101)” + 2 (D)D2)? + Ng(@]01)(@]s) + Aa(®] @) (@] 1)
A
- [?5@1@2)2 + X6(D]@1) (D] B2) — Ar(PID,) (D] Ps) + h-C-] »

* In the basis, all the parameters are real. The VEVs are:
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= There are 8 real degrees of freedom:

3 eaten Goldstones and 5 physical scalars -- 2 charged Higgs, 1 CP’-odd.n.e(JtraI Higgs and 2 CP-eve
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—— TWO HIGGS DOUBLET MODEL

« To see how “alignment without decoupling” arises by CP even Higgs couplings:

i
ghiVVZEg Vi ,i=1,2

It is possible to rotate to Higgs basis
V = YiHIH, + Y, HiH, + [)@,e—mH{Hg +he

A A
T —1(HIH1)2 - 5(H5H2)2 + Z3(HIH1)(H;H2) + Z4(HIH2)(H2TH1)

2
7 . . .
+ [756_2“7(1"]1[ Hy)? + Zge™™(H] Hy)(H] Hy) + Zze ™ (H Hy)(HI Hy) + h.c.
Hi v Py +v,P, Hy V1 Py — v, Py 0 v
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4 TWO HIGGS DOUBLET MODEL

—

~ « Mass matrix:

A Re (ZGG_M) —Im (Z6e_i77>
M?=v"| Re(Zge™) 1[Zsy+Re(Zse )] + % U (Zye~2n)
—Im (Zge™") —%Im (Zse=2im) % Z34 — Re (Zse~21)] + 11)/_3
0
@ ! C12€13 v e
hy | =R | ¢ R ={¢13512 - -
hq a? 513

» Higgs —V-V couplings:

1, |
Inhivv =59 v*Ryp ,i=1,2

= “Alignment without decoupling” occurs when Higgs basis =Mgés eigen basis
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</ CP VIOLATION THDM

) N
_, * Counting the number of d.o.f. in CPX 2HDM
V = YViH[H, + Y, H}H, + |Yae " HH, + h.c]
A4 .
+ é(H{lef T g(HgHQV + Zy(HHy)(HIH,) + Z,(HI Hy) (HIHy)
i . . .
4 756_2”7(HIH2)2 + Zee "(HIH,)(HI Hy) + Zze ™ (H}H,)(H Hy) + h.c.
* Minimization condition in the Higgs basis:
1 1
Y1 = _EZ]_UZ Y3 == _5261}2
* Zy Symmetry: Haber+collaborators: 2001.01430
WO 7,7+ 7 2] — 27512 2k -

* Free parameters: /

{Y2,24,24,235, 24} = {Y2, 21, 73,24}
9 " /)9 real free parameters!
{Zs,Z6,2,} = {Zs, Z, Re[ Z,]} o P € /
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Zl RG[ZG] —Im[Z(;]
M2 =TRys M*Ryy =v" | Re[Zs] Re[Zs] + A%2/v? —1Im[Zs]
—Im|[Zg] —2Im(Zs] A? Jv?
. S 1
Alignment Limit: 7, = - 2, + & (m2, &y +m2, 52 — m2 )]
~ 1
_ C12€13 —S812 —C12513 Re[Z5] = ") [62012 (mig - mig) ‘|‘€2 (m%bg 6%2 + mp,S812 —
R=RioRi3=| s12¢c13 €12 —S12813 !
513 0 C13
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FREE PARAMETERS IN CTHDM

Diagonalize the mass matrix

C12 —S12 0 C13 0 —S13 1 0 0
R = RiaRi3Ro3 =| s12 ci2 O 0O 1 O 0 ca23 —S23
0 O 1 S13 O C13 0 523 523

Redefine the mass matrix

5 1 €2
—> e (1= 5) (=)
~ € 2

—€C12 —S812 —612(1—62/2) R [Z ] ( 2 )
= —€ 812 C12 —812(1—6 /2) (] 6l — =520 m —m
1-€2/2 0 e 202 <712 \hs e
€
2 2 2 )
Im[Zg] = 3 (mj,, —mjy, iy — Mi ST2)

Free parameters:

— ; / ~
{YZrZLZs;Zs;Ze;Re[Z7];Z4;} :> {mh1’mhz'mh3' H_,le,e,@[Z7
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* Higgs mixing:

h3 ¢O —€C12
ha ¢2 —€ 512
hy 9 1—¢€2/2

C12

0

—S12 —612(1 — 62/2)

—812<1 — 62/2)

—€

* Relationships between Z;and mixing angles:

VA € 2 2
Re|Zg| = g2 52012 (mh3 — myp,,
5 €
Im|Zg| = 2 (m,%2 m%gcé
e Casel: 013=0, 03=0, 012 ={0,7/2}, Im

* Case 2: 923:71'/2, 912:{0,7{'/2}, Im

1 Z
— ESQQH (1 — %) (m%2 — m%g)
)

2 2
_mh1312) 3

[Z7] =0

Z7] =0
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CP CONSERVATIVE LIMIT

K
C23 ¢2 — 82304
S23 @9 + a3 a

)

CPC1 :

N4

CPC2:

N/

N’
0,3 = > + €
=
Im[Zs] = Im[Zg] = Im[Z;] = 0
Im[Z5] = Re[Zs] = Re[Z/] he/
N
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/' CP CONSERVATIVE AND ALIGNMENT LIMIT CTHDM

N

S’

= We are interested in the interplay between the Higgs alignment and CPX in
C2HDM. There are two important experimental observations:

- The 125 GeV Higgs is SM-like. (m;, = 125GeV)

- EDM places stringent constraints on CPX.

= These motivates considering the small departures from

- The exact alignment limit. (Mixing among 3 Higgs)

» The exact CP-conserving limit. (Im[Z,]~0,Re[Z;]~0, 8,3 # 0, §) \/

NS Qs



800

CHARGED HIGGS SEARCH

tanB Contour

€=-0.1
L Z3=0.1

T
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Re[Z/]=3.5

tanp

CMS, JHEP 2001 (2020) 096

CMS 359" (13 TeV)

30

20
H* — tb single and dilepton
MSSM m™" scenario

50 T | L | L | L | T ]
40 .

95% CL upper limits
Excluded

----- Median expected
[ 68% expected
[ ]95% expected
77, miSSM . 125 + 3 GeV

10%

N W A0

400 600 800 1000 1200 1400

LN

m,,. (GeV)



r/ OBLIQUE PARAMETERS

> ~—
* The analysis of precision electroweak data get: T
0.3
S =0.01£0.10, ;ote.
T:OOSZEOll, 02::. ’....
U = 0.06 £0.10, . -
0,14 %
* In the alignment Limit: / .
mi +mi —2m?. 02/ L < .
S ~ 2 3 oo *°°
241\> 0.1 {--:’-}‘. '
2 2 2 2 +
T~ (mp+ —mp, ) (My+ — mp,) - O,
48msimymy,
H.Haber, D.O’Neil Phys.Rev. D83 (2011) 055017 /
" We choose m?,~m?
HT h, e\ /
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—/ ELECTRON EDM CONSTRAINT

-

S Py

Fermion contributions:

) o Z/ dz{lm |Re[x7] (—

e Higgs boson-loop contributions:

VHO

2(1 - z)) " Re[mgg]lm[ﬂg;,]%} Chi (2)

1
Y em ¢ 9H+H HY V HY
dy (H ):__(16 )24gvfng+H VZIm . : dz (1 — 2) Cpyalrs(2)
2 3 J 1
Vo rt 170\ eg-my . YH+tH-HY WHE
0 HY) = = S5 Sl = [ s (-2 )
e gauge-loop contributions
v emy My~ [ m3, m, \ M| 12
df <W> :ngvffgww‘/?Zlelm[K’f] X/O dz (6—%> + (1— Zm%,) m%/v 5
J
4 — mf{i—quo 0
dW(WH®) = ei::;‘ mWZRllmﬁf/ { ZZ— - J}Q,z)CVM;HEEj(z)
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ELECTRON EDM CONSTRAINT

{mh3 , 912 = %, €, Zg, Re[Z7],mh2 = mHi}+923
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COLLIDER PHENOMENOLOGY

o(gg — hs) ~ 1.7 pb,

o(gg — h3) ~ 0.36 pb

* Branching ratios for benchmark points:

' Re[Z/]=3.5
€=—0.12

623=0.59
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Higgs Search Limits

OTHER CONSTRAINTS

CMS, PhysRevLett.122.121803
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=4 SUMMARY

* THERE IS AN INTERESTING INTERPLAY BETWEEN ALIGNMENT LIMIT AND CP CONSERVING LIMIT
IN C2HDM. IN ONE CASE, THE ALIGNMENT LIMIT IS IDENTICAL WITH THE CP-LIMIT, WHILE IN
THE OTHER CASE THEY ARE INDEPENDENT.

* THERE IS A SMOKING-GUN SIGNAL FOR CP VIOLATION AT THE LHC IN C2HDM, WITHOUT
RECOURSE TO ANGULAR DISTRIBUTIONS, BY SEARCHING FOR

hs — hohi — hihih;

’T)ﬁanﬁ YOouU (I

A W R )



