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Outline

» Theory overview on two Higgs doublet
models (2HDMs) with CP violation (CPV)

+» Constraints:

+ EDMSs
» Light and heavy Higgs searches

+ Conclusion



Motivations

+ CP violation, important ingredient to explain
baryon asymmetry (one of Sakharov’s necessary
conditions)

» Higgs sector of supersymmetry (type-ll 2HDM)

+ Interesting to study CPV in extended Higgs
models

+» Combine low energy EDMs and high energy
collider experiment to bound the parameter
space



Theory: 2HDM

» Scalar potential:

V(61 62) = — [mhi(6]61) + (my(6]62) + hc.) + m(dhen)]
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Theory: 2HDM

» Scalar potential:

V(61 62) = —5 [mdi(6161) + (@N6162) + hic.) +mBy(6h)
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« In general m?,, \5, X\, and \; can be complex

+ Imposing a Z2 symmetry to avoid tree-level FCNCs:

¢1 — —@1 G2 — P2

« Type-ll 2HDM: dr — —dRr,ur — ug, and fp — —{p

« Implies m?,, \g, and A7 are equal to zero.



Theory: 2HDM

- There exist a rephrasing invariant CP phase

Im [)‘g (m%2)2] » break Z2 softly

- Introduce a rotation matrix to get the mass eigenstates
(h1,h2,h3) = R(HY, HY, A°)T
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Theory overview
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Electric dipole moment

+ Electron EDM: |de| < 8.7 x 107*%¢ cm , by ACME experiment

+ Mainly from Barr-Zee diagrams (one loop contribution is

suppressed by two powers of V. )




Production at LHC

e Gluon fusion (ggF)  ® Vector boson fusion
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Production at LHC

= bbh: 4 flavor scheme

o (bb — ki) = (cb3)’03’ (mn,) + cricoioy’ (mn,) + (€b:) 07 (mn,) + 807 (M)

[LHC Higgs Cross section Working Group]



Decay
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Important point

» In order for the 125 GeV Higgs to have CP
violating couplings, the heavy Higgs states
must not decouple.

» e.g.in the alignment limit,




Important point

» Focus onhy 3 — ww/zz and hy g — Zhy — 1717 bb
channels.  larXiv: 1304.0213] [CMS PAS HIG-14-011]

+ Because in the the alignment limit, and CP
conserving

h—WW/ZZ

H Ax WW/ZZ

H Ax Zh

« In the CP violating case,

h1,2,3 — WW/ZZ /

h273 — Zhl /



With approximate Z:

m%Q? )‘5 # 0
A6, A7 = 0



Theoretical constraints

+ Opand a. are related

1.
Condition for e to have a real solution: _
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+ Same distributions for type | and Il
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LHC data

Heavy Higgs constraints: h, 3 — WW/ZZ and hy s — Zhy — 1717 bb
In the alighment limit, heavy Higgses don’t decay in to WW/ZZ

Bounds are not very different between type-l and type-l|
Bounds are sensitive to the deviations from the alignment limit

Large tan beta region is not ruled out due to tth coupling in production

2HDM Type -1, alighment limit: a=-x/2 2HDM Type -1, cos( g—a)=0.1

1. T T P— T T T 1. T L —— T T
05 [ EXCI by ‘:\ h 0.5 [ EXCI by /\ ]
ll: .3 - \I\‘l'\‘\'f ’.‘I' ZZ \“‘ 113 .3 - \'\'r\l\'r ‘,"’ ZZ \“\‘
(| — : . 0.1F o ]
_f 0.05 F Excl. by h; 3 -Zh; -»1lbb R E 0.05E 3
c o Excl. by
@ @ i, 3 —Zh, > llbb
0.01f 5 0.01F 5
0.005F g 0.005F 3
0.001 & 1 1 1 1 1 1 0.001 & 1 1 1 1 1 1
0.5 1 2 5 10 20 50 0.5 1 2 5 10 20 50



Result: Type-I

+ Combine with theory inaccessible region and EDMs
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Result: Type-li

+ Combine with theory inaccessible region and EDMs

Type~II w. approximate Z;: mj, =400GeV, my, =450GeV, m,,. =420GeV, v=1
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Take home message

» Bounds from light Higgs coupling
measurement are not constraining

» Nice complementarity between bounds from
EDMs and Heavy Higgs searches

» For the mass of heavy Higgs larger than 600
GeV the collider bounds become weaker

» Heavy Higgses can not decouple in order to
have nonzero CP violation



THANK YOU!
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LHC data

« Heavy Higgs constraints: hy3 — WW/ZZ

CMS \s=7TeV,Ls<5.1fb" \s=8TeV, L< 5.3 fb"
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LHC data

+» Heavy Higgs constraints: ho 3 — Zhy — 1717 bb
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+ Relate a» and ac
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Electric dipole moment

» For type I, cancelation occurs when c;c. =~ c.c; ~ ace
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Light Higgs data: Type-i

Not constraining compared with other bounds

Not sensitive to a.
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Light Higgs data: Type-lI

Not constraining compared with other bounds

Channel KCMS LATLAS
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Without approximate Z:



Results: without approximate 2

+ Nonzero X¢ and A\~

+ Assuming that tree-level FCNCs is suppressed by other
mechanism, such as MFV

» For the mass of heavy Higgs larger than 600 GeV the
collider bounds become weaker

» CP violating phases a3, and a. are independent
parameters so there is no theory inaccessible region.



Results: Type-I

|sin @)

Bounds from hy,3 — Zh, — 1Ti70b excludes region for

tan 8 < 5

Nice complementarity between bounds from EDMs and

Heavy Higgs searches
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Results: Type-ll

Bounds from hy,3 — Zh, — 171700  close the window at
tan 8 ~ 1

Nice complementarity between bounds from EDMs and
Heavy Higgs searches
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Limits from oblique parameters

mj, =400 GeV, m;,‘ =450 GeV, a.=ap

h, =400 GeV, m;,‘ =450 GeV, a.=0
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