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Motivation 2HDM

Motivation

T.D. Lee, '73

Deshpande, Ma, '78
Two Higgs Doublet Model (2HDM):

o two scalar SU(2)w doublets &1, P, with the same hypercharge Y =1
e CP violation in the scalar sector (explicit or spontaneous violation)
o different types of extrema (possible violation of U(1)gas)

e 2HDM with an exact Z> symmetry
— candidate for the dark matter (Inert Model)
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2HDM

T.D. Lee, '73
Higgs potential V' with an explicit Z2 symmetry:

Z2 : @1 — (1)1, q)g — —(I)Q

sz%[m%1<1>1<1>1+m%2<1>£<1>2}+%[A1(<I>I<I>1)2+>\2(<I>;<I>2)2]
s (@] 1) (e1@s) +2a(@]as) (q>;<1>1)+%>\5[(¢1¢2)2+(¢§q>1)2]
with: Ginzburg, Ivanov, Kanishev, *09
Ao/M =k, ml =m?(1-90), m3=k*m2(1+9),

A345=X3+As+X5, Azas=Az+Asi—As,

Azas+=vA1A2EA345, Agas+=vA1A2EA345, Az+=vA1A2EA3.

e All parameters € R (and m?, k? > 0) — no CP violation

e Model I — only ®; couples to fermions.

Conclusions
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Extremum conditions

The positivity constrains are required to have a stable vacuum:
A > 0, Ao > 0, A3+ >0, A345Jr >0, /~\345+ > 0.

Positivity constrains — extremum with the lowest energy is
the global minimum (vacuum).

Extremum conditions:
oV/0%i|p,~(a,) =0, 3V/8¢I|¢>i:<<1>i> =0
The EW symmetric extremum:
(@1) = (P2) =0

e a local minimum if m%l’gg <0

e a local maximum if meQQ >0

Conclusion
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Spontaneous Symmetry Breaking

The general type of EWSB VEV:

Barroso et al., ’05

u # 0= U(1)gm broken:
e charge breaking (Ch)
u=0=>U(1)gm conserved:

e v1,2 # 0 neutral normal (N)

e v = 0 neutral Inert (1)
Deshpande, Ma, ’78; Barbieri, Hall, Rychkov, 06

e v; = 0 neutral Phase B (B)
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Charge breaking and Normal extremum

Charge breaking extremum (Ch):

w-5(2) w-5(;)

e U(1)gm symmetry broken by u # 0 — massive photon

e not a case that is realized now, a possible vacuum in the past if

As— >0, MM+XA>0, AM—XA<0

Normal extremum (N):

w-5(2) w-5(2)

e Normal = CP conserving
o massive Z°, W*, massless photon, 5 physical Higgs bosons H*, A, H, h

Asgs— >0, A+Xs<0, As<O0
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Inert and B

Deshpande, Ma, ’78, Barbieri et al., 06

Inert extremum:

oi=(2). w0m (1)

exact Zs symmetry — both in Lagrangian and in the extremum
only @2 has odd Zs-parity

— the lightest scalar is a candidate for the dark matter
®; as in SM (SM-like Higgs boson h)

®, — "dark” or inert doublet with 4 dark scalars (H, A, H¥), no
interaction with fermions

”Phase B” extremum:

@y=(g ) @=()

®; and P2 change roles
fermions massless at tree-level (Model I)

Conclusion
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Evolution Conclusions

Local minimum

Values of \; — existence of (local) minimum of given properties:

N and Ch in separate regions:

X

Inert (or B) overlaps N and Ch.

FQ

Ch
m N
N\ Inert
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Energy &£ of extremum

The extremum with the lowest energy is the vacuum:
md (A3,+5A3+)2

Er—&on = T NiAs_Azy
52
T Ag_Azas_

4 (A3457 +5A345+)2

A1A345-Agas+

5 _ k2m? 1
En —Ecn = ] >\45[A3+A345+

Charge breaking vacuum:

! Schi Az—>0, Ag+A5>0, As—A5<0,
PN [§|<Acp for Agp=A3_ /Az4
— Phase B
e Normal vacuum:
SN:  Asas_ >0, Ag+A5<0, A5<0,
Ap
[6|<AN for AN=Agz45-/A3a5+

Inert Model:

6<—Acgp N for Sop, N, <0 otherwise

Phase B:

§>Acp,N for Son N,

6>0 otherwise

m2,=m?(1-4§)
m§2:m2k2(1+5)
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Evolution of the Universe

Ivanov '08

We assume that today Inert Model is realized, however, in the past
some other extrema could have been lower.

We consider evolution of the Universe due to the thermal corrections to
the potential.

At finite T ground state is given by minimum of Gibbs potential:
Va(T) = Tr(Ve ™'Y ) Tr(e /") = V(T = 0) + AV(T)

AV(T) - leading corrections o< T given by diagrams:
A
= fixed quartic terms, quadratic (mass) terms change with T

AV(T) T ‘I) <I>1+CQT ‘I) ‘I)Q
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Evolution of the Universe

From scalar contributions to AV:

mi(T) =mi; — 2cm?w, m3o(T) = m3s — 2k2comw

_ 3X142XA34+A _ 3Xo42X3+)N4 . _ T2
o= R Co= TEGET W= o
2 2
m*(T) =m* (1 — (c2 + c1)w)
. m? c2—cy c2—c1
6(T) - m2(T) 0— catc1 + catc1

e ¢; and ¢y positive to restore EW symmetry in the past

e mi (T), m3(T) decrease with T

for today (T = 0) we use parameters mfi, m2, )

The evolution of vacuum states and phase transitions in 2HDM during cooling of Universe, I.F.

Ginzburg, I.P. Ivanov, K.A. Kanishev, arXiv:0911.2383v2 — 2HDM with soft Z5 violation
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Possible phase transitions

For a given T we determine:
e sign of m?;, — possible existence of given extremum
e values of \; (fixed) — existence of a given local minimum

e value of § — global minimum

miy (T)
Possible sequences that lead to Inert: N, Ch,
e EW £ Phase B % Inert Inert B, I
2

o EW & Phase B ©> N © Inert ma2(T)
e EW £ Phase B £ Ch 2 Inert
e EW & Inert EW Phase B
Note:

e EW B —---—I:m} ,m3 >0
e EW —1I: m3 >0
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e mi(T) <0,m3(T) <0:
EW symmetric phase

e m? (T) < 0,m3(T) >0 :
Phase B becomes a vacuum,
Inert is not an extremum

e m} (T) > 0,m3,(T) >0
0(T) > 0 : Phase B still
a vacuum, Inert becomes
an extremum

o mi(T) > 0,m3(T) >0
0(T) < 0 : Inert becomes
a vacuum, Phase B is
an extremum

Extrema

EW — B — 1

2000 m2242

/

Evolution

Conclusion
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EW — B — 1

My, =115 GeV, My =60 GeV, Ms =80 GeV, My+ =140 GeV
M =0217, M= —-0.48, X5 =—0.046
As=1.116, k*=2, Xo=11, &§=-0.016

Value of v Value of m.,

v “Tm_u
Inert -

- Inert
Phase B

EW £ B at Tew.s = 261 GeV
B-LTIat Tp, =174.5 GeV
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2HDM Extrema

EW — B — N —1

Value of v

Inert

B
EwW

T

Evolution

Value of m,,

Conclusion

Iy

Inert

Ew

Transitions for T' = 197 GeV, 170 GeV, 156 GeV.

My =115 GeV, Mg =50 GeV, M4 =70 GeV, Mg+ =250 GeV,
Ap = 3.47.

Az = 2.80,
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EW —- B —Ch—1
In Scp region we go from Phase B into C'h at:
0(Teht) = Ach = As— /A3y
and then from Ch to Inert at:

d(Tcn-) = —Ach

Note, that we must be in the region in which Mi,i < M3, M%.

16 /18



Motivation 2HDM Extrema

Evolution

EW — 1T

Inert vacuum exist during an entire history of the Universe after SSB if

only one phase transition took place at

WEW,I =

e Phase B can be an extremum (and
s0 M3y > 0) but not a vacuum if:
C2

_1<5<02;
c2+ 1

<0

e Phase B can not be an extremum
(and so m3, < 0) if:

o< —1

Note, that m?, > 0 (Inert)

1-4
C1

Conclusion
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Conclusions

Different types of extrema can be realized in the past.
Today — Inert Model (dark matter).

Possible sequences of phase transitions:

EW —-B—N-—>1
EW —-B—Ch—1
EW — B —1
EW — 1

EW — B — Ch — I requires charged ”dark matter”.
It is possible to have no DM for hight T" (going through Phase B).

Need for further analysis for m2;, m3, > 0.

Conclusions
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