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uum Stability Problem
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[Degrassi et al. '2012].
mp > 129 GeV + 2.0 (M[GeV] — 173.34 GeV) —

as(Mz) —0.1184

0.5 GeV ( 0.0007

) +0.3 GeV.

[Buttazzo et al. '2013].



Two-Higgs-Doublet Models

Introduction :
@ Introduce second Higgs doublet. [Branco et a1 '11].
@ Electroweak p- parameter remains unity at tree level.

@ FCNC is possible at tree level = need some additional discrete (Z2) or
continuous (U(1)) symmetry to prevent.

@ P1 — ¢1,¢2 — —d2 leads to four variants:
Type I : All quarks and leptons couple to ¢2.
Type II : ¢2 couples to up type and ¢1 couples to down type quarks
and charged leptons.
Type X or lepton-specific : All quarks couple to ¢2 while ¢1 couples to
charged leptons.
Type Y or flipped : Up type quarks and charged leptons couple to ¢2
and down type quarks couple to ¢;.

@ Good assumption : alignment limit.



Two-Higgs-Doublet Models

Potential :
@ Notation-I :

Vo= mholsr +misles - (m12¢>1¢2+hc) L(glon)" + 2 (ohoe)
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Two-Higgs-Doublet Models

Potential :
@ Notation-I :

Vo= mholsr +misles - (m12¢>1¢2+hc) (¢*¢1)2+%(¢;¢2):
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@ Notation-II :
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Two-Higgs-Doublet Models

Potential :
@ Notation-I :
Vo= mhelen+mhols: - (m12¢>1¢2+hc) 2 (sfn)" + 22 (sh02)
+s (616n) (b2 ) + 2 (0lo2) (0hon) {% (¢l02) +h.c.}
@ Notation-II :

2 2
vy + v3

2 2
Vo= b («m——l) + o (¢2¢2——2> + Bs (¢I¢1+¢£¢2— 5 )

+61{ (6161)(9h2) — (6162)(0hon) } + 85 (Re 9lgn — “22)°
+086 (Im ¢J{¢2)2

@ The additional symmetry is softly broken by the term proportional to
= B or m2,.

Nonzero tan 8 implies two parametrizations are equivalent.
Notation-II is useful for tracking breaking parameter effect and
defining scalar masses in terms of couplings.

@ The symmetry enhanced from Z; to a U(1) for 85 = fs.
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Two-Higgs-Doublet models

@ The equivalence of the two sets of parameters are given by the
following relations:

mi; = —(Bro} + Bsv’) ; A =281+ B3) ;

m3e = —(B2v5 + Bav?) ; Ao =2(B2 + B3) ;

mi, = %vwz ; Az = (263 + f4) ;
)\_M_ﬁ4; s = 65266.

o Five independent parameters : (mmg,ma, my+,tan B, B5) where, 85 is
the soft-symmetry breaking parameter.

@ The connection between the couplings to the masses is demonstrated
by the following relations:

1 2 2 2 2 SaCa 2 2 55
6 = 522 MirCo + M, Se — tan B (my —mp)| — (tan B-1),
! 22 2 52 2 2 Bs 2
B2 = 555 [mhca + M Se — SaCo tan B (mH — mh)] - — (cot B — 1) ,
2v%sy 1
o 1 saCa 9 2 Bs
bs = 202 sgep (i —mi,) 4
2 5 2

Ba = ﬁmHJraBG = ama- e



Theoretical Constraints

@ Vacuum stability :
A1 >0,
A2 >0,
s+ Ve >0,
)\3+/\4*|)\5|+\/m>0,
@ Unitarity :

3 9

af = St E \/1(Al = 22)? + (24 + Aa)?,
1 1

agi = 5()\1-1-/\2):&5 (A1 = A2)? + 43,
1 1

a3i = 5()\1+/\2) 5 (A1 = A2)2 +4A2,

bi = X342\ £3Xs,

[)2i = A3 A5 s

The requirement of tree unitarity then restricts the above eigenvalues
as follows:

lai |, 67| < 167
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Experimental Constraints

@ Oblique T - parameter constraint = restrict the splitting between
nonstandard masses.

1

2 2 2 2 2 9
AT = emgonr, [Fmiemb) + Flmbs mk) = Flmb, m3)]
zty _ _wy z
F(f,y) = 2 =y ln(u) for x#ya
0 for z=1y.
AT = 0.05+0.12,

@ If, my =~ ma then AT severely restricts the splitting between charged
and neutral scalar masses.

@ Tor Type II models m}; > 300 GeV due to b — s7.
For Type I models, m}, > 80 GeV from direct search limit.

o LHC Higgs data = Alignment limit, 8 —a =x/2 .
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Exact Z; symmetric 2HDM
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@ Potential is not stable until Planck scale.

@ Type I models remain stable up to a maximum of 108 GeV whereas
Type IT models can only be stable up to 10* GeV due to charged Higgs
mass bound.

@ tan f is bounded depending upon the energy scale Ayv, up to which
stability is demanded.



Softly Broken Z; symmetric 2HDM

@ Absolute stability until the Planck scale can only be achieved for softly
broken Z> symmetric case but with certain conditions which we named
as the stable alignment limit.

@ Stability of the 2HDM potential up to a cut-off scale Ayy yield a lower
bound on tan 8 and eventually on mgo (or equivalently on S5 for
mg = 3P50°).

@ tan S > 3 and mo > 120(280) GeV for Type I(II).

@ The nonstandard scalar masses are all correlated to the soft breaking
mass parameter mg.

@ The conclusion do not crucially depend upon top quark pole mass.
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Softly Broken Z; symmetric 2HDM
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Theoretical Explanation for mass correlation

@ The evolution of A5 is proportional to itself and any initial nonzero
value of A5 will cause it to grow with energy.

@ X5 ~ 0 leads to U(1) limit.

@ )5 ~ 0 implies 85 ~ B and hence, m?% ~ m2.
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Theoretical Explanation for mass correlation

@ The unitarity and stability conditions at the electroweak scale
imply, [D. Das ’15]
2
0 < (m%, —mi)(tan? B + cot? B) + 2m3 < 222,
e For tan 8 away from unity, the inequality renders a degeneracy
between my and my.
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Theoretical Explanation for mass correlation

. 2 2 . 2 _ 1 2 2
o With mz = mj =~ mg, AT = WF (mH+,m0) .

o I (m%+7m3) restricts the splitting |m?,, — m§|, the experimental
limit on AT imparts the degeneracy between m g+ and mg.
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@ Thus, m§ =~ m% ~ my ~m7y4.

@ The lower limit of charged Higgs mass for Type II (300 GeV) and limit
on CP-even Higgs (> my) for Type I sets the limit on mg.



Theoretical Explanation for tan 5 limit

@ ¢2 gives masses to up-type quarks = A2 will face the negative pull of
top Yukawa copling — h: = (;/EL”E)

@ In the limit of exact degeneracy, RG running of Ag is similar to SM
Higgs self-coupling A except some extra scalar contribution.

Dhs = 16X%—3 (392 n g'2) A2+
3
2 (394 T4 2g2g’2) 4 12h2); — 12k
@ Not enough to overcome the negative pull of top Yukawa = lower limit
in tan .
10 tan/.’;:é.S TYPEI | ,/
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Theoretical Explanation for tan 5 limit

Deviation in m% from degenerate value relax the tan 3 limit.
mo =ma =mg, and, miﬁ =mi+A.

In this limit,

mi 2A 2A

)\1:)\2:?, )\3:)\24-’072, A4:—vf2, s =0.

Using these, we can rearrange the terms that appear on the RHS in the RG
equation for A2, to obtain

2A\ ? 2
Dy = 14)242 <A2+ ?) —3(3g2+g’ ))\2
% (3g4 +gt+ 2g2g’2) £ 12020 — 1281

Extra scalar contribution aids to lower value of tan j3.
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@ 2HDM scalar potential with an exact Z2 symmetry is unable to
maintain stability after 10 GeV (10* GeV) in the Type I (II) case. To
ensure stability up to the Planck scale, Z> symmetry needs to be
broken softly.

@ By demanding high scale stability in the presence of a soft breaking,
we are led to a situation where the symmetry of the potential is
enhanced from softly broken Zs to softly broken U(1).

@ To have stability up to very high energies (= 10'° GeV), all the
nonstandard masses need to be nearly degenerate:
mo & ma =~ myg ~ myg+. LThus, there is only one nonstandard mass
parameter that governs the 2HDM in the stable alignment limit.

@ The value of tan 8 is bounded from below.






