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Values of the best-fit o/ogqy for the combination (solid vertical line) and for subcombinations by predominant
decay mode [left pane], and for analysis tags targeting individual production mechanisms [right pane]. The vertical
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‘ Beyond the minimal Higgs sector I

There is some motivation for going beyond the minimal Higgs sector.

e The flavor structure of the fermions in the Standard Model (SM) is non-
minimal. Why not for the Higgs sector as well?

e The minimal Higgs sector of the MSSM is a two-Higgs doublet model.

There is also some motivation for adding additional Higgs singlet fields (e.g.
the NMSSM).

e Adding additional Higgs doublets and singlets does not spoil the tree-level
relation of p = m3,/m?% cos® Oy = 1.

e The scalar sector could provide a stable particle, which would be a candidate
for the dark matter.

Any viable extended Higgs sector must possess a SM-like Higgs boson. For
simplicity, in this talk | shall focus on the two-Higgs doublet model (2HDM).



‘ A theoretical Introduction to the 2HDM I

The scalar fields of the 2HDM are complex SU(2) doublet, hypercharge-
one fields, ®; and ®,, where the corresponding vevs are (®;) = v;/+/2, and
v? = |v1)*+|v2|? = (246 GeV)?. The most general renormalizable SU(2)xU(1)
scalar potential is given by

= m?, o 2 & ®, — (m2,d7®y +h Ly (010,) 4 1x, (@ld,)
V =mp; P P1 + my Py ®s mpp® P2 + hoc. ) +3A1 | P1P1) + 3A2 ( PyP2
2
A0 DI By + MBI DDl D, + [%/\5 (®]®:)" + s@[@1 + Ardf@s] @@, + h.c.] ,

where m?, and A5, Ag and A7 are potentially complex; all other scalar potential

parameters are real.

In the most general 2HDM, the fields ®; and ®, are indistinguishable. Thus,
it is always possible to define two orthonormal linear combinations of the two
doublet fields without modifying any prediction of the model. Performing such
a redefinition of fields leads to a new scalar potential with the same form as

above but with modified coefficients.



The Higgs basis

It is convenient to define new Higgs doublet fields:

H\  vid) +vid, HY\  —0®) + 1P,
H1 — 0 _= ) H2 — 0 — .
H; v H v

It follows that (HY) = v/v/2 and (HS9) = 0. This is the Higgs basis, which is
uniquely defined up to Hy — ¢*XH,. The scalar potential is:

2 2
V= YiH[H\ + Y;H{Hy + (YsH{Hy + h.c.) + 5 2y (H[Hy) + 32, (H]H)

2
VZsH H HIH, + Z,H HoHHy + [%25 (H{H:)" + [ZsH{H) + Z7 H}H>) H{ H, + h.c} ,

where Y7, Ys and 41, ..., Z, are real and uniquely defined, whereas Y3, Z5, Zg

and Z; are potentially complex and transform under the rephasing of Hs,

Y3, Zg, Z7] — e "X[Y3, Zg, Z7] and Zs — e *XZs.

After minimizing the scalar potential, Y; = —2Z1v? and Y3 = —2Zgv?. This

leaves 11 free parameters: 1 vev, 8 real parameters and two relative phases.



The Higgs mass eigenstates

The charged Higgs boson is the charged component of the Higgs-basis doublet
H,, and its mass is given by m?,. = Y5 + 5Z30v°. We identify the charged
Goldstone bosons with Hi~ and the neutral Goldstone boson with /2 Im HY.

The neutral Higgs mass-eigenstates are linear combinations of {v/2Re HY — v,

Re HY , Im HY}, which are determined by diagonalizing the following squared-
mass matrix [cf. H.E. Haber and D. O’Neil, Phys. Rev. D 74, 015018 (2006)]:

7 Re(Zs) —Im(Zs)
M? =0 | Re(Zs) L7345+ Ya/v? —1Im(Z5) ,
—Im(Zs) —iIm(Zs) 2Zss5 — Re(Zs) + Yo /v?
where Z345 = Z3 + Z4 + Re(Z5). The diagonalizing matrix is a 3 x 3 real
orthogonal matrix that depends on three angles, 6i2, 613 and 633. The

corresponding neutral Higgs mass eigenstates will be denoted by /1, ho and A3

with masses mq, mo and ms, respectively. Under the rephasing Hy — X H,,

012, 013 are invariant, and o3 — 093 — X -



‘ A SM-like Higgs boson I

The couplings of v/2Re HY — v are precisely those of the SM Higgs boson.
However, in general this is not a mass eigenstate. In light of the structure of
neutral Higgs squared-mass matrix,

Zl Re(ZG) —Im(ZG)
M2 = ’U2 Re(ZG) %Z345 —+ YQ/’U2 —%Im(Zg,) 3
—Im(Zs) —iIm(Zs) iZsus — Re(Zs5) + Ya/v°

it follows that there will be one scalar state, hy, that is SM-like if either:

o |Zs| < 1. Indeed if we have Zg = 0, then the mass eigenstate h; is precisely
“aligned” with v/2Re HY — v and its squared mass is m? = Z;v%. We will
call this the alignment limit.

e Y5> Zv? In this case, m? ~ |Z;|v* < m3, m3, m?{i. We call this the

decoupling limit. (Indeed, in this case h; is approximately aligned with
V2Re HY — v.)



The decoupling/alignment limits in equations

To obtain the conditions in which h; is the SM-like Higgs boson, noting that:

gh VvV
Jhg\VV

= C12C13, where V =W or 72,

where hgyr is the SM Higgs boson, we demand that
S12, S13 << 1.
Here, s12 = sinfis, c12 = cosfia, etc. The following (exact) relations are

noteworthy [H.E. Haber and D. O'Neil, op. cit.]:

Re(Zg e ""23) v* = c13812c12(m3 — m3)

—i093Y 2 2 2, 2 2 2
Im(Zge ") v° = s13c13(ciom7 + S1oms — m3) ,

Im(Zs e 2923) v? = 2s19¢12513(m2 — m?).

For simplicity, we assume no mass degeneracies in the neutral scalar sector.



In the decoupling/alignment limit, m$ ~ Z;v? and

, Re(Zge1923)0?
S19 = sin 6o ~ 5 5 <1,
ma —Mmj

, Im( Zge 12392
sin 13 ~ — ( g 2) < 1.
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The alignment limit [Craig, Galloway and Thomas]

In the limit of Zg — 0, s12 and s13 are small since the corresponding numerator

factors are vanishingly small.

The decoupling limit [Haber and Nir]

In the limit of Y5 > v [with |Z;] < O(1)], we have m3, m3 > m?,|Zgv.
Hence s15 and s;3 are small since the corresponding denominator factors are

much larger than their respective numerator factors.



Alignment without decoupling

In the decoupling limit, mj ~ Z1v° < mg, m3, my+. However it may be

difficult to discover the heavy ho, hs and H* at the LHC. For example, in the
case of the MSSM Higgs sector, there is no known way to observe the heavy

Higgs states in the infamous “wedge region” of large m ;;+ and moderate tan (5.

In contrast, in the alignment limit with |Zg| < 1 without decoupling, the
masses of all Higgs bosons [h1, ho, hs and Hi] are of O(v). Thus the
prospects for the discovery of additional Higgs scalars at the LHC may be
significantly improved. Discovery at the ILC is assured if all scalar masses lie
slightly below £4/s.

Indeed if Zg = 0, then h; is exactly the SM-like Higgs boson, and the states of
the second Higgs doublet may be accessible at the LHC and/or ILC.



‘ A symmetry origin for the alignment limit I

The exact alignment limit appears to required an unexplained tuning to achieve
Z¢ = 0. However, there exists a symmetry that can impose the exact alignment
limit—a discrete Zs symmetry where the Higgs basis field H; is unchanged
but H, — —H,. If we impose this symmetry on the scalar potential, then it

follows that
Ys=/Zsg=77,=0.
Note that the minimum condition Y5 = _%ZG'U2 requires that Y3 = 0 if Zg = 0,

so this Zy symmetry cannot be softly broken.*

So far, we have not discussed the Higgs-fermion interactions. Having imposed
the above Zs symmetry in the bosonic sector of the theory, we can extend it
to the Yukawa interactions. In general, there are a number a possible ways of
doing this (Type-l, Type-Il, ...). But to maintain the SM behavior of the H;

couplings to fermions, the choice is unique.

*A paper on the arXiv claims otherwise, but the premise of this paper seems dubious.



To achieve SM couplings of h; = V2 Re H? — v to the fermions, we must

allow Yukawa couplings of the form

~0) 7 0y

— Lok = Q) Hik (O)URJr Qy (O)TDE__?) the.,

where Hy = iooH, Q = (U,D) with U = (u,c,t) and D = (d,s,b). The
superscript zeros indicate weak interaction eigenstates. The corresponding
quark mass eigenstate fields are determined after diagonalizing the 3 x 3
quark mass matrices, M((]) = ’UK,U)/\/i and M( ) = fzm:g)/ﬂ The Yukawa
couplings above are allowed if all fermion fields are unchanged by the 7Z,
symmetry transformation. In this case, since Hs is odd under the Zo symmetry,

it follows that the Yukawa couplings of Hs to the fermions must be absent.

This is the inert doublet model (IDM). The lightest scalar of the Hs doublet
is therefore absolutely stable and a possible candidate for dark matter. That
is, the inert 2HDM is a Type-l 2HDM in which there exists an unbroken Zs
symmetry in the Higgs basis.



‘ Further details on the IDM I

By imposing the discrete Zo symmetry, the scalar potential is CP-conserving.
The SM Higgs state is h = v/2Re HY — v. The inert doublet is

HT
o= <(H+z'A)/\@> |

where the mass eigenstates consist of two neutral scalars, H, A and a charged
Higgs pair. One is free to rephase H> so that the model depends on Y5, Z1, Z5,
Z3, Zy and |Zs|. Vacuum stability implies that Z1 5 > 0, Z3 > —(Z,Z5)/?
and Zs + Z, + |Zs| > —(Z125)'/2. The physical Higgs masses are

2 2 2 1y 2 2 2 1 2
my, = Z1v°, my+ = Yo+ 35230°, my = my+ +5(Zs % |Z5])v°.

H and A have opposite CP-quantum numbers, but there is no interaction that
can determine separate CP quantum number for these states. If one of these
two neutral scalars, call it Hy, is to be a dark matter candidate, then we must
demand that the lighter neutral is lighter than H*, which yields Z, < | Z5].



Candidate for dark matter: the lightest Zo—odd particle (LOP)
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The viable IDM parameter space projected on the (My,op, AL g) plane imposing only the upper limit (left)

and the upper and lower limits (right) of the WMAP range, 0.1018 < MLOPh2 < 0.1234. The green points

correspond to all valid points in the scan, while the red and black regions show the points which remain
valid when the model satisfies stability and perturbativity up to a scale A = 10% GeV and the GUT scale
A = 10'% GeV, respectively. Taken from A. Goudelis, B. Herrmann and O. St3l, JHEP 1309 (2013) 106.

Assuming that Z, < |Z5|, then we identify the squared-mass of the LOP as
MI%OP =Y+ %(Zg + 24 — ‘Z5D’U2. Above, >\L,S = %(23 + Z4 — |Z5|), when
multiplied by v the latter corresponds to the hH; H; coupling.



Including the exclusion limits from the current dark matter direct detection
experiments, a cosmologically relevant LOP is ruled out by Goudelis, Herrmann
and Stal for all LOP masses below 500 GeV except for a narrow window around
%mh (roughly 50 GeV < My op < 80 GeV).

LHC Benchmarks (work in progress by Haber and Stal)

We are formulating benchmark points for LHC studies of the IDM (assuming
the LOP abundance is below the WMAP limits). One can search for the
charged states H7 and the heavier neutral state Hy. The production of Hj,

results in a missing energy signature.

e Regions of parameter space where h — Hy Hy is allowed by present data.

e Drell-Yan production of HTH~, followed by H* - W* + H; and/or
H* — W* + Hy followed by Hy — Z + H,.

e Drell-Yan production of HyHy, followed by Hy — Z + Hy (“mono-Zs")
and/or Hy — WT 4+ H* followed by H* — W* + H;.



Drell-Yan cross-sections at the LHC are small, so to see the relevant missing

energy signals above background will require very large data samples. If the

W and Z bosons in the decays are produced off-shell, these signals may be

impossible to resolve.

In cases where the LHC cannot detect the inert doublet, the ILC may be useful.

ILC benchmark points for such a scenario have been proposed by M. Aoki,
S. Kanemura and H. Yokoya, Phys. Lett. B 725, 302 (2013). The following
results are given in the ILC Higgs White Paper for the case of Mi,op = 65 GeV

and a rather light inert doublet spectrum.

Inert scalar masses [GeV] | ILC cross sections [{/s = 250 GeV (500 GeV)]
mp, MOy mpg+ Oete-—HpHy [fb] Octe——p+u— [fb]

M | 65 73 120 152 (47) 11 (79)

) | 65 120 120 74 (41) 11 (79)

(1) 65 73 160 152 (47) 0 (53)

(1V) 65 160 160 17 (35) 0 (53)




‘ Reducing the number of fine-tunings of the 2HDM I

Draper, Ruderman and | are exploring 2HDM scenarios in which the number
of fine-tunings can be reduced from two to one. Introduce a new Zs symmetry
that exchanges the two Higgs doublet (in addition to the Zy symmetry under
which one of the two Higgs doublets changes sign). These two symmetries
taken together can reduce the number of fine-tunings of the 2HDM to one.
But, this Zg X Z5 symmetry cannot be maintained by the SM Yukawa couplings
alone. To overcome this problem, we introduce mirror vector-like fermions.
However, the mass terms for the vector-like fermions softly break the exchange

Z.o5 symmetry (since the latter interchanges fermions with their mirrors).

Because the symmetry breaking is soft, the second fine-tuning can remain
“under control” (when radiative corrections are considered) effectively leaving
one fine-tuning to get the full 2HDM mass spectrum significantly below the
ultraviolet cutoff scale. The IDM is one of the possible electroweak symmetry

breaking phases that can arise in this framework. Details to follow ...



