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SM Higgs Relatives:

1. Participating in EWSB

Perturbative unitarity & Diphoton excess
M.Fabbrichesi, A.Urbano/1601.02447

2. In Radiative Neutrino Models

Without or with a loop/dark Z2 Symmetry
V.Brdar, IP, B.Radov¢éi¢, PLB 728 (2014) 198

3. In Scotogenic Neutrino Models

Derived dark Z2 Symmetry
E.Ma, IP, B.Radov¢i¢, PLB 726 (2013) 744

Induced accidental Z2 Symmetry
P.Culjak, IP, K.Kumeric¢ki, PLB 744 (2015) 237



.rThe SM Higgs: Now,
Then & in Future

1.1 On July 4, 2012, we learned
of the discovery of SM Higgs

= An excitation of a field that cooled
with the rest of the universe
underwent a condensation:

= Massive fields in SM acquire their
masses from this condensate



Top Quark
175 GeV

Charm Quark
1.25 GeV/

Up Quark
~0.002 GeV

For reference;

Down Quark Strange Quark Bottom Quark
~ 0.005 GeV ~ (0.095 GeV 4.2 GeV
These are relative masses not size — they have no e size |
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Pure Quantum- Discovery @ LHC:
gluon fusion + rare decay



diir
¢ ——Ts
. —‘a &
,gluon fusion* t — i Y \s=7TeV E
t E
NTITE B §
18
q =
V2
,vectorboson s === _
fusion® \'Jj ]
q ]
8 wz E E
,vector boson W.Z ’ E 3
radiation® 5 .
= HO ”
q -
W, Z bremsstrahlung 102k

1t associated

100 200 300 400 500 ‘1?00
production* M, [GeV

t T fusion

Decay mode BR Notes (as of early 2014)

bb 58% Observed at about 20 at CMS
W= 22% Observed at 4o
g9 8.6%
T 6.3% Observed at 1-2 o
cc 2.9%
Z7* 2.6%  Discovery mode (in ZZ* — 4p, 2u2e, 4e)
Yy 0.23%  Discovery mode
Y 0.15%
[LfL 0.022%

ot 4.1 MeV
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BSM fields may give diphoton
excess (important charged scalars)

a’my, T N2 v 2 Cs Vi ’
L(h— ) = 25 G52 Ai(mw) + NQ; AL;E(T:]‘ + i“"c__SQSE—EAc}(TS}
D07 H mg
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No more Diphoton Excess at 125

GeV in 2014
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“The SM Periodic Table”

Three Generations
of Matter (Fermions) spin %2
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1.2 Perturbative hints for the

“BSM” discoveries in the past
(dim 6 op's leading to E”2 scatt. ampl.)

= NP beyond the Fermi theory

f f
>< ~ GpE* ~ E?/v* < 167° myy < 4mv
f !

= The search for the top quark, because

b HTL
U + 2 02 /12 2 | Lo,
~ g B /myy < 167 my < 4o

b Wi,

new theory must show up at an energy scale below 47 /\/Gg ~ 47v,
having expressed Gy =1/ v/2v? in terms of the EWSB scale v ~ 246 GeV.
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= The expectation of the Higgs, because of
the quadratic term in the scatt. ampl.

Wr W
>< + ...~ g E? /mi, < 167 mpy < 4mv
Wr W

the critical threshold of 47ty ~ 3 TeV
1s within the reach of the LHC collider

Each time we replaced one d=6 operator
with one new discovered statel

After discovering the Higgs we are left
with genuinely g-inv ren-ble theory!

New physics 1s needed to explain Dark Matter,
neutrino masses, Inflation and Baryogenesis
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1.3 Only one Higgs doublet?
Difficult to imagine given the

= Huge disparity among SM fermion masses
= Lightness of neutrinos
= Fine tuning in the Higgs potential:

V = const. + m3 |H|* + A\ H|*

m Cosmological constant problem
m Higgs naturalness problem
= Vacuum stability problem
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Veltman parameter close to 1

mi,

_ _ +0.0003

N ) Pexp = 1.0004Z50507
m7Cos“ Oy

= In extended Higgs sectors

D T(T 4+ 1) = Y7;
)Otree o 22},21}2

I~ 11

SM tree-value unchanged provided
T:(T; +1)=3Y?=0

Three main possibilities: isospinsinglets with ¥; = 0,
doublets with Y; = 1/2,
larger isospin representation fields and septets with ¥; =2
isospin 26-plet with Y; = 15/2

cause violation of perturbative unitarity
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Additional Complex
Scalar Multiplet X

caunge-kinetic Lagrangian
L£> (Do) (D'd) + (D, X) (D'X)

1 .
Dy = O —ig' BuY —igWiT" = 0, —ig' B,Y —ig [2 (WS + WD) + Wy T

L

] MGSSZS for' W Oﬂd y4 the terms prop-ortional to "1%{
2
g

0 Ij{'::.j_ W I (T + T + T—7T + ) 1 92 I’{i:f 11_1[_,:"3 I (T 3 ) 2

(D, X)/(D'X) > X’f[

+¢”B,B"(Y)? +2 gg’B”W:g”(YTg)] X,

use@?\: 1% +Yksothat T2 =Q —-Y = -Y

for the neutral component of X where the vev lives




For a scalar X of isospin T
TTT™ +T°TT = V2T +iT*V2AT' —iT?) + V2T —iT*V2(T +iT?)
— 4 (TI)Q—I—(TE)Q}
— 4 -IT'IQ - ( 3)2}
4[T(T+1) —(T%)7],

- Con‘rr'lbuhons - in convention Q@

(D, X)"(D'X) > X {FW W [T(T +1)

&

NV

Doublet, Y = 1/2:
L, Triplet, Y = 0:
N riplet., Y = 1:

— Y2 + oW WY

+¢?B,B"(Y)* — 294 B,W*(Y)*} X.
T(T+1)-vy?*=4%  Y2=1
T(T+1)-Y?=2 Y?=0.
T(T+1)—Y?=1, Y?=1.
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2.The 2HD Benchmark
Model and Beyond

Theoretical problems of the SM

- Strong CP 0G" G, (D=4) = §<107"
- EW naturalness ANH'H (D=2) = Ax100GeV
- Cosmological constant A'Vg (D=0) s Ax103cV

- Landau poles

* Evidence/hints for physics beyond the SM

{- Neutrino oscillations _
|- Dark Matter

- Baryon asymmetry

- EW vacuum instability

- Gravity -

A simple scalar extension of the SM
may account for all these issues



2.1 Simplest scalar extensions

£+ £+
l) Real 1'r'iple1' == ( EU ) — (ED;’U& )
T=1, ¥Y=0 (VEV):

0
%('Dﬁ_) (D'Z) D > W, W (=) = ( I[f )
= ¥Y=0, so no contribution to neutral boson masses
N
M2 = o} ) go -
\ 0 0 0 0)



ii) Complex triplet
T=1,6 Y=1 (VEV) (Xy=1| 0

vt YT Ux
X”L o X+
XV vy + (hy +iay)/V2

(D, X)N(D'X) D Py WIW ™ + > oi W W™ + 02 B, B" — 2g¢'v; B, W

= Mass-square contributions for W i Z

/ g 00 0\
2 2 g 0 0

\0 0 —2g99" 2¢” )

the lower 2 x 2 block of this matrix is still diagonalized by the same weak mixing angle Oy

does not generate the same masses for the W and Z in the limit ¢’ — 0
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Custodial symm. restoration

for both triplets, Y=0 & Y=1

2 2
M3, = 9—( 2 4 do? 4 402) _ MR vyt doF + 403
40 X )0—( A2 +8’v~
R A S Wz Ys X
AIZ = 4 (l'é -+ 81')2) 4(121 (1 & + 81 )

= The rho parameter tuned to 1 for aligned

Vg = Uy =13

[g° 0 0 0\
9
2 sl 0 g= 0O 0
\ 0 0 _QQVjr QQ / the rotation symmetry

The custodial SU(2) symmetry is restored: Wl o w2 o w?
—~—~—— > -

in the limit ¢ — 0, the W and Z masses again become equal



.Geor'gl-Machacek model with

bidoublet-like 3x3 object
- containing both triplets ¥Y=1 & Y= O

to engineer the relationship ve = vy - vy 0
0% ¢+ - ++ (X)y=1( 0 v 0
N X g X 0 () vy
_ = 0 ~+ |
X=1 x & X
X~ & XU where y~ = —y ™ and £ = —¢*

transforms as a triplet under both the global SU(2);, and SU(2)p

by allowing an alignment among VEVs, we can keep pye. = 1

= If this is symmetry of the scalar potential

the resulting model 1s called the Georgi-Machacek model

“Doubly Charged Higgs Bosons.”
Nucl. Phys. B 262, 463 (1985)
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2.2 Two Higgs Doublet - 2HDM
the most explored benchmark model

o o _— Oy
! (h1 + v +1ay)/ V2 ) : (ho + v9 +iasz)/ V2

= Both fields participate in EWSB
= Real VEVs avoid CPV in scalar sector

= Can provide a custodial singlet with
the couplings to g. b. fixed by g-inv-
ce, to cancel the unitarity growth
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Most general non-SuSy 2HDM
with CP conserving potential

5 _ V2 (Gt cos 3 — HY sin p)
L= V2 \ vy — hsina + H cosa + i(Gcos3— Asinf3)
by — 1 V2 (G’+ sin 3+ H™ cos _5)
2= V2 \ vy + heosa + H sina + i(Gsinf3+ Acosf3)
VoHDM = -m.%l@]ii)l — -m%@%(bg — ['TT?.-%}Q(I)-{(I)Q + h.c]
+ AN (@1D1)% + I (05 D9)% + Ay (T D1) (DL Do) + Ay (BT Do) (D)
{5501 @2)% + [No(@]@1) + Ar(@]s)] Bl + e}

m To avoid FCNC (with “natural flavor cons™)

impose a Z9 symmetry so that each type
of fermion only couples to one of the doublets

(forcing A¢ = A7 = 0)
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Natural Flavor Conservation NFC
O Type I: up.dp.ep = —up. —dp., —€p

O Type II: up — —up and dp.ep — dp.ep

O Type X(Iepton specific)e up.dp — —up.—dp and ep — ep

= Type Y (flipped) : Up.egp — —up,—cp and dp — dp

TABLE I. Four types of the charge assignment of the Z,
symmetry.

®, b, Ug dg CR O, Ly
Type-1 + — — — — +
Type-11 + — — + + +
Type-X + — — — + +
Type-Y + — — + - T
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2.3 Custodial Triplet (GMM)
contains a singlet resonance that

can take part in EWSB and still
belong to a perturbative regime

A% ot YO £t xtT
(2,2) =\ 4= 40 |- A(3,3) = X X
X &Y
whose VEVs are

v ~ U ~
(D) = %ngg and (A) = %13}:3

with -1;-'?3-, + 83 = v? =1/ V2Gp =~ (246 GeV)?
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= C-W Chiang, A-L Kuo/1601.06394 fit
the 750 diphoton resonance with the

Singlet of Custodial Triplet Model

GBO* d')—|— XU* £+ X++
S G R F
. . —— _g— 0

X X

1 . 1 ‘
V= Lo nfe1] + L wlATA] + Ay (u[10])° + Ay (n]ATA))°

b

+ Mgt _(NA)Q] BT D)t ATA] £ Agtr {@’f%@%} tr[ATTOATY

i a b
+ pqtr @T%@%] (PYAP)a, + puotr[ATT AT (PTAP) .

—14¢ 0
P_\}i ( ’ ?\Oﬁ) diagonalizes the adjoint rep
of SU(2)
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10 phys. states among 13 rep's
under SU(2)-custodial

(2,2) ~1®3,and (3,3) ~18335
SU(2)c singlets HY, HY (the Higgs and the additional resonance)
one SU(2)c¢ triplet (Hy, HY, Hy)
one SU(2)c quintuplet (HF ™, H , HS. H; . H; ™)
» Fabbrichesi-Urbano/1601.02447 fit the

750 diphoton resonance with the
physical "additional resonance”

H = soH? + co HY



.3. Tne Resonance at 750
GeV that Stole Christmas

= the title of N. Craig et al./1512.04928

The ATLAS announcement [1] of a 3.60 local excess in diphotons
with invariant masses near m.~ ~ 750 GeV

o(pp = ¢ = ~y) = (6.2722) th  (ATLAS)

— (5.6+£24) b (CMS)
Tior(6) ~ 45GeV(ATLAS)

[1] The ATLAS collaboration, ATLAS-CONF-2015-081.
2] CMS Collaboration [CMS Collaboration|, collisions at
13TeV,” CMS-PAS-EXO-15-004.
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3.1 Fitting the 750 GeV state
= M.R. Buckley/1601.04751

as a follow-up to the work of Refs. [4-6], which

have largely set the parameters which later papers have adopted

= The most statistically significant
deviation from the SM at the LHC
made public since the discovery of the
Higgs boson at 125 GeV

4] S. Knapen, T. Melia, M. Papucci and K. Zurek, arXiv:1512.04928 [hep-ph].
5] R. S. Gupta, S. Jger, Y. Kats, G. Perez and E. Stamou, arXiv:1512.05332 [hep-ph].
6] A. Falkowski, O. Slone and T. Volansky, arXiv:1512.05777 [hep-ph].
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A hint of a second scalar boson
like 1in Radiative Neutrino Models

= 2HDMs cannot accomodate without
additional massive particles

A. Angelescu, A. Djounadi and G. Moreau, Scenarii for interpretations
of the LHC diphoton excess: two Higgs doublets and vector-like quarks
and leptons, [arXiv:1512.04921 hep-ph]|. 2

W. Altmannshofer, J. Galloway, S. Gor1, A. L. Kagan, A. Martin and
J. Zupan, On the 750 GeV di-photon excess, [arXiv:1512.07616hep-ph]].

= A need to go beyond purely

scalar explanations
C. W. Murphy, Vector Leptoquarks and the 750 GeV Diphoton Reso-

nance at the LHC, |arXiv:1512.06976hep-ph]]. 2
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3.2 Radiative Neutrino Models
Integrating out BSM particles
produces an effective Dim 5

neutrino-mass operator

_ )\_"”Tc 1

dim—5

) L, — lepton doublet
H — Higgs boson doublet

M — heavy mass



Dim 5 op. in scalar extensions:
weak triplet w.r.t. 2nd doublet +
charged scalars @ loop level

(CCHH)/A

[Schechter; Valle (1980),
Cheng, Li (1980),

Lazarides, Shafi, Wetterich (1981),

Mohapatra, Senjanovic (1981)]

(£00eC ) /AP

x <H,>

> - I - -
v, e |1 eg v,
>LO
<Hg>

[Zee (1980), Wolfenstein (1980),

Babu, Julio (2014)]

(000eclet) /NP

- 7
7
h /
/

/

k™ \
\

/’T\\
: \\ h_
I
I \

| < - - —l -

e

| |

Vi € 1 € G I & V.
J(O )LO
<Hg> <Hg>

[Zee (1986), Babu (1988)]
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Radiative mass with real (Y=0)

Triplet Scalar Bpr,PLB 728 (2014) 198

1 ) LAY AT
4

75+

= Additional charged scalar singlet »*~ (1,2
= Additional vectorlike lepton doublet

— 0 —T ¢ - — 0 —T ¢ -
Sr= (30T~ (2.-1), = (0.0 ~ (2,-1)

H « , H
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= Gauge invariant scalar potential

V(H A WY) = —p5; HH + N\ (H'H)?* + 3 h™h™ + Xo(h™h™)?
+ A Tr[A%] + N\a(Tr[A%])? - MHTHR™h™ + A\ HTHTr[A?]
FAh~hTTr[A?] + A\ HIAHRY + Hee) + pHIAH

2 The neutrino mass matrix

3
' _|_ ' .
M” _ Z 9’1 k 9’2 jk 2(9'2) L(Ql)jk] \r 'UEI ME;;
k=1

ME 2 m2
2 2 m, 4
ﬂfE mh+ In T + “LIE mﬁJr In W - mh+ m_&Jr In .

ﬂ-,+
(myy —miy) (Mg, — )(J.fgk — ma+2)
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3.3 Inert-Scotogenic variants
- as a link to DM problem

= Scotogenic model with Z2 symmetry
V.Brdar, IP, B.Radovcié, PLB 728 (2014) 198

2 12 . +
— A— [y, T A U% A7Uf h
( h= A ) ( /‘\Tl-‘?{ Ju 1 j)\dl_,?{ ) ( AT

relation to the mass eigenstates 1s given by

ht \ [ cosf —sinb ST
( AT ) N ( sinf  cosf ) ( Sy ) '
= Scotogenic model with U(1)b gauge symm.
E.Ma, IP, B.Radov¢ic¢, PLB 726 (2013) 744

AV (H,A) = X(ATTEA? 1 \g(HITP H)(ATTBA)



Radiative mass with Y=2 Inert

Triplet Scalar

= Particle content

H.Okada,Y.Orikasa:
1512.06687

Fd *
4 ALY
s A YA
# Y
# b

Lepton Fields ||Scalar Fields
Ly |ep| L' oAl S
SU2)L|| 2 2 2131
Uy (|[—1/2] =1 |—1/2(|1/2 1 | O
Z9 + |+ — ||+ | —
AN “ws
»— »—




Baroque Scotogenic Model
P.Culjak, IP, K.Kumeric¢ki, PLB 744 (2015) 237

Three-loop RvMDM model

~ B's v v
) X , Yo X LT
\ ,-"'r_‘_"“..\\ / BN ‘_'___H-H_'\-{:
H1¥ B & «Ht Hty RN «Ht
v 1 4 (Y P
/ | : \ ! I/) \\I
i | | ! I ,/ !
- [ Ly | | > 1 > < <
1 { J J T 1 J J
vy efp D ep Uy VL  CRr 2 R VL

Yukawa interaction
Ly = —Ye LitH1eir — Yig(eir)*®*Eqgr + h.c.

Z>-symmetric mixing quartic term

Vim(H1, Hy, @, x) =kH1H2® x + h.c.
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Exotic multiplets on top of 2HD

Yo ~ (5,0) ® ~ (5, =2) x ~ (7,0
Snnn=%g" Diip1=¢" Xt =x"
21112=ﬁ2§ D112 = ﬁfi’o X211111 Z%XJFJF
Y1122 = %EE Dq12p = %fi’_ X221111 = \/%XJr

21222 = ﬁ(EEL)C D222 = ﬁ@”—_ X222111 = zlﬁ){o

++ ——— -
Y000 = (X,77)°, Dyror = ;o X222211 = \/%X

X222221 = %X -

X222222 = X



Accidental DM protecting symmetry

dimension-three Z;-noninvariant operator
pPD™ x
is forbidden by the Z, symmetry enforced on the 2HD sector
(H1.H2) — (Hq1, —H>3)

In the “lepton-specific” (Type X or Type IV) model
Hy couples to all quarks whereas Hq couples to all leptons

Qi wujp dip L er Hi Ha & x X4

/- accidental + + + + + + + - -
Z) exact, imposed  + — — + + + — + -+




fonclusions:

= Diphoton excess (if confirmed) is in
favour of a setup which is appropriate for
Radiative Neutrino Models (minimal or baroque):

= Triplet Y=0 scalar which mixes with SM Higgs

= Triplets (Y=0 and/or 2) which are constrained by
imposing loop- or DM protecting Z2 symmetry

= Conceivable scenarios with authomatic dark Z2
symmetry - an example of fermion quintuplet

Majorana DM candidate with mass < 450 GeV
discoverable using monojet searches @HL-LHC

= Diphoton and other measured signals may help to
discriminate between different scenarios



