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Plea

* Please do not take any photo during the talk

* Please do not scoop us, publishing a similar paper on arXiv tomorrow

« Any comments or suggestions would be very appreciated
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Motivation

After the Standard Model (SM) Higgs discovery at the LHC, one could ask if
there exist other scalar particles. Additionally, what is dark matter (DM) is and
where does the tiny neutrino mass come from?

Two Higgs doublets can naturally arise such as H, and H, in SUSY due to
anomaly cancelation and SUSY chiral structure

Two Higgs doublets can also provide an additional CP phase to realize
observed baron asymmetry, which can not be accounted for in the SM
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Motivation

Out of many two Higgs doublet models, the inert two Higgs doublet model
(IHDM) (Deshpande and Ma ’'78) provides a DM candidate, features simpler Higgs
potential and Yukawa couplings because of an ad-hoc Z, symmetry

IHDM also avoids flavor-changing-neutral-current due to the Z, symmetry

However, the Z, symmetry is imposed by hand without justification



technische universitat
dortmund

Model features

We introduce extra gauge groups SU(2), ® U(1)y into the SM

SU(2), symmetry breaking can be induced by SU(2), symmetry
breaking

One of Higgs doublets can be inert and its stability are protected by
SU(2)4

Unlike Left-Right (LR) symmetric models (Mohapatra and Pati '75, Senjanovic
and Mohapatra '75 '80), the complex gauge fields are electrically neutral

Neutrinos would be Dirac fermions unless additional lepton number
violation terms are involved
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LR symmetric models versus SU(2),,

KO hi hy h9 H
U, 1 12 U}; U, 1 12 U}; U 1
hy hs hi hy H

W= and Zg W'temt and 7'
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Particle contents

Matter Fields SUBB)c|SUR2)|SU2)g|U(1)y|U(1)x
Qr = (ug, dp)’ 3 2 1 1/6 | 0
Ur = (ug uf)" 3 1 2 | 2/3 | 1
Dg = (d2 dg)" 3 1 2 | -1/3| -1
L = (vp ep)t 1 2 1 |[=1/2] 0
Ng = (vg vE)" 1 1 2 0 | 1
Ep= (el ep)” 1 1 2 | -1 | -1

Xu 3 1 1 2/3 | 0

Xd 3 1 1 —1/3| 0

Xo 1 1 1 0 0

Xe 1 1 1 ~1 | 0

H = (H, Hy)" 1 2 2 1/2 1
AH—< Bs/2 Ap/ﬂ) 1 1 3 0o | o

A /V2 —A3/2
by = (®; ) 1 1 2 0 1

TABLE I. Matter field contents and their quantum number assignments.

H, and H, are embedded into a
SU(2),, doublet

SU(2), doublet fermions are
singlets under SU(2) while
SU(2), singlet fermions pair up
with heavy fermions as SU(2),
doublets

VEVs of &, and A, give a mass
to SU(2),, gauge bosons

VEV of &, gives a Dirac mass to
heavy fermions
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Particle contents
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H, and H, are embedded into a
SU(2),, doublet

SU(2), doublet fermions are
singlets under SU(2), while
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doublets

VEVs of &, and A, give a mass
to SU(2),, gauge bosons

VEV of &, gives a Dirac mass to
heavy fermions
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Higgs potential
V(H, Ay, ®y)=V(H)+V(®y) +V(Ay) + Vaix (H, Ay, Py)

V() = 18 HYH + A (HTH)?

2
1137 (HIH1+H;[H2) + A\ <HIH1+H5H2) ;
- T ) A D2 A2
V(Py) = ne®@y®y + Ao ((I)HCI)H) ) " A/ V2 —Ay)2

12 (DD 4+ P5Dy) 4 Ag (DFD, + D3P,)” |

V(Ag) = — A Tr (ALAH) +Aa (Tr (ALAH))Q ,

Am = (Ap)* and (Ag)* - A3

1 1 ’
- — ,LL2A (§A§ — ApAm) + AA (§A§ + ApAm) )
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Higgs potential

V(H,Ag,®y)=V(H)+ V() +V(Ay) + Vaix (H, Ay, Py)

Viix (H, Ay, @) =

<> For simplicity, we neglect the
effect of mixing A’s which do =
not lift the degeneracy
between H, and H,

+ Mya (HI Ay H) — Maa (0,050 )

+ Aia (HUH) Tr (Al Ay )+ Ao (HTH) (@],04)

+ daa ( cI)L(L‘H) Tr (ALAH> ,

1 1 1 1
+ Mya (EHIHQAP + §H1TH1A3 + ﬁHngAm - §H;H2A3)
M (iqmp A, 4 S8t D; Ay + —— DDA, — DDA )
PA \/5 1X¥28p 9 1¥18/3 \/5 Q¥ 1AM 9 9243

1
+ N (HUHy + HiH) <§A§ + ApAm)
\
+ Ano (HIHI + H2TH2) (P1P1 + P3Dy)

1
+ Aoa (P10 + 5D,) (§A§ + ApAm) ,

U(1), is introduced mainly to simplify the scalar potential
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Higgs potential

« If <A5>= -v, #0, the quadratic terms for H, and H, read:

, 1 1 1

Wa F 5 HA"UA4-§)\HA°UQA+§)\H<I>°U§>

» If <4,>=-v, #0, the quadratic terms for @, and @, read:

1 1 1
ng £ 5]%% VA + 5)\<I>A VA + 5)\1&1@ - v?

» Therefore, SU(2), spontaneous symmetry breaking can trigger

SU(2), symmetry breaking even if 17 is positive
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Quark Yukawa couplings

« We choose to pair SM SU(2), singlet fermions with heavy
fermions to form SU(2), doublets as
Ly > yaQu (Dr - H) +y.Qu (U - H) + He, UE = (un ulf)os
= 14Qy (A Hy — dpH,) — 3,0y (uREn n ugﬁg) +He, Ph=(% dr)ys
« To give a mass to heavy fermions, we add “left-handed” partners

with the help of the SU(2),, scalar doublet ®,:

Ly O YgXq (Dr - Pu) + ¥, X (UR : éH) + H.c.,

= YuXd (dgqb — dRq)l) — ' X (UR(IVH + ugég) + H.c.,

Oy = (D) o)”
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Lepton Yukawa couplings

« Similarly, for the lepton sector we have:

Lvw O yeLs (Ep- H) +y, L1 (NR - H) +y'x. (Br - ®5) + X, (NR - éH) + He.,
= y.Lp (GgHQ — €RH1) — Ly (VRﬁl + l/gﬁz)
YN (ef®s — en®i) =YX, (ve®: + vl B ) + Hee,
where we introduce the right-handed neutrino and its SU(2),,

partner, Nz = (vr v)"

« The SM neutrinos have only Dirac masses unless the Majorana

mass is intfroduced such as:
where U(1), is broken because N,

NJ%ANNR — carries U(1), charge
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Anomaly cancellation

> The anomaly cancellation for the SM gauge groups SU(3)c x SU(2);, x U(1)y is guaranteed
since addition heavy particles of the same hypercharge form Dirac pairs. Therefore, contri-
butions of the left-handed currents from y,, x4, X, and x. cancel those of right-handed ones
from v, d¥, vH and el respectively.

> For [SU(2)y])?U(1)y from the doublets Ug, Dr, Nr and Er with the following result, one

has

2Tr[T{T", Y] =20 (Z i-> y;) =253 Y,

=—20"(3-2-Y(Ug)+3-2-Y(Dgr)+2-Y(Ng)+2-Y(Eg))
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Anomaly cancellation

> In terms of U(l)x, one has to check [SU(3)c|*U(1)x, [SUR2)u]?U(1)x, [U(1)x]?
[U(1)y]*U(1)x and [U(1)x]?U(1)y. The first three terms are zero due to cancellation be-
tween Ug and D and between Fr and Ng with opposite U(1)y charges. For [U(1)y]?U(1)x
and [U(1)x]?U(1)y, one has respectively

2-(3- (Y(Ur)’X(Ugr) +Y(Dr)*X(Dr)) + Y (Er)*X (ER))

2 (3- (X(Ur)’Y (Ur) + X(Dg)*Y (Dg)) + X (ER)*Y (ER)) .
> One can also check the perturbative gravitational anomaly associated with the hy-
percharge and U(1)x-charge current couples to two gravitons is proportional to the

following sum of the hypercharge
3-(2-Y(Qr)+Y(xu) +Y(xa) —2-Y(Ur) —2-Y(Dr))
+2- Y(LL) + Y(XV) + Y(Xe) -2 Y(NR) -2 Y(ER)7
and U(1)x-charge

X(Ugr) + X(Dgr) + X(Er) + X(Ng).
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Scalar mass spectrum

 First, we Taylor expand scalar fields around the vacua

+ P —va+03 1
Hl — hG - 0 ) (I)H — +¢GH - 0 ) AH — . : \@_Aap
v\‘/g +1G %—I—ZGH WA’” e

Ve = {GT,G° GY,GY} are Goldstone bosons
U = {h, Hy, &1, ¢2,03, A, } are the physical fields

» We have 6 Goldstone bosons, absorbed by 3 SM gauge bosons and 3 SU(2),,
ones, yielding the massless photon and dark photon

H, = (Hy HY)"

« We have the mixing between {r.,d, ¢.} and {G},. A,, H3*} due to:

1 1 1 1
Vinix (B, 03, 02) D + Mpya (5H1H1A3> + Aua <HIH1) (§A§) Vinix (G‘Z, AP,HS*) D + Mpga (EHIHQAP - EH;HlAm)

1 1

1
+ Ao (HIHL ) (9502) + Ao (9302) <§A§) — Maa ( 7 NG

DID,A, + cp;@lam)

1
— Mga (5(13’2‘6132A3)
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Scalar mass spectrum

* We have two mixing matrices for {n,d, ¢.} and {G%,, A,, H*}

2)\}[?)2 % (MHA — QAHA’UA) )\Hq)m)q)
% (MHA — 2>\HAUA) t (8)\AUZ + MHAUQ + M@AU%) %I) (M@A — 2)\<I>A'UA>
)\Hqﬂ)v@ % (M@A — QAq)UA) 2)\@’0(21)
Meava — 2 Maavs 0
M62 — —%Mq)Aqu) 45A (MHAUQ + M@AU%) %MHAU

1
0 §MHAU MHAUA
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Scalar mass spectrum

» All VEVs are actually functions of the parameters in the scalar

potential, where v is required to be 246 GeV and m,=125 GeV

» The mixing of SM Higgs boson with §; and ¢, is suppressed by
VIV4 , Which turns out to be very small since v4210 TeV from LEP

constraints = satisfy LHC Higgs coupling measurements

2>\HU2 % (]V[HA — 2)\HAUA) )\Hq)?)”()q)
Mg — % (MHA — ZAHAUA) ﬁ (8/\AUZ + ]V]HAUQ -+ ]V]@AU%) %I) (A/]@A — 2>\(I)AUA)
)\Hq)?}?}q) % (AﬂbA — 2)\<I>UA) 2)\(1)?)(21)
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Scalar mass spectrum

» The determinant of the mass matrix is zero since one of the
mass eigenstates and its complex conjugate correspond to the

Goldstone bosons, eaten by SU(2), W’

» For H,Yto be the DM candidate, one has to make sure it is lighter

than its charged component H,* of mass My,v,

Mgpava —5Moavs 0
MG = | =3 Mpave o (Mpav? + Mpavg) 5Mpav
0 sMyav Mpava

{GZF)I7 AP’ HS*}



technische universitat
dortmund

Scalar mass spectrum

» The charged components of H, do not mix with other neutral

scalars:

2

Hét — MHAUA

m

» The rest is the Goldstone bosons:

2 2 2
MG = Mo = Mgo = 0
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Gauge boson mass spectrum

» \We have 6 Goldstone bosons: 2 absorbed by SM W, 2 eaten by SU(2),,
W’ and the rest two by Z and Z'.

» The SM W bosons acquire a mass by eating the charged
components of H, as in the SM since H, does not get a VEV and

the other scalars (¥, and A,) are neutral
1

My+ = 59V

» SU(2), W' bosons receive a mass from all VEVs, <A;> , <d,>

and <H;>: 2 Lo o o 2
My rem) = 391 (v° 4 vg + 403
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Gauge boson mass spectrum

» <A;> gives a mass to SU(2), W’ bosons but not W3 while one

linear combination of W’ and X obtains a mass from <&,>

» <H,> also gives a mass to W’ and X because of its quantum
numbers. Hence, W3 and X mix with the SM W, and Y.

/ g% g'gv? g'grv? g'gxv? \
4 4 4 2
_ggv? g*? _gguv? _gg9xv?
— 2 2 2 2 2
1 g guv?:  gguv? 9H<U + %) gHIX ("’ ‘”@)
4 4 4 2

/ 2 2 ggg v2—p2
\gggc'v _gg)év HX(2 <I>) gg((UQ_H}(%))
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Gauge boson mass spectrum

» The mass matrix contains 2 massive particles, identified as SM Z and

additional Z’ and also two massless photon y and dark photon y’

» vy’ also couples to SM fermions and are thermally produced in the early
universe. It would be excluded, for instance, by CMB observables

» There exist at least two solutions: Stueckelberg mass terms (kors and

Nath ‘04 °05) Or setting gy zero.

> In the following, we present preliminary results for the second

solution.
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Gauge boson mass spectrum

» The 3-by-3 mass matrix can be diagonalized by only 2 mixing

angles:
/21)2 / 1)2 / U2
m?y 0 0 QT _9g i g 921
0 m%2 0 |=Ru(0z2) Rip(0)" | -2 <2 _som® | R,y () Ros (022/)
O 0 mQZ, g/QZIUQ _QQZUQ g%{(”i—#v%)
g/
v sin 6, = . O= :
my ~ /g% + 9/25 \/W Q=Y + |;is a good quantum number
Vo /a2 + g2 12
myr ~ 9H7 sin @y 7 ~ J 92 Y (in the limit of v > v) ,
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Experimental constraints on Z

0.8

0.7

0.6

0.5

0.4

0.3

o
N
TTrprrzs

m— CMS 95% C.L.
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3.00

The red line comes from direct Z’
resonance searches (1412.6302)

The black dashed line comes from
LEP constraints on the cross-section
of ete” - e*e” (hep-ex/0312023)
=Ve>10 TeV

The blue dotted line comes from
EWPT data and collider constraints
on the Z-Z' mixing(0906.2435,
1406.6776)
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h — H5 loop — vy or Z~

lop——7 777

Predictions of h — vy and h — Z~
148 4 in this model. Due to the fact Ay (~ m3 /20v?)

- is positive, R, is always less than

1.2+ R,.(ATLAS), 1o region 1 the SM prediction while Rz, ranges

from 0.9 to 1, given the ATLAS and

CMS measurements on [2,:

CMS: 1.13 £0.24 and ATLAS: 1.17 £0.27

1 (1408.7084 and CMS-PAS-HIG-14-009 (2014) ).

L - R’YZ
0.6 R, -
3 b . 2 .I_ -l- 2
P BRI BRI BEPEEEPE S V(H)—,LLHHH—F)\H(HH) ,
80 160 240 320 400 480

2
my+ (GeV) — 13y (HHy + HIH ) + Ay (HUH, + HYH)
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Conclusions and outlook

We present the model with two Higgs doublets embedded into a
doublet under the new non-abelian SU(2), gauge group

Spontaneous SU(2), symmetry breaking triggers SU(2),
breaking

The stability of H,® as DM is protected by SU(2),, symmetry
instead of the Z, symmetry

Additional gauge bosons are all electrically neutral unlike Left-

Right symmetric models
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Conclusions and outlook

The mixing between SM Higgs boson with heavy scalars are

suppressed by a large SU(2), VEV (v~ TeV)

Z-Z’ mixing are constrained to be small from various bounds which

force v4>10 TeV

h — yy and Zy constraints are consistent with the LHC

measurements as long as H,* are heavier than 100 GeV

DM phenomenology? Neutrino physics? Exact gauge boson mass

spectrum with g,#0? Collider signatures? S T U?
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