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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) 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

« QOut of many two Higgs doublet models, the inert two Higgs
doublet model (IHDM) (peshpande and Ma '78) provides a DM candidate,
and features simpler Higgs potential and Yukawa couplings

because of an ad-hoc Z, symmetry

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

* However, the Z, symmetry is imposed by hand without
justification
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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 the
SU(2), gauge symmetry and Lorentz invariance

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),,

0 7+ 0 0 H
U, hi hg U; U, hi hs U}Lz U 1
hy hs hi hy H
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Wz and Zg Wi mt and 7/

» G2HDM has the different particle content from SU(2), which also features

three neutral gauge bosons proposed by Diaz-Cruz and Ma (1007.2631)
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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

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
Nr=(vr )" 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

v 1 1 1 0 0

Xe 1 1 1 -1 ] 0

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

Am/V2 —As3/2
Op = (01 Oy)" 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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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 Ay, @) =V(H)+V(®y) +V(Ax) + Viix (H, Ay, )

Viixs (H, Ar, @5r) = + Mpa (H'AygH) — Moa (CDLAH(I)H)

+ Ana (HUH) T (AL Ay )+ A (HTH) (0, 01)

+dea ( <I>L(T2H) Tv (ALAH> ,
=+ My (I, + SHIHA + - HU Ay = S HU A

1 1 1 1
— M. —PTDPA, + —PTD A3+ —=DPD A, — —DPIDA
@A(\/i 1*¥22=p 9 1 ¥1833 \/5 2+] 9 2 X2 3)

1
4 i (HIH1 + H;sz) <§A§ n ApAm>

\
+ Ao (HIH, + HYH ) (@10, + 030,)

1
+ Aon (P]P; + P3P9) <§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



technische universitat
dortmund

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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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)



technische universitat
dortmund

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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Reproduce 125 GeV Higgs and VEV

Lo e S0 A =1 Moy =0-8Myn, v =0y =10 (TeV) = Here, we perform parameter scans
; ' to reproduce the 125 GeV Higgs
boson whose VEV=246 GeV
10°F : E
: ; _ 1072 <Aga < 5

' 1072 < Apo < 5,

10°F : E )
! 10~ < Apa < 5,
i 107" << 5.

10'F b [ m;, =120 (GeV) |3 .
: 1 ] 0 < < q
| 125 (GeV) | 1.0 < Mpa/GeV < 2 x10%,
L ---- my, =130 (GeV) |- 1.05 < wafve < 5.0.

) P T (TR T T T T T

107 6" 11 12 13714 L5 16717 18 19720 * For X4=0.13, we recover the SM-like Higgs

A %10

while the SM Higgs receives contributions via
mixing with other scalars when M,,, is large
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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'®M bosons but not W’3 while

one linear combination of W’3 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”v?  _ g'gv? g'gmv? g'gxv? \
4 4 4 2
_g'gv? g*? _ ggpv? _ ggxv?
M2 — 4 4 4 2
- 2 2 2 2 2
1 g'guv®  gguv? g (v*+v3)  gmgx (v1—v3)
4 4 4 2
g'gxv?  ggxv? 9HIX (v®—v3) o ( 2 4 2)
2 2 2 gx \U" T Ugp

s Massless photon y and dark photon y’ — Stueckelberg mass terms
(Kors and Nath ‘04 ’05) or g,=0.
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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
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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 Zv
Predictions of h — vy and h — Z~

! ; in this model. Due to the fact Ay (~ m3 /2v?)

" Global : is positive, R, is always less than
Lok R, (ATLAS), 10 region ] the SM prediction while Rz, ranges

. from 0.9 to 1, given the ATLAS and

g 1.0

CMS measurements on [2,:

CMS: 1.13 £0.24 and ATLAS: 1.17 £0.27

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

0.6 -
L * RZ’)' p
2 PR R Y I3 1 M L PR S S 4

10 g (GeV) 10 V(H) =y H H + Ay (HTH)?

2
— 12, (HlTH1 n H;H2> Ay (HIH1 n HgHQ) ,
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LHC 750 GeV diphoton excess

7700000000

7 700000000

LYuk ) y:in (DR ’ (I)H) + y;Yu <UR ’ (I)H) + H'C'7

R IR
(T

92_

R R
uH? dH7 €

R
H

AVAVAVAVAVAR

AVAVAVAVAVARL

Oy = (D) o)”

=y Xa (A3 P2 — dr®1) — YL X (uRél + ugég) +He,
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LHC 750 GeV diphoton excess
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= The purple band corresponds to the
observed diphoton X-section (~6.2
1.0 fb1) (1. Ellis et al., 1512.05327)

= The green(purple) shaded region
corresponds to the total decay
width of ¢, around 45 GeV
with(without) heavy neutral
fermions (V1)

= To account for the diphoton excess,
one have very small g,, to evade the
LEP bounds, leading to a very light Z’

myzr = gH?
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Charged lepton magnetic dipole moment

o7 T

1078

i
cj“ 10—9é. v9=200 GeV V9=300 GeV -é
10—10% é
1074 1073 1072 1071

Orr

va=1TeV

v$=200 GeV

1 sooumd syond sosumd syod 53y

10_14 v=300 GeV
10715 | :
1074 1073 1072 107!

8H

Radiative corrections involving
W’ and uH (et) will contribute to
muon (electron) g-2

Z’ contributions and the Z-7’
mixing also generate 4a,

We neglect H, contributions due

to small e- and u-Yukawa
couplings

Aap = a7® — ap™ with ap = (g0 — 2)/2
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Conclusions

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 the SU(2), gauge

symmetry, instead of the Z, symmetry

Additional gauge bosons are all electrically neutral unlike Left-

Right symmetric models
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Conclusions

« Z-Z' mixing is constrained to be small from various bounds which

force v,>10 TeV for heavy Z

 h — yy and Zy constraints are consistent with the LHC

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

 The model can account for the LHC 750 GeV diphoton excess

as well as the muon g-2 anomaly



