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Motivation

A few years after the discovery of the Higgs boson, we can still ask
some questions

> isit "the"Higgs or is it "a" Higgs?

» What about dark matter candidates?
» And neutrino masses (oscillation)?

> Are there any extra symmetries?

A popular class of models that aims to solve some of these problems
is the two Higgs doublet model.



Motivation: Two Higgs Doublet models

Simple extensions that explain BSM physics
» MSSM: 2 Higgs doublets due to superpotential.
» 2HDM: the prototype, extra CP phases.
» [HDM: dark matter candidate, no FCNC at tree level.
» G2HDM: more details ahead...



The G2ZHDM

Main feature: the two Higgs doublets are embedded in a doublet of
an extra SU(2)y

NN

New gauge group SU(2)yxU(1)x

This approach simplifies the potential for the doublets.
The additional complex vector fields are neutral
Anomaly free through the addition of heavy fermions.
One of the Higgs can be inert — DM candidate.

The cost is the introduction of new scalars: An SU(2)y triplet
and a doublet.



Matter content of the G2HDM

Matter Fields [ SUB)c | SU2). | SUQ)y | Uy | UQ)x |

Q =(u d)" 3 2 1 1/6 0
T

Ug = (uR ug) 3 1 2 2/3 1

Dg = (d,’; dR) 3 1 2 -1/3 -1

u! 3 1 1 2/3 0

d;’ 3 1 1 -1/3 ] 0

Li=(v e) 1 2 1 -1/2 0
T

Ng = (VR Vg) 1 1 2 0 1
T

Er = (eg eR) 1 1 2 -1 -1

vy 1 1 1 0 0

e/ 1 1 1 -1 0

NOT relevant for today! (for more information check 1512.00229)



Scalar content of the G2ZHDM

Relevant for today:

| Matter Fields | SUB)c | SU2). | SUQ)w | Uy | UQx |

H=(H Hy)" 1 2 2 1/2 1
PO,

Ay = ( o 1 1 3 0 0
V2 2

Oy = (D; O,)" 1 1 2 0 1




The Scalar Potential

V(H,Ap, @p) = V(H) + V(Qp) + V(An) + Vinix (H, Ay, @)
where
V(H) = 12, (HT“iH(,;) + Ay (H*‘“' H(,,)2
+ %A;,eaﬁeyé (i) (HPiHy;)

. 2
V(@) = 120Dy + A (@L@H) :
2

’

V(AR = — iitr (ALAH) +

tr (a7,40)




The Scalar Potential

Vinix (s Ay, @) = + My (H'ApH) = Mon (0],0,10)
+ o (H'H) (0},0n) + A3 (H @) (0], H)

+ un (H'H) tr (A7,An) + daoa (@f,0n) tr (A7An) |



Theoretical constraints: Vacuum stability (VS)

Consider all the quartic terms in the scalar potential
2
Vi = +d4 (HTH) + ), (—Hjm H Hy + HTH2H§H1)
P 2
4o (@], 04) + (Tr (ALAH))
+yw (H'H) (@],01) + Ao (Hi0n) (],H)
4y (HH) Tr (A An) + doa (©f,04) Tr (A]A1) -

The challenge: Write V, as a matrix



Theoretical constraints: Vacuum stability (VS)

We introduce the following basis x, y, z and two ratios & and 7,

x = H'H,
y = (DL(DH .
z = Tr (ALAH) s

_ [#ron)(}n)
(=} H ] Ho H o )
(HTH) ’

, 0< &<

n -1<n<0.



Theoretical constraints: Vacuum stability (VS)

Write Vj as a quadratic form of x, y, z with parameters & and i

X

i=(xyz)-Qén-|y|.

V4
with
ZH(TI) %ZHCI)(f) 3 kA
Qén) =| Ane) Ao sdea |-

1 1
5AHA >AoA A

where () = Ay + Ny no(&) = Ao + Eyg



Theoretical constraints: Vacuum stability (VS)

x, y and z are always positive. From copositive criteria (K. Kannike,
1205.3781) the resulting conditions are

Ay 20, dp=0, x>0,

Apo(€,m) Ano(€) + 24/ Au(MAe >0,
Appa(m) = Apa+ 2\//TH(T])/1A >0,

Appr = Aopa + 24/ Apdr =20,

\//TH(U)AcD/lA + % (/Tan(f)\/Z + AuayAo + Apay /TH(U))

+ %\/AH(D(é:’ MAHA(M)Aos >0 .




Theor. constraints: Perturbative Unitarity (PU)

The scattering amplitudes for the 2 — 2 processes have initial and
final states belonging to

hh G°G° G}
GG ¢20, GGy Gp Gm 0303 ApAnm

V2 AR

The matrix of scattering amplitudes M; is

,G"G ,HY' H),H"H",

3y An Eay %/IH Ay 1 e 1 %
1
2

2
V2 V2
- 3 F F e ke jdke
- - 4y 22y 24y %/chD %/chb Ano %/lHA AHA
— - - 4y 21y T/IHQJ T/IHQJ AHo %’IHA Ana

- - - - 4y f/chb f/chb Ao %AHA AnA

- - - - - 340 Ao HAe g dea % Aoa
- - - - - - 30 % o 3Aoa % Ao
- - - - - - - 4o % Aoa /Zlch
- - - - - - - - 3 Ha




Theor. constraints: Perturbative Unitarity (PU)

In both basis {hH)*, G’HS*, G*H™} and {hG*, HY*H*, G°G*} we find
the matrix

2y 0 Ly
Ma=| 0 21, -2y

V2 5, V2 57

Va2 0y

with eigenvalues 24y, 24y + A},



Theor. constraints: Perturbative Unitarity (PU)

And we have a series of individual amplitudes:
20y hG® «— hG’, G*H" «— G*'H*,
hH* «— hH*
2y : G'H" «— G°H*
HY*G* «— HY*G*

M(GTHY — i) = L,

V2
M(GTH —— CH*) = =L,
$2G), — $,G . $GL > 4G,

210 0 ~P 0 ~P
GGy« GGy,



Theor. constraints: Perturbative Unitarity (PU)

In summary, perturbative unitarity limits the parameters to the
following ranges:

1. Between —4x and +4n:
> the parameters Ay, Ap and Ap
2. Between —8m and +8m:
> the eigenvalues 4;(M,), fori=1,...,10
> the combinations 24y + A}, and Ay + 4,4,
> the parameters Ayp, Aya and Aga
3. Between —8V2x and +8V2nr:
> the parameters 4;, and A},



Theoretical constraints: Results
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Green lower bound controlled by: Ano(&) + 2\/;1#,./(77)/1@ >0



Theoretical

constraints: Results
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Theoretical constraints: Results
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Non-diagonal couplings limited mostly by perturbative unitarity



Theoretical constraints: Results
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Non-diagonal couplings limited mostly by perturbative unitarity



Higgs phenomenology

L o e L i
ATLAS Prellmlnﬁry —e— Total o Stat
L Vs=13TeV,36.1fb
Total Stat Syst Theo
_ +0.6 [+0.6 +01 +0.1
MtOD B ° Yop = 0.5 g6 [ -01 -0.0 ]
+0.9 [+0.8 +02 +02
Yy = Wy = 07 g [—08 02 -01 ]
+06 [+05 +03 +03
Y H—o—H W, = 2.1 o [—05 -02 02 ]
+0.19 [ +0.16 +0.07 +0.06
MggH — o Mo ~ 0.80 _y15 [—0.15 ~0.06 70405]
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Taken from: arXiv:1802.04146, ATLAS Collaboration



Higgs phenomenology

The 125 GeV Higgs boson hy is a linear combination of h, ¢, and d3:
h1 = Onh+ On¢pa + 03103,

Narrow Higgs decay width — Higgs production dominated by the
resonance region — Approximate o(pp — h; — yy) by

2

T rn1
o(gg— M —yy)= mﬁgg (Ths)r(fh — gg) T (hi — vy)



Higgs phenomenology

Gra 012]
L'(hy — yy) :W Ai(tw) + Z NchAUz(Tf)

2

2
— Ao(Tr2) + 2 Z NeQFA1a(T)|

+ Ch
Hi

Oo1 Adpove — O31 2Apava + Mua
O 24pv 011 4Ahv

Cpr=1+

a,23

o)
I(h — gg) = W Z A1/2(Tf)+ 2 7 Z =Av)a(7F)



Higgs phenomenology results

v=246TeV, vp=10TeV, vy =][0.520]TeV

&
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- - = e T e
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’
)\H )‘H

Ay lower bound corresponds to the SM limit.



Higgs phenomenology results

v=246TeV, vp =10TeV, vy =]0.520]TeV

Ama
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—~18F —— HP 9 —18F --- VS +PU
------ VS + PU + HP e VS 4 PU + HP
K — 0 e
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!
A Ny

Higgs phenomenology constrains non-diagonal couplings
symmetrically around the zero.



Higgs phenomenology results

v = 246 TeV,

vo = 10 TeV, va =[0.5,20] TeV
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Light charged Higgs has the most (new physics) relevant

contribution



Higgs phenomenology results

v=246TeV, vp=10TeV, vy =]0.520]TeV

o HP

VS + PU + HP

HF/SM for loop contributions

myx (GeV)

Small heavy fermion contribution. Shape controlled by overall O3,
and 0,1/ O, factor from gluon side.
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Final Remarks

vV v.vyYy

2HDM represent a popular extension to the SM.
Each variant has its own merits and failures.
The G2HDM represents a new setup still requiring exploration.

We found scalar parameter regions of this model that follows
standard constraints.

In the future we plan to extend this analysis to dark matter, the
muon g—2, electroweak precision test and so on.



BACKUP



Symmetry Breaking

If —,ui < 0, then SU(2)y is spontaneously broken by the vev
(A3z) = —vp # 0, <Ap,m> =0

Shift the triplet diagonal components

—VA+03 LA

_ 2 V2 P

Ap = dA., ds
V2o



Symmetry Breaking

The quadratic terms for Hy and H, have the following coefficients

H2 2
|H| My )

.
|Hol? : oy + EMHA :

Similarly, for ®; and @,

|‘I)1|2 :
;
Dy g — EMd)A .

1
_MHA .

) 1
Mg + EMCDA :

1
VA + E/lHA .

1
VA + E/lHA .

VA + —/lq)A .

VA + —/lq)A .

1
2 2
vA+§/lHq)-v®,

1
vi + E(/lHq) + Ap) - Vé ,

] ’
Vi + E(/IH(D + /lH(D) . V2 5

1
vi+5/l/./q3-v2,



Symmetry Breaking

Shift the rest of the scalars

G+
+

H+

0
H2

H‘|: ’ H2:

’

.G
=
V2

P
P
H = | vo+do " '.G .

“h
v 'V

vih
V2




Symmetry Breaking

Substituting the VEVs in the potential V leads to

1
Vi) = o [/le“ + dovh + Aavh + 2 (1 + 138 — 137 )

2 2 2.2 2.2 2.2
- (MHAV + M(DAV(D) VA + AoV Vo + AHAV 7N +/1(DAV<DVA

Minimization of the potential leads to the conditions:

v- (Z/IHV2 + 2/1%_, — Myava + /1H¢vé) + /lHAvi) = 0,
Vo - (2/1(I)V§> + Zﬂé — Moava + /l/-/q)v2 + /l(pAVi) = 0,
4V, — 4pRVA — MV — Moavg + 2va (/lHsz + /l(DAVé’) = 0.




Scalar Mass Spectrum

In the basis of S = {h, ¢,, 93} it is given by

24y v2 AHo VWao % (MHA = 2AHA VA)
Mi=| - 20 Vg, 5 (Maa = 2pava)
— — i (8/?,AVZ + MHAVZ + M(I)AVC%)

This matrix can be diagonalized by a rotation with an orthogonal
matrix O
T 2 . 2 2 2
O -Mj-0= Dlag(mhI, mhz,th) ,



Scalar Mass Spectrum

The second block is also 3 X 3. In the basis of G = {G’, HY*, Ap}, it is
given by

1 2 1 1
Mq)A1VA + f/ll,'-ltbv /l’ (D|1/Vq> —?M@AVq)
’ ’
MG = PRI AL MHAVA + 34010V 3Muav
1 1 1 2 2
_EM(DAV(D EMHAV v (MHAV + M(I)Avq))

One eigenvalue vanishes, corresponding to the physical Goldstone
boson GZ



Scalar Mass Spectrum

The other two eigenvalues are the masses of two physical fields A
and D. They are given by

AR _ B+ VB2 - 4AC ’
A.D 2A
with
A = 8vp,
B = 2(Muya (v2 + 4v§) + Mo (4v§ + vé) + 24}, VA (v2 + Vé) ,

C = (v2+ vé+4v§)

Mpya (/l;-ltb vi+ 2Maopa VA) + /l;./(pM(DA Vé)




Scalar Mass Spectrum

The final block is 4 X 4 diagonal, giving

1 1
2 ’7 2 ’ 2
mHZi = Mpyava — E/lHV + E/IH(DV@ ,

for the physical charged Higgs Hy, and

for the three Goldstone boson fields G*, G° and G,



Theoretical constraints: Results

Remember that this analysis uses an 8-dim parameter space

(x,y.{z1}) VS OK on green,
(x, y,{zz}) PU OK on blue,
(x,y) onred only if there is {z} that is both VS+PU OK.

For example:

(Aa =1, Aya = =4, Ay = 4n) is VS OK but no PU,
(Aa =1, Aya = =4, Ay =0.13) is PU OK but no VS,
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