Extended scalar sector
of the EWv, model

Shreyashi Chakdar
College of the Holy Cross
schakdar@holycross.edu

Chakdar, Ghosh, Hung, Khan - ,

(in preparation, arXiv: 2005.XXXXX), = A : LA;TAEZHYCCSED:ONOY
Chakdar, Ghosh, Hoang, Hung, Nandi, L (- MAY 4-6, 2020
Phys.Rev. D95 (2017) no.1, 015014, BN VEOE BT LS e H

Chakdar, Ghosh, Hoang, Hung, Nandi, Phys.Rev. D93 (2016) no.3, 035007



http://schakdar@holycross.edu

—Integrated luminosity

® Peak luminosity

[1-94] Ayisouiwn| pajesdaju|

L e

............
: : . :
vvvvvvvvvvvv R e RS N, T S P
Ll . ~ . )
: : " p :
” o
B ESSa T SRS S s ST SR TS D T
” o
,, D ,1
W o .
1 P '
=g ; m m
............ 1emny  SEmaon el mu—
, -a D D -. )
T e =
| 3 K
”
”
' ) ’ . ’
: : . i :
llllllllllll e I e
' ) . .
) . .
' ) . ’
|
e e e i
,» T 1
< < < < < < o
(2] m m ™M m m o
- + - - - - Y
w w w wJ w W w
S S S S S S S
o] wn < ag] ~ — o

[{-Sz-wd] Ayisouriwin

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year

Slide: Wang

2

Chakdar Pheno2020

05/05/20



* Neutrino mass is the only evidence of NP so far!

Neutrino (v) masses - popular “Seesaw mechanism”

In general Seesaw Mechanism:
e vp > SU(2); XU(1)y singlet
* RH neutrino mass at GUT scale! NOT directly testable at LHC

Dy2 ,
— ('Z.;) VETY, IDurac massl

R

. = Majorana mass\

Stand scenes: L-R: mp ~ Ay Mg ~Myr , GUT: Mg ~ A gyp

vgr’s are Sterile in standard scenarios

What if Mg ~ A g? Can vg ’s be non-sterile?

Ref: P.Q Hung, PLB 649 (2007)
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SM + Mirror Fermions + extended scalar sector
Gauge Group : SU(3). x SU(2)y x U(1)y
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Three generations Three generations
of Standard Model fermions Gauge of mirror fermions

| Il 1"l bosons

mass —
charge -

spin—

name -

Quarks

<2.2 eV/c? ? GeV/ic? ? GeVic? ? GeVic?
0 0 0‘»’ 0
2 ¥V Le > ¥V ReMl | Y2 ME 72 ¥ RM
electron electron muon tau
neutrino neutrino neutrino neutrino neutrino neutrino
0.511 MeV/c2 |l [105.7 MeV/c2 | |1.777 GeV/c? ? GeV/c? ? GeVic?
¢ |- -1 -1 1 M 1 M
SN (AT [ y %
8 electron muon tau electron tau
-
Left-handed fermion doublets Right-handed mirror fermion doublets

syrend)

suoyda

10N

10N

* vps are non-sterile, RH doublets couples to the same W
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Majorana

Lm=gm(ly " a2)(imX)IM + hc.

1oy ++
O ——xt 7 M
V2 Ls= ggﬂ;_d)sz + h.c.
Y
¢‘5 (11 E = 0)
mP = gsivs where < s >=vs

m,<1eV = vs~ 10°%V with g5 ~ O(1)

or vs~ Agw with gg; ~ 0(10_6)
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Ds (vs)

Dirac mass

D1(v1), D2{vy)

MER I\

@11”(771M); Q)g[ (Vam)

mass to Mirror Fermions

X{vum)
\EICIERERUERS

$(vp)

Custodial symmetry



¢ p= M‘EV/M% cos? 0,,= 1 (custodial global symmetry SU(2))

* vy~ 0 (Agw) — A “large” triplet vev would spoil p = 1 at Tree level

* To restore the Custodial symmetry, a triplet Higgs scalar ¢ = (3,% =
0) is added such that

X" 63 X
x=\| x= & X
X~ & ™

* The potential has a global SU(2); X SU(2)g symmetry - SU(2)p
* Rich Higgs sector!

* The nature of EW symmetry breaking is intrinsically linked to the
Majorana mass of the non-sterile RH neutrino
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] t ) 1? t 2 1%
—v2] + Ay |:TT(I)2M(I)2M - UQM] + A3 [TT‘X Y- 3UM]

2
+), [(pl(bs - vﬂ + M\ [Tr@{d)l —vl + TT(I)J{M(I)IM —Uim

2
+Trdidy — 02 + TT‘D%M¢2M — vl + Tryty — 303, + dld, — Ug]

+Asa [(TT‘I’T@ )(Trxty) — 2(Trd] - ~ @1*)(TTXTTabe)]
+N6a [(TT<I>1M<I>1M)(T7"X X) — 2(T7"<I>1M 5 ¢~1M )(TTXTTabe)]
+Asp [(TT(DT(I)Q)(TTX X) — 2(TT¢27¢2_)(TTXTTU/XTZJ):|

g [(Trcbmcbw)(ﬂx X) = 2(Trdl, ; oy )(TTX*TGXT”)]

+Ase [{(I)S(TNI)‘;(I);W + Tr®idyy, + Trdld,y + Trdidyy,) + h.c}

—2 1D, (Trd]dyy + Trd{Dons + Trdlirs + Trdidyy)]

e [(Tr @) (17} 1ag) — (Tr®] D1y )(Trd], @)

| (T7®42) (170 Do) — (Trhban) (T, B)]

FAra [ (Tr @101 (Tr®l0,) — (Tr ] 0,) (Tr 0}, |

+A1Mab [(TT(I)J{M(I)lM)(TT(I);M(I)QM) - (TT(I){M(I)QM)(TT(I);M(I)IM)]
sy | (Tr®]01) (T7®y @ory) — (Trd] o) (170}, D)
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+)s [Trx*xx*x - (TTXTX)Q] :
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(I)LQ — €

Transformations:

2icv 2icv
SM Py o, Pypronr — €7 MEDyarony

X N e—Q’iaMF X’ 5 N E’ (I)s s e—i(OzSM-l-aMF) (I)s'

The blue 45/¢'s terms break
explicitly the U(1)gy X U(D) yr
symmetry

Blue terms help to get exact minimization of
the scalar potential and non-zero mass for

the singlet-type complex scalar field.

N /
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* Physical scalars can be groped into Custodial SU(2), states: 18 physical

scalars grouped5+3+3+3+3+1

* Quintet — H;—ri,

Hg, Hy

- Triplet > H, HY, H'S, H'S, Hi;, Hy, Hyf, Hyf
* Real Singlet — HY, H'Y, HY,;, H1%,, H'?, H}O

 Complex Singlet > AY

* Singlet States:

05/05/20

770
Hs

Hg =

HlM _ 1M7 HQM _

Or
2M >

\[ \ECO, and

A = igy!
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Singlet — USM

* At tree level, the mass of the complex singlet scalar Ag = i(i)gi

Mflg = 8 A5 (V1 + v2) (viar + Vonr).

* Ingen, H?, HY, HYyy, HYyy, H? and HY' can mix:

( 8(A1a + Ag)s?

845159
8A4818m

8A45152m

UsS1

84 USM

\ 26481 8m 2v/6A4828m

8()‘1b + A4)S%
8(A2a + Ag1)s2,

8A45252m 8A415mS2m

261452,
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8A45159m 84 %
8A45959.,, %
8A48m S2m 84 %
8(Aap +Ag)s3 . 8M\4 %
SAgTSm §(Ag A, )gé%

2v/6X48m 52m 2\/6,\4% 3(A\3 + A\q)s2, )

* We denote the 6 mass eigenstates by H_, H, H’, ", H"”", H""

« H, - lightest, singlet DM, next heavier ones are H’, H”, H'”, with heaviest state
H"”” and H being the 125 GeV Higgs

26451 5m \
2v/6A4598m
2161452,
26\ 48m S9m

2\/§)‘4M




Benchmark Points

VEV of the scalar fields (GeV)

Scalar quartic couplings A’s

Masses of the scalar fields (GeV)

vy | ve | vim | vam |vM| Vs | Ma |A1b|A2a|A2n| A3 Ay (A5 | Ag | As | Mg | Mgm | Mgn | Mg | Mg (Mg | ms |mg g+ g0 |m3All others
BP-1 39.37 |145| 95 95 |50(10~7| 6.0 [6.0/6.0/6.0|.087 | 0.2 |5.0/5.0]0.11022.27|679.172|658.179|277.488(125.291{10~6|953.61| 550.567 | 711.511
0.65% ¢1, 99.1% (x, &)
BP-2 90.4145(120| 95 95 |50(10-7| 0.27 [9.0/9.0/9.0| 0.24 | 0.04 |5.0|5.0]0.1/1020.54|809.661|806.102|146.706| 124.43 {10~6|953.61| 550.567 | 711.511
18.88% 1, 81.11% (v. &)
BP-3 90.4145(120| 95 95 |50(107|0.242]9.0|9.0/9.0/0.262]0.00068|5.0|5.0(0.1|1018.27|806.163|806.102|126.037(125.484{10~6|953.61| 550.567 | 711.511
10.54% 1, 89.54% (v. &)

TABLE |: BPs obtained fitting for Higgs mass at 125 GeV in conjunction with other heavier scalars

Benchmark Points and Branching of SM-like Higgs

oM tikeHiggs Branching of SM-like Higgs
(MeV)  |Br(H — bb)|Br(H — 77)|Br(H — WW*)|Br(H — ZZ*)|Br(H — vv)|Br(H — H H,, AA%)| Br(H — Other BSM)
SM | ~4.0 566E79 | 6.21E7%2 2.26E791 2.81 E792 228 703 - -
BP-1| ~4.0 1.53E7 | ~1.0E™™ | ~1.0E7% ~1.0E7% | ~1.0E7% 8A7TE™N -
BP-2| ~4.0 7090E™ | ~1.0E™™ | ~1.0E7% ~1.0E™% | ~1.0E7% 290~ -
BP-3| ~28 98E™ | ~1.0E™™ | ~1.0E7% ~1.0E7% | ~1.0E7% 2.90E7Y7 -

TABLE II: 125 GeV Higgs BR’s corresponding to the BP’s shown in Table |
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« A% =i@% is investigated to be a feasible DM candidate

Mg are in EW Scale (~ 250 GeV) and from lepton sector (u — ey, u
to e conversion) bounds on the coupling g < 104

The singlet connecting SM to Mirror world can be light (~KeV scale)
DM candidate!

As a result of g,; being constrained, lightest mirror fermions are
LLPs (Decay length can be substantially LARGE, mm-> cm range)

Typical decay lengths >> Hadronization length~ O(fermi)

Formation of QCD bound states: Mirror mesons g™ g™ and hybrid
mesons g q get formed first before decay

Collider searches of DM promising through the Lifetime frontier
due to the possibility of large displaced vertex (e};"’ - e+ @)
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* EWvp scenario links neutrino, DM and LLP’s

* Framework has Majorana masses and mirror fermions having masses
within the reach of the current colliders

* We analyze the complete scalar sector spectrum which includes
heavier triplets, doublets and singlet Higgs states in conjunction with
the 125-GeV LHC data

* Model contains distinguished Long-lived particle (LLP) signals with
large displaced vertices (mm-cm) in quark and lepton sectors

* The case of whether neutrinos are of a Dirac or Majorana nature can
be settled if like-sign dilepton signals are discovered at displaced
vertices at LHC

 Also investigating the prospect of the light singlet scalar fulfilling the

role of the light DM candidate in this framework
Thank Youl
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