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Gauge extended: sU©2).xU(1)y = SU@)LxSU@)rxU1)p-1

RH neutrino are added automatically to the SM
oo () ). en-(%) (ad)

[ (”L ):(2,1,—1), A (NR):(1,2,—1),
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Gauge symmetry breaking

SU(Q)LXSU(2)RXU(1)B_L SU(Q)LXSU(2)RXU(1)B_L

SU(Q)LXU(I)Y SU(Q)LXU(l)Y

Other options exist in the
U(l)EM scalar sector to break down U(l)EM

the gauge symmetry. (ClaSS B) 4



Heavy scalars in
minimal LR model

Based on:
Mangano et al, 160x.xxxxx [CERN Yellow Report for FCC-hh]

Bhupal Dev, Mohapatra & YCZ, JHEP Vol.xx, 1602.05947
Mohapatra & YCZ, Phys.Rev. D89, 055001 (2014) [1401.0018]

Original:
Pati & Salam, PRD1o (1974) 275;

Mohapatra & Pati, PRD11 (1975) 566;
Senjonavic & Mohapatra, PRDi12 (1975) 1502



Scalar multiplets

Scalar sector T
o = ( o= 23 ):(2,2,0),

3% i
ARE( AIZ/%ﬁ —AAf/\/i ) . (3,1,2),

We decouple the left-handed triplet A; and simplify the scalars:
In some LR ScenariOs, Chang, Mohapatra & Parida, PRL52 (1984) 1072
Parity restoration scale # SU(2)gr breaking scale

Minimization conditions relate the VEVs

!large type-II v masses, or
|
EW Lﬁne—tunmng of scalar parameters,



Physical scalars

Most general scalar potential
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Mohapatra, Senjanovic, Tran, PRD28 (1983) 546; Ecker, Grimus, Neufeld, PLB127 (1983) 365
Pospelov, PRD56 (1997) 259; Zhang, An, Ji & Mohapatra, NPB8o2 (2008) 247
Maiezza, Nemevsek, Nesti, Senjanovic, PRD82 (2010) 055022; Chakrabortty, Gluza, Sevillano, Szafron, JHEP1207 (2012) 038

FCNC constraints on bi-doublet scalars

Yukawa couplings

—[,Y :thL(I)QR—I—?LqQL(iQR—I—hg\TJL(I)‘I/R+B£\T1Li)\PR+ -+ h.c.

The heavy scalars H? and A} could have flavor-violating interaction
with the SM fermions.

They are stringently constrained by meson data:
M

H:ﬁ: Z 10 TeV

0 0
Hl’Al’

Table 12. Couplings of the scalars in the minimal LR model to fermions. Y, 4. are the diagonal
Yukawa coupling matrices in the SM, Y,y = mp/k, and f are the Yukawa coupling in Eq. (2.6).
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Bi-boublet production & decay (#. 49, r7)

Bhupal Dev, Mohapatra, YCZ, 1602.05947
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suppressed by coupling to top suppressed by my
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Vs =100 TeV

k-factor ~ 1.6
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scalar channels
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Bi-doublet scalar @ FCC-hh

Special cuts to suppress the background:
My, > 10 TeV for HY /A9

My, > 5 TeV for HljE

SM background
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» The neutral scalars are probable @ FCC-hh, while it might be hopeless for the
charged one, even @ FCC-hh.
» The stringent FCNC constrains could be dramatically weakened by adding an

2 R ermlon Ou e L onapatra - YS.R€V. 9, 055001 (2014) [1401.001
»  (CKM matrix from SM quark mixing with the heavy fermion.
=  We can have a second Higgs from the doublet around the TeV scale.
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Hadrophobic scalars ( H§ & H; ™)

Before SSB, RH triplet does not couple to quarks:
After SSB: the couplings of RH triplet to quarks are from mixing
with the Bi-doublet:

Y + h.c.

Important couplings for production & decay

_couplings  wvalwes couplings values
H. ghh \}-alfu R

0 770 8o
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HYtt me €
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benchmark scenario: =g9gr,,a21 =001, a9 =0,ag =1
(34

HO = 5TeV to fix poy in right table)
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Vs =100 TeV

HY production & decay
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Dominant production & decay modes
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Hj sensitivities @ LHC & FCC-hh

Dominant SM backgrounds for HY searches and their cross sections.
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Vs =100 TeV
vg = 10 TeV

H; ™ production & decay

Dominant production & decay modes
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Hy* sensitivities @ LHC & FCC-hh

Dominant SM backgrounds for H.zii' searches and their cross sections.
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Distinction from MSSM

Yukawa coupling structures are different, leading to different
production and decay modes.

Coupling to extra heavy gauge bosons opens new windows to
detect heavy scalars in LR model

Table 9. A comparison of the dominant collider signals of neutral and charged scalars in the
minimal LR model and MSSM.

Field MSSM LR model

HY, AY b, 77~ (high tan3) bb
tt (low tan 3) WEW™ — £+0t4j5
Ht thtb, thrv
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Heavy scalars in
minimal LR model

(class B)

Based on:
Bhupal Dev, Mohapatra & YCZ, JHEP1602 (2016) [1512.08507]
Mohapatra & YCZ, Phys.Rev. D89, 055001 (2014) [1401.0018]

Original:
Babu & Mohapatra, PRL62 (1989) 1079
Babu & Mohapatra, PRD41 (1990) 1286
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framework

Adding heavy vector-like fermions to generate SM fermion mass
via seesaw mechanism

4 2
PL,R < <17 17 g) ) NL,R = <1> 17 _§> ; EL,R & (17 1) _2)

—Ly = QrLYuXLPr +QrLYuxL Nr + VLY. xLER + (L < R)
+PLMpPr + NLMNyNgr + ELMgER + h.c.

< 0 %vaL>
1y M TR
NG fUR F

Scalar interaction
V= —M2LXTLXL = M%XLXR

+1 [(XJ'LXL)2 + (XEXR)Q] + A2 (xLxL) (XRXR)

18



Stabilizing the vacuum

Mohapatra & YCZ, Phys.Rev. D89, 055001 (2014) [1401.0018]

MF = 12 TCV : MF = 2 TGV

benefiting from the extra scalar:

A1 could be larger than the SM A
+ could be smaller than in SM
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Heavy scalar at TeV scale

1000

2000

3000 4000
v [GeV]

5000

6000

Lower bound:
vacuum stability

Upper bound:
purturbativity

There are also UPPER bounds
of vacuum stability on masses

of heavy VL fermions, at the
TeV scale.
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Heavy scalar production & decay

Branching Ratio
Branching Ratio

2000 3000
My [GeV]
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2000 3000
.35 2000 3000 : 2000 3000
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Predominately from gluon fusion process Coupling to top quark: fermion mixing
mediated by top partner loop, whose coupling  Couplings to bosons:  scalar mixing

is enhanced by the large top Yukawa coupling.
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750 GeV candidate

Bhupal Dev, Mohapatra & YCZ, JHEP1602 (2016) [1512.08507]

Heavy VL fermions obtain their masses by coupling to a

—Ly =QrYuXLPr+QLYyxL Nr + ¥ Y. xLERr + (L — R)
+ h.c.
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Conclusion

In minimal LR model of

It is promising to probe the scalar sector @ future 100 TeV collider, up to
few times 10 TeV;

The hadrophobic sector can be probed up to TeV scale @ HL-LHC.
In minimal LR model of class B:

The heavy Higgs (as well as the heavy VL fermions) is constrained to lie at
the TeV scale by vacuum stability and perturbativity;

A singlet scalar could explain the 750 GeV ditphon excess, predicting a
small decay width.
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