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Brief review of the Left-Right Symmetric Model

Constraints on the Higgs sector from quark flavor violation

Higgs mediated lepton flavor violation

@ Neutrino mass constraints

Leptonic decays of the Higss: h — KWJ_
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@ Conclusions
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BN
Left-Right Symmetric Model

@ Explains Parity violation as a spontaneous phenomenon

@ Extends the Standard Model gauge group to
SU(3)C X SU(2)L X SU(2)R X U(]-)B—L

@ Fermions transform in a left-right symmetric fashion under the
gauge group

@ Naturally contains the seesaw mechanism for neutrino masses

o Parity breaking scale should be > (2 — 3) TeV from LHC and
flavor constraints

Pati, Salam (1974); Mohapatra, Pati (1975); Mohapatra, Senjanovic (1975)
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BN
Particle content of Left-Right Symmetric Model

Fermions:

Q.= (Zﬁ) €(2,1,1/3), Qr= (Zg) € (1,2,1/3),

L= (") e@1,-1), Lg=("F)e(2-1),
EL gR
Bosons: (1,2,2,0), A/(1,3,1,2), Ag(1,1,3,2)

B ¢0 ¢+ B (5+/\/§ (5++ B (5+/\/§ (5++
o=(5 %) a=(9" ) o= (7 e

Under Parity, QL < QR, [_[_ e LR, b — ¢T7 AL e AR, W[L < W;—:

Ag breaks SU(2)g x U(1)g—_, down to U(1)y and induces vg mass

® generates fermion masses. It has two SM Higgs doublets
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BN
Fermion Mass Generation

e ®and & = nd* 7, couple to fermions
Ly = a;_(YUQ(D + \N/UQ&))Q;? +ZIL(YUL¢+ %"’&))L{?
+ YA(LTCnALL, + LTCTARLy) + hec.,

@ Vacuum expectation values:

055 ) - (5 B (& )

@ Fermion masses given by:

MY = (Y Q%1 + Y%3) MY = =(Y %, + Y%j),

I—lg‘l—l
N

M = —(Ylro + YERE), MP = —_(Ylky + YEe3), MM =V2Yavg

Sl
S
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NN
Higgs boson coupling to quarks

@ It is convenient to define fields ¢° and ¢% with (¢%) =0

o _ (=r3¢1 +r193) o (Kid1+ K203)
=T d)‘:lT’”*: RE K35, Ko =/R] = A3
0 0 - o
@ ¢~ and ¢ are not mass eigenstates. They will mix.

o ¢° is approximately the light Higgs boson of mass 125 GeV

o Yukawa couplings of ¢° and ¢° fields in the quark mass

eigenbasis is:
2 K2 gk
’C'z’uk = £ZGL{¢O*7MU + ¢3~( M2 MY + H+VLCKMMdVI,gKMT) }UR
RZ K+ K4

2 K2 —2r1K]
+—[dL{¢°_*—Md + 02 (TR M o VR ey }dR
K K4+ K4
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NN
Neutral Higgs boson mass matrix

e Matrix elements in {Re(®?), Re($%), Re(A%)} basis:

./\;liefz = 2\iw% +8r2K3(2N2 + A3)/K2 + BrikoAs

./\;llee2 = 4r1kor? (22 + )\3)/143_ + 2\4K2

/\71?362 =  ai1vgrk+ + kovr(daokt + azka) /K4

ME = (4 +22a)s /rd +asvEed /(262)

MBS = vg(Raak? + azkirg)/ ks

M§§2 = 2pv3 Gunion et. al.(1989)
o ¢° mass should be > 20 TeV from K° — K° mixing.

Zhang, An, Ji, Mohapatra (2008)

o RyM?R] = M diagonalizes the mass matrix
o Direct ¢° — ¢% mixing is small
@ However, (R3)12 = (R3)13 X (R3)32 can be a few percent
@ Re(A%) mass is not strongly constrained
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NN
Constraints from quark flavor violation

@ Once Re(¢°) — Re(¢%) mixing occurs, light Higgs boson h® will
inherit some FCNC couplings

CKM
VR

@ Parity implies that Yukawa coupling matrices are hermitian.

@ This coupling depends on the right-handed CKM matrix

VKM pd \/CKMTY (\/CKMY
(v,gK’V’)U - (VLCKM)U. + isinatan25[tan/3(vaM)U+( L C V) g
My, + My,

(VM) (VM T v M)

mg, + mdj

kj} + O(sin2 o tan? 23) Senjanovic, Tello(2015)

@ Here v is phase of K, and tan f = —ky/Ky.

VEKM can be taken to be

@ Except for CP violating observables,
V'gKM ~ WuVLCKde
WY = diag(su, sc, st), W9 = diag(sg, ss, 5p), 5; = +1
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NN
Meson mixing mediated by the Higgs boson

e Flavor changing coupling of light Higgs:

1 - i
LEcne = (Rs)1z e di h° {VLCKM MUV;gKM} dr
+

o K° — KO mixing, B — BY mixing and BY — BY mixing induced
by hO:
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BN
Meson mixing mediated by the Higgs boson (cont.)

1 /14 1—9sy\ 2
Herr = *m{%(}’,‘f 2 erjlf* 5 )CU
2m, m?
= ¢'me 5 ¢ k2 k%2
AT {7 24 (e s p i ) Be ()
i lj

1 m?2

I T L SRR }
Y (12 * 2 (mgq; + mqj)Z) B ma(u)
KO—KO: |(Rs),,| S72x1073

By~ BYS: |(Rs),| $1.6x1072,

BY —BY: |(Rs),,| S1.4x1072
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Higgs boson coupling to leptons

Leptonic coupling of Higgs is analogous to quarks. M" should be
replaced by MP.

In charged lepton eigenbasis, M? = UT.MP .U where U is some

unitary matrix.

If MP has entries as large as MY, then potentially that can lead
to large neutrino masses.

If MP has rank one, then large neutrino masses need not arise:

0 M1 0 0
MP = mdu 0 Ut, Mg=u*| 0o 0 My | Ut
1 0 Mys 0

M: = —MEMGITMET =0

There is an unbroken lepton number symmetry under which
(Ny, Na, N3) have charges (0,1, —1).
Mass matrices stable under radiative corrections.
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BN
Higgs boson coupling to leptons (cont.)

@ Yukawa couplings of charged leptons to h°:

Ly = gh{dﬂ*%l\/ﬂ + dﬂ*(%ﬁw + H+UTMDU>}IR
@ here U is an unphysical unitary matrix that diagonalizes MP.
@ As long as the diagonal Dirac neutrino mass matrix MP has rank
one, neutrino mass can remain small.
@ b-quark and 7-lepton Yukawa couplings to h° are modified:

L = ﬂELh°{1+(R3)127St5bmt}bR
K4 mp

/V/D\U33|2}
Mol

-

+ T {1+ (Rs)1,
Kt

@ h— bband h— 77~ from LHC data constrain (Rs)12.



Constraints on Higgs mixing from LHC

LHC dataset used for h — bb and h — 77—

Dataset Decay Mode | Production Channels | Production channels
T +Th0 9 vino
CMS Run-II O s b —0.197GP T2 1.0679 35
+1.20-+0.50+-0.90 +0.21
ATLAS Run-Il 2.107 590 0.50—06.70 0.90 +£0.187 57,
Dataset Decay Mode Production Channels Production channels Production channel
T 1540 oVBF ggh
+1.2+0.9+0.8
ATLAS Run-Il W 1, 5’1'%063’0'6 o oe
CMS Run-Il 0.7274%2 111743 0.8470,%,
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Constraints on Higgs mixing from LHC

LHC limits from flavor conserving Higgs processes

LHC limits from flavor conserving Higgs processes
100.
MmP 2
— |Ugl? =05
50.0f m
ss =1
S S
s =
i S NS N
./
—— cMS Run-1l —— cMS Run-1l
- == ATLAS Run-Il - == ATLAS Run-Il
—-0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04
(Ra)12 (Ra)

x2 analysis of h® — bb and h® — 777~ from LHC data
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Lepton Flavor Violation induced by Higgs
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BN
Limits on flavor violating couplings of Higgs

Process Coupling Constraint
[ — ey (R3) 1, Ten <25x107°°
u— 3e (Rs3) 1 Ten <22x107°
electron g — 2 |(R3)12yeﬂ|2 [-1.9 —2.6] x 1072
[ — e conversion (R3) 1, Ten <85x107°
M — M oscillation (R3)12yeu <4.0x1072
T — ey (R3)12yET <99x103
T — 3e (R3),Fer <8.5x 1072
electron g — 2 \(Rg,)nyef|2 [-2.1-29] x 1073
T = Wy (R3) 12V <1.1x1072
T — 3 (Rs )uyw <1.8x1071
muon g — 2 |( 3)12yM|2 (2.7+£0.75) x 1073
= ey VIR grer| | < 2.9x 107
v = :—2+MD Harnik, Kopp, Zupan (2013)
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LHC limits on leptonic decays of the Higgs

h — pr: 0.25% (limit on Branching ratio (BR)) CMS [arXiv:1712.07173]
h — er: 0.61% (limit on BR) CMS [ arXiv:1712.07173]

h — ep: 0.035% (limit on BR) CMS [arXiv:1607.03561]

h — ee: 1.9 x 1073 (limit on BR) CMS [arXiv:1410.6679]

h — pp: 0.7+ 1.0 (limit on p value) CMS [arXiv:CMS-PAS-HIG-17-019]
h — pp: —0.1+ 1.5 (limit on u value) ATLAS [arXiv:1705.04582]

h — 77: 1.06 + 0.25 (limit on p value) CMS [CMS-PAS-HIG-16-043]

h — 77: 1.434+0.39 (limit on p value ) ATLAS [arXiv:1501.0494]

Left-right model can make any one of flavor conserving lepton
decays near the current limit.

@ Flavor violating decays can also be near limit, except for
h° — epu.
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NN
Leptonic Higgs Decays

@ h — pp can be enhanced by a factor

|U32|2MD(R3)12

my,

and can be near current limit

@ h — ee enhaned by

|Us1 |>MP(R3) 12

me

and can also be near current limit

e If h— p~ 7" is observed, it obeys

F(h— = 7%) = [Maew(h = 77).Taew(h — pp)]?



Conclusions

@ Standard Model Higgs can mix at the level a 1% with FCNC
Higgs of Left-Right Model

This leads to modifications in hbb and hr*7~ couplings
@ Meson mixing and LHC searches constrain such mixings

h— ete” and h — ptp~ can be near current limit

FCNC Higgs decays can also be near current LHC limit, except
for h — eu

@ Neutrino mass provides some information, but neutrino mass
arising via seesaw is under control
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