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Road beyond the standard model...11 years after finding Higgs

» The usual traits of BSM theory are driven by the symmetry argument. Popular
examples: Supersymmetry, Composite Higges, Left-Right symmetric models, etc.

* |IE (or not) such new physics exist, perhaps we can accommodate neutrino mass,
matter-antimatter asymmetry, dark matter.

« With null results at the new physics searches at the colliders, dark matter
experiments we are compelled to relook at our favourite models and verify our
perceptions.



Gist of our work

* Investigate the scalar sector of the simplest doublet left-right symmetric model in
light of the Higgs data.

* What pattern of EW symmetry breaking is favoured?
* We find: doublet-dominated EW symmetry breaking is still viable.

 Can be eventually disfavoured by more precise measurement of trilinear Higgs
coupling.



The Doublet Left-Right Symmetric Model (DLRSM): Notations
All the fields are charged under an extended gauge group SU(3)¢ x SU(2)r x SU(2)r x U(1)p_¢,

The fermion multiplets, with an additional RH neutrino

QL = (HL) ~(3,2,1,1/3), Qr = (uﬁ) ~(3,1,2,1/3), Lr = (w’) ~(L,2,1,-1), Lg = (VR) ~(1,1,2,-1)
dL dR €L €R

0 i+ + +
Scalar multiplets: & = (¢1 %) ~ (1,2,2,0), v, = (XL) ~(1,2,1,1), yp= (XR) ~(1,1,2,1)
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The Doublet Left-Right Symmetric Model (DLRSM): Notations
All the fields are charged under an extended gauge group SU(3)¢ x SU(2)r x SU(2)r x U(1)p_¢,

The fermion multiplets, with an additional RH neutrino

Qr = (HL) ~(3,2,1,1/3), @r = (UB) ~(3,1,2,1/3), L = (w’) ~(1,2,1,-1), Lr = (VR) ~(1,1,2,-1)
dL dR €r, €ERr
0 i+
1 o ~(1,2,2,0), v, = XL
¢ Py XT,

0
( [-{,) ? <XL>:

Scalar multiplets: @ = (

Vacuum expectation
value (VEV) structure :

Senjanovic 1979;
Babu, Mathur 1988;
Perez, Murgui 2016, 2017;

Majumdar, Senapati, Yajnik 2018-

Babu, Thapa 2020;
Bernard, Descotes-Genon 2020:;
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K]+ K3+ v =0
v = 246 GeV
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Gauge bosons and their mixing

W and its partner:

2
r . . L(v} + K+ K3  —39LgRR1K? Wy
mass WL WR 1 Q’j?;: 9 2 9 _
—59L9rf1ke (VR + KT+ K3) Whg
+ : +
Wi} [cos{ —sing Wi small misi ~ _9 9
=1 ., mall mixing, £ ~ —2K1Kko/V%
Wg siné  cosé W5
Z and its partner :
1 9iv® —gLgrK;  —9LgBLVT WL,
Ema,ss 2 é (Wf,u Wj%” B,u) g)?%v2 _gRgBijQf{ Wfﬁ#
91 (V] +v) By,
A W3 _ _ JBL _ [P+
u SW  CwSy CwCy Lu sw = sinfly = ooyl cw = cosby = 21205
g 9BL BL
Zl,u — —Cw SwSy SwCy W}%H JBL q

Sy = sinfly = —————, ¢y =cosfly =

Zz,u 0 Cy Sy B 9>+ 9]23L V g% + 9%3[,
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Scalar potential: Minimization and free parameters

1/2—"_1/55—1_‘/4*

= —piTr(®1®) — pi3 [Tr(dDT) + Tr(dT®)] — 13 [x) Xz + xhxr]
= My [X:FL(I)XH + XL@XL] + U5 [XJ_E"I"’XR + XL,@XL] ;
= MTr(®10)? + Ay [Tr(@d")? + Tr(d1d)?] + A3 Tr(dd") Tr(d )

+ A Tr(P7D) [TT(&)(I’T) + TI'(&)T(I’)] + 0 [(XI’,XL)Q + (XLXR)g] + P2 XJLXLXLXR
+ar Te(@7R) [x) xz + xhoxr] + {sz XL Te(@DT) + by pTr(212)] + h-C-}

oy [x] @01y, + yEO By g] +ay [x] PPTy, + XL Dyg]

Unknown parameters

in the generic basis of {)\1,2,3,4; X1,2,3.45 P1,2, Ha, T, W, ’UR} Where,

DLRSM

8V_8V_8V_8V_0
Ok, Oke Ov, Ovp

1
g o= A1) ("f% (UJ‘Q((V'Q = Doy + rfag —ag) +2(r* = (" + 1AL + 2‘7')‘4))
+2\/§rv3wu4 + 1)?.1((7‘2 — Doy + rPog — g+ 2%‘2.012)) )

1
P = -1 (.‘{% (w2{7‘2 — Dag — wrasy +2(r* — 1)(2rhgs + (r* + 1))\4))

—V2(r? + Dvgwing + v ((-7'2 — Dag — ragy — 2fw2p12)) ,

1
1y = 5,‘{%((7'2 + Dag + 2rag + rlas + ag + 2w?p1) + vior

Hs = —Th4 — ﬂQJprlg .

P12 = p2/2—p1, g1 = a3 —ay, and Aoz = 2X + A3

r = Kg/K1
w = v /Ky



Higgs mass

Full CP-even scalar mass matrix

2

1 1
_7‘{20 _7‘{21 2(2

M)

T2a34+2w2p12 T(a34+2w2pl2) . .. . . .
( 2(1—r2) 2(1—12) wprz 0 \ Positivity criteria leads to
2
MQ(O) w 0 0 212: 2—2 >0
Leading order correction —5— = 201=r?) P12 =p2 = 5P
UR pia 0 a3 = a3 — g > 0
\ 201
; K Y
. i - - 0 0
Orthogonal Transformation takes M/> @) to block diagonal form Oy =| vit® o vie -
_k\/l+r2 _k\/l+r2 Tk 0
0 0 0 1
. M2y, 12
mi — (A’TZ(Z))H . [( )14]

Babu Thapa 2020; Bernard 2020; SK,

More, Pradhan, Uma Sankar 2022

P1

2
1
= 21+ 12 + w?) X (4 ()\1(7“2 +1)2 +4r(M(r? + 1) + 7A23) + w? (24 + r* (a1 + az) + aor) + p1w4) —— (194 + (a1 + 3) + apr + 2,0111;2)2)



Higgs couplings : gauge bosons
Numerical diagonalization becomes necessary due to the pitfalls of non-degenerate perturbation theory.

Gauge basis: X = ( Vs P> X > X o)

X =U"X, U M?*U = M? 428
Physical basis: Xpn = (h, Hy, Ho, H3)

Example 1 : hWW coupling

1 _
LD 592 ((ﬁ:l — 26&95&2)&37. + (kg — 20§S§ﬁ:1)cb87. — ’ULCEX%T + ’URSEX%T.) Wf; Wit

C 1W 1
hWW coupling multiplier sw = C}”SI’KIW -

((1 — 20£ 957")U11 + (7“ — 26£ 9§)U21 + ’bUCgUgl + — 9£U41)

hWW k
Example 2 : hZZ coupling r
LD i (cw + swsy)*(k10), + Kads, +vrX},) Z1u 21

2/ .2 2 We work in the limit
+ 2 1
g (9 gBL) E (U11 + rUy + wU31) JpL = ggr/( 12)1/2

(9> + 9*)(9* + 951)

hZZ coupling multiplier rk; =



Higgs couplings : fermions Mohapatra, Zhang 2007
Lyur D —Qri(yi;® + §:;P)Qr; + h.c.

In terms of the U' = (U’;C’;t’)

ix L. DO —=Ul.(M;);:Uw: — D" .(Mp):: D + h.c.
gauge eigenstates, 1y — @b The quark mass matrix, 1i(My)i;Ug, 1i(Mp)i; D,

1 1
= — Y , M e — _|_ 77
My ﬂ(lﬂlw + K27) D \/i(’fzy K1Y)
K ~ LA |
Ly D S ((qbo r¢Y )M, + (—r¢? + oY) VIEM M, VJSKMT)HR;? k? = Kki—ks5 = (1—1*)K]
\/EK,_ {

. o | M (d) are physical masses

+ ﬁ 5 i ((¢g* — r¢Q) My + (—ré + o)V M M, VEKM) drj + h.c. '

K2

CKM 1 CKM# Manifest LR Symmetry
((Un — rUsy )y + (Uay — rUvy) (V™ Mgy Vi )33) VCKM VCKM

K1

C —
htt (hbb) 22
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Perturbativity of third-generation Yukawa couplings

1 1
1\/1 = — K _'_ K U (\/2 _ — 1/
U \/i( 1Y Qy) D \/Q('%Qy + ’ily)

r = Ko/kK1 (VE§M> 1
w = v /Ky ’ 33

V2(1 4+ 72 4+ w?)\/2
v(l —1r?)
V2(1 + 72 + w?)/?
v(1 —r?)

Y33 — (mt - Tmb)

(mp — rmy)

Ysz =
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Perturbativity of third-generation Yukawa couplings

My — ~ ! ~
U= —=(K1Y + K2y Mp = —(kay + K
//\ \ 75 ) Mp = s (may + k)
1 r = lﬁ)g/lf] (VCKM) ~ 1
L.R
g w = v /Ky 33
~
I
S
[ e T s o | E V2(1 + 12 + w?)'/?
: 5 Y33 = (1= 79) (my — rmy)
= = - ‘. é B \/§ 1_|_,r.2_|_w2 1/2
[oz] o] [oor] [+=] Y3z = ( v(1 — r2) ) (my —7m)
-2 M L L5 B o TN T
1010'3 1072 107! 1

I = K2/Ky
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Unitarity

Upper bound to masses from unitarity of
gauge boson scattering

Example:
ZZ — W'W’

27" - WW

YAV AR WAV

167

Ww'— WWwW

Bernard et. al. (2001.00886)
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Boundedness from below

AL
A
(M - 7ix) — o+ > [\
(A1 + A3+ 2(A2 — [\4])) >0
(,\l T 2h K) — |4ha| > |\

{p1 >0, 2p;+py >0}

1+ Qg + \//\1(2{)1 —+ {)2) > ()

ap + oy + \//\1(2,01 + p2) >0

w1 + g + 2\," /\1_{)1 > (0

a1 + oy + 2 /\1{)1 >0 .

Chauhan (1907.07153)
Frank, Majumdar, Senapati, Yajnik (2111.08582)

: A2
ap — 2|('152| + % + % \/(/\1 + /\; — 2/\2 — 4/\) (2[)1 —+ ‘02) 0
2

ag o« A2
%] 2|Q2|+?$+?4+2\/(/\1+/\;2)\2—) f)l >0

4o

| A Of; AL Qy A2
B TPV i e 14+, J1——2 )y 2 /1o
o 2'“2‘|2,\2 N | 2a+n?) 2T (20 + \3)2
+4/ | A ar (2p1 4 p2) >0
— ) ) y
1 2/\2+/\3 pP1 T P2 ;
|,\ | /\ﬁ 054 /\i
_9 14+, J1—— 2 4y % (/1M
lrywenpw + ot 2 ) 2\ T (2 + \g)?

+ A ’\i > ()
— ) .
1 Mo+ s P1

a3«
ar — 2|as| + ?; + ?4 + v/ (A + A3+ 2002 — [M]) (201 + p2) > 0

Xy — 2|CEQ| —+ % + % -+ 2\/(/\1 + /\3 —+ 2(/\2 — |/\4|))ﬂ1 > U .
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Taking stock of what we have till now...

« Theoretical constraintssuch as (1) perturbativity, (2)
unitarity and (3) boundedness from below leadsto a
few restrictionson the quartic couplings.

Lightest new scalars allowed | _ 15 1oy
from meson mixing

 Direct searches of new scalars rule out masses up to SU(2)R breaking scale | ~ 10 Tev
~1.5TeV.

 Direct searches of W' and Z' bosons rule outup to ~ Lightest W', Z' 3 Tev
3.2 TeV and ~ 1.2 TeV respectively. allowed by LHC ©

* Meson mixing putsa strong constraint on the masses
of new scalars of LR models > 15 TeV. (Mohapatra, Top, Higgs, W, Z | <200 GeV
Zhang 2007)




Taking stock of what we know till now...

 In LR models, if the new VEVs are large, first constraints will
come from EW precision tests. W, Z boson self-energies will
modify, additional vertex and box diagrams will show up. (Bernard
et. al.)

« Sensitivity to precision tests are suppressed by, say mW"2/mw”2

Lightest new scalars allowed | _ |5 Tev
from meson mixing o

SU(2)R breaking scale | ~ 10 TeV

Lightest W', Z!

allowed by LHC |~ 3 IeY.

* Large number of parameters — electroweak fit may be inadequate Top. Hiegs W. 2. | <200 Gev

Combining unitarity, electroweak precision observables and the radiative corrections to
the muon Ar parameter within a frequentist (CKMfitter) approach, we see that the model
is only mildly constrained: the fit bounds DLRM corrections to remain small, pushing the
LR scale to be of the order of a few TeV, thus limiting the sensitivity to the new fundamental
parameters. Nonetheless, a new qualitative feature, favoured by the data, emerges from our
analysis of DLRM, which is the possibility of having spontaneous EW symmetry breaking
triggered also by a doublet under SU(2)r, as opposed to the case mostly studied in which
EWSB is triggered only by the bi-doublet under SU(2);, x SU(2)g. This possibility has
not received much attention in the literature as it is not allowed in the triplet scenario, in

Bernard et. al.
(2001.00886)

which a triplet under SU(2)y, is considered.

16



Questions:
 Does the bidoublet predominantly drive EW symmetry
breaking in this model, as it is assumed in most of the
literature?

« How large a contribution from the SU(2)L doublet is
still allowed from Higgs data? We show the constraints

on the r —w plane, where © = Ko /K1 and w = vy, /k;

« If allowed, what will it take to rule out large values of
w?

 Unlike in two-Higgs-doublet model, a blind fit will fail
due to the hierarchy of scale protecting the model from
most of the observations. How can we reduce the
parameter space?

Most literature




A simple basis

Ao
Al = A3 = Ay = Ag Boundedness from below : I = )\—
4
a3
a1 = G2 = Q4 = Qo Positivity of mass-sq matrix : P = P 1
4
iy . P2
P1 Positivity of mass-sq matrix : ¢ = — —
2p1

A minimal set of parameters (o, 0 . rw, vg}
with all the essence of DLRSM 0, X0, P1, L, P; 4, b4, T, W, UR



A simple basis

A2
Al = A3 = Mg = Ag Boundedness from below: T = )\—
4
a3
p = Qg = Qg = Positivity of mass-sq matrix : P = &— —1
4
iy . P2
P1 Positivity of mass-sq matrix : ¢ = —— —
2p1
A minimal set of parameters { e . . }
with all the essence of DLRSM 0, X0, P1,s Ps 4, a, T, W, UR
104 = g € [107°%,47], p1 € [0.1,87/3], pa € [107%,1] x vg qg=1 vp = 10 TeV

analytical

)\g = (1 -+ ’y) AO Wlth y - [—01,01] A(] = Ag(?’nh = 12538) r = A‘Z/AD € [025, 085]
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Bounds on Higgs mass and couplings

Observable Observed value
mp, (125.38 £0.14) GeV  (CMS 2002.06398)
KW 1.05 £ 0.06 (ATLAS-CONF-2020-027)
Kz 0.96 + 0.07 (CMS-PAS-HIG-19-005)
K [—2.3,10.3] at 95% CL (ATLAS-CONF-2019-049)
Kt 1.01 +0.11 (CMS-PAS-HIG-19-005)
b 0.987015 (ATLAS-CONF-2020-027)

20



Bounds from Higgs data N | |
Perturbativity of top-like Yukawa coupling

rule out points with large w andr.

10?

1 T 5 % b RubaN

Y33 (47? )1/ 2 3

» Satisfy theoretical constraints, Higgs mass
e Automatically satisfy hWW, hZzZ, htt

e Satisfy hhh

[- Also satisfies hbb coupling ]

1My, Ky ) .:".'. o e
= | WMy, Kp Kp e '-“uz.’\. ‘ ‘
B My, Kp, Kp, Myg; > 15 TeV L ,":,.;.- ;-‘ -
10-6 : e 1 L YO Y W T p SRSy .1 q‘.;’ [. AISO SatISerS mHl > 15 TeV ]
1073 1072 107! 1

I' = Ka/K)

21



- 3
Varyingp = — —1 _
4 PLRSTTL AT T 6T R

More points become allowed
by mH1 > 15 TeV once the

value of p increases

1My, Kp
WMy, Kpy Kp
B My, Kp, K, Myg; > 15 TeV X

L L Y B

L L N @

1072

3% of the points populate the low-r,
low-w region, Large P1



The role of bottom Yukawa

(1472 + w?)1/?

Chbb —

V2v(1 —1r2)

If 5, becomes too large, the term multiplying 771+ blows up.

If Mféo) Is too small, next-to-lightest Higgs
will have large mixing with the lightest
Higgs, Us21will be large.

r2aza+2w?p1a  r(aszat2w?p12)

(

M2 (0)

2
VR

My

2(1—r2)

0) _ Py + 2w?qp;

2(1 — r2)

((Un — Uz )myp + (Uay — TUn)mt)

2= —wpiz 0 \
043;1(%12_1?2,;12 0 0
P12 0
2p1 /
X ’UE{

To satisfy bottom Yukawa, either (1) Large p, or (2) Large w, (3)r ~ 1, (4) Large A1 —Or any

combination of these.



A strong upper limit on w from Higgs mass

* In the simple basis, the Higgs mass is given by

2 2 2
2 _ v [2 Aot - a1+ r2)4) — ap2+7(2+(2+p)r))
M= Ty ey 23R A+ 201

e Inthelimit g — 0, 7 — 1, with the perturbativity bounds, Ao, A2 < 47 | the upper bound from mh =
125GeVis w < 6.81

- [, @0 €[1073,1]
i p=0.1,q=1

« The upper bound is slightly improved with boundedness from below ,
criteria \o < 0.85 Ay t0 w < 6.71 10.

Va3 = (4m)'/2

» The maximum allowed value of W can be expressed as a function
of I, Wiax (1) =~ a+ br + cr

24



The role of Higgs trilinear self-coupling

2.3 < Agun/Anyy < 103 At 95% CL, ATLAS (80 fon-1)

T T T T T T T T T T T T T T T T T T
p=0d

00, Kb WMy, Kp
m my, Kp, myg; > 15 TeV, k < (Kp)upper My, Kp, My > 15 TeV, kp <5
B my, Kp, my; > 15 TeV, kp > (Kn)upper B My, Kp, my; > 15 TeV, k, > 5

vr/Ky

W

I = Kz/Ky

Most of the w > 1 region will be ruled out if Higgs self-couplingis measured even with 400% accuracy .



The role of Higgs trilinear self-coupling

The impact of Higgs trilinear coupling measurement will be robust: Same fate for large

values of p, g, and also in the generic basis.

vi/Ky

W =

B My, Kp
By, Ky, my; > 15 TeV, k, <5
B my, Ky, myg; > 15 TeV, k, > 5

Simple basis

vi/K,

W =

Generic basis

By, Kp, my; > 15TeV, k, <5

| B My, Kp
B My, Kp, my; > 15TeV,k, > 5

26



Alignment through decoupling

The flavour bound on next-to-lightest CP-even scalar ensures that the fermion couplings of the SM-like Higgs
are aligned with the observation.

1.10 ‘ — — 1.10[

1.05 -~ L05

< 1.00f °° < 1.000 -

0.95'

O 0.95" —
Theoret._-fcal:- ; ! ' Theoretical :
r Theoregfcal; + my, + Ky : m Theoretical + my, + «j, :
| ITheorepcaI. + my,+ Kh:- + My, > 1.5TeV m Theoretical & m;, + «;, + myy; > 15 TeV
0.90 - : — . ' 090 e o . & : i .: N
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Kp Kp
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Summary

* We investigate the doublet LR symmetric model in light of the Higgs mass and coupling measurements.

 EW symmetry breaking can predominantly happen through the VEV of SU(2)L doublet, a possibility
rarely explored in the literature.

«  The key constraints came from Higgs mass, bottom Yukawa, flavour boundson the next-to-lightest
Higgs, and Higgs trilinear coupling.

*  More precise measurement of Higgs trilinear coupling can rule out the benchmark points where the most
dominant source of EWSB is the doublet.

 Complementary tests — future LHC? Gravitational waves?



Comments? Suggestions? Questions?



Effect of g

We now briefly discuss what happens when the ratio ¢ is allowed to deviate from 1. From
eq. (2.17), we see that leading contribution to the mass of one of the heavier Higgses is
p12v% = p1qus. Hence, very small values of ¢ will not satisfy my, > 15 TeV constraint
whereas larger values of ¢ will violate unitarity bounds. These two constraints together
restrict g to the range 0.1 < ¢ < 4. The constraints from my,, K, Kw, Kz, Kk and K, are
unaffected by changes in the value of ¢q. As a result, the points satisfying all the constraints
(dark blue points of fig. (2)) are depleted overall if ¢ deviates from 1. For the extreme allowed
values of q, 2.e., g ~ 0.1 and g ~ 4, my, > 15 TeV is only satisfied for w > 1. As mentioned

above, these extreme values will be ruled out if k; is measured to be less than 1.5.
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log,,w

Next—to—heaviest Higgs mass

0.5F . . : 0.5
- 27500
i 25000
0.0+
I 1.0 22500
20000
- 08
-0.5
I 17500
06
15000
—1.0: 0.4 12500
- 10000
0.2
—1.5-' _1.5: 'l_ 7500
i 02 T 5000
'..,5_
| WA 2500
- TN—— 30 25 <20 <15 -io -05 00
-30 -25 -=-2.0 -1.,5
log,,r

log,,r
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Triple Higgs (h?) vertex in this model is given by

Cp3 = % (2()\1 -+ 'I"A,;)Ufl -+ 2(?’)\1 + )\4)U;1 =+ prlU:E};l -+ 2(]"(/\1 —+ 4)\2 -+ 2)\3) -+ 3A4)U31U21
+2()\1 -+ 4)\2 -+ 2)'\3 -+ 3A4'T)U11U221 -+ ’U_.-'(Cl’l + &4)U31U31 + (l‘_']fl -+ 5] -+ EY_«;)UllU:?l
+1L’(051 + &:;)Ug?l Us1 + (&2 + T‘(Ctl + ﬂ:a))Ule;?l) 3

with the corresponding coupling multiplier being xj, = ¢;3/ ciﬁ,"{ where cii[;‘{ = mj [2v.

Trilinear Higgs coupling multiplier («,)

0.20+

1

sol 230000 o

TR

0.15 &2

(04))

0.10+

0.05

02 04 06 08 1.0




