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OUTLINE

The outline of this talk is

INTRODUCTION

GM MODEL

SUPERSYMMETRIC CUSTODIAL TRIPLETS MODEL
THE HIGGS SECTOR

UNITARITY

HIGGS SIGNAL STRENGTHS @ LHC

CUSTODIAL SYMMETRY BREAKING

CONCLUSION AND OUTLOOK

Work done with (PhD students @ IFAE) Luis Cort and Mateo Garcia:
arXiv:1308.4025
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INTRODUCTION

@ ATLAS & CMS have discovered a scalar boson with properties
consistent with those of the SM Higgs and a mass ~126 GeV.

@ Whether or not it actually is the SM Higgs depends on possible
(future) deviations from the SM predictions in Higgs strengths
(e.g. 7y channel)

@ In view of possible departures it is interesting to explore possible
extensions of the Higgs sector

@ A particularly appealing extension, which includes singly and doubly
charged states, consists in adding triplets with |Y| = 0,1

@ Triplets have the general problem that their VEV contributes to the p
parameter at the tree-level, strongly constraining the model as
experimentally

p—1l=aT, —0.09< T <023 @ 95%CL )

@ Problem solved by Georgi and Machacek (GM)

Mariano Quirés (ICREA/IFAE) SUPERSYMMETRIC CUSTODIAL TRIPLETS 3/25



GEORGI-MACHACEK MODEL

e Georgi and Machacek !considered an extended SM Higgs sector
@ The SM doublet (Y =1/2)

o= (%)

@ Areal Y =0 triplet (£) and a complex Y =1 triplet (x)

X 3 P
x=1 x" E=1 & ¢ €0 — ;0*
x° £

@ They create a p parameter

2 2

V, V.
S X 0 0 0
pr— 1 ————————————— p— pr— p—
P + V£/2+2V§, <¢ > Vo, <€ > Ve, <X > Vx

!Georgi-Machacek, NPB 262 (1985) 463; Chanowitz-Golden, PLB 165
(1985) 105; Gunion-Vega-Wudka, PRD 42 (1990) 1673.
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@ They introduced

A global SU(2), ® SU(2)g invariance of the Higgs sector

@ The Higgs transforms as a bi-doublet ($) and the triplet as a

bi-triplet (x)
0 ¢+
- X & X g
¢T=<ZZ), x=| x & x* ;_-:;iﬂ
X & x™

® = U dUL, x — UxUpL

@ Broken to the custodial

SU(2)1+r, (5}_ = 97;) by the EW vacuum provided that

(€°) = (x°)
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SCT: THE MODEL

@ To supersymmetrize the GM model we need to double the number of
Higgses (as in SM — MSSM)

HO Hy
One doublet ¢ = Two doublets H; = ,Hy =

- 0
H, Hs
¢+
One real triplet £ = One complex triplet Yo = | ¢°
e
Pt X
One triplet Y = Two triplets 31 = | ¢ | &Y 1= x~
¢O XO
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e The SU(2), ® SU(2)r bidoublets and bitriplets are organized as

>
() 2-(E g
H, - 3

where we are using the representation

X" 0 ¢° + AR
s ,=( v X so=(v2 ¢ s=( v Y
-1 - X~ 5 0 B 0 y 1 0

X v e v

SI%

e The SU(2), ® SU(2)r invariant superpotential is

Wo:)\H-AH+%trA3+gH~H+%trA2
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e The SU(2); ® SU(2)r invariant soft breaking potential

1
Viofe = miy|H|? + ma tr |A]2 + 5m§H H

1 1
A {ZBAtrA2 + AyH-AH + §A,\3trA3 o h.c.}

@ The minimum equations are solved for the custodial point

Vi = Vo = Vy, Vo = Vi = Vy = VA J

o Electroweak breaking is guaranteed by the condition H=Hessian
matrix

detH|p <0

or in the limit of vo — 0 by
A(2p = pa) —Ax >0
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Ay = Ay, =0, = pa =250 GeV, m3 =500 GeV, Bp = —m3

0.5

04

~ 03

0.2

4
0.1

va (GeV) va (GeV)

Figure: det H|o/v1? =-10 (dashed line), O (solid line) and 5 (dotted line).
Left panel: A3 = —0.35. Right panel: A = 0.45
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@ Using the SU(2)y invariance we can decompose supersymmetrically

H=h®hs A=0dd5005% J
1 1 _ _
M= TS+ ) e = B = HE B = (2~ ), by = b

50:¢0+X0+¢0 5 [5+:¢+_¢+ (5 X _wo 5— ¢_ :|
! N V2 T2 V2
s o= o = g 2R

_ D __

o Explicitly: X = (Xg + iX))/v/2, X = h13, 6123
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THE HIGGS SECTOR

@ There are a total of: 2 complex singlets (hy,d1) 2 complex triplets
(h3,d3) and 1 complex fiveplet (Js)
o After electroweak breaking they break up into real SU(2)y multiplets

Singlets: 2 real scalars @ 2 real pseudoscalars

o Scalars

e Pseudoscalars

Goldstone triplet (massless)

4%
h3™ —

G% =cosOhy, +sinfdy; GTF =cosb o

2v/2vp
v

hF . §E*_sF
3 3 3
+sind =

sinf =

Mariano Quirés (ICREA/IFAE) SUPERSYMMETRIC CUSTODIAL TRIPLETS 11 /25



The Higgs sector

3 massive triplets and 2 fiveplets

A0 = —sin9h(3), + cos 69,
A F_ _ h:t* 3 6i* 5q:
A sind 7 + cos @ =3 7
(kg + h5") (6 +657)
TH = th ) TA = 53/?
1 (s + ) 1 (55 +61)
TH T
(7)=(%)ear
L (o3t +d57) S0 =)
7(6++6 ) 7(5_ 6;)
s = 62g , = 82,
73(05 +647) 7(6+* ~45)
1 (s—— +5++*) 1 (5++* _ ——)
V2% 5
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The Higgs sector

There are two decoupling limits in the Higgs sector
@ The limit ma — oo (i.e. vao — 0)
e Heavy states: Sy, P>, T, A, Fs and Fp
o Light states: G, S;, Py and Ty
e The limit my — oo (i.e. m3 — o0)
e Heavy states: Py, Ty. P plays the role of the massive MSSM

pseudoscalar
o Ligh states: S; which plays the role of the MSSM light SM-like Higgs

A= A(va) for: Ay = Ay, =0, = pa =250 GeV, m3 =500 GeV, Ba =
—m%, A3 = —0.35 and mg, = 126 GeV

1 1 . 1 .

0 b 10 15 20 25
va (GeV)

v

Mariano Quirés (ICREA/IFAE) SUPERSYMMETRIC CUSTODIAL TRIPLETS 13 /25



The Higgs sector

Left panel: From bottom-up: Si1, Fs, S, T1, T» Right panel:
bottom-up: A, P1, Fp, P>
1200 1200 T T T T T
1000 1000 4
800 800 1
= e =
S 600 S 600 ]
£ g
400 400 ]
200 200 4
0 ‘ ‘ ‘ s s 0 ‘ ‘ ‘ s s
5 10 15 20 25 5 10 15 20 25
va (GeV) va (GeV)

In general because of the SU(2)y invariance all masses and mixing angles

can be expressed analytically: mass matrices are at most 2 X 2 matrices
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UNITARITY

It is interesting to check how the model unitarizes, e.g. V|V, — V, V|
Consider for instance the channel

e o

+ o+ + 1+
WHEW, — Wt w; )

@ In the SM the Higgs hspy contributes in the t and u channels so that
in the limit where s — oo the amplitude is proportional to t + u with
a coupling
SM 2 2 2

(8hww)”™ = g miy
Now there are neutral scalars 7-[? =51,5, F_g which contribute to the
t and v channels with an amplitude, in the limit s — oo, proportional
tot+ u.
The doubly charged scalar F;Jr is exchanged in the s channel with an
amplitude proportional to —(t + u).
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@ The relevant couplings are
BFrtw-w— = 8r;-wrwt = —\/2gmyy sin 6
gs,w+w- = 8Mmw (cochosas - \/gsin 0 sin a5>

gs,w+w- = Emw (cosﬂsin as + \/gsinecosog)

gro _ _ gmwsinf
FoW+w= V3

o They enter the amplitude A(W,"W," — W, W,") asymptotically
(s — o0) proportional to

2 2 2.2 SM 2
Z g’H?WJrW* - g,:;+w— w- — g My = (ghWW)
H?:Sl,SQ,Fg

@ At high energy the amplitude is unitarized as in the SM
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Higgs signal strengths at LHC

HicGSs SIGNAL STRENGTHS AT LHC

o If we identify the recently discovered Higgs boson at LHC with S; the
relevant couplings are

rs,vw rs, rs,vv rs,ff
8 ¢s 8 )
CsCy — \/;5559 — | S5Cp + \@Csse -
Co Co
Table: Notation: cs = cosas, cg = cosb, ...
rTovv | "Touu | "T0dd | "TQuu | "M0dd | TF2WW | TFQzZ | TF2ff
0 cT cT ST ST Sy 2sy 0
Co Co Co Co V3 V3
Table: Notation: st = sinaT, sg = sin, ...
@ Where
_ SM
FHXX = BHXX/8hXX
17 /25
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Higgs signal strengths at LHC

(sin as, cosas)

@ The tree-level couplings of S; to WW, ZZ and ff (and its departure
from the SM results) depend on as and 6

@ For our typical set of values and A = A(va) fixing ms, = 126 GeV
10 10 T =
B
0.8F 08k ]
0.6 1.
T 061 4
04 18
Sy
02f 15 04l ]
0.0 ]
0.2 4
0-2\
. . . . ’ 0.0 . . =
0 5| 10 15 20 25 0 15 20 25
Va Va

Mariano Quirés (ICREA/IFAE)

@ The larger va the larger the departure with respect to the SM values
@ The loop couplings to v also depend on the masses of extra states
(e.g. doubly charged scalars and fermions)
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Higgs signal strengths at LHC

@ The ratios to WW, ZZ, ff and ~+ are given by

1.10F T T T T =]

1.08
1.10

1.06

s, vV [ff]

1.04 105
1.02
1.00
1.00
0 5 10 15 20 25 0 5 10 15 20 25
va (GeV) va (GeV)

o Left panel: red (solid) is WW, ZZ and blue (dashed) is ff
@ Right panel: red (solid) is M, = 150 GeV and blue (dashed) is
M, = 300 GeV
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@ The Higgs signal strengths are defined as

U(pp — 51)5/‘?(51 — XX)

Rsixx =
1
[o(pp — h)BR(h — XX)]opy
14} 7 o 7
< 82 |of |
c : |
Lif _—_’___,. j
10----|;;';L' ——————— |
0 5 10 15 20 25 0 5 10 = - J
e va (GeV)

o Left panel: Gluon-fusion: Solid is v, dashed is bb, 77,

@ Right panel: Vector boson fusion, same colour codes
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CUSTODIAL SYMMETRY BREAKING

@ As the (top) Yukawa and hypercharge couplings explicitly violate the
custodial symmetry, radiative corrections will spoil the custodial
invariance of the vacuum

@ If the custodial vacuum should be considered as a good
approximation we should impose some conditions on the fundamental
(UV) theory responsible for supersymmetry breaking

1. Soft supersymmetry breaking generated at some scale M respects the
SU(2), ® SU(2)g symmetry in the Higgs sector. This means that
supersymmetry breaking is generated by effective operators as

/d“eMYTY Y=H, A, Q,L,E°, U, D°

where (X) = 0°F is responsible for supersymmetry breaking
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Custodial symmetry breaking

2. The breaking induced by RGE between the scales M and mg should be
consistent with electroweak precision measurement, in particular with the
T-parameter which measures the failure of custodial invariance. This
translates into a small enough value of the variable log(M/mg) which is
responsible for the RGE running

@ In the theory with SU(2); ® SU(2)r the minimum equations at the
VEV

V1 = vy, V2 = vy tan B, vy = va(1+99), vy = va(1+09), vy = VA(1+5X)J
are identically satisfied at the custodial point

tan B = 1,66 = 0t = 6x = 0 j

@ Let us consider for simplicity only the leading effect of custodial
breaking provided by the top Yukawa coupling
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Custodial symmetry breaking

@ In this case the soft breaking masses of the Higgs fields H; and H>

are no longer equal so that 5m%_, = m,2_,1 . m,2_,2 # 0 is generated

Right: Bound from T

NSI /s /s i i Nst
< / , - =
o 4 s - o
E / & - £
I A [ et £
0417 ) — 1 04t B
/” ’d”’
= -
bt —= ———mr
02F T T 1 02f 1
002 II 003
00F I I I I | 00F I I I I |
3 10 15 20 25 5 10 15 20 25
va (GeV) va (GeV)
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Custodial symmetry breaking

@ RGE running controlled by the one-loop B-function

812 Bsmp, = 3% (i, +m+mie) +6x5(2mfy, + ms ) —6x3 (2miy, +mg,)

@ The second term is generated at two-loop as the departure from the
tree-level relations x1 = x2 and m%il = m%l only happens at
one-loop

@ In the one-loop approximation

5m%,/mf4 ~ 3h?(m%_,2 + mé + m%,c)/m,z_, Iog(l\/l/m@)/87r2

~ (0.1 -0.2) hf(m%_,2 + m% + mie)/miy

for values M ~ 10 — 100 TeV
@ Its precise value should depend to a large extent on the particular
mechanism of supersymmetry breaking

Mariano Quirés (ICREA/IFAE) SUPERSYMMETRIC CUSTODIAL TRIPLETS 24 /25



CONCLUSION AND OUTLOOK

(]

We have presented a supersymmetric model with triplets and

custodial symmetry at tree level

@ It is a supersymmetrization of the GM model

@ No quadratic divergences at loop order anywhere and in particular in
the p parameter

@ Rich phenomenology (to be explored) from singly and doubly scalars
and fermions

o Landau pole at some intermediate scale A ~ 103 — 10° TeV

o Consistency for low supersymmetry breaking scale: M ~ 10— 100 TeV

@ It can provide, as type Il seesaw, a renormalizable neutrino Majorana

mass term from the AL = 2 superpotential W, = hiL; iZ1L; which

yields ME = Riya
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