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Overview

@ Motivations

@ Review the Georgi-Machacek (GM) Model

e Higgs Triplets in SUSY Models

@ A Supersymmetric Model with Custodial Triplets
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Two popular extension paths for the SM

peete

* (e.g. Carena, Gori, Shah and Wagner: arXiv:1112.3336)
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An Attractive Extension of the MSSM

@ Can we solve problems of GM model and MSSM simultaneously?
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An Attractive Extension of the MSSM

Can we solve problems of GM model and MSSM simultaneously?

It seems a SUSY version of the GM model would solve both problems
What does this model look like?

Can the GM be recovered as some limit of this SUSY model?

In other words, can the GM model be made natural?
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Georgi-Machacek Model

] h+ (b"r w—&-—i-
@ The field content: ¢ = (h%l,> C=| %o X=1 ¥+
o Yo
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Georgi-Machacek Model

Wt O+ (a—
@ The field content: ¢ = (h%l,> C=| %o X=1 ¥+
o Yo

If ¢ = iop¢* and x© = Cx*, where, c= (g 4 3)

1 0 0
Then, ¢ abd x¢ transform like ¢ and  respectively, but have
opposite hyper charges. This allows us to define 2 x 2 and 3 x 3
matrices: ® = (¢, ¢) and x = (x<, {, x) that transform consistently
under SU(2); x SU(2)gr, i.e. & — ULCDU); and x — UrxUf.
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GM Model: The SU(2); ® SU(2)g invariant potential

@ Explicitly the matrices have the form:

b h, Vo O+ Vit
(D = h7 ho X = 1/}— (bo 1/)"!‘
Yo o o

where phase convention is: h* = —hi, * = =9y, ¢ = —p_,

Y1, =1v__, and ¢§ = ¢o. In this form it is easy to build a potential

which is invariant under SU(2), x SU(2)g.
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GM Model: The SU(2); ® SU(2)g invariant potential

@ Explicitly the matrices have the form:

b h, Vo O+ Yt
q) = h7 ho X = w— ¢O ¢+
Yo o o

where phase convention is: h* = —hi, * = =9y, ¢ = —p_,

Y1, =1v__, and ¢§ = ¢o. In this form it is easy to build a potential
which is invariant under SU(2), x SU(2)g.
V= (Tr(070) = v3)® + A5 (TH(®T®) — v2 + Tr(xtx) — 3v2)
+ M (Tr(®T0) Tr(xx) — 2Tr(®To'd0?) Tr(x t'xt)
+ 2 (Tr(x'x) = 3v3)" + Xs (3Tr(x'x)? — (Tr(x'X))?)
+ 6 (Tr(®Toi00;) (UxU"); — Tr(x' Tix 7)) (UxU")y
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GM Model: Custodial Fields after SSB
The custodial symmetry preserves hermiticity and trace properties:
x= |30 +x") = 3Trx| + 3(x —x') +

The first term represents the fiveplet, the second the triplet, and the third
the singlet.

Wy o) o (ot o)
CJF* \ﬁ Co = Yoi (—*7\@

Similarly for the doublet fields the custodial components: h* and h,; form
a triplet, and the singlet.
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GM Model: Custodial Fields
@ Some definitions,
(hor) = vH (¢o) = va (Vo) = va
2 VH

2v2
v =2v} 4 8vi CH=" SH = \fVVA

@ The Goldstone Bosons and the Triplets. Note HS is a pseudo-scalar.
Hi = spihy — cnls H3 = i(sHhoi + cHYoi)

@ The decoupling limit is obtained by taking va — 0 or sy — 0 in this
limit the triplet field couplings to the gauge bosons drop out and my,
and my;, get very large. One scalar, the Hf remains and its mass is
given by,

2 2
me — 8)\1 VH
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GM Model: The hypercharge terms spoil SU(2). Symmetry
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GM Model: The hypercharge terms spoil SU(2). Symmetry

B 2
2 @) (o) ©
2.2
: s
@ The one loop correction: Ap|joop = £ ’24 2
4m Mg,
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GM Model: The hypercharge terms spoil SU(2). Symmetry

3 w2
v, (a) (o) ©)
g/252
@ The one loop correction: Ap|joop = ’; N2
47r/\/IH5

@ Allowing for small custodial violation terms in the scalar sector leads
to a relative shifts in the vev's of the triplet fields by parametrized 4,

(o) = (o) (1 +6) = va(l +9)

@ As a consequence the W-mass also shifts, but the Z-mass does not,

1
m3y, = Zgzvz(l + 530) = | Apls = s7o
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GM Model: Fine Tuning for p

[/ A
e A A
"
A w s g

(@) (o) ©)

g/252
@ The one loop correction: Ap|joop = ’;’ N2

47TMH5

@ Allowing for small custodial violation terms in the scalar sector leads
to a relative shifts in the vev's of the triplet fields by parametrized §,

<¢o> = <"/}o>(1 + 5) = VA(l + 5)

@ As a consequence the W-mass also shifts, but the Z-mass does not,

1 -
miy, = Zgzvz(l + 530) = | Apls = s{0
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MSSM with Minimal Triplets
Ref: Delgado, Nardini, and Quiros, Phys.Rev. D86 (2012) 115010

@ In these minimal triplet models one adds a triplet of hypercharge 0 or
+1. For example,

- N -
o £ ,:f V2 =& )
== — YN
& -£/v2
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MSSM with Minimal Triplets
Ref: Delgado, Nardini, and Quiros, Phys.Rev. D86 (2012) 115010

@ In these minimal triplet models one adds a triplet of hypercharge 0 or
+1. For example,

- N -
v_ [ & /v2 —L2 )
== — TG
3! = /V2

@ Delgado et.al. show the follwoing for the tree level mass of the
SM-like Higgs,

]

7 5 AT 4 . % o
= mzcos” 23 + —v”sin” 273

2
my,

JAree

@ The additional charge scalars serve to modified the h — ~~ decay rate.
@ Must fine tune va < 4GeV to comply with p =1 at tree level
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The SUSY Custodial Triplet Model
REF: Cort, Garcia, and Quiros, Phys.Rev. D88 (2013) 075010

@ This model is the Supersymmetric version of the GM Model, these are
chiral super fields!
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The SUSY Custodial Triplet Model

REF: Cort, Garcia, and Quiros, Phys.Rev. D88 (2013) 075010

@ This model is the Supersymmetric version of the GM Model, these are

chiral super fields!

hf* /7; go ¢+
(D = h_ ho X = g— ¢O
1 2 577 ¢7
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The SUSY Custodial Triplet Model
REF: Cort, Garcia, and Quiros, Phys.Rev. D88 (2013) 075010

@ This model is the Supersymmetric version of the GM Model, these are
chiral super fields!

— S br is

o = _ X = g— ¢O 1/)+
hy 3

- ¢ Yo

@ The SU(2). ® SU(2)g invariant super potential takes the form:
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The SUSY Custodial Triplet Model
REF: Cort, Garcia, and Quiros, Phys.Rev. D88 (2013) 075010

@ This model is the Supersymmetric version of the GM Model, these are
chiral super fields!

hor h: So O+ Viy
b = _ X = §- bo 1/)4»
hy h3

E— - Yo
@ The SU(2). ® SU(2)g invariant super potential takes the form:
Wy = g Tr (02¢T<72¢) +2%x \Tr (O’QCDTO'QO','(DO'J') (UxUT),-j

A

+ %Tr (Cx"Cx) + €3 Tr(Cx"C Tix T;) (UxUY);
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The SUSY Custodial Triplet Model
REF: Cort, Garcia, and Quiros, Phys.Rev. D88 (2013) 075010

@ This model is the Supersymmetric version of the GM Model, these are
chiral super fields!

— S br is

o = _ X = g— ¢O 1/)+
hy 3

- ¢ Yo

@ The SU(2). ® SU(2)g invariant super potential takes the form:

Wy = g Tr (02¢T02d>) +2%x \Tr (O’QCDTO'QO','(DO'J') (UxUT),-j

+ %Tr (Cx"Cx) + %Tr (Cx"CTixT;) (UxUY);

o After EWSB there remains a custodial SU(2) symmetry in scalar
potential and states can be classified into custodial multiplets
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The SUSY Custodial Triplet Model
REF: Cort, Garcia, and Quiros, Phys.Rev. D88 (2013) 075010

@ This model is the Supersymmetric version of the GM Model, these are
chiral super fields!

— S br is
o = _ X = g— ¢O 1/)+

hy 3
- ¢ Yo

@ The SU(2). ® SU(2)g invariant super potential takes the form:

Wy = g Tr (02¢T02d>) +2%x \Tr (O’QCDTO'QO','(DO'J') (UxUT),-j

A

+ %Tr (Cx"Cx) + €3 Tr(Cx"C Tix T;) (UxUY);

o After EWSB there remains a custodial SU(2) symmetry in scalar
potential and states can be classified into custodial multiplets

@ Note that now we have two complex doublets, two complex Y = £1
triplets, and one complex Y = 0 triplet, double the scalar spectrum
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The Custodial SUSY Triplet Model after SSB

@ The custodial fields are now,
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The Custodial SUSY Triplet Model after SSB

@ The custodial fields are now,
1

h = E(H? + Hj)
1
hi =Hy, hy=—=(H —HY), hy=H
3 25 3 \/5( 1 2), 3 1
¢0+X0+w0
V3
6+ B U+ _ d‘)Jr 50 B X() _ ,U“)() - = ¢ — X~
3 7\/5 3 \/5 v Y3 \/§
P S ek A WA s S S e S S
5 ! 5 Op \/§ y U5 \/6 s Y5 \/5 » Y5

@ Again these are chiral super fields (complex scalars + fermions)
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The Custodial SUSY Triplet Model after SSB

@ The custodial fields are now,
1

hy = E(H?JFHQ)
1
hi =Hf, hy=—(H?-H)), h; =H]
3 25 3 \/5( 1 2); 3 1
¢0+X0+w0
Pt S
V3
Gt — vt — gt 50— ¥ — 0 5 o —x"
3 \/5 s Y3 \/5 v Y3 \/§
S — ot 5t — o+t 50 — —2¢° + 90 4+ x° 5 = O+ X P —
5 P, 05 s Og ) O » 05 X
V2 V6 V2

@ Again these are chiral super fields (complex scalars + fermions)

@ The physical scalar mass eigenstates will consist of a pseudo scalar
triplet, two scalar triplets, a scalar fiveplet, a pseudo scalar fiveplet,
two scalar singlets, and two pseudo scalar singlets

@ Note this is double the scalar spectrum of the GM model!
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The Custodial SUSY Triplet Model (CSHTM)

@ One of the scalar singlets corresponds to the SM-like scalar and in the
limit of small vao has a mass given by,
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The Custodial SUSY Triplet Model (CSHTM)

@ One of the scalar singlets corresponds to the SM-like scalar and in the
limit of small vao has a mass given by,

mg, = 6A*0}; + O(va)

@ Note tan 3 =1 at tree level in this model so no MSSM-type
contribution

@ )\ is the parameter for the term in the super-potential quadratic in
doublet and linear triplet fields:

ATr (O'QCDTO’QO','(DUJ') (UXUT)U
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The Custodial SUSY Triplet Model (CSHTM)
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limit of small vao has a mass given by,

mg, = 6A*0}; + O(va)
@ Note tan 3 =1 at tree level in this model so no MSSM-type

contribution

@ )\ is the parameter for the term in the super-potential quadratic in
doublet and linear triplet fields:

ATr (O'QCDTO’QO','(DUJ') (UXUT)U

@ Since we start with a SU(2), ® SU(2)g invariant W, and soft
breaking sector, p = 1 at tree level
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The Custodial SUSY Triplet Model (CSHTM)

@ One of the scalar singlets corresponds to the SM-like scalar and in the
limit of small vao has a mass given by,

mg, = 6A*0}; + O(va)

@ Note tan 3 =1 at tree level in this model so no MSSM-type
contribution

@ )\ is the parameter for the term in the super-potential quadratic in
doublet and linear triplet fields:

ATr (O'QCDTO’QO','(DUJ') (UXUT)U

@ Since we start with a SU(2), ® SU(2)g invariant W, and soft

breaking sector, p = 1 at tree level

@ We expect this model is free of the quadratic divergences in the p
parameter present in GM model (In the process of explicitly verifying
this)
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Breaking Custodial Symmetry at Loop Level

e However, SU(2); x SU(2)r broken by hyper-charge (and Yukawas)
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Breaking Custodial Symmetry at Loop Level

e However, SU(2); x SU(2)r broken by hyper-charge (and Yukawas)
@ Leads to breaking of custodial symmetry and p £ 1 at loop level!
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The Neutral Fermion Mass Matrix

o We have an enlarged neutral-ino sector in (¥, h%, 69, Z, h3, 69, 69) basis

92 MLrg¥2 M2 ML:MR)

0 0 gaY (-M:Me) 0 0 0
g2+gY2 92.g¥2
0 3varx-u V6 vHa 0 0 0
0 V6 VHA -2va a3 +ua 0 0 0
ggyY (-M+M2) gY2 ML+g2 M2
v 0 0 o \/92+ng vH 2\/92+ng VA 0

0 0 0 £/ g% +gY? vH VA + -2VHX 0
0 0 0 2+/g%2 +gY? va ~2VH2 VA A3 - A 0

0 0 0 0 0 0 VA A3 + A

@ Note custodial symmetry recovered in limit gy — 0

o These give the cancellation of A? divergence in p in GM model

e Will contribute to RG running and (may) possess a DM candidate
e Currently studying the LHC pheno of these (and charged) fermions
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Canceling Quadratic Divergence in p in GM Model

@ The cancellation of quadratic divergences in p in GM model involve

only two sets of diagrams

-
f.\:\zJ,:?-
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Canceling Quadratic Divergence in p in GM Model

@ The cancellation of quadratic divergences in p in GM model involve
only two sets of diagrams

A
!
™, |\ i
' Hs '
\ /\/\f\/\/
il ok
A=W, 2 | )
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The Custodial SUSY Triplet Model (CSHTM)

@ As mentioned, SU(2); x SU(2)r explicitly broken by hyper-charge
(and Yukawas) = custodial symmetry broken and p # 1 at loop level
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The Custodial SUSY Triplet Model (CSHTM)

@ As mentioned, SU(2); x SU(2)r explicitly broken by hyper-charge
(and Yukawas) = custodial symmetry broken and p # 1 at loop level

@ This implies RG running will in general break custodial symmetry

@ The question then becomes: at what scale do we impose the
SU(2). x SU(2)g global symmetry?
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The Custodial SUSY Triplet Model (CSHTM)

@ As mentioned, SU(2); x SU(2)r explicitly broken by hyper-charge
(and Yukawas) = custodial symmetry broken and p # 1 at loop level

This implies RG running will in general break custodial symmetry

The question then becomes: at what scale do we impose the
SU(2). x SU(2)g global symmetry?

In original GM model there was no natural choice for this scale
In CSHTM we have a natural choice: SUSY breaking scale (Msysy)!

At the SUSY breaking scale the super potential and soft breaking
sectors are SU(2), x SU(2)g invariant
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The Custodial SUSY Triplet Model (CSHTM)

@ The hyper-charge (and Yukawa) interactions break this symmetry
explicitly leading to RG breaking of custodial symmetry
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The Custodial SUSY Triplet Model (CSHTM)

@ The hyper-charge (and Yukawa) interactions break this symmetry
explicitly leading to RG breaking of custodial symmetry

@ Thus as we ‘run down' from SUSY breaking scale, custodial symmetry
becomes more and more broken

@ But we know that experimentally p ~ 1 at weak scale
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@ But we know that experimentally p ~ 1 at weak scale

@ How high can SUSY breaking scale Msysy be and still be able to
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Roberto Vega (SMU) Custodial Triplets March 2014 22 /26



The Custodial SUSY Triplet Model (CSHTM)

The hyper-charge (and Yukawa) interactions break this symmetry
explicitly leading to RG breaking of custodial symmetry

@ Thus as we ‘run down' from SUSY breaking scale, custodial symmetry
becomes more and more broken

@ But we know that experimentally p ~ 1 at weak scale

@ How high can SUSY breaking scale Msysy be and still be able to
obtain p ~ 1 at weak scale?

@ Implies a connection between Msysy and deviation from p =1

Of course Msysy must be high enough to evade LHC constraints
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The VEVs and Corrections to p

@ Since custodial symmetry is broken at loop level, it is convenient to
parametrize VEVs with non-custodial parametrization
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The VEVs and Corrections to p

@ Since custodial symmetry is broken at loop level, it is convenient to

parametrize VEVs with non-custodial parametrization

@ We now have three ‘tan s’ parametrizing ratios of VEVs

tan 8 = %., v1(8) = V2cos oy, va(B) = V2sin oy

U1
v 2v
tanf; = =X, tanf, = M

Uy \Jvp 2

vy = 2cos 0y cosByva, vy = 2sinb; cosbyva, vy = V2sin Bova
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The VEVs and Corrections to p

@ Since custodial symmetry is broken at loop level, it is convenient to
parametrize VEVs with non-custodial parametrization

@ We now have three ‘tan s’ parametrizing ratios of VEVs

tan 8 = %., v1(8) = V2cos oy, va(B) = V2sin oy

U1
v 2v
tanf; = =X, tanf, = M

Uy \Jvp 2
vy = 2cos 0y cosByva, vy = 2sinb; cosbyva, vy = V2sin Bova
@ This leads to a correction to p — 1 or aT given by

T — 203 — (v, +0}) _ cos 20y v&
50 +v3) +2(v + v2) v} + 8 cos? Opv

@ We see corrections to p only will depend on parameter 6y
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The Custodial SUSY Triplet Model (CSHTM)

@ We show contours of A for Log(Msysy /vew) vs va

(PRELIMINARY!)

\

8F

ol

@ We show 0.3 < A < 0.6 for Msysy < 500 TeV and va < 25 GeV
@ These points satisfy p ~ 1, my ~ 125 GeV and m; ~ 174 GeV at

weak scale as well as condition of EWSB at weak scalel
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The Custodial SUSY Triplet Model (CSHTM)

@ We show contours of 6 T for Log(Msysy /vew) vs va
(PRELIMINARY!)

8F

=
T

ol

@ We show —0.06 < 0T <0 for Msysy < 500 TeV and va < 25 GeV
@ These points satisfy p ~ 1, my ~ 125 GeV and m; ~ 174 GeV at

weak scale as well as condition of EWSB at weak scale!
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Ongoing Work/Conclusions

@ So far we are finding that triplet VEV of ~ 25 GeV and
Msysy ~ 500 TeV satisfy my,, p, my and EWSB constraints

@ We have found the limit in which the GM model is recovered when
m%, BA — 00
Soft breaking masses are taken to be ~ TeV at SUSY breaking scale

We are in the process of performing a more general parameter scan

Note that scalar and fermion spectrum is in general not exactly
custodial at weak scale

o Will lead to different phenomenology than studies assuming exact
custodial multiplets at weak scale = different constraints

@ We are currently exploring all of this
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Ongoing Work/Conclusions

@ So far we are finding that triplet VEV of ~ 25 GeV and
Msysy ~ 500 TeV satisfy my,, p, my and EWSB constraints

@ We have found the limit in which the GM model is recovered when
m%, BA — 00

@ Soft breaking masses are taken to be ~ TeV at SUSY breaking scale

@ We are in the process of performing a more general parameter scan

@ Note that scalar and fermion spectrum is in general not exactly
custodial at weak scale

o Will lead to different phenomenology than studies assuming exact
custodial multiplets at weak scale = different constraints

@ We are currently exploring all of this
@ Thank you!
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