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ρ parameter

Experimental constraints for extended Higgs sector with higher
representations of SU(2): ρ-parameter (most stringent
constraint)

ρ =
M2

W
M2

Z cos2 θW
= 1. (1)

In the SM, ρtree = 1 is fixed by the custodial SU(2)c symmetry.

Φ =

(
h0∗ h+

h− h0

)
, V = µ

2Tr(Φ†
Φ)+λ [Tr(Φ†

Φ)]2. (2)

Φ
SU(2)L×SU(2)R−−−−−−−−−−→ ULΦU†

R (3)
Spontaneous symmetry breaking to custodial symmetry

〈Φ〉=
(

v 0
0 v

)
SU(2)c×SU(2)c−−−−−−−−−→ UVΦU†

V (4)
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The Georgi-Machacek Model1(Also see Chiang’s Talk).

In order to persevere ρtree = 1, we need at least two triplets:
one complex ψ and one real φ .

X =

 ψ0∗ φ+ ψ++

ψ− φ0 ψ+

ψ−− φ− ψ0

 SU(2)L×SU(2)R−−−−−−−−−−→ ULXU†
R (5)

The GM Lagrangian U =

−1/
√

2 i/
√

2 0
0 0 1

1/
√

2 i/
√

2 0

 .

VGM =
µ2

2
2

Tr(Φ†
Φ)+

µ2
3
2

Tr(X†X)+λ1[Tr(Φ†
Φ)]2

+λ2Tr(Φ†
Φ)Tr(X†X)+λ3Tr(X†XX†X)+λ4 [Tr(X†X)]2

−λ5Tr(Φ†
τ

a
Φτ

b)Tr(X†taXtb)−M1Tr(Φ†
τ

a
Φτ

b)(UXU†)ab

−M1Tr(X†
τ

aXτ
b)(UXU†)ab

(6)

1Georgia and Machacek: NPB262 (1985), many recent studies e.g. H.
Logan, et. al.: 1709.01883, 1708.08753; C. Chiang et. al., 1305.1006.
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Spontaneous symmetry breaking of GM model

SSB: SU(2)L ×SU(2)R → SUc(2) 2

〈X〉=

v∆ 0 0
0 v∆ 0
0 0 v∆

 SU(2)c×SU(2)c−−−−−−−−−→ UVΦU†
V (7)

We have

M2
W = M2

Z cos2
θW =

g2
2v2

4
, v2 = v2

H +8v2
∆. (8)

2Chanowitz and Golden,PL165B (1981); H. Logan, et. al., 1709.01883,
1708.08753; C. Chiang et. al., 1305.1006.
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The Custodial Multiplets

Custodial symmetry SU(2)c preserves hermiticity and the trace.

χ =

[
1
2
(X† +X)−Tr(X)

]
+

1
2
(X−X†)+Tr(X). (9)

We have the mass eigenstate

H++
5 = ψ

++, H+
5 =

ψ+−φ+

√
2

, H0
5 =

√
2ψ0

R −2φ0
√

6
. (10)

ζ
+
3 =

ψ++φ+

√
2

, ζ
0
3 = ψ

0
I , H0′

1 =

√
2ψ0

R +φ0√
3

. (11)

Together with mass triplet h±,h0
I and singlet h0

R. And we can
have ζ3 mixed with h±,h0

I , and H0′
1 mixed with h0

R.
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Pros and Cons

The Good:
Rich phenomenology with doubly charged scalars and
HWZ couplings 3;
Arises naturally in Higgs composite models and Little
Higgs models;
Predicts ρ = 1 at tree level. This allows sizeable
contributions to EWSB from the triplet sector.

The Bad:
One-loop corrections to ρ quadratically diverging 4.
ρ-parameter is not a predicted value, but rather a
parameter that must be fixed by experiment.
Mass correction ∆m2 is also quadratically diverging.

3H. Logan et. al.; C. Chiang et. al.
4Gunion, Wudka, Vega: PRD43 (1991).
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Supersymmetric Custodial Triplet Model5

We need to double fields because of holomorphy.

Φ =

(
h0∗

1 h+
2

h−
1 h0

2

)
G−parity−−−−−−→ σ2Φ

T
σ2

X =

 ξ 0 φ+ ψ++

ξ− φ0 ψ+

ξ−− φ− ψ0

 G−parity−−−−−−→ CXTC, C =

0 0 1
0 −1 0
1 0 0


(12)

SU(2)L ×SU(2)R super potential

W =
µ

2
Tr(ΦcΦ)+2λTr(ΦcσiΦσj)(UXU†)ij

+
µ∆

2
Tr(XcX)+

λ3
6

Tr(XctiXtj)(UXU†)ij.
(13)

5L. Cort, M. Garcia, M. Quiros: 1308.4025, M. Garcia, S. Gori, M.
Quiros, Vega, R. Vega-Morales, T. Yu: 1409.5737
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SSB

SU(2)c preserves G-parity and X± transformation.

X± = X±Xc =⇒ CXT
±C =±X±. (14)

X =
[X+

2
−Tr(X)

]
+
[X−

2
+Tr(X)

]
. (15)

Table: Comparison of mass spectrum

Degeneracy GM SCTM
scalar pseudo scalar scalar pseudo scalar

singlet h,H S1,2(h,H) P1,2
triplet G±,0,A±,0 T±,0

1,2 G±,0,A±,0

quintet H5 Fs Fp
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Scalar potential for SCTM 6

Deriving the scalar potential for SCTM.

VSCTM = VF +Vsoft (16)

while

Vsoft = m2
HTr(Φ†

Φ)+m2
∆Tr(X†X)+

[
B∆

2
Tr(XcX)− B

2
Tr(ΦcΦ)

+
Aλ

2
Tr(ΦcσiΦσj)(UXU†)ij −

A∆

6
Tr(XctiXtj)(UXU†)ij + c.c.

]
.

(17)

6R. Vega, R. Vega-Morales and KX, 1711.05329
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Matching conditions

Impose constraint Xc = XT and Φc = Φ, we can map the
potential VSCTM to VGM.

λ1 =
3
4

λ
2, λ2 = λ

2, λ3 =−1
2

λ
2
∆ ,

λ4 =
1
2

λ
2
∆ , λ5 = 2λ (λ∆ −2λ ),

M1 = 4
[
λ (2µ −µ∆)−Aλ

]
, M2 =

1
3
(3λ∆µ∆ +A∆),

µ
2
2 = 2(µ2 +m2

H)+B, µ
2
3 = 2(µ2

∆ +m2
∆)+B∆.

(18)

Which implies GM parameter constraints

λ1 =
3
4

λ2, λ3 =−λ4, λ5 =−4λ2 +2
√

2λ2λ4. (19)
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Decoupling limit: SGM Model

Expand mirror-GM spectrum around v∆ ≈ 0,

M2
5 ≈

v2
H[λ (2µ −µ∆]−Aλ ]√

2v∆

−2B∆ +
1
2

λv2
H[λ∆ −6λ ],

M2
3′ ≈

v2
H(λ (2µ −µ∆ −Aλ ]√

2v∆

−2B∆ +
1
2

λv2
H(3λ∆ −2λ ),

M2
3 ≈

1
2

v2
H(g2

1 +g2
2 +2λ

2)+2B,

M2
1′ ≈

v2
H[λ (2µ −µ∆)−Aλ ]√

2v∆

−2B∆ +2λλ∆v2
H,

M2
1 ≈ 2B.

(20)

Take limit B → ∞ and B∆ →−∞, we can decouple the
mirror-GM particles, and we dub it as SGM model.
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Distinguish SGM from GM model

The matching relations guarantee that in the scalar sector
the masses and coupling in both models will be the same.
We can measure observables and check whether or not the
SUSY conditions are satisfied.
However, it may be that by chance the GM model happens
to satisfy those conditions without the need of a SUSY
origin.
The smoking gun will have to come from the fermionic
sector of the SUSY model. Ψ = (h̃1, δ̃1, γ̃, Z̃, h̃3, δ̃3, δ̃5).

Lightest neutralino is LSP and makes viable DM candidate 7.

7A. Delgado, M. Garcia-Pepin, B. Ostdiek, M. Quiros: 1504.02486
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Parameter space

To reduce our parameter space, we assume a Gauge
Mediated SUSY Breaking (GMSB) mechanism 8.

Aλ = A∆ = 0 (21)

Mapping conditions

(λ ,λ∆,µ,µ∆,vH,v∆)↔ (λ2,λ4,M1,M2,vφ ,vχ). (22)

2 parameters are fixing by EW measurement

v = 256GeV, mh = 125GeV. (23)

Benchmark points:
Point 1: λ =−λ∆ and µ = µ∆;
Point 2: λ = λ∆ and µ =−µ∆;

8(A. Delgado, M. Garcia-Pepin, M. Quiros: 1505.07469
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SGM vs GM H0
5 → γγ
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Figure: Contours of the custodial fiveplet (pair) production cross
section (pb) times branching ratio into photons at a 13 TeV LHC
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SGM vs GM H0
5 → ZZ
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Figure: ontours of the custodial fiveplet (pair) production cross
section (pb) times branching ratio into ZZ pairs at a 13 TeV LHC.
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SGM vs GM Higgs Golden Ratio 9

DBSM
γγ =

BrBSM
h→γγ

/BrBSM
h→ZZ

BrSM
h→γγ

/BrSM
h→ZZ

. (24)
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Figure: Contours of the ‘Higgs golden ratio.

9A. Djouadi, J. Quevillon, and R. Vega-Morales,1509.03913
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Fermiophobic Higgs pair production (Drell-Yan like)

WHH vertex
VWHH = igCN(p1 −p2)

µ . (25)

Figure: DY pair production.

Drell-Yan pairs dominate the fermiophobic Higgs production
channels 10.

10A. Delgado, M. Garcia-Pepin, M. Quiros, J. Santiago, and R.
Vega-Morales, 1603.00962.
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Experimental Diphton limits

ATLAS [1407.6583] and CMS [CMS-PAS-HIG-17-013]
diphoton resonance searches.

Figure: ATLAS and CMS constraint on Branching ration H → γγ 11.

11R. Vega, R. Vega-Morales, and KX, 1805.01970.
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Allowed parameter space scan [R. Vega, R. Vega-Morales,

and KX, 1805.01970]

2D scan: λ2 = λ4 and M1 = M2, 45 ≤ m5 ≤ 160, ∆m5 = 2;
4D scan: 50 ≤ m5 ≤ 160, ∆m5 = 10; and 92 ≤ m5 ≤ 98,
∆m5 = 2,
3D scan: m5 = 95.

Figure: The allowed parameter points for diphoton searches.
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Ongoing working and Conclusions

Ongoing and future work
Including NLO and RG evolution effects;
Differential studies in 4l and 2l+ γ channels;
(g−2)µ constraints?
Contributions to dark matter;
Can we connect to seesaw mechanism and leptogenesis?

Summary and Conclusions
SGM model was obtained as a limit of SCTM;
SUSY implies constraints on the GM parameters;
Particles decaying to DM enable SGM to escape some
current constraints, such as diphoton searches;
Many other potentially striking signals at the LHC, such
as same sign W-pairs production;
New phenomenon from mirror-GM sector.
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