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Motivation

SM-like Higgs and no new particles discovered so far could mean we are
observing the decoupling limit of a model

The Georgi-Machacek model adds scalar triplets in way to preserve p =

M / Mz cosOy =1 |H. Georgi, M. Machacek [NPB 262,463];
Chanowitz, Golden, Phys.Lett. B 165, 105

Uncommon features : doubly-charged scalar, enhancement of AV V cou-
plings close to the decoupling limit

Has been incorporated into little Higgs and SUSY models|cort, Garcia,

iros[PRD 88, 075010
Chang, Wacker [PRD 69 035002]; Qug ]
S. Chang [JHEP 0312 057]

The GM model is thus a valuable benchmark model to study Higgs prop-
erties




The Model

e Proposed in 1985 as a possible scenario for EWSB

H. Georgi, M. Machacek
[NPB 262,463 (1985)]

e SM doublet + real triplet (Y=0) + complex triplet (Y=2)

e Arranged in terms of ® and X make global SU(2);, x SU(2)r apparent
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e The scalar vevs preserve custodial SU(2)
A= %12x2 DG = Wi
e Constrained by W and Z masses
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Scalar Sector
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Expanding around the minima : 3 Goldstones, 10 physical scalars
10 scalars arranged as custodial multiplets : 1 five-plet, 1 triplet, 2 singlets

Masses : ms, ms3, mp, myg respectively

« controls mixing between custodial singlets H} and HY’
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H =sina HY + cosa HY'.

e v, /v controls contribution of states in X to Goldstones, custodial triplets



Scalar Potential

e Most general gauge-invariant potential that preserves SU(2)¢
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V(®,X)= %Tr(qﬂ d) + %TI(XT X) + M [Tr(®T®))2 + Ao Tr(®T®)Tr(X T X)

LT (X X XTX) + M [Te(XTX)]? — A Tr( @ 2 G2 O it
My Te (S 72 B2 (UXUT) g — Mo Tr( X2 X2 (TX T

Hartling, KK, Logan[arXiv: 1404.2640]; Aoki, Kanemura [PRD 77,095009]; Chiang, Yagyu [JHEP 1301, 026]

e /5 and A\ can be traded for v and my, respectively and hence are not free
parameters.
e Free parameters : u3, Ao, A3, Mg, A5, My, M.

e Most literature on GM model impose Z5 symmetry for simplicity
e.g. Englert, Re, Spannowsky [PRD 87, 095014]
e No M, M terms in this case and all m; = \;v?

e )\; bounded to be O(1) by unitarity constraints = m; < 700 GeV

e The Z5 symmetric version does not possess a decoupling limit




Scalar Potential

2 2
V(®,X) = %Tr((I)TCI)) - %Tr(XTX) + M\ [Tr(®T®)]? + N Tr(dTd)Tr(XTX)

A Tr(XTXXTX) + M [Te(XTX)]? — AsTr(®Tr2®r2) Tr( X T¢2 X¢0)
— M Tr(®T70 D) (UXU gy — Mo Tr(X 2 X)) (UXUT) .

e No Z5 symmetry allows us to write M; and Ms terms
e In this scenario the GM model does have a decoupling limit!

e (i3 defines the mass scale for new particles



Theoretical Constraints

e )\; are constrained by unitarity limits on 2 — 2 scalar scattering

e We also require the scalar potential to be bounded from below for all
possible field values
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e We ensure that our desired vacuum is the global minimum by imposing
checks to avoid alternative minima,



Decoupling Behaviour

e Decoupling occurs when combinations of the three dimensional parameters
. ug, My and Ms is taken large compared to wv.

S 20 2

e )i can increase at most linearly with pu3 because A; is bounded by uni-
tarity:.

M|/ 13 S 3.3

e M5 can increase at most linearly with us because increasing Ms increases
v, which 1s constrained by 81}>2< <

[ Ma|//ps S 1.2



Decoupling Behaviour

e Case A : ug is taken large but M; and M5 are fixed.

e Case B : ug is taken large and My, M> increase linearly with pus.

Case k= \/|,UJ§| )\1 )\2 )\3 )\4 )\5 M1 MQ
A 300-1000 GeV derived 0.1 0.1 0.1 0.1 100 GeV 100 GeV
B 300-1000 GeV derived 0.1 0.1 0.1 0.1  pus3/3 13 /3

e We shall derive expressions for masses, higgs couplings, vevs and custodial-
singlet mixing angle () up to leading order in p; ' (or equivalently the
dimensionless quantity v/us3)



Decoupling Behaviour

e Case A : My and M, fixed; Case B : M1 = My = u3/3
e We don’t consider cases where only M or M, is fixed

e In the expansion formulae My always appears with M;

M1U2 112 M1(3M2 = Ml)?]2

o M, fixed, My x ug = Case A

o My x usg, My fixed = Case B

10



Decoupling Behaviour

e Case A : M; and M, fixed; Case B : M1 = My = u3/3

Quantity Case A Case B

2 ]
e M3 M3

e In general convergence to SM is more rapid in Case A.
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Masses m; [GeV]

Decoupling Behaviour: Masses
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Decoupling Behaviour: Masses

ms =~ [i3 [1 - (2)\2 =

)\5 ’02 e Ml(Ml 7o 3M2)U2
2 ) 2u3 4413

13 [GeV]
13 [GeV]

m; —
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e Black curves correspond to expansions in ps; ' while colored curves are
exact.
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Vye/ VM

Decoupling Behaviour: vev
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e custodial-singlet mixing angle

sin v

Decoupling Behaviour: mixing angle
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Decoupling Behaviour: hVV, hff

r : ratio of a coupling to its SM value
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e Expansion formulae are not a very good approximation in the case of x¢
for us < 400



Decoupling Behaviour: 27y

e Loop induced couplings: affected by changes to hV'V and hf f, new charged
scalars in the loop
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e Ak : Ratio of contribution from non-SM particles in loop to SM coupling



Decoupling Behaviour: p 7~
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Ak : Ratio of contribution from non-SM particles in loop to SM coupling
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Comparison with Type-II 2HDM

Type-Il 2HDM Georgi-Machacek
22,4
o e 3 U4 : Quantity Case A Case B
2m - >
LZHDM | A2 3 { cot B for up type fermions el M§4 ,U?TQ
f " e :
my —tan 8 for down type fermions, el ,u3—4 H??Q
SHDM Sm% 3202 : 3 i
Ui et L | ghhh/gil;\fh il M3 & H3 :

J.F. Gunion, H.E. Haber [PRD 67, 075019]

e relatively large deviations in all couplings would tavor GM Case B

e relatively large deviations fermion and trilinear couplings, but SM like
vector couplings favors 2HDM

e Another distinguishing feature is the ki is enhanced in the decoupling
limit of the GM model
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Numerical Scans

e Numerical scans to examine accessible range of couplings

e We allow all the free parameters to vary and impose theoretical con-
straints.
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Numerical Scans
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e All couplings can show 10% deviations even when the mass of the lightest
scalar is around 800 GeV.

e The 1o allowed regions of higgs couplings measured at the LHC can be
populated fully by the GM model with scalar masses below 400 —600 GeV.

21



v, [GeV]

60

50 |

40

20

10

Indirect Constraints

Include constraints from : B meson mixing, By, — uu, Ry, b — sy ,Oblique

parameters (ongoing)

Most stringent constraint comes from Bg — uu

Preliminary Result
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Indirect Constraints

e At one-loop level p # 1 and we require a counterterm to cancel the singu-
larities in the T parameter |Gunion, Vega, Wudka [PRD 43, 2322]

e We could approach the constraint from oblique parameters in the following
ways:

e Apply the constraint only from the S parameter

e Perform the one-loop calculations with the required counterterm

e Minimize y? with respect to T and use Tiyi, to obtain the constraint

X2 2 1 (S x5 Sexp)2 _|_ (T o5 Texp>2 e 2 (S _ Sexp) (T AP Texp)
e ) | (AS o )F (AT ) NS N
AT

Tin = Texp el (S Ry Sexp) AS
exp
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Conclusions

GM model with most general gauge-invariant and SU(2)¢c preserving po-
tential does possess a decoupling limit

Approach to the SM is in general faster when M; and M, are fixed as
compared to My = My = us/3

Numerical scans show that 10% coupling deviations are possible for new
scalars even as heavy as 800 GeV

GM model can fully populate the allowed 1o ranges of Higgs couplings
when the new scalars are lighter than 400-600 GeV.

Improved measurements of higgs couplings can help distinguish GM model
from other extensions such as the 2HDM.

Future Work

e Including exclusion due to oblique parameters.
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Theoretical Constraints : Unitarity
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Theoretical Constraints : BFB
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Theoretical Constraints

e Maximum Ranges :

1
)\1 = (O, 37T) A (0, 105) Ay € <—éﬂ', %7‘(’) - (—0628, 157)
Dis) S
Ao € <—§7T, 577) ~ (—2.09,2.09) Ag € (37T, 37T> ~ (—8.38, 8.38)

JE R
)\3 = <—§7T, 57'(') oy (—157, 188)

e Within these ranges the following conditions need to be satisfied :

( —%)\3 for )\3 2 O,

N <
L —A3 for \3 < 0,

(=20 (3As+2)  for As > 0and Ag >0,
Ag > 3 wi (O)As — 24/A1(CA3 + Ag) for A5 >0 and A3 < 0,
L w_(C))\5 e 2\/)\1(6)\3 = )\4) for A5 < 0.




Theoretical Constraints : Alternative Minima
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Decoupling Behaviour

Case ,UJgE\/LLL%‘ )\1 )\2 )\3 )\4 )\5 M1 M2

A 300-1000 GeV derived 0.1 0.1 0.1 0.1 100 GeV 100 GeV
B 300-1000 GeV derived 0.1 0.1 0.1 0.1  pus3/3 us/3

Quantity Case A Case B
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