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Plan of the Talk

* Motivations for models with Higgs triplets

» Georgi-Machacek model and its global fit

* W mass and extended Georgi-Machacek model
* Implications

e Summary
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An Extended Higgs Sector

* Other than usual symmetries, we have no guiding principles in constructing the
scalar sector:
- representations? | |
_ cf. 3 generations of fermions
m number of copies? and 3 gauge interactions
m gdditional symmetries? (discrete/continuous/gauged)
w |inking to new physics? (SUSY, DM, neutrino mass, EWBG, etc)

* Extensions of adding scalar singlets and doublets have been explored
considerably by most people.

e Can one also add triplets? What are their functions? What novel features can
they lead to?
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Motivation for Complex Higgs Triplet Field

* With the introduction of a complex Higgs triplet field A, one can give Majorana

_ _ Schechter; Valle 1980
* Relevant Yukawa interactions: Cheng, Li 1980
T - Gelmini, Roncadelli 198

_hijwiLCZUQijL + H.c.

and A can be induced to attain a VEV from EWSB:

X o » X .
S < f( -7 Type-ll seesaw mechanism

I

M, A 2
0%y
! MV — \/ith — ;b
hi) A
L; L?
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Electroweak p Parameter

* |In models with an extended Higgs sector, at tree level
vt LT+ 1) = Y2
Ptree — ZZ 2)/7;22}22

w safe to add an arbitrary number of singlets, doublets, and so on; but nontrivial
for other representations

e Add a triplet to SM and for small VEV’s

41}?
° §(Y=O) im0 > 1 4 1]2
A ¢2 Higgs triplet models
U
N X
o)((Y:‘I)uu» ,0_1 U?b

w (Georgi-Machacek model with custodial symmetry
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Georgi-Machacek Model



Higgs Potential in GM

* The model realizes the minimal Higgs sector containing isospin triplet fields while

maintaining custodial symmetry. Cﬁeorgi{tMigh?gek :zgg
dNOWIlZ, \&Oolden

* The most general Higgs potential allowed by gauge and Lorentz symmetries:
1 assume ml2 < 0, mz2 > ()

V(®, A) = mit(@1®] + @l ATA] + A, (tr[®1@])? + Aa(ir[ATA])

.
4 Astr[(ATA)2] + Mgtr[@T®Jtr[ATA] + Astr | T D

tr [ATTAT"]
2 2

.
oy |20 0T | (PIAP) g, + potr [ATT*AT?) (PTAP) 4

- 2 2 —
( ¢O>x< ¢—I—> A ((XO_I_; g_(I)_ X_I__:_ 1 —1 \9_

-decoupling limrt: m, — oo
-V, Induced by v, through g
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Georgi-Machacek Model
» The Higgs sector includes SM doublet field ¢(2,1/2) and two triplet fields y(3,1)

. Georgl, Machacek 1985
ana 5(3,0), arranged aS.O XO* §+ X"“" Chano%vitz, Golden 1985
7 T — 40 +
<1>=I( b= O ) A]( X~ ¢ X )
-— X & X
SUQR) " e——————
SU(2)r
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Georgi-Machacek Model

» The Higgs sector includes SM doublet field ¢(2,1/2) and two triplet fields y(3,1)

and 5(3,0), arranged as. Georgl, Machacek 1985
) Chanowitz, Golden 1985

« Take v, = Ve = vy (aligned VEV, as required by custodial symmetry).
m SU((2)L.xSU(2)r — custodial SU(2)v
) = 1 at tree level

*Such a symmetry is broken by radiative effects. But p = 1 can be restored by renormalization.
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Higgs Spectrum

| complex triplet + | complex doublet

| real triplet
: : Yy
A:3 ®3 ©:2®2 tanf=_—mn
2 2 > L V)2
v = vy + 8up = NoTel = (246 GeV)
5301 3 ® 1
/ }\ MIXING ang\e@
MIXING ang
T o
H3 ||CP-odd
+ 3 _ 0
H5 — H g CP-even CmH] 1
- gaugephobm h (125 GeV)
. CP-even "
_H5 _ [mHs] w™ There are 5
quarkphobic Py = | 2V gix rfwg:rcsal
-
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Neutral Higgs Couplings

» Introduce coupling scale factors (V = W, Z; FF = quarks):

o JoFF P gpvv Y Kq
. F— oy o MWV — Taov 0 Mg T T
depending only on @ and /5 (or v,) IhFF Ihvv Fug oroup factor that makes 1t
. possible for the entire
Higgs KE RV factor to be greater than |
C (mixing required)
COS (¥ : :
h ™ sin 3 cos o — os 3 sin «
S111
suppressed by o , — IS —
H; sin B sina + 4/ = cos 3 cos
sin (3 3
gauge-phobic H?? 11 ¢ COt 5 0
COS 2 Cos
quark-phobic HSO () Ky = 6 and K7 = 6 s Ay, = — 1/2
V3 V3

ns = +1 for up-type quarks and —l/f{)'r down-type quarks and charged leptons.

- . v
mdepen@ent ofa 2HDM: tan § = Ju and GM:tan g = ?
proportional to v, Vd Qﬂm
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Global Fit for GM Model



Theoretical Bounds

e WWe consider three different sets of bounds at the tree level:

e vacuum stabllity, ensured as long as all the quartic terms of the scalar potential

remain positive for all possible field configurations
Hartling, Kumar, Logan 2014

* perturbative unitarity, by requiring that the largest zeroth partial-wave mode of

all 2 = 2 scattering channels be smaller than 1/2 at high energies
Aokl, Kanemura 2008

* Unique vacuum, with no alternative global minimum in the scalar potential to

the custodially-conserving vacuum
Hartling, Kumar, Logan 2014
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Experimental Constraints

* We will impose two types of experimental constraints:

- Higgs signal strengths (for X = WW, ZZ, bb, ttt~, u*u~, yy, Zy):
c“Mpp — h = X)

|LHC m»

CDF/DO m»

px =

O.EXP (

pp — h — X)

<
oc>M(pp — h — X) oc>M(pp — h — X)
bb WWw TT 47 vy Zy L1k

SM Br| 57.5% 21.6% 6.3% 2.7% 2.3%0 1.6%0 0.2%0
coFs  87.2%| - 61,62 | [63,64] | [65 66] | [67,68]
ooF15 87T.1%| - 29 69 |[29, 70, 71]| [29, 72] [[29, 73, 74]| 8 TeV |8 TeV
VBFs T2% - 61,62 | [63.64 | [65.66] | [67.68 | [75.76] | [77]
VBFs 7.4%| [31,78] | [30,69] |29, 70, 71]| [29,72] |[29, 73, 74]
Vhs  5.1%| [79,80] | [62,81] | [63,64] | [65,66] | [67,68]
Vhis  4.4%| [31,82] | [69, 83 71] 20 72| |[29, 73, 74]| 13 TeV |13 TeV
tthy  0.6%]| [84,85 . - 65,66 | [67,68] |[33. 34, 86, 87]/[88, 89]
tthys  1.0%][31, 32, 90]|[69, 91, 92]|[29, 91, 92]|[72, 91, 92]|[29, 73, 74]
Vhs (03, 94] fom \18\(\9\)“5/
ttho 93] ‘\(\p\)‘y
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Experimental Constraints

* We will impose two types of experimental constraints:

e direct search bounds on exotic scalar bosons:




De Blas et al 2020, also Silvestrini’s talk

Global Fit Result using HEPHfit Chen, CWC, Huang and Lu 2022

dashed and solid contours of kr and «;,
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W Mass and
Extended GM Model




Two Works within the GM Model

* One work simply takes that the two triplets have misaligned VEVs at tree level,

which is a theoretically inconsistent assumption as to be argued below.
Du, Li, Wang and Zhang 2022

* |n another work, the alignment of the triplet VEVs is imposed such that the
electroweak p parameter takes unity at tree level. They find that My, may be

enhanced by radiative corrections by at most 32 MeV, within 1.60 of the global
average of My, = 80411 £ 8 MeV. Mondal 2022
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Working Assumption

* Assume naively that the CDF Il data is correct and ignore all other measurements.

e See if a GM-like model can accommodate the data.

SM

DO | 80478 + 83 o

CDF | 80432 + 79 o

DELPHI 80336 * 67 ®

L3 80270 + 55 ——o—

OPAL 80415 + 52 ——

ALEPH 80440 + 51 ——

DO Il 80376 + 23 ——

ATLAS 80370 #* 19 —o—

CDF Il 80433 + 9 <
7990080000 80100 80200 80300 80400 80500

W boson mass (MeV/c?)

19

CDF Il 2022
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Choosing Different Triplet VEVs at Tree Level?

o |f the two triplets have different VEVs (vg + v)(), the masses of W and Z and the

electroweak p parameter are given at tree level by

922 2 c |
My = Vo, m3

I 2 2
| 7 1 — V

— g 'V2| t mW _
- . y ree — - y
i, AN

where
Vol vﬁ +4VP +4vZ=( 2Gg) ' = (246 GeV)?

| 2 | 4. V--2 # V!2 — difference between real and complex triplet VEVs

and ¢y, (Syy) is the cosine (sine) of the weak mixing angle.
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Choosing Different Triplet VEVs at Tree Level?

* At the tree level, the only sensible choice for the triplet fields is that they have an
aligned VEV, I.e., Ve =V, = V) defined above.
m consistent with custodial symmetry imposed on the Higgs potential

- Had one chosen different VEVs (i.e., v, 7 Vg), the SU(2)v symmetry would be

spontaneously broken down to a U(1) symmetry which corresponds to the overall
phase transformation of the A field, leading to two undesirable NG modes.

= they would be the HZ fields
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Choosing Different Triplet VEVs at Tree Level?

 Moreover, a significant parameter space gives the approximate mass relation

2

My = = 3mf]0 (in the limit !V% — vf! < 246 GeV, as is the current case), under
5

the constraints of perturbative unitarity and vacuum stability.
w either HY or H* is a tachyonic mode

e This Iis an indication that the theory Iis expanded around an unstable saddle point.

 Most of the parameter space even has the problem
of breaking U(1)em because Mypee < O!

[GeV?]
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Remarks

* |t has been known for a long while that the custodial symmetry in the GM
potential would be broken at loop level due to the hypercharge gauge boson and/

or fermion loops. Gunion, Vega, and Wudka 199
Blasi, De Curtis, and Yagyu 2017/

Keeshan, Logan, and Pilkington, 2020

e For a consistent renormalization prescription of the Higgs potential, one has to
allow terms that explicitly break the custodial symmetry in the potential from the
very beginning. CWC, Kuo, and Yagyu 2018
m at least one SU(2).xSU(2)r-breaking term must be added, and only under such

a framework can one consider nonaligned triplet VEVs (Vg =+ v)()
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Extended Georgi-Machacek (eGM) Model

* Consider a minimal extension of the Higgs potential:
5 CWC, Kuo, and Yagyu 2018
m

! — + — 1 I + 2u n _ just modifying the
veu Vean Vem ‘mzl 0 2 m triplet mass terms

« Now at the tree level, one can consider Ve + V, and use the formulas:
g2 2 | ' 2 V2

> _ 2 > _ 0 My _
Wt 2T g m2ch, VAl 12
|

4
v? = 85.38 + 10.09 GeV~ for CDF II
e This framework now allows a consistent treatment at the one-loop level.

2

S, 2 2 " —
vel | : tree —

 With the additional parameter v~ in the EW sector, we have to use four EW

parameters (e.g., @y, G, My, and my) as inputs for renormalization.

Blank and Hollik 1998

w generally so for|p,... 7 1 models Kanemura and Yagyu 2012

usually first three for SM
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Electroweak Radiative Corrections

e Due to EW radiative corrections, the Fermi constant is shifted
Gge | G|:(1" | r)

lr=11 C\ZN

| " I
- EM g2 + 1 Trem Bohm, Spiesberger; and Hollik 1986
W

where the individual parts in Ar are given by

" | " | counter term for the p parameter,
| 1 e = Re (O) (mz) not existent in models with p,... = 1
mZ mZ (e.g., SM extended with singlets and doublets)
$ |
Do 2zz(0) , "ww (0) | Z2sw " 21 (0) # ,
= Re 5 ! 5 + - vertex and box corrections to the
4 myz Myy Cw mZ tree light fermion scatterln%Borocess
? n n n n
| _ sy ! v "ww 0! "ww(my) L " zz(0)! "z (mz) . |
rem = RE€ 5 5 T - (mz) + #vB
Sw My SWw m3

where 11y, are 1Pl diagrams contributing to the transverse components of the

gauge boson 2-point functions.
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Electroweak Radiative Corrections The SM prediction has

Ar°M =0.0367141 and p,,.. = 1,

« With EW radiative corrections, my, is expressed as giving my* = 80.357 GeV.
) - 1 B
m 4" #
2 — Z L} | EM
(MG )ren = Flree 1+ 11 "ot

- The counter term op is taken such that Ap = Ap,,, to get the required Ar for

2 — 2
(mW)ren T (mW)exp'

w |.e., the value of p... (or equivalently 1/2)

and that of Ar are chosen such that
the observed value of my, is reproduced

| .o = 137.036
Ge =1.1663787 10 ° GeV °
m- =91.1876 GeV
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Accommodating CDF II

« To accommodate the value of my, measured at CDF Il, we need a negative
contribution to Ar and/or a positive shift of p, ... away from unity, where the
former corresponds to a positive contribution from the Ap parameter.

S

IrZIIEM !"+!rrem

2
i S
0.02[82 181 W
e.g., models extended 0.036 y e.g. models extended
with a ¥ = 1 triplet ’ | with a 1= () triplet
ot i Perez, Patel, and Plascencia 2022
Kanemura and Yagyu 0777 0032 // ........... S O~ gl
s w48 ; e.g., 2HDMs
0.028“"'7'{ ............ e D ; , ,
Re : ; o ; ; Bahl, Braathen, and Weiglein 2022
: : : : : g
0.024""
A e NIt R R
O'8.2997 0.998 0.999 | 1 1.001 1.002 1.00:«

" tree
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Accommodating CDF II

* In the eGM model, we can take either a positive or a negative shift of p,_...,

because the sign of v is free.
w take Ar = Ar°M then v? = 85.38

assuming op to cancel
radiative corrections

+ 10.09 GeV?

from the triplet states

0.024v%

0'8.25;97 —

S
0.998

|
0.999

| 1
" tree

28

] | ]
1.001

I
1.002

1.00:

In general, the extended GM
model has more freedom to
shift in various directions,
depending on the two triplet
VEVs, from the SM point to
the red band.
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Implications



Exploring the Parameter Space

* Due to the extension from the GM model with the breakdown of custodial
symmetry, we have predictions different from the singlet- or doublet-extended
models and from the original GM model as well.

e Scan model parameter space
vi » I [0,50]GeV, ! 5! ["55], Hi2! [" 300Q 3000]Ge\

under only the theoretical constraints of perturbative unitarity, vacuum stability,
and unigueness of the global minimum, using the Bayesian-based global fitting
package HEPfit . De Blas, et al 2020

» Use the scanned result to predict other observables.
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Neutral Higgs Boson Mixing

 The weak states defined by

hy ' 2Re( D # v, , he! "O#v., hs! 2Re®’)# va
and mass eigenbases of the CP-even Higgs bosons are related by
h ” - H 1 — identified as 125-GeV Higgs boson, /1
- $ = R ) Hz $
Ny | Hs

3%3 orthogonal matrix

with the assumed mass hierarchy m;, < my < my..

* The mixing matrix is relatively simple in the custodial limit (original GM), but
becomes much more complicated in the extended case (eGM).
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 Parameter space of the extended GM model
n the my — my_ plane.

» Forv, < 0.5 GeV, we have my; < 250 GeV.

m consistent with minimal Higgs triplet model
composed of ¢ and &

w in the v, = O limit, one has Ve 4.6 GeV

for accommodating the CDF Il result and

8!1V,2
M2= % @al Tviv FV2 +8(1o+ 13)V?

0 J—%v.z

(4'4' !5)V! Vi 0

L5 \/2
2V!
+" 5

2 4" 4
my + 5

so ¢ and Emix more and stay at the EW scale
while  can decouple by taking m, — o0

32

Masses of Heavier Neutral Higgs Bosons

2000

1750 -

1500 A

1250 A

© 1000 -

mey [(3@\[]

750 -

500 -

_ 250 -

%

Vi + 6oV + 4! vy

500 750 1000 1250 1500 1750 2000
nub[GeV]

red: vi ! [5,50] GeV

blue: v, ! [0, 0.5] GeV
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Predictions for «y, ,

» The Higgs coupling scale factors for the W and Z bosons are generally different

Vi Vi - =V
Y — —'R11+4—'R21+2 2—R31
V V V . . . 0
Vi L\ — essentially due to mixing with H.
lZ — —R11+4 2—R31 .
vV V cf. the original GM model
: . . 8 .
with the difference lwz =sin" cos#!  cos" sin
Vi — 2
!W ' IZ :4R21—| 2 2R31—
V V

depending on the mixing matrix elements and triplet VEVs.
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» Forv, <5 GeV, we have mostly ky, , S 1 and ky, S k.

Predictions for «y, ,

w similar to minimal Higgs triplet model

0.90 A

12 =0.99% 0.06,

: //l 2 =0.96+ 0.07,

red: vi ! [5,50] GeV

blue: vi ! [0,0.5] GeV

lw ! 1y " 4Ry —

Y
|

mostly negative in this limit

ATLAS 202 |
l'w =1.06x 0.0€

lw =1.117% ¢

CMS 2020
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Predictions for «y, ,

e FOr v, > 5 GeV Ky tends to be larger than x, when both of them are > 1.

w preferred by data (?)
m unable to explain using singlet/doublet extensions and the minimal Higgs triplet

model

1.25 A

7 //! z =0.96x 007, tw = 1-11!“)0:(1)?31

0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

Kw

ATLAS 202 |
12 =0.99%x 0.06, 'w =1.06% 0.0€

CMS 2020

red: vi ! [5,50] GeV

blue: vi ! [0,0.5] GeV
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Prediction for «;

* The scale factor for hFF couplings is given by

v
l'r = Rii—
Vi

and the distribution in the v, — R;; is shown below. b, <5 GeV region restricted to this

tiny corner, given essentially by R,
1.0

0.8 current ATLAS 16 bounds on k;'s

ATLAS 202 |

0.6 -

R11

predicted k; contours

0.4 -

0.2 -

b red: vi ! [5,50] GeV
0 . . | =% —« green:v, ! [0.5,5] GeV

200 210 220 230 240 25

Vo [GeV] blue: v ! [0, 0.5] GeV
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Predictions for «, and «,,

« Compared to the above-mentioned k’s, the values of K, and Kz, depend on more

unspecified parameters in the model and present larger uncertainties.
- gloelt there exists a certain correlation between the quantities

. If we take k,, = 1.06 = 0.05 as an input, our model predicts that Kz, would fall in
the range of (0.95,1.15), in comparison with the current ATLAS measurement of
1.43 +0.31. ATLAS 202
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Charged Higgs Decays

» In the original GM model, H, is gauge-phobic and s is quark-phobic; while here
the physical singly-charged states can mix due to custodial symmetry breakdown

and can simultaneously have the tb and WZ decays.

» There could be other dominant decays, such as H**W*, H*Z, and H**H™.

1.0

0.8 1

0.2 1

cQufd sum up to 100%

0.2

0.4

0.6

BR(HZ -tb)

0.8

1.0

BR(HE -»WZ)

1.0

0.8 1

0.2 1

0.2

0.8

1.0

red: vi ! [5,50] GeV

blue: vi ! [0,0.5] GeV
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Summary
e The original GM model does not allow different triplet VEVs.

» To accommodate CDF Il W mass anomaly in a GM-based model, one has to extend by

iIntroducing custodial symmetry-breaking terms into the scalar potential. At the same
time, one Is able to consider radiative corrections in a self-consistent framework.

* We consider a minimal extension by assigning different mass terms for the two triplet
fields (y and &), giving the freedom to choose the counter term for the EW p parameter in
such a way that the predicted value of p matches with the measured one.

e Based upon the CDF Il result, the VEVs of the two triplet fields are found to satisfy
ve —v, ~21.34 £2.52 GeV".

 The result implies that k;, > K, in most of the theoretical parameter space of the model,
and that the charged Higgs bosons are no longer gauge-phobic or quark-phobic and can
generally decay to th and WZ modes.
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Thank you for your attention!



