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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

• Summary 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An Extended Higgs Sector
• Other than usual symmetries, we have no guiding principles in constructing the 

scalar sector: 
➠ representations? 
➠ number of copies?  
➠ additional symmetries? (discrete/continuous/gauged) 
➠ linking to new physics? (SUSY, DM, neutrino mass, EWBG, etc)


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


• Can one also add triplets?  What are their functions?  What novel features can 
they lead to?
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cf. 3 generations of fermions  
and 3 gauge interactions
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Motivation for Complex Higgs Triplet Field
• With the introduction of a complex Higgs triplet field Δ, one can give Majorana 

mass to left-chiral neutrinos.

• Relevant Yukawa interactions: 
 
 
and Δ can be induced to attain a VEV from EWSB:
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Electroweak  Parameterρ
• In models with an extended Higgs sector, at tree level 
 
 
 
➠ safe to add an arbitrary number of singlets, doublets, and so on; but nontrivial 
for other representations


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


•  (Y=0) ➠  

•  (Y=1) ➠  

➠ Georgi-Machacek model with custodial symmetry

ξ

χ
Higgs triplet models
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Higgs Potential in GM
• The model realizes the minimal Higgs sector containing isospin triplet fields while 

maintaining custodial symmetry.

• The most general Higgs potential allowed by gauge and Lorentz symmetries: 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Georgi-Machacek Model
• The Higgs sector includes SM doublet field (2,1/2) and two triplet fields (3,1) 

and (3,0), arranged as: 
 
 
 
 

ϕ χ
ξ

SU(2)L
SU(2)R
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Georgi-Machacek Model
• The Higgs sector includes SM doublet field (2,1/2) and two triplet fields (3,1) 

and (3,0), arranged as: 
 
 
 

• Take  (aligned VEV, as required by custodial symmetry). 
➠ SU(2)L×SU(2)R → custodial SU(2)V  
➠  at tree level 
 

*Such a symmetry is broken by radiative effects.  But  can be restored by renormalization. 

ϕ χ
ξ

vχ = vξ ≡ vΔ

ρ = 1

ρ = 1
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Higgs Spectrum

•
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Neutral Higgs Couplings
• Introduce coupling scale factors ( ; quarks):V = W, Z F =

11

depending only on  and  (or )α β vΔ
F =

g'FF
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Theoretical Bounds
• We consider three different sets of bounds at the tree level:

• vacuum stability, ensured as long as all the quartic terms of the scalar potential 

remain positive for all possible field configurations 

• 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  

• unique vacuum, with no alternative global minimum in the scalar potential to 
the custodially-conserving vacuum
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Hartling, Kumar, Logan 2014

Aoki, Kanemura 2008

Hartling, Kumar, Logan 2014



Experimental Constraints
• We will impose two types of experimental constraints:


• Higgs signal strengths (for ): 
 
 

X = WW, ZZ, bb, τ+τ−, μ+μ−, γγ, Zγ

14
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µX ⌘ �EXP(pp ! h ! X)

�SM(pp ! h ! X)
() �GM(pp ! h ! X)

�SM(pp ! h ! X)

bb̄ WW ⌧⌧ ZZ �� Z� µµ

SM Br 57.5% 21.6% 6.3% 2.7% 2.3‰ 1.6‰ 0.2‰

ggF8 87.2% – [61, 62] [63, 64] [65, 66] [67, 68]

ggF13 87.1% – [29, 69] [29, 70, 71] [29, 72] [29, 73, 74] 8 TeV 8 TeV

VBF8 7.2% – [61, 62] [63, 64] [65, 66] [67, 68] [75, 76] [77]

VBF13 7.4% [31, 78] [30, 69] [29, 70, 71] [29, 72] [29, 73, 74]

Vh8 5.1% [79, 80] [62, 81] [63, 64] [65, 66] [67, 68]

Vh13 4.4% [31, 82] [69, 83] [71] [29, 72] [29, 73, 74] 13 TeV 13 TeV

tth8 0.6% [84, 85] – – [65, 66] [67, 68] [33, 34, 86, 87] [88, 89]

tth13 1.0% [31, 32, 90] [69, 91, 92] [29, 91, 92] [72, 91, 92] [29, 73, 74]

Vh2 [93, 94]

tth2 [93]

0 < �̂ < 0.5 0.5  �̂  1.0 �̂ > 1.0 (�̂ = �min /w)

TABLE III. Higgs signal strength inputs applied in our fits. The Higgs decays are listed in separate

columns, with the corresponding SM branching ratios shown in the second row. In lines three to

ten, we cite the results from the LHC and Tevatron, ordered by production mechanism and
p
s.

For the LHC data, we indicate the share of Higgs production in pp collisions for each channel in

the second column. The cell colors show the rough estimates on the current precision of the signal

strength measurements according to the parameter �̂, which is defined as the ratio of the smallest

uncertainty of all individual measurements in one table cell (�min ) to the weight of the corresponding

production channel (w). The green, yellow, and red cells denote the channels with �̂ less than 0.5,

between 0.5 and 1, and greater than 1, respectively. For the Z� and µµ decays, no information

on the individual production modes is available, and thus we assume the SM compositions in the

second column to analyze them. In comparison with Ref. [25], the udpated 13-TeV analyses are

quoted from Refs. [29–34].
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inputs from various sources

CDF/D0 ➠

LHC ➠



Experimental Constraints
• We will impose two types of experimental constraints:

• direct search bounds on exotic scalar bosons: 
 
 

15

Label Channel
Experiment Mass range [TeV] L

!
fb

! 1
"

Att
13t

tt ! ! 0 ! tt ATLAS [ 95]
[0.4, 1]

36.1

Att
13b

bb! ! 0 ! tt ATLAS [ 96]
[0.4, 1]

13.2

Cbb
8b

bb! ! 0 ! bb CMS [97]
[0.1, 0.9]

19.7

Cbb
8

gg ! ! 0 ! bb CMS [98]
[0.33, 1.2]

19.7

Cbb
13

pp ! ! 0 ! bb CMS [99]
[0.55, 1.2]

2.69

Cbb
13b

bb! ! 0 ! bb CMS [100]
[0.3, 1.3]

35.7

A!!
8 gg ! ! 0 ! " "

ATLAS [ 101]
[0.09, 1]

20

C!!
8

CMS [102]
[0.09, 1]

19.7

A!!
8b bb! ! 0 ! " "

ATLAS [ 101]
[0.09, 1]

20

C!!
8b

CMS [102]
[0.09, 1]

19.7

A!!
13 gg ! ! 0 ! " "

ATLAS [ 103]
[0.2, 2.25]

36.1

C!!
13

CMS [104]
[0.09, 3.2]

35.9

A!!
13b bb! ! 0 ! " "

ATLAS [ 103]
[0.2, 2.25]

36.1

C!!
13b

CMS [104]
[0.09, 3.2]

35.9

TABLE IV. Neutral heavy Higgs boson searches relevant for the GM scalars with fermionic Þnal

states. ! 0 = H
0
1, H

0
3.
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Label Channel

Experiment Mass range [TeV] L !
fb ! 1 "

A !!
8 gg ! ! 0 ! ""

ATLAS [ 105]
[0.065, 0.6]

20.3

A !!
13 pp ! ! 0 ! ""

ATLAS [ 106]
[0.2, 2.7]

36.7

C !!
13 gg ! ! 0 ! ""

CMS [107]
[0.5, 4]

35.9

A Z !
8

pp ! ! 0 ! Z " ! (ll )"
ATLAS [ 108]

[0.2, 1.6]
20.3

C Z !
8

CMS [109]
[0.2, 1.2]

19.7

A "!
13 gg ! ! 0 ! Z " [! (##)" ]

ATLAS [ 110]
[0.25, 2.4]

36.1

A qq!
13 gg ! ! 0 ! Z " [! (qq)" ]

ATLAS [ 111]
[1, 6.8]

36.1

C Z !
8+13 gg ! ! 0 ! Z "

CMS [112]
[0.35, 4]

35.9

A ZZ
8 gg ! ! 0 ! ZZ

ATLAS [ 113]
[0.14, 1]

20.3

A ZZ
8V V V ! ! 0 ! ZZ

ATLAS [ 113]
[0.14, 1]

20.3

A 2"2L13,1 gg ! ! 0 ! ZZ [! (##)(##, $$)]
ATLAS [ 114]

[0.2, 1.2]
36.1

A 2"2L13V,1 V V ! ! 0 ! ZZ [! (##)(##, $$)]
ATLAS [ 114]

[0.2, 1.2]
36.1

A 2L 2q13 gg ! ! 0 ! ZZ [! (##, $$)(qq)]
ATLAS [ 115]

[0.3, 3]
36.1

A 2L 2q
13V V V ! ! 0 ! ZZ [! (##, $$)(qq)]

ATLAS [ 115]
[0.3, 3]

36.1

C 2"2X13 pp ! ! 0 ! ZZ [! (##)(qq,$$, ##)] CMS [116]
[0.13, 3]

35.9

C 2q2#
13 pp ! ! 0 ! ZZ [! (qq)($$)]

CMS [117]
[1, 4]

35.9

A W W8 gg ! ! 0 ! WW

ATLAS [ 118]
[0.3, 1.5]

20.3

A W W
8V V V ! ! 0 ! WW

ATLAS [ 118]
[0.3, 1.5]

20.3

A 2("#)13 gg ! ! 0 ! WW[! (e$)(µ$)]
ATLAS [ 119]

[0.25, 4]
36.1

A 2("#)
13V V V ! ! 0 ! WW[! (e$)(µ$)]

ATLAS [ 119]
[0.25, 3]

36.1

C 2("#)13 (gg+ V V) ! ! 0 ! WW ! (#$)(#$) CMS [120]
[0.2, 1]

2.3

A "#2q
13 gg ! ! 0 ! WW[! (#$)(qq)]

ATLAS [ 121]
[0.3, 3]

36.1

A "#2q
13V V V ! ! 0 ! WW[! (#$)(qq)]

ATLAS [ 121]
[0.3, 3]

36.1

C V V8 pp ! ! 0 ! V V

CMS [122]
[0.145, 1]

24.8

TABLE V. Neutral heavy Higgs boson searches relevant for the GM scalars with vector boson Þnal

states. ! 0 = H 0
1 , H 0

3 , H 0
5 and #= e, µ.
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Label Channel

Experiment Mass range [TeV] L
!

fb
! 1

"

Ahh
8

gg ! H
0
1

! hh

ATLAS [ 123]
[0.26, 1]

20.3

C4b
8

pp ! H
0
1

! hh ! (bb)(bb)
CMS [124]

[0.27, 1.1]
17.9

C
2! 2b

8
pp ! H

0
1

! hh ! (bb)( !! )
CMS [125]

[0.260, 1.1]
19.7

C2b2"
8g

gg ! H
0
1

! hh ! (bb)( " " )
CMS [126]

[0.26, 0.35]
19.7

C2b2"
8

pp ! H
0
1

! hh[! (bb)( " " )]
CMS [127]

[0.35, 1]
18.3

A4b
13 pp ! H

0
1

! hh ! (bb)(bb)

ATLAS [ 128]
[0.26, 3]

36.1

C4b
13

CMS [129]
[0.26, 1.2]

35.9

A
2! 2b

13
pp ! H

0
1

! hh[! (bb)( !! )]
ATLAS [ 130]

[0.26, 1]
36.1

C
2! 2b

13
pp ! H

0
1

! hh ! (bb)( !! )
CMS [131]

[0.25, 0.9]
35.9

A2b2"
13 pp ! H

0
1

! hh ! (bb)( " " )

ATLAS [ 132]
[0.26, 1]

36.1

C2b2"
13,1

CMS [133]
[0.25, 0.9]

35.9

C2b2"
13,2

pp ! H
0
1

! hh[! (bb)( " " )]
CMS [134]

[0.9, 4]
35.9

C2b2V
13

pp ! H
0
1

! hh ! (bb)(V V ! #$#$) CMS [135]
[0.26, 0.9]

35.9

A
2! 2W

13
gg ! H

0
1

! hh ! (!! )(WW)
ATLAS [ 136]

[0.26, 0.5]
36.1

AbbZ
8

gg ! H
0
3

! hZ ! (bb)Z

ATLAS [ 137]
[0.22, 1]

20.3

C2b2#
8

gg ! H
0
3

! hZ ! (bb)(##)
CMS [138]

[0.225, 0.6]
19.7

A"" Z
8

gg ! H
0
3

! hZ ! (" " )Z

ATLAS [ 137]
[0.22, 1]

20.3

C2" 2#
8

gg ! H
0
3

! hZ ! (" " )(##)
CMS [126]

[0.22, 0.35]
19.7

AbbZ
13

ATLAS [ 139]
[0.2, 2]

36.1

CbbZ
13,1

gg ! H
0
3

! hZ ! (bb)Z

CMS [140]
[0.22, 0.8]

35.9

CbbZ
13,2

CMS [141]
[0.8, 2]

35.9

AbbZ
13b

ATLAS [ 139]
[0.2, 2]

36.1

CbbZ
13b,1

bb! H
0
3

! hZ ! (bb)Z

CMS [140]
[0.22, 0.8]

35.9

CbbZ
13b,2

CMS [141]
[0.8, 2]

35.9

C
$Z
8

pp ! %0 ! %0"Z ! (bb)(##)
CMS [142]

[0.13, 1]
19.8

A
$Z
13

gg ! H
0
3

! H
0
1Z ! (bb)Z

ATLAS [ 143]
[0.13, 0.8]

36.1

A
$Z
13b

bb! H
0
3

! H
0
1Z ! (bb)Z

ATLAS [ 143]
[0.13, 0.8]

36.1

TABLE VI. Neutral heavy Higgs boson searches at the LHC relevant for the GM scalars with Þnal

states including Higgs bosons.%0 = H
0
1, H

0
3, H

0
5

, %0" = H
0
1, H

0
3

, V = W, Z and #= e, µ.
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Label Channel

Experiment Mass range [TeV] L !
fb ! 1 "

A !"
8 pp ! H ±

3 ! ! ± "

ATLAS [ 144]
[0.18, 1]

19.5

C !"
8 pp ! H +

3 ! ! + "

CMS [145]
[0.18, 0.6]

19.7

A ! V
13

pp ! H ±
3 ! ! ± "

ATLAS [ 146]
[0.15, 2]

36.1

C !"
13

CMS [147]
[0.18, 3]

12.9

A tb
8 pp ! H ±

3 ! tb

ATLAS [ 148]
[0.2, 0.6]

20.3

C tb
8 pp ! H +

3 ! tøb

CMS [145]
[0.18, 0.6]

19.7

A tb
13 pp ! H ±

3 ! tb

ATLAS [ 149]
[0.2, 2]

36.1

A W Z8 WZ ! H ±
5 ! WZ [! (qq)(##)]

ATLAS [ 150]
[0.2, 1]

20.3

A W Z13

ATLAS [ 151]
[0.2, 0.9]

36.1

C W Z13,1 WZ ! H ±
5 ! WZ [! (#")(##)]

CMS [152]
[0.2, 0.3]

15.2

C W Z13,2

CMS [153]
[0.3, 2]

35.9

A 4W
13,1 pp ! H ±±

5 H ""
5 ! (W ± W ± ) (W " W " ) ATLAS [ 154]

[0.2, 0.7]
36.1

C #± #±
8 V V ! H ±±

5 ! W ± W ± [! (#± " ) (#± " )] CMS [155]
[0.2, 0.8]

19.4

C #± #±
13,1 V V ! H ±±

5 ! W ± W ± [! (#± " ) (#± " )] CMS [156]
[0.2, 1.0]

35.9

TABLE VII. Charged heavy Higgs boson searches at the LHC relevant for the singly and doubly

charged scalars in the GM model, withV = W, Z and #= e, µ.

Label Channel

Experiment Mass range [TeV] L !
fb ! 1 "

C h
13 pp ! $ 0 ! hh

CMS [157]
[0.27, 3]

35.9

C µ
13b bb! $ 0 ! µµ

ATLAS [ 158]
[0.2,1]

36.1

C µ
13 gg ! $ 0 ! µµ

ATLAS [ 158]
[0.2,1]

36.1

A b
13b bb! $ 0 ! bb

ATLAS [ 159]
[0.45,1.4]

27.8

C µ
13b bb! $ 0 ! µµ

CMS [160]
[0.13,1]

36.1

C µ
13 gg ! $ 0 ! µµ

CMS [160]
[0.13,1]

36.1

C l!
13 gg ! H 0

3 ! l ± l " ! ± ! "

CMS [161]
[0.22, 0.4]

35.9

C W
13 pp ! $ 0 ! W ± W "

CMS [162]
[0.2, 3]

35.9

C W
13V V V ! $ 0 ! W ± W "

CMS [162]
[0.2, 3]

35.9

A !
13 gg ! $ 0 ! ! ± ! "

ATLAS [ 163]
[0.2, 2.5]

139

A !
13b bb! $ 0 ! ! ± ! "

ATLAS [ 163]
[0.2, 2.5]

139

A 2#2L13,2 gg ! $ 0 ! ZZ ! (llll ) + ( ll "" ) ATLAS [ 164]
[0.21, 2]

139

A 2#2L13V,2 V V ! $ 0 ! ZZ ! (llll ) + ( ll "" ) ATLAS [ 164]
[0.21, 2]

139

TABLE VIII. Newly added direct searches for neutral heavy Higgs bosons.
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Label Channel

Experiment Mass range [TeV] L
!

fb
! 1

"

A!"
8

pp ! H
±
3

! ! ± "

ATLAS [ 144]
[0.18, 1]

19.5

C!"
8

pp ! H
+
3

! ! + "

CMS [145]
[0.18, 0.6]

19.7

A! V
13 pp ! H

±
3

! ! ± "

ATLAS [ 146]
[0.15, 2]

36.1

C!"
13

CMS [147]
[0.18, 3]

12.9

Atb
8

pp ! H
±
3

! tb

ATLAS [ 148]
[0.2, 0.6]

20.3

Ctb
8

pp ! H
+
3

! tøb

CMS [145]
[0.18, 0.6]

19.7

Atb
13

pp ! H
±
3

! tb

ATLAS [ 149]
[0.2, 2]

36.1

AW Z
8

WZ ! H
±
5

! WZ [! (qq)(##)]
ATLAS [ 150]

[0.2, 1]
20.3

AW Z
13

ATLAS [ 151]
[0.2, 0.9]

36.1

CW Z
13,1

WZ ! H
±
5

! WZ [! (#")(##)]
CMS [152]

[0.2, 0.3]
15.2

CW Z
13,2

CMS [153]
[0.3, 2]

35.9

A4W
13,1

pp ! H
±±
5

H
""
5

! (W
± W

± ) (W
" W

" ) ATLAS [ 154]
[0.2, 0.7]

36.1

C#± #±

8
V V ! H

±±
5

! W
± W

± [! (#± " ) (#± " )] CMS [155]
[0.2, 0.8]

19.4

C#± #±

13,1
V V ! H

±±
5

! W
± W

± [! (#± " ) (#± " )] CMS [156]
[0.2, 1.0]

35.9

TABLE VII. Charged heavy Higgs boson searches at the LHC relevant for the singly and doubly

charged scalars in the GM model, withV = W, Z and #= e, µ.

Label Channel

Experiment Mass range [TeV] L
!

fb
! 1

"

Ch
13

pp ! $0 ! hh

CMS [157]
[0.27, 3]

35.9

C
µ
13b

bb! $0 ! µµ

ATLAS [ 158]
[0.2,1]

36.1

C
µ
13

gg ! $0 ! µµ

ATLAS [ 158]
[0.2,1]

36.1

Ab
13b

bb! $0 ! bb

ATLAS [ 159]
[0.45,1.4]

27.8

C
µ
13b

bb! $0 ! µµ

CMS [160]
[0.13,1]

36.1

C
µ
13

gg ! $0 ! µµ

CMS [160]
[0.13,1]

36.1

Cl!
13

gg ! H
0
3

! l± l" ! ± ! "

CMS [161]
[0.22, 0.4]

35.9

CW
13

pp ! $0 ! W
± W

"

CMS [162]
[0.2, 3]

35.9

CW
13V

V V ! $0 ! W
± W

"

CMS [162]
[0.2, 3]

35.9

A!
13

gg ! $0 ! ! ± ! "

ATLAS [ 163]
[0.2, 2.5]

139

A!
13b

bb! $0 ! ! ± ! "

ATLAS [ 163]
[0.2, 2.5]

139

A2#2L
13,2

gg ! $0 ! ZZ ! (llll ) + ( ll "" ) ATLAS [ 164]
[0.21, 2]

139

A2#2L
13V,2

V V ! $0 ! ZZ ! (llll ) + ( ll "" ) ATLAS [ 164]
[0.21, 2]

139

TABLE VIII. Newly added direct searches for neutral heavy Higgs bosons.
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Label Channel

Experiment Mass range [TeV] L !
fb ! 1 "

C !"
13 pp ! H ±

3 ! ! ± "

CMS [165]
[0.08, 3]

35.9

C tb
13 pp ! H ±

3 ! tb

CMS [166]
[0.2,3]

35.9

A 4W
13,2 pp ! H ±±

5 H ""
5 ! (W ± W ± ) (W " W " ) ATLAS [ 167]

[0.2,0.6]
139

A 3W 1Z13 pp ! H ±±
5 H "

3,5 ! W ± W ± W " Z
ATLAS [ 167]

[0.2,0.6]
139

C #± #±
13,2 V V ! H ±±

5 ! W ± W ± [! (#") (#")] CMS [168]
[0.2, 3]

137

C W Z13,3 W ± Z ! H ±
5 ! W ± Z [! (#")(##)]

CMS [168]
[0.2, 3]

137

TABLE IX. Newly added direct searches for heavy charged Higgs bosons
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Global Fit Result using HEPfit

• Start out around origin 
(decoupling limit) in (a).


• Move toward  in (b), 
favoring some mixing ( ) 
between  and  scalars.


• More defined region in (c) 
around , and   
favored by .


• A smaller region in (d), as 
restricted by direct searches.

κF ∼ 1
α < 0

Φ Δ

κF ∼ 1 κV > 1
μW,Z > 1

16

(a): only the prior imposed

(b): (a) + theoretical constraints

(c): (b) + Higgs signal strengths

(d): (c) + direct search constraints

dashed and solid contours of  and  κF κV

De Blas et al 2020, also Silvestrini’s talk
Chen, CWC, Huang and Lu 2022



W Mass and  
Extended GM Model
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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. 

• In another work, the alignment of the triplet VEVs is imposed such that the 
electroweak  parameter takes unity at tree level.  They find that  may be 
enhanced by radiative corrections by at most 32 MeV, within  of the global 
average of  MeV.

ρ MW
1.6σ

MW = 80411 ± 8

18

Du, Li, Wang and Zhang 2022

Mondal 2022
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Working Assumption
• Assume naively that the CDF II data is correct and ignore all other measurements.

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

19(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of theZ boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z ! ee! " mass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.

The spectator partons in the proton and
antiproton, as well as the additional (! 3) p!p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

!
. These contributions are

measured from events triggered on inelastic
p!p interactions and random bunch cross-
ings, reproducing the collision environment
of the W and Z boson data. Because there are
no high-pT neutrinos in the Zboson data, the
p
!

T imbalance between thep
! ÔÔ

T andu
!

in Z ! ÔÔ
events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
!

also requires knowledge of the distribution of
the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation ofu

!
. This

energy flow is measured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributio ns of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. TheW boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z ! ÔÔdecays with
only one reconstructed lepton,W ! tn ! Ôn!nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t , tau lepton; !n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas theZ ! ÔÔand W ! tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z ! ÔÔdecays, 0.88% (0.94%) from
W ! tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.

The fit results (Fig. 4) are summarized in
Table 1. TheMW fit values are blinded during
analysis with an unknown additive offset in the
range of" 50 to 50 MeV, in the same manner as,
but independent of, the value used for blinding
the Zboson mass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (pÔ

T , pn
T ) fit between the muon and

electron channels is 5.8 (7.9, 7.4) MeV. The mass
fits are stable with respect to variations of the
fitting ranges.

Simulated experiments are used to evaluate
the statistical correlations between fits, which
are found to be 69% (68%) betweenmT and
pÔ

T (pn
T) fit results and 28% betweenpÔ

T and pn
T

fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW # 80;433:5T9:4 MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, pÔ

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of the mea-
surement from the larger sample isstill improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data in ways not employed previously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previous measure-
ment is increased by 13.5 MeV to 80,400.5 MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.

In conclusion, we report a new measure-
ment of the W boson mass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb" 1

of integrated luminosity. This measurement,
MW # 80;433:5T 9:4 MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW # 80;357T6 MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW # 80;427:4 T8:9 MeV.
Assuming no correlation between the Tevatron

CDF Collaborationet al., Science376, 170Ð176 (2022) 8 April 2022 6 of 7

Fig. 5. Comparison of this CDF
II measurement and pastMW

measurements with the SM
expectation.The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.

)2W boson mass (MeV/c

79900 80000 80100 80200 80300 80400 80500

CDF II    9±80433  

SM

ATLAS   19±80370  

SM

D0 II   23±80376  

SM

ALEPH   51±80440  

SM

OPAL   52±80415  

SM

L3   55±80270  

SM

DELPHI   67±80336  

SM

CDF I   79±80432  

SM
D0 I   83±80478  

SM

Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
.................................................................................................

Lepton energy resolution 1.2
.................................................................................................

Recoil energy scale 1.2
.................................................................................................

Recoil energy resolution 1.8
.................................................................................................

Lepton efficiency 0.4
.................................................................................................

Lepton removal 1.2
.................................................................................................

Backgrounds 3.3
.................................................................................................

pZ
T model 1.8

.................................................................................................

pW
T =pZ

T model 1.3
.................................................................................................

Parton distributions 3.9
.................................................................................................

QED radiation 2.7
.................................................................................................

Wboson statistics 6.4
.................................................................................................

Total 9.4
.................................................................................................
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Choosing Different Triplet VEVs at Tree Level?
• If the two triplets have different VEVs ( ), the masses of  and  and the 

electroweak  parameter are given at tree level by  
 
 
 
where   
 
 
 
and  is the cosine (sine) of the weak mixing angle.

vξ ≠ vχ W Z
ρ

cW (sW)

20
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4c2
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W

m2
Z c2

W
=

v2

v2 ! ! 2 ,
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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.,  defined above. 
➠ consistent with custodial symmetry imposed on the Higgs potential


• Had one chosen different VEVs (i.e., ), the SU(2)V symmetry would be 
spontaneously broken down to a U(1) symmetry which corresponds to the overall 
phase transformation of the Δ field, leading to two undesirable NG modes. 
➠ they would be the  fields

vξ = vχ ≡ vΔ

vχ ≠ vξ

H±
5

21
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Choosing Different Triplet VEVs at Tree Level?
• Moreover, a significant parameter space gives the approximate mass relation 

 (in the limit  GeV, as is the current case), under 
the constraints of perturbative unitarity and vacuum stability. 
➠ either  or  is a tachyonic mode


• This is an indication that the theory is expanded around an unstable saddle point. 

• Most of the parameter space even has the problem  

of breaking U(1)EM because !

m2
H±±

5
≃ − 3m2

H0
5

! vχ − vξ ! ≪ 246

H0
5 H±±

5

mH±±
5

< 0

22
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Remarks
• It 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. 

• 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.  
➠ at least one SU(2)L×SU(2)R-breaking term must be added, and only under such 
a framework can one consider nonaligned triplet VEVs ( )vξ ≠ vχ

23

Gunion, Vega, and Wudka 1991
Blasi, De Curtis, and Yagyu  2017

Keeshan, Logan, and Pilkington, 2020

CWC, Kuo, and Yagyu  2018
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Extended Georgi-Machacek (eGM) Model
• Consider a minimal extension of the Higgs potential: 
 

• Now at the tree level, one can consider  and use the formulas: 
 
 

• This framework now allows a consistent treatment at the one-loop level.


• With the additional parameter  in the EW sector, we have to use four EW 
parameters (e.g., , , , and ) as inputs for renormalization. 
➠ generally so for  models

vξ ≠ vχ

ν2

αEM GF mZ mW
ρtree ≠ 1

24

usually first three for SM
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m2
W =

g2

4
v2, m2

Z =
g2

4c2
W

!
v2 ! ! 2"

, " tree =
m2

W

m2
Z c2

W
=

v2

v2 ! ! 2 ,

just modifying the 
triplet mass terms

CWC, Kuo, and Yagyu  2018

 for CDF IIν2 = 85.38 ± 10.09 GeV2

Blank and Hollik 1998
Kanemura and Yagyu  2012
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Electroweak Radiative Corrections
• Due to EW radiative corrections, the Fermi constant is shifted 
 
 
 
 
where the individual parts in  are given by 
 
 
 
 
 
 
 
where  are 1PI diagrams contributing to the transverse components of the 
gauge boson 2-point functions. 

Δr

ΠVV′￼

25
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vertex and box corrections to the 
light fermion scattering process

counter term for the  parameter,  
not existent in models with  
(e.g., SM extended with singlets and doublets)

ρ
ρtree = 1

Bohm, Spiesberger, and Hollik 1986
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Electroweak Radiative Corrections
• With EW radiative corrections,  is expressed as 
 
 

• The counter term  is taken such that  to get the required  for 
. 

➠ i.e., the value of  (or equivalently ) and that of  are chosen such that 
the observed value of  is reproduced 

mW

δρ Δρ = Δρexp Δr
(m2

W)ren = (m2
W)exp

ρtree ν2 Δr
mW

26
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Accommodating CDF II
• To accommodate the value of  measured at CDF II, we need a negative 

contribution to  and/or a positive shift of  away from unity, where the 
former corresponds to a positive contribution from the  parameter.

mW
Δr ρtree

Δρ

27
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Accommodating CDF II
• In the eGM model, we can take either a positive or a negative shift of , 

because the sign of  is free.  
➠ take , then  GeV  

ρtree
ν2

Δr = ΔrSM ν2 = 85.38 ± 10.09 2

28
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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.

assuming  to cancel 
radiative corrections 
from the triplet states

δρ



Implications
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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.


• Scan model parameter space  
 
 
under only the theoretical constraints of perturbative unitarity, vacuum stability, 
and uniqueness of the global minimum, using the Bayesian-based global fitting 
package HEPfit .


• Use the scanned result to predict other observables.

30

De Blas, et al 2020
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Neutral Higgs Boson Mixing
• The weak states defined by 
 
 
and mass eigenbases of the CP-even Higgs bosons are related by 
 
 
 
 
with the assumed mass hierarchy .


• The mixing matrix is relatively simple in the custodial limit (original GM), but 
becomes much more complicated in the extended case (eGM).

mh < mH2
< mH3
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Masses of Heavier Neutral Higgs Bosons
• Parameter space of the extended GM model 

in the  plane.


• For  GeV, we have  GeV.   
➠ consistent with minimal Higgs triplet model 
composed of  and  
➠ in the  limit, one has  GeV 
for accommodating the CDF II result and 
 
 
 
so  and mix more and stay at the EW scale 
while  can decouple by taking 

mH2
− mH3

vχ < 0.5 mH2
≲ 250

ϕ ξ
vχ = 0 vξ ≃ 4.6

ϕ ξ
χ mχ → ∞
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Predictions for κW,Z

• The Higgs coupling scale factors for the  and  bosons are generally different 
 
 
 
 
with the difference 
 
 
depending on the mixing matrix elements and triplet VEVs.

W Z
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Predictions for κW,Z

• For  GeV, we have mostly  and .  
➠ similar to minimal Higgs triplet model

vχ < 5 κW,Z ≲ 1 κW ≲ κZ
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Predictions for κW,Z

• For  GeV,  tends to be larger than  when both of them are .  
➠ preferred by data (?) 
➠ unable to explain using singlet/doublet extensions and the minimal Higgs triplet 
model

vχ > 5 κW κZ > 1

35

<latexit sha1_base64="fCxiUcNk3xS0gcqPpZKotRHFXnw="></latexit>

red: v! ! [5, 50] GeV

green:v! ! [0.5, 5] GeV

blue: v! ! [0, 0.5] GeV

<latexit sha1_base64="8HD1KokUWU14CbDvIRcMdK514jY="></latexit>

! Z = 0 .99± 0.06 , ! W = 1 .06± 0.06

! Z = 0 .96± 0.07 , ! W = 1 .11+0 .14
! 0.08

ATLAS 2021

CMS 2020

 GeVvχ > 5



C.W. Chiang, MWDays23@CERN

Prediction for κF
• The scale factor for hFF couplings is given by 
 
 
and the distribution in the  is shown below.vϕ − R11

36

<latexit sha1_base64="fCxiUcNk3xS0gcqPpZKotRHFXnw="></latexit>

red: v! ! [5, 50] GeV

green:v! ! [0.5, 5] GeV

blue: v! ! [0, 0.5] GeV

<latexit sha1_base64="msnWMkLJGqE6IcBD14HRuKbLnKc=">AAACH3icbZDLSsNAFIYn9VbrrerSzdAiuCqJiLoRCoJ0WcVeoAnhZDpph0wuzEwKJWTva/gCbvUN3InbvoDP4fSysK0/DPz85xzOmc9LOJPKNCdGYWNza3unuFva2z84PCofn7RlnApCWyTmseh6IClnEW0ppjjtJoJC6HHa8YL7ab0zokKyOHpW44Q6IQwi5jMCSkduuWIHkCTgPtw9uZll5dj2BZBslGcjN7ObQ5bnbrlq1syZ8LqxFqaKFmq65R+7H5M0pJEiHKTsWWainAyEYoTTvGSnkiZAAhjQnrYRhFQ62ewvOT7XSR/7sdAvUniW/p3IIJRyHHq6MwQ1lKu1afhfrZcq/9bJWJSkikZkvshPOVYxnoLBfSYoUXysDRDB9K2YDEHDUBrf0hZPQEBVXtJgrFUM66Z9WbOua1ePV9V6Y4GoiM5QBV0gC92gOmqgJmohgl7QG3pHH8ar8Wl8Gd/z1oKxmDlFSzImvz9do5Q=</latexit>

! F = R11
v

v!

current ATLAS  bounds on ’s1σ κF
ATLAS 2021

predicted  contoursκF

 GeV region restricted to this 
tiny corner, given essentially by 
vχ < 5

R11



C.W. Chiang, MWDays23@CERN

Predictions for  and κγγ κZγ

• Compared to the above-mentioned ’s, the values of  and  depend on more 
unspecified parameters in the model and present larger uncertainties. 
➠ albeit there exists a certain correlation between the quantities


• If we take  as an input, our model predicts that  would fall in 
the range of (0.95,1.15), in comparison with the current ATLAS measurement of 

.

κ κγγ κZγ

κγγ = 1.06 ± 0.05 κZγ

1.43 ± 0.31
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Charged Higgs Decays
• In the original GM model,  is gauge-phobic and  is quark-phobic; while here 

the physical singly-charged states can mix due to custodial symmetry breakdown 
and can simultaneously have the  and  decays.


• There could be other dominant decays, such as , , and .

H3 H5

tb WZ
H±±W∓ H±Z H±±H∓
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could sum up to 100%
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Summary
• The original GM model does not allow different triplet VEVs.


• To accommodate CDF II  mass anomaly in a GM-based model, one has to extend by 
introducing 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 (  and ), giving the freedom to choose the counter term for the EW  parameter in 
such a way that the predicted value of  matches with the measured one.


• Based upon the CDF II result, the VEVs of the two triplet fields are found to satisfy 
 GeV .


• The result implies that  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  and  modes.

W

χ ξ ρ
ρ

v2
ξ − v2

χ ≃ 21.34 ± 2.52 2

κW > κZ

tb WZ
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Thank you for your attention!


