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Theory Motivation

Heavy vectors appear in many new physics models 

Z’ models, 
 extensions, …WR

They have been studied and searched for extensively

Weakly coupled

 in composite 
Higgs models
ρR

Strongly coupled
SPIN 1

Simplified model approach

• Captures features of weakly and strongly coupled explicit models

[1010.6058, 1011.5918, 1103.2761, 1109.0890, PRD 22 
(1980) 727, Phys Rept 183 (1989) 193-381, 9504216, 
0610104, 0801.1345, 0909.1320, 0911.1450, 1102.3672, 
1304.6700, PRD 40 (1989) 1569-1585, 0207290, 0704.0235, 
1010.5809, 1110.0713, 0709.0007, 0810.1497, 0911.0059, 
1109.1570, 1205.4032, 1208.0268,1402.4431, 2207.05091,…]
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Theory Motivation

Bridge

Theory yDatayLs
!c(!p) L(!c)

Simplified Lagrangian 
can be matched to explicit models

explicit models

Simplified Lagrangian parameters c 
fixed in terms of explicit model 

parameters p

translate limits into bounds on 
simplified model parameters

✤ bounds are extremely general 
✤ can be easily used in everyone’s favourite model

limit on 
� ⇥BR
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Theory Motivation

Heavy vectors appear in many new physics models 

Z’ models, 
 extensions ,…WR

They have been studied and searched for extensively

Weakly coupled

 in composite 
Higgs models
ρR

Strongly coupled
SPIN 1

Simplified model approach

• Captures features of weakly and strongly coupled explicit models
• Production via vector boson fusion had never been studied
• Updated LHC limits 
• Compare projections for different future colliders
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Theory Motivation

SU(3)C SU(2)L U(1)Y
Bµ 1 1 0
B1
µ 1 1 1

Lµ 1 2 �3/2
Wµ 1 3 0
W1

µ 1 3 1

[del Aguila, de Blas, Perez-Victoria, arXiv:1005.3998 ]  

Various colourless vectors

[Baker, Martonhelyi, Thamm, Torre: 2404…]

Heavy vector singlets (HVS)

No coupling to quarks

[Pappadopulo, Thamm, Torre, Wulzer: 1402.4441]  
[Baker, Martonhelyi, Thamm, Torre: 2207.05091]

Heavy vector triplets (HVT)

No coupling to fermions
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1. Theory motivation

2. Heavy vector triplets

•  Simplified model Lagrangian 
•  Drell-Yan and VBF production
•  Decay
•  Limits on simplified parameter space
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HVT - Simplified Model Lagrangian

LV = �1

4
D[µV

a

⌫]D
[µ
V

⌫] a +
m

2
V

2
V

a

µ
V

µ a

+ i gV cHV
a

µ
H

†
⌧
a

$
D

µ

H +
g
2

gV
cFV

a

µ
J
µ a

F

+
gV

2
cV V V ✏abcV

a

µ
V

b

⌫
D

[µ
V

⌫] c + g
2
V
cV V HHV

a

µ
V

µ a
H

†
H � g

2
cV VW ✏abcW

µ ⌫ a
V

b

µ
V

c

⌫

V =
�
V +, V �, V 0

�

Coupling to SM vectors

⇠ gV cH
Vµ

WL , ZL, h

WL , ZL, h

Simplified Model for Heavy Vector Triplets

[Pappadopulo, Thamm, Torre, Wulzer: 1402.4431]  

Coupling to SM fermions

Vµ

f

f̄

⇠ g2

gV
cF

cFV · JF ! clV · Jl + cqV · Jq + c3V · J3

Jµ a
F =

X

f

fL�
µ⌧afL
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HVT - Simplified Model Lagrangian

LV = �1

4
D[µV

a

⌫]D
[µ
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⌫] a +
m

2
V
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V
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µ
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µ a

+ i gV cHV
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†
⌧
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$
D

µ

H +
g
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gV
cFV

a

µ
J
µ a

F

+
gV

2
cV V V ✏abcV

a

µ
V

b

⌫
D

[µ
V

⌫] c + g
2
V
cV V HHV

a

µ
V

µ a
H

†
H � g

2
cV VW ✏abcW

µ ⌫ a
V

b

µ
V

c

⌫

V =
�
V +, V �, V 0

�

Simplified Model for Heavy Vector Triplets

[Pappadopulo, Thamm, Torre, Wulzer: 1402.4431]  

• Couplings among vectors
• Do not contribute to single production
• Do not contribute to V decays
• Only effect through (usually small) VW mixing

•            irrelevant for phenomenology             only need (cH, cF)
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HVT - Simplified Model Lagrangian

LV = �1
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cV VW ✏abcW

µ ⌫ a
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c

⌫

V =
�
V +, V �, V 0

�

gV ⇠ g ⇠ 1

   Weakly coupled model

cH ⇠ �g2/g2
V

and cF ⇠ 1 cH ⇠ cF ⇠ 1

   Strongly coupled model

1 < gV  4⇡

Simplified Model for Heavy Vector Triplets

[Pappadopulo, Thamm, Torre, Wulzer: 1402.4431]  

     typical strength of  V interactions gV

    dimensionless coefficientsci
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HVT - Production

Drell-Yan production

q̄0

q

V 0,±

<latexit sha1_base64="YtwmvVSdJRvdaobzwjoN3CyhOHY="></latexit><latexit sha1_base64="YtwmvVSdJRvdaobzwjoN3CyhOHY="></latexit><latexit sha1_base64="YtwmvVSdJRvdaobzwjoN3CyhOHY="></latexit>

Vector boson fusion

Z,W±

W⌥

q0

q

V 0,,±
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HVT - Production

Narrow width approximation: Γtot ≲ 0.15 MV

�(pp ! V +X) =
X

i,j 2 p

�V ! ij

MV

16⇡2(2J + 1)

(2Si + 1)(2Sj + 1)

C

CiCj

dLij

dŝ

�����
ŝ=M2

V

<latexit sha1_base64="ii9sS/fzTaxJg20N+UmmHJKQ2f8="></latexit>

Production cross-section of narrow resonance:

DY =
4π2

3

Drell-Yan

VBF = 48π2

Vector boson fusion

Ratio
VBF

DY
= 36
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HVT - Production

� � � � � ����-�
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��-�

Narrow width approximation: Γtot ≲ 0.15 MV

�(pp ! V +X) =
X

i,j 2 p

�V ! ij

MV

16⇡2(2J + 1)

(2Si + 1)(2Sj + 1)

C

CiCj

dLij

dŝ

�����
ŝ=M2

V

<latexit sha1_base64="ii9sS/fzTaxJg20N+UmmHJKQ2f8="></latexit>

Production cross-section of narrow resonance:

Ratio of VBF to DY parton luminosity
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HVT - Production

Narrow width approximation: Γtot ≲ 0.15 MV

�(pp ! V +X) =
X

i,j 2 p

�V ! ij

MV

16⇡2(2J + 1)

(2Si + 1)(2Sj + 1)

C

CiCj

dLij

dŝ

�����
ŝ=M2

V

<latexit sha1_base64="ii9sS/fzTaxJg20N+UmmHJKQ2f8="></latexit>

Production cross-section of narrow resonance:

�
V ±!W

±
L ZL

'�
V 0!W

+
L W

�
L

' �
V ±!W

±
L h

' �V 0!ZLh ' g2
V
c2
H
MV

192⇡

�V ±!qq0 ' 2�V 0!qq ' g2MV

16⇡

g2

g2
V

c2
q

<latexit sha1_base64="2yJrrNeJ4OyHlL4sKcQXsZFRSTQ="></latexit>

Partial widths

�
V ±!W

±
L ZL

�V ±!qq0
' 1

2

�
V 0!W

+
L W

�
L

�V 0!qq

=
1

12

g4
V

g4
c2
H

c2
q

<latexit sha1_base64="/5lX4ru2fXQoxwtcx8ZI81oxqFY="></latexit>

cH

cq
∼ 3,

cq

gV
≲ 0.05

Ratio
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HVT - Production

Narrow width approximation: Γtot ≲ 0.15 MV

�(pp ! V +X) =
X

i,j 2 p

�V ! ij

MV

16⇡2(2J + 1)

(2Si + 1)(2Sj + 1)

C

CiCj

dLij

dŝ

�����
ŝ=M2

V

<latexit sha1_base64="ii9sS/fzTaxJg20N+UmmHJKQ2f8="></latexit>

Production cross-section of narrow resonance:

 at 1 TeV
VBF

DY
∼ 0.4

Putting everything together - Ratio for cq = 0

 at 2 TeV
VBF

DY
∼ 3.2

Partial widths

�
V ±!W

±
L ZL

'�
V 0!W

+
L W

�
L

' �
V ±!W

±
L h

' �V 0!ZLh ' g2
V
c2
H
MV

192⇡

�V ±!qq0 ' 2�V 0!qq ' g2MV

16⇡

g2

g2
V


c2
q

✓
1� c2

H

g2

g2
V

⇣4
◆
+ 2cqcH⇣2

✓
1 +

g2

g2
V

⇣2
◆
+ c2

H
⇣4
�

<latexit sha1_base64="8oX7Dok4Usb6QVnbSRfkAnoXwq4="></latexit>



18Andrea Thamm

HVT - Production
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c q
/g

V

<latexit sha1_base64="ma2LYhjcCWnoJaky388jBg0axjQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4qkmp6LHgxWMF+wFtCJvtpF262cTdjVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB0O/PbT6g0T+SDGafox3QgecQZNVZqs+DxchC0glLZrbhzkFXi5aQMORpB6avXT1gWozRMUK27npsaf0KV4UzgtNjLNKaUjegAu5ZKGqP2J/Nzp+TcKn0SJcqWNGSu/p6Y0FjrcRzazpiaoV72ZuJ/Xjcz0Y0/4TLNDEq2WBRlgpiEzH4nfa6QGTG2hDLF7a2EDamizNiEijYEb/nlVdKqVrxa5eq+Vq5X8zgKcApncAEeXEMd7qABTWAwgmd4hTcndV6cd+dj0brm5DMn8AfO5w/ado82</latexit>

Ratio of VBF to DY production cross-section

[Baker, Martonhelyi, Thamm, Torre: 2207.05091]  
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HVT - Decay

Branching ratios

-� � �

-�

�

�

-� � �

-�

�

�

[Baker, Martonhelyi, Thamm, Torre: 2207.05091]  

Di-boson decay > di-jet decay
Di-jet generally irrelevant for VBF studies
Di-lepton and 3rd generation quarks enter with independent couplings



20Andrea Thamm

HVT - Limits on simplified parameter space

Benchmark parameter points

• VBF-DB (Di-Boson) Benchmark
gVcH = 4, cℓ /gV = 0, cq /gV = cq3/gV = 0

• VBF-DL (Di-Lepton) Benchmark
gVcH = 3, cℓ /gV = − 3, cq /gV = cq3/gV = 0

VBF benchmark in CMS and ATLAS papers: gV = 1, cH = 1, cℓ = 0, cq = cq3 = 0

• Smaller production cross-section than VBF-DB

•  does not imply vanishing DYcq = 0

[Baker, Martonhelyi, Thamm, Torre: 2207.05091]  
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HVT - Limits on simplified parameter space

Existing ATLAS and CMS searches considering DY and VBF production at L = 140 fb−1
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HVT - Limits on simplified parameter space

��� ��� ��� ��� ��� ��� ��� ���
����

����

�

��

���

����

��� ��� ��� ��� ��� ��� ��� ���
����

����

�

��

���

����

[Baker, Martonhelyi, Thamm, Torre: 2207.05091]  

Existing ATLAS and CMS searches considering DY and VBF production at L = 140 fb−1

Currently, similar limits but VBF more promising in the future
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HVT - Limits on simplified parameter space

-� � �

-�
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�

�

c `
/g

V

<latexit sha1_base64="p6plCpARVtcIfzD9OvR1NfhM+KA=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4qkmp6LHgxWMF+4FtCJvtpF262YTdjVBK/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB0O/PbT6g0T+SDGafox3QgecQZNVZ6ZEEPhbgcBK2gVHYr7hxklXg5KUOORlD66vUTlsUoDRNU667npsafUGU4Ezgt9jKNKWUjOsCupZLGqP3J/OIpObdKn0SJsiUNmau/JyY01noch7Yzpmaol72Z+J/XzUx040+4TDODki0WRZkgJiGz90mfK2RGjC2hTHF7K2FDqigzNqSiDcFbfnmVtKoVr1a5uq+V69U8jgKcwhlcgAfXUIc7aEATGEh4hld4c7Tz4rw7H4vWNSefOYE/cD5/ABNJkHw=</latexit>

[Baker, Martonhelyi, Thamm, Torre: 2207.05091]  

Existing ATLAS and CMS searches considering DY and VBF production at L = 140 fb−1

VBF outperforms DY at 1.5 TeV and is only sensitive probe at larger masses
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HVT - Limits on simplified parameter space

Projections for HL-LHC at 14 TeV with 3 ab−1

� � � � ���-�

����

�

���

� � � � ���-�

����

�

���

[Baker, Martonhelyi, Thamm, Torre: 2207.05091]  

Significantly higher mass reach in VBF than DY
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HVT - Production
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<latexit sha1_base64="ma2LYhjcCWnoJaky388jBg0axjQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4qkmp6LHgxWMF+wFtCJvtpF262cTdjVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmGnuLu3f3BYOjpu6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB0O/PbT6g0T+SDGafox3QgecQZNVZqs+DxchC0glLZrbhzkFXi5aQMORpB6avXT1gWozRMUK27npsaf0KV4UzgtNjLNKaUjegAu5ZKGqP2J/Nzp+TcKn0SJcqWNGSu/p6Y0FjrcRzazpiaoV72ZuJ/Xjcz0Y0/4TLNDEq2WBRlgpiEzH4nfa6QGTG2hDLF7a2EDamizNiEijYEb/nlVdKqVrxa5eq+Vq5X8zgKcApncAEeXEMd7qABTWAwgmd4hTcndV6cd+dj0brm5DMn8AfO5w/ado82</latexit>

Ratio of VBF to DY production cross-section

Drell-Yan production

q̄0

q

V 0,±

<latexit sha1_base64="YtwmvVSdJRvdaobzwjoN3CyhOHY="></latexit><latexit sha1_base64="YtwmvVSdJRvdaobzwjoN3CyhOHY="></latexit><latexit sha1_base64="YtwmvVSdJRvdaobzwjoN3CyhOHY="></latexit>
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HVT - Limits on simplified parameter space

Take experimental searches to put limits on simplified model parameter space
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HVT - Limits on simplified parameter space

Take experimental searches to put limits on simplified model parameter space

yellow: CMS  analysis
dark blue: CMS 
light blue: CMS 
black: bounds from EWPT

ℓ+ν
WZ → 3ℓν
WZ → jj

[Pappadopulo, Thamm, Torre, Wulzer, arXiv:1402.4431 ]  

[ATLAS, arXiv:1406.4456 ]  

[ATLAS, arXiv:1503.8089 ]  

ATLAS: W’ to WZ

ATLAS: V’ to HV to (bb)(lep lep)

[CMS, arXiv:1502.04994 ]  

Z’ to HZ to (tau tau)(qq)
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HVS - Simplified Model Lagrangian

Simplified Model for Heavy Vector Singlets
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HVS - Simplified Model Lagrangian

Simplified Model for Heavy Vector Singlets

Coupling to SM vectors

Vµ

WL , ZL, h

WL , ZL, h

⇠ gV c
+
H
, gV c

0
H

<latexit sha1_base64="lZ7zV1RA1xi1xphmdpcunNe3eVI=">AAACAnicbZDLSsNAFIZP6q3WW9SVuBksgqCURCqKq4KbLivYC7QxTKaTduhkEmYmQgnFja/ixoUibn0Kd76N0wui1R8GPv5zDmfOHyScKe04n1ZuYXFpeSW/Wlhb39jcsrd3GipOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMBlfjevOOSsVicaOHCfUi3BMsZARrY/n2XkexCPX8BiJ+9fb45Bsd3y46JWci9BfcGRRhpppvf3S6MUkjKjThWKm26yTay7DUjHA6KnRSRRNMBrhH2wYFjqjysskJI3RonC4KY2me0Gji/pzIcKTUMApMZ4R1X83XxuZ/tXaqwwsvYyJJNRVkuihMOdIxGueBukxSovnQACaSmb8i0scSE21SK5gQ3PmT/0LjtOSWS2fX5WLlchZHHvbhAI7AhXOoQBVqUAcC9/AIz/BiPVhP1qv1Nm3NWbOZXfgl6/0LL/2VWQ==</latexit>

⇠ gV c
+
q , gV c

0
 

<latexit sha1_base64="EzFTFAvRgSA4rXLd41zL4dXmLSQ=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFEJQyIxXFVcGNywr2Ap3pkEkzbWiSGZOMUIZu3Pgqblwo4tZ3cOfbmLaz0OoPgY//nMPJ+cOEUaUd58sqLCwuLa8UV0tr6xubW/b2TlPFqcSkgWMWy3aIFGFUkIammpF2IgniISOtcHg1qbfuiVQ0Frd6lBCfo76gEcVIGyuw9z1FOewHTYiDu+7xSY5eXdGuE9hlp+JMBf+Cm0MZ5KoH9qfXi3HKidCYIaU6rpNoP0NSU8zIuOSliiQID1GfdAwKxInys+kVY3honB6MYmme0HDq/pzIEFdqxEPTyZEeqPnaxPyv1kl1dOFnVCSpJgLPFkUpgzqGk0hgj0qCNRsZQFhS81eIB0girE1wJROCO3/yX2ieVtxq5eymWq5d5nEUwR44AEfABeegBq5BHTQABg/gCbyAV+vRerberPdZa8HKZ3bBL1kf396vluA=</latexit>

Coupling to SM fermions

Vµ

f

f̄

Jµ
 =

3X

i=1

 ̄i�µ i

<latexit sha1_base64="PPYNhREvILSQ5vopaq+PEVo0wIk=">AAACKHicbVDLSsNAFJ34rPUVdekmWARXJfGBIogFN+KqglWhScPNdNIOnUnCzEQoQz7Hjb/iRkQRt36Jk7YLrR4YOJxzLnfuiTJGpXLdT2tmdm5+YbGyVF1eWV1btzc2b2WaC0xaOGWpuI9AEkYT0lJUMXKfCQI8YuQuGlyU/t0DEZKmyY0aZiTg0EtoTDEoI4X2+VVH+zwvQu03JS3OfJnzUNMzr+jog8KPQIyNjqaF3wPOYZwvxVIL7Zpbd0dw/hJvQmpogmZov/rdFOecJAozkLLtuZkKNAhFMSNF1c8lyQAPoEfahibAiQz06NDC2TVK14lTYV6inJH6c0IDl3LII5PkoPpy2ivF/7x2ruKTQNMkyxVJ8HhRnDNHpU7ZmtOlgmDFhoYAFtT81cF9EICV6bZqSvCmT/5Lbvfr3mH96Pqw1jid1FFB22gH7SEPHaMGukRN1EIYPaJn9IberSfrxfqwPsfRGWsys4V+wfr6BkClqI0=</latexit>

Jµ
q =

3X

i=1

Ū i�µDi

<latexit sha1_base64="r7OVIIHQjSOZeX7Vzvd3TzGacuY=">AAACH3icbVDLSgMxFM3UV62vqks3g0VwVWa0PhAKBV2Iqwq2FTrtcCdN29BkZkwyQgnzJ278FTcuFBF3/RvTx0KrBwKHc87l5p4gZlQqxxlZmYXFpeWV7GpubX1jcyu/vVOXUSIwqeGIReI+AEkYDUlNUcXIfSwI8ICRRjC4HPuNRyIkjcI7NYxJi0MvpF2KQRnJz5/etLXHk9TXD2nZkwn3NS27aVsfp14AQtcMpanXA85hmrwaC36+4BSdCey/xJ2RApqh6ue/vE6EE05ChRlI2XSdWLU0CEUxI2nOSySJAQ+gR5qGhsCJbOnJfal9YJSO3Y2EeaGyJ+rPCQ1cyiEPTJKD6st5byz+5zUT1T1vaRrGiSIhni7qJsxWkT0uy+5QQbBiQ0MAC2r+auM+CMDKVJozJbjzJ/8l9aOiWyqe3JYKlYtZHVm0h/bRIXLRGaqga1RFNYTRE3pBb+jderZerQ/rcxrNWLOZXfQL1ugbwBykpQ==</latexit>
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HVS - Simplified Model Lagrangian

Simplified Model for Heavy Vector Singlets

• irrelevant for phenomenology             only need (cH, cF)



33Andrea Thamm

HVS - Simplified Model Lagrangian

Simplified Model for Heavy Vector Singlets

gV ⇠ g ⇠ 1

   Weakly coupled model    Strongly coupled model

1 < gV  4⇡

     typical strength of  V interactions gV

    dimensionless coefficientsci
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HVS - Limits on simplified parameter space

Experimental searches
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HVS - Limits on simplified parameter space

Experimental limits on simplified parameter space
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g V
c+ q

<latexit sha1_base64="9oQ27JxkYbL2upIzWwzCdKGZJT0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIQtmViuKp4MVjBfsh7bpk02wbmmTXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3tN3WcKkIbJOaxaodYU84kbRhmOG0nimIRctoKh9cTv/VElWaxvDOjhPoC9yWLGMHGSvf9oIlI8PhwGpTKbsWdAi0SLydlyFEPSl/dXkxSQaUhHGvd8dzE+BlWhhFOx8VuqmmCyRD3acdSiQXVfjY9eIyOrdJDUaxsSYOm6u+JDAutRyK0nQKbgZ73JuJ/Xic10aWfMZmkhkoyWxSlHJkYTb5HPaYoMXxkCSaK2VsRGWCFibEZFW0I3vzLi6R5VvGqlfPbarl2lcdRgEM4ghPw4AJqcAN1aAABAc/wCm+Ocl6cd+dj1rrk5DMH8AfO5w/kao/M</latexit>

[Baker, Martonhelyi, Thamm, Torre: 2404…]  
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HVS - Limits on simplified parameter space

Experimental limits on simplified parameter space
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Simplified model works very well for the charged singlet

[Baker, Martonhelyi, Thamm, Torre: 2404…]  
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HVS - Limits on simplified parameter space

Experimental limits on simplified parameter space

Simplified model for neutral singlets has many 7 parameters
For singlet production and decay they only enter in certain combinations

(ce↵u )2 = (c0Q)
2 + (c0U )

2,

(ce↵d )2 = (c0Q)
2 + (c0D)2,

(ce↵e )2 = (c0L)
2 + (c0E)

2,

ce↵n = c0L,

<latexit sha1_base64="zIAhWclp0bgSIb0W+WwFAdPNDoA="></latexit>

Reduce number of free parameters to 4
Also define

�d =
ce↵d
ce↵u

, �e =
ce↵e
ce↵u

, �n =
ce↵n
ce↵u

<latexit sha1_base64="eLTztcW/DlySeMOdwKld1q0WwhU="></latexit>
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HVS - Limits on simplified parameter space

Experimental limits on simplified parameter space
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[Baker, Martonhelyi, Thamm, Torre: 2404…]  
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HVS - Matching onto explicit models

1. New  gauge extensionsU(1)X

Gauge group 
Associated gauge boson is  (often called Z’)
Matching fixes all parameters except 

SU(3)C × SU(2)L × U(1)Y × U(1)X
V0

gV, m0
V
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HVS - Matching onto explicit models

1. New  gauge extensionsU(1)X

Gauge group 
Associated gauge boson is  (often called Z’)
Matching fixes all parameters except 

SU(3)C × SU(2)L × U(1)Y × U(1)X
V0

gV, m0
V

[Baker, Martonhelyi, Thamm, Torre: 2404…]  
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HVS - Matching onto explicit models

2. New non-abelian gauge extensions

Gauge group 
Associated gauge bosons are  (often called , X)
Matching fixes all parameters except 

SU(3)C × SU(2)L × SU(2)R × U(1)X
V0, V± WR

gV, m0
V
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HVS - Matching onto explicit models

2. New non-abelian gauge extensions

Gauge group 
Associated gauge bosons are  (often called , X)
Matching fixes all parameters except 

SU(3)C × SU(2)L × SU(2)R × U(1)X
V0, V± WR

gV, m0
V

[Baker, Martonhelyi, Thamm, Torre: 2404…]  
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HVS - Matching onto explicit models

3. Minimal composite Higgs model

mh,Z,W ⇤EW m⇢ = g⇢f

g⇢(m⇢) g⇢(⇤S) = 4⇡

⇤S

weak dynamics strong dynamics

• Spontaneous breaking of global symmetry
• Higgs arises as a pseudo-Nambu-Goldstone boson
• Above       H no longer elementary d.o.f.            solves hierarchy problem⇤S

Strongly coupled heavy sector at scale 

[Contino, Nomura, Pomarol: hep-ph/0306259]  
[Agashe, Contino, Pomarol: hep-ph/0412089]
[Agashe, Contino: hep-ph/0510164 ]
[Contino, Da Rold, Pomarol: hep-ph/0612048] 
[Barbieri, Bellazzini, Rychkov, Varagnolo: hep-ph/0706.0432]
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HVS - Matching onto explicit models

3. Minimal composite Higgs model

Global symmetry breaking pattern: 
Associated gauge bosons are  (often called )
Matching fixes all parameters except 

SO(5)/SO(4)
V0, V± ρR

gV, m0
V
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HVS - Matching onto explicit models

3. Minimal composite Higgs model

Global symmetry breaking pattern: 
Associated gauge bosons are  (often called )
Matching fixes all parameters except 

SO(5)/SO(4)
V0, V± ρR

gV, m0
V
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2. Heavy vector triplets

3. Heavy vector singlets

4.  Heavy vectors at future colliders

5. Conclusions

Outline
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HVT - Future Colliders

Muon collider - 10 TeV

Production via

µ+

µ�

V 0

• Resonance production
• Radiative return
• Vector boson fusion

�

µ+

µ�

V 0

W�

⌫

µ+

µ�

V +

�

�

µ�

µ+

V
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HVT - Future Colliders

Muon collider - 10 TeV

[Liu, Wang, Xie: 2312.09117]  
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HVT - Future Colliders

Muon collider - 10 TeV

[Liu, Wang, Xie: 2312.09117]  
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[Thamm, Torre, Wulzer: 1502.01710]  
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HVT - Future Colliders

Muon collider - 10 TeV

[Liu, Wang, Xie: 2312.09117]  
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Outline
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Conclusions

• Simplified models are very versatile for vector triplets and singlets

• Collider probes complementary to electroweak precision tests

• Vector boson fusion can be a dominant production mode

• Future colliders can close the gap between them



Thank you!
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