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 Gauge Theories in BSM Models

QCD -like  extensions  of  the  Standard  Model :

Studied  in  multiple  variations  on  the  lattice

Pure  gauge  theory :

Deconf inement  transition ,  glueba l ls  &  large-

W ith  Fermions :  H iggs  compositeness ,  Dark  Matter

Sp(4)
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QCD-like gauge theories

New  non-SM  gauge  force  with  fermions

Composite  H iggs  Models :  hyper-gluons  and  hyper-quarks

Dark  Matter  Models :  dark  gluons  and  dark  quarks

Depending  on  the  BSM  model  they  can  carry  SM  charges  or  not

I  will  use  the  QCD  nomenc lature :

e .g .  :  nonsinglet ,  :   non-singlet ,  

these  states  are  not  the  QCD  hadrons

but  they  are  similar  in  terms  of  their  fermion  structure

 

π 0− ρ 1− …
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Strongly Interacting Dark Matter Models

W ith  fermions :  G loba l  symmetries  make  DM  stab le

W ith  mediator :  Dark  sector  coupled  to  SM

Non-vanishing  self-scattering  cross-section  arise

⟨vσ ​⟩ =ππ→ππ  0
Relic  density  driven  by  strong  processes

44



Composite Higgs From Multiple Fermion Representations

L = − ​ TrF ​F + ​ i/D − m ​ Q + i/D − m ​ Ψ
2
1

μν
μν Q̄ i ( i

f ) i Ψ̄ j ( j
as ) j

Gauge  theory  of  group   with  f ield  strength  tensor  

Two  spec ies  of  fermions   and   under  different  irreps  of  

Applications:

Composite  H iggs+top(fundamenta l  and  antisymmetric  fermions)

Models  of  supersymmetric  physics  (fundamenta l  +  adjoint)

 

G F ​μν

Q Ψ G
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Chiral Symmetry and Extra Goldstone Bosons

One  breaking  pattern  for  every  fermion  representation  

complex :  

pseudorea l :  

rea l :  

And  one  axia l   for  each  representation

one  (comb ination  of )   broken  by  axia l  anoma ly !  

Additiona l   Goldstone  for  multiple  representations

mixed  state  with  contributions  from  different  reps

 

[1 ]

SU (N ​) ×f SU (N ​) →f SU (N ​)f
SU (2N ​) →f Sp(2N ​)f

SU (2N ​) →f SO(2N ​)f
U (1)

U (1) [2 ]

U (1) ! [3 ]
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Flavour symmetry: Pseudo-real representation

H igher  symmetry  than  theories  with  complex  representations

same  as  two  colour  QCD  

M ixing  of  left-  and  right-handed  Weyl  components

Ψ = ​ ​ ​ =

u ​L

d ​L

−SCu ​R
∗

−SCd ​R
∗

​ ​ ​ ​

u ​L

d ​L

​u~R
​d

~
R

C … charge conj.
S … colour matrix

L ​ =fermion i D/Ψ −Ψ̄ ​ Ψ SCMΨ + h.c.
2
1

( T )

Mass  matrix   proportiona l  to  symplectic  invariant  tensor

generators   :  

(SU (2) = Sp(2))

M

τa Sτ ​S =a −τ ​a
T 77



The Hadron Spectrum of  Theories

1 .   with   (fundamenta l)

2 .   with   (fundamenta l)  and   (antisymmetric)

Sp(4)

Sp(4) ​c N ​ =f 2

Sp(4) ​c N ​ =f 2 n ​ =f 3
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Lattice setup

Euc l idean  action   on  hypercub ic  lattice

⟨O⟩ = ​ D [A ​, ψ , ​]e O [A ​, ψ , ​]
Z

1
∫ μ ψ̄ −S [A ​,ψ , ​]μ ψ̄

μ ψ̄

Lattice  regulator :  f inite  spac ing   (UV ) ,  f inite  extent   ( IR)

L a

Ca lculate  observab le   on  f inite  lattice

Extrapolate  to  the  continuum :  ,  

W i lson  fermions ,  GRID  code  on  GPUs ,  H iRep  code  on  CPUs

S

a L

                                  

⟨O⟩

a → 0 L → ∞
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Other mass scales than QCD are potentially relevant!

Free  parameters :  Coupling   and  bare  fermion  masses

one  overa l l  energy  sca le

one  fermionic  mass  sca le  for  every  representation

A l l  sca les  can  deviate  strongly  from  QCD !

can  result  in  different  meson  mass  hierarchies

can  give  rise  to  a  different  f inite-temperature  phase  diagram

g 2
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The  spectrum of 

Strongly  resemb les  QCD

Most  notab le  difference :  

similar  to  two -flavour  QCD

-scattering  investigated

(see  poster  by  Y.  Dengler)

 and  glueba l ls  under

ongoing  investigation

N ​ =f 2 Sp(4)

η ′

ππ

f ​/σ0
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The spectrum of  with mixed

representation

Two  fundamenta l   and

three  antisymmetric  

fermions

Quenched  hadron  and  glueba l l

masses  are  ava i lab le  

But  we  need  to  go  towards

dynamical  fermions

Sp(4)

N ​ =f 2

n ​ =f 3

[1 ]

[1] Bennett et.al. [1] Bennett et.al. [2311.14663][2311.14663]

1212

http://arxiv.org/abs/2311.14663


Mixed-representations: W ith dynamical fermions

Non-singlet  meson  masses  determined  using  variationa l  ana lysis

and  from  spectra l  densities  [1 ]

1313

[1] Bennett et.al. [1] Bennett et.al. [2405.01388][2405.01388]
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Mixed-representations: States connected to 

pseudosca lar  flavour-singlets :  similar  to   and   of  QCD

Potentially  light  singlet  can  have  large  pheno  implications !

​ ​

O ​η f

O ​η a s

= ​ γ ​Q + ​ γ ​Q / ​(Q̄1
5

1 Q̄2
5

2 ) 2

= γ ​Ψ + γ ​Ψ + γ ​Ψ / ​(Ψ̄1
5

1 Ψ̄2
5

2 Ψ̄3
5

3 ) 3

These  two  states  will  mix :  L ight  PNGB  state   +  heavier  state  

mixing  angle  in  genera l  

Effective  f ield  theory  in  chira l  l imit  has  been  developed  

U (1) ​A

η η ′

[1 ]

η ​l
′ η ​h

′

ϕ = 0
[2 ]
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Mixed-representations: States connected to 

Masses  c lose  to  respective  non-singlet  states ,  sma l l  mixing  angle

fermion  masses  appear  to  be  far  from  chira l  l imit

U (1) ​A
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Baryon spectrum of single ensemble

Preliminary  determination  of

hybrid  baryons  ( )

P lot  depicts  single  lattice

ensemb le

G lueba l ls  and  sca lar  singlet

under  investigation

QQψ
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Looking forward: Connection to the phase diagram

Pure  Gauge :  Known  f irst-order  deconf inement  transition  

Recently  investigated  using  density-of-states  method  LLR  

Goa l :  Access  to  gravitationa l  wave  parameters

Theories with Fermions require further algorithmic development

Lattice  S imulations  at  f inite  density  possib le

No  sign  prob lem  (as  in  QC D)

[1 ]

[2 ]

​2
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Summary

 (and  QCD - l ike  theories  in  genera l)  for  BSM  scenarios

Zero-temperature  results  for   ava ilable  and  improving !

S ingle  rep . :  Moderately  l ight  fermions  ava i lab le ,  chira l

extrapolation  feasib le

M ixed  rep . :  Currently  restricted  to  heavy  dynamica l  fermions

Outlook

F iner  lattice  spac ings ,  l ighter  fermions ,  different  discretizations

G lueba l ls ,  sca lar  singlet  channel ,  and  more  mixing

Meson  scattering  and  resonances

Sp(2N )

Sp(4)

1818

file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md
file:///home/fabian/Nextcloud/Uni/Vortr%C3%A4ge%20und%20Aufenthalte/2024%20SEWM/talk.md


Back-up slides
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Topology of ensembles

not  frozen ,  but  correlations  in  topologica l  charge  Q
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Configurations chosen such that plaquette is uncorrelated
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Lattice spectroscopy: Getting meson masses

Construct  operator  with  same  quantum  numbers

Energy  levels  from  Euc l idean  correlator

C ​(t) =O ​ ​ ⟨0∣O ∣n⟩ ⟨n∣O ∣0⟩e .
n

∑
2E ​n

1 ∗ −E ​tn

For  mesons  a  generic  correlator

2222



Available Dynamical Ensembles

Label

M1 6 .5 -1 .01 -0 .71 48 20 479

M2 6 .5 -1 .01 -0 .71 64 20 698

M3 6 .5 -1 .01 -0 .71 96 20 436

M4 6 .5 -1 .01 -0 .70 64 20 709

M5 6 .5 -1 .01 -0 .72 64 32 295

Ensemb les  generated  using  GPUs  with  GRID

Measurements  performed  with  H iRep  on  CPUs

β am ​0
as am ​0

f N ​t N ​s N ​conf

2323



Composite Higgs + Top Realizations

2424

table taken from Feretti table taken from Feretti [1604.06467][1604.06467], see also Ferretti,Karateev , see also Ferretti,Karateev [1312.5330][1312.5330]
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Lattice Investigation: Masses

Variationa l  Ana lysis  with   and   operators

Severa l  levels  of  Wupperta l  smearing

 and   enhance  singlet  contributions

non-vanishing  fermion  masses   suppress  them

O ​η f O ​η a s

N ​f N ​as

(m ​, m ​)f as
2525



Results: Effective masses for  and 

Variationa l  ana lysis  for  correlation  matrix  

 eigenva lue  fa l ls  off  exponentia l ly  with  energy  

Masses  from  f its  to  correlator  at  large  

η ​l
′ η ​h

′

C ​(t)ij

nth En

t
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Results: Pseudoscalar Singlet Masses

Spectrum  l ikely  dominated  by  heavy  fermion  masses 2727



Results: Mixing Angle  small

Consistently  sma l l  mixing  angles

Label

M1 6 .5 48 20 6 .15(83)

M2 6 .5 64 20 6 .07(63)

M3 6 .5 96 20 6 .16(66)

M4 6 .5 64 20 7 .44(58)

M5 6 .5 64 32 6 .61(54)

ϕ

β N ​t N ​s ϕ/∘
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SIMPs from  gauge theory

Pseudo -rea l  representation :  

 more  pseudo -Goldstones

 no  fermionic  bound  states

:  exactly   Goldstones

A l lows  

Sp(4)

[ 1 ]

⇒

⇒

N ​ =f 2 5

3DM → 2DM [ 2 ]

[1] Kosower [1] Kosower (Phys.Lett.B. 1984)(Phys.Lett.B. 1984)

[2] Hochberg et. al. [[2] Hochberg et. al. [1411.37271411.3727] [] [1512.079171512.07917]]
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Non-singlet spectrum

3030

Bennett et. al. [Bennett et. al. [1909.126621909.12662]]

http://arxiv.org/abs/1909.12662


The pseudoscalar singlet  is

surprisingly light!

Phenomenologica l ly  relevant :

 different  from  QCD

relevant  low -energy  dof

 relevant  for   scattering

more  accessib le  channels  for

decays  into  SM

Interesting! Is this surprising?

η ′

m ​ >ρ m ​η ′

η ′ ππ

[1] Bennett et. al. [[1] Bennett et. al. [2304.071912304.07191]]
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Consider different theories:

Large  :  

 could  be  "sma l l"

 could  be  " large"

SU(2) and SU(3) comparison:

S imilarities :generic   feature?

QCD :  strong   dependence

D ifferences  may  arise  

mass driven by flavour content!

N ​c m ​ −η ′ m ​ ∝π N ​/N ​f c

N ​ =f 2

N ​ =c 4

N ​ =f 2

N ​f

m ​/m ​ →π ρ 0

Bennett et. al. [Bennett et. al. [2304.071912304.07191]]
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QCD Spectrum

 l ight :  pseudo -Goldstones

Vectors  and  sca lars  l ight

L ight  and  broad   singlet  

Heavy   singlet  

 anoma lously  broken

π ,K ,η

0+ f ​/σ0

0− η ′

⇒U (1) ​A
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Lattice Investigation: Mixing Angle

Obta ined  from  operator  mixing  (no  signa l  for  decay  constants)

Use  of  flavour  basis  justif ies  use  of  single  mixing  angle  

​ ​ = ​ ​ ≡ ​ ​  (
⟨0∣O ​∣η ​⟩η f l

′

⟨0∣O ​∣η ​⟩η f h
′

⟨0∣O ​∣η ​⟩η a s l
′

⟨0∣O ​∣η ​⟩η a s
h
′ ) (

A ​f
η ​l

′

A ​f
η ​h

′
A ​as
η ​l

′

A ​as
η ​h

′ ) (
A ​ cos ϕη ​

l
′

−A ​ sin ϕη ​

h
′

A ​ sin ϕη ​

l
′

A ​ cos ϕη ​

h
′

)

Matrix  elements  are  obta ined  from  the  eigenvectors  of  the  GEVP

Expected  to  be  constant  for  a l l  timeslices  

Test  for  dominance  of  fermion  masses :

 implies  that  

[1 ]

t

m ​ →fermions ∞ ϕ → 0
3434
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An example:  with 2 fundamental + 3 antisymmetric

L = − ​ TrF ​F + ​ i/D − m ​ Q + i/D − m ​ Ψ
2
1

μν
μν Q̄ i ( i

f ) i Ψ̄ j ( j
as ) j

Non-perturbative  input  needed  for  pheno Lattice

 pseudo -Goldstones  +   state

The  two   states  will  mix :  both  are   iso -singlets

Fermionic  bound  states   provide  top  partner

Goals :  Determine  hadron  spectrum  on  the  lattice

In  para l lel :  Develop  techniques  for  f inite  temperature !

Sp(4)

 

⇒

5 + 20 + 1 1 U (1) ​A

U (1) 0−

QQΨ
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