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Pati-Salam Gauge Group

§ The model is based on the gauge group defined as

GPS ” SUp2qL ˆ SUp2qR ˆ SUp4qC

(J.C.Pati, A.Salam,1973)

§ The electric charge generator is given by

Q “ T3L ` T3R `
B ´ L

2

§ This gauge group extends the Standard Model (SM) by identifying the SUp3q

color group as a subgroup of SUp4q and treating the lepton number as the
fourth color.

4 Ñ 3 1
3

‘ 1´1
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Attractive Features

§ Quark-lepton unification through SUp4qc.

§ Quantization of electric charge leading to Qp ` Qe “ 0.

§ The electroweak sector extends to left-right (LR) sectors.

§ Existence of right-handed neutrinos.

§ It treats B ´ L as local gauge symmetry and gauge interaction itself conserves
B ´ L and fermion number.

§ The absence of proton decay mediating processes opens the window to realize
the symmetry at a low scale.

§ A stepping stone to higher unification such as SOp10q, E6, SUp16q etc.
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Standard Pati-Salam Charge Assignment For Fermions
§ Fermion Spectrum:

p2, 1, 4q “

ˆ

u1 u2 u3 νe
d1 d2 d3 e

˙

L

,

p1, 2, 4q “

ˆ

u1 u2 u3 νe
d1 d2 d3 e

˙

R

.

§ Leptoquark gauge boson mass limit from K0
L Ñ µe decay:

d̄ ē

s µ

Xµ ùñ mX ą 2500TeV

(G. Valencia, S. Willenbrock, 1994)
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Fermion Spectrum
§ Decomposition of fundamental of E6 under GPS with Up1q charge:

27 “ 161 ‘ 10´2 ‘ 14 rE6 Ñ SOp10q ˆ Up1qs

“ p2, 1, 4q1 ‘ p1, 2, 4q1 ‘ p2, 2, 1q´2 ‘ p1, 1, 6q´2 ‘ p1, 1, 1q4

§ The fermions can be realized in the following representation:

ψ “ p2, 1, 4q “

ˆ

u1 u2 u3 νE
d1 d2 d3 E

˙

,

ψc “ p1, 2, 4q “

ˆ

Dc
1 Dc

2 Dc
3 ec

uc1 uc2 uc3 νc

˙

,

χ “ p2, 2, 1q “

ˆ

Ec ν
νcE e

˙

,
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Fermion Spectrum (Continued)

§ We need two copies of sextet fermions:

ω “ p1, 1, 6q “
1

?
2

¨

˚

˚

˝

0 dc3 ´dc2 D1
1

´dc3 0 dc1 D1
2

dc2 ´dc1 0 D1
3

´D1
1 ´D1

2 ´D1
3 0

˛

‹

‹

‚

,

Ω “ p1, 1, 6q “
1

?
2

¨

˚

˚

˝

0 D1c
3 ´D1c

2 D1

´D1c
3 0 D1c

1 D2

D1c
2 ´D1c

1 0 D3

´D1 ´D2 ´D3 0

˛

‹

‹

‚

,

N “ p1, 1, 1q.
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Higgs Spectrum
§ These are the scalars with the same decomposition as fermions:

rψ “ p2, 1, 4q “

ˆ

ru1 ru2 ru3 rνE
rd1 rd2 rd3 rE

˙

,

rψc “ p1, 2, 4q “

ˆ

rDc
1

rDc
2

rDc
3 rec

ruc1 ruc2 ruc3 rνc

˙

,

rχ “ p2, 2, 1q “

ˆ

rEc
rν

rνcE re

˙

.

§ Symmetry breaking pattern:

SUp2qL ˆ SUp2qR ˆ SUp4qC
x rψcy
ÝÝÑ SUp3qC ˆ SUp2qL ˆ Up1qY

Ó x rψ, rχy

SUp3qC ˆ Up1qEM
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Baryon Number Assignment

§ The baryon number of the particles can be uniquely determined from gauge
interactions:
ˆ

u
d

˙

:
1

3
,

ˆ

uc

dc

˙

: ´
1

3
,

ˆ

ν
e

˙

: 0, ec : 0, X
` 2

3
µ :

1

3
, pX

` 2
3

µ q
˚ : ´

1

3
,

ˆ

D1

D1c

˙

:

ˆ

´2
3

2
3

˙

,

ˆ

D
Dc

˙

:

ˆ

1
3

´1
3

˙

, νc : 0,

ˆ

νE
E

˙

: 0,

ˆ

Ec

νcE

˙

: 0, W˘

L{R,µ : 0.

§ Scalars with identical quantum numbers have the same B-charge as fermions:
ˆ

ru
rd

˙

:
1

3
,

ˆ

ruc

rdc

˙

: ´
1

3
,

ˆ

rν
re

˙

: 0, rec : 0, rDc : ´
1

3
, rνc : 0,

ˆ

rνE
rE

˙

: 0,

ˆ

rEc

rνcE

˙

: 0.
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Possible Yukawa Interactions
§ The gauge-invariant Yukawa terms are as follows:

‚ ψψcrχ “ ψαipψ
c
q
i
9αrχβ 9βϵ

αβϵ 9α 9β

‚ ψ rψcχ “ ψαip rψcqi9αχβ 9βϵ
αβϵ 9α 9β

‚ rψψcχ “ rψαipψ
c
q
i
9αχβ 9βϵ

αβϵ 9α 9β

‚ ψω rψ “ ψαiωklψβjϵ
αβϵijkl

‚ ψcΩ rψc “ pψcqi9αΩijp
rψcqj9βϵ

9α 9β

where α, β denote SUp2qL indices, 9α, 9β denote SUp2qR indices, and i, j, k, l
denote SUp4qC indices. ψcω rψc term is absent from Yukawa interaction because
of baryon number conservation.

§ All charged fermion Yukawa couplings are independent.

LYukawa “ Yuψψ
c
rχ ` YEψ rψcχ ` Ye rψψcχ ` Ydψω rψ ` YDψ

cΩ rψc
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Realization of Discrete Z2 Symmetry

Z2-symmetry Fermion Scalar
Even u, uc, d, dc, D1c, e, ec, ν rνc, rνE, rν

c
E,

rDc, rE, rEc

Odd D,Dc, D1, E, Ec, νc, νE, ν
c
E ru, ruc, rd, re, rec, rν

§ All exotic fermions, including the right-handed neutrino, νc, are odd. All SM
fermions (except D) are even. The only PS singlet fermion, N , can be even or
odd.

§ Bare mass terms for fermions, χ2 and ω2 are forbidden by Z2.

§ VEVs: xrνy “ w (w “ 0 if Z2 remains unbroken), xrνEy, xrνcEy “ v1,2 „ vew, and
xrνcy “ vR „ vPS.

§ W˘
Rµ and X˘2{3

µ gauge bosons are Z2 odd.
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Collider Limit on D1 Mass ( 8j ` ℓℓ Final States)

Low Scale Pati-Salam
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LHC (ATLAS): current model independent limit

s =13 TeV, 36.1 fb
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Figure: LHC limit on pair produced VLQ, pp Ñ D1D
1, decaying in to 8 jets and leptons.

(ATLAS Collaboration, 2017)
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Collider Limit on D1 Mass ( 4j`MET Final States)

LHC (CMS): current limit

Low Scale Pati-Salam
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Figure: Decay of the type D1 Ñ qq`MET (leading to 4j`MET in the final state).

(CMS Collaboration, 2019)
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Collider Limit on W 1 Mass (pp Ñ W 1 Ñ tb)

Low Scale Pati-Salam

LHC(ATLAS): current limit
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Figure: Current LHC limit on W 1 mass from pp Ñ W 1 Ñ tb searches. The W 1

production is dc–Dc mixing suppressed.

(ATLAS Collaboration, 2023)
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Collider Limit on X Mass ( 6j ` ℓℓ Final States)

LHC(ATLAS): current limit

Low Scale Pati-Salam
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Figure: Pair-production of Pati-Salam gauge boson at the LHC pp Ñ XX˚ along with
the current LHC limit on 6j final state.

(ATLAS Collaboration, 2018)
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Collider Limit on Z 1 Mass ( Z 1 Ñ ℓℓ Final States)

Low Scale Pati-Salam

LHC (ATLAS): current limit
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Figure: Current LHC limit on Z 1 mass from pp Ñ Z 1 Ñ ℓℓ searches.

(ATLAS Collaboration, 2019)
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Limit on mX From Gauge Boson Mass Relation

mZ2

mX

mW2

1 2 3 4 5 6 7 8

1

2

3

4

5

6

7

8

κR[TeV]

m
i
[T

e
V
]

§ MZ1{MW 1 « 3.4 at TeV scales Ñ Due to additional mixing effects between the
neutral gauge bosons compared to the charged ones.

§ Limit on MX « 4.7 TeV with MZ1 « 6.1 TeV bound.
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Flavor Violating Processes
Process Measured value/upper limit

BpK0
L Ñ eeq 9.0`6.0

´4.0 ˆ 10´12

BpK0
L Ñ µµq 6.84`0.11

´0.11 ˆ 10´12

BpK0
L Ñ µeq ă 4.7 ˆ 10´12

BpB0
d Ñ eeq ă 8.3 ˆ 10´8

BpB0
d Ñ µµq ă 3.6 ˆ 10´10

BpB0
d Ñ ττq ă 2.1 ˆ 10´3

BpB0
d Ñ µeq ă 1.0 ˆ 10´9

BpB0
d Ñ τeq ă 2.8 ˆ 10´5

BpB0
d Ñ τµq ă 2.2 ˆ 10´5

BpB0
s Ñ eeq ă 2.8 ˆ 10´7

BpB0
s Ñ µµq 3.0`0.4

´0.4 ˆ 10´9

BpB0
s Ñ ττq ă 6.8 ˆ 10´3

BpB0
s Ñ µeq ă 5.4 ˆ 10´9

BpB0
s Ñ τeq ´

BpB0
s Ñ τµq ´

Table: Experimental constraints on rare meson decays.
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Suppresion in Meson Decay Processes

§ In our case, the tree-level meson decay processes have helicity suppression, and
the box diagrams have suppression coming from the loop and CKM-like mixing:

qcp li
c

qcq lcj

Xµ `

qp V li

qq V lj

Xµ Xµ

§ The strongest limits on the mass of Xµ arise in the case where p and q are
down-type quarks,pK0

L, B
0
d , B

0
s , ...q, and therefore the final state comprises

charged leptons with opposite sign.
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Softly broken Z2

‚YDψ
cΩ rψc “

YD
?
2

´

pD1c
qapD

c
qbprucqfϵ

abf
´ pD1c

qapu
c
qbp rDc

qfϵ
abf

` DapD
c
q
a
rνc´

Dae
c
prucqa ` Daν

c
p rDc

q
a

´ Dapu
c
q
a
rec

¯

§ MωωΩ “ Mω rdcD ` D1D1cs allowed by B but ωω and ΩΩ are forbidden by B.
§ Z2 symmetry is softly broken by Mω term.

`

d D
˘

»

–

Md 0

Mω
YD
?
2

xν̃cy

fi

fl

ˆ

dc

Dc

˙

§ dc ´Dc mixing „

?
2Mω

YDxν̃cy
„ 0.30 with YD „ Op1q, Mω „ 1.5 TeV, and xν̃cy ě 7

TeV (from MZ1 ě 6.1 TeV) .
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Allowed Z2 breaking terms
§ In principle, all soft Z2 breaking terms should be allowed.

Lsoft Ą1qMχ χχ “ Mχ

`

Ece ´ νcEν
˘

pB “ 0q,

2qM2
χ̃ χ̃χ̃ “ M2

χ̃

`

Ẽce ´ ν̃cE ν̃
˘

pB “ 0q

3qµ ψ̃ψ̃cχ̃˚
pB “ 0q.

ν̃

Dc

ν̃c

D

dc

ν̃E

d

ùñ A „ ´
Mω

16π2
ln

Λ2

M2
D

§ Mχ χχ and M2
χ̃ χ̃χ̃ will not be induced through Mω rdcD ` D1D1cs coupling.

Lsoft “ Mω rdcD ` D1D1c
s ` µ ψ̃ψ̃cχ̃˚ with µ ě 1.89 ˆ 10´4Mω „ 300MeV.
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Meson Decay At Tree Level

§ Helicity-suppressed meson decay width can be presented as:

ΓHS
ΦpqÑℓ`

i ℓ
´
j

“
mΦpq rg4pmXqs

4 f 2
Φpq

256πm4
X

c

´

1 ´
`

µℓi ` µℓj
˘2

¯ ´

1 ´
`

µℓi ´ µℓj
˘2

¯

ˆ

´´

1 ´ µ2
ℓi

´ µ2
ℓj

¯ ´

m2
ℓi

` m2
ℓj

¯

´ 4µℓiµℓjmℓimℓj

¯ ´

ˇ

ˇKde
pi

ˇ

ˇ

2 ˇ

ˇKde
qj

ˇ

ˇ

2
¯

Here, µℓi “ mℓi{mΦpq , fΦpq is the decay constant of the pseudoscalar meson, and
Kde
ij “ pV :

dcVec x
:pI ` xx:q´1{2qij with x “ M´1

D Mω.

(J. Dolan, P. Dutka, R.Volkas 2021)
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One Benchmark Scenario

Kde
ij “

1
?
2

pV de x:
qij “

¨

˝

0 0 1
´c23s12 ´ eiδc12s23 c12c23 ´ eiδs12s23 0

´c12c23 ` e´iδs12s23 ´c23s12 ´ e´iδc12s23 0

˛

‚

Decay process Limit on mX (GeV)
Bd Ñ τe ě 585.9

Bd Ñ τµ ě 452.2

Bs Ñ ee ě 24.3

Bs Ñ µµ ě 1101.6

Bs Ñ µe ě 1101.5

Lower bounds on mX from various meson decay processes for this benchmark scenario.
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Variation Of Lower Bound on mX With Mixing Angles

Minimum leptoquark gauge boson mass mX that is required to satisfy all meson decay
constraints, as a function of the mixing angles θ12 and θ23, with fixed θ13 “ π{2, δ “ 0
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KL Ñ µe At One Loop

(a) (b) (c)

Lpaq

eff “
1

16π2

1

M2
X

`

2g44
˘

ÿ

α,β

ξαξβ Aαβ rs̄cγµdcs rēcγµµ
c
s

Aαβ “
1

p1 ´ rDαqp1 ´ rEβq
`

1

rDα ´ rEβ

ˆ

r2Dα ln rDα

p1 ´ rDαq2
´
r2
Eβ ln rEβ

p1 ´ rEβq2

˙

rDα “ m2
Dα{m2

X , ξα “ VD1αsc V
˚
D1αdc , ξβ “ VpDcqβµc V

˚
pDcqβec

§ Similar contributions from (b) and (c) involve g44 and g44
´

ME
MX

¯2 ´

MD
MX

¯2
Goldstone couplings.
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Limit On mX from One Loop Contribution

ΓKLÑµe «
mKmemµ

8

«

fK
16π2M2

X

˜

7g24
4

´
g24
16

ˆ

ME

MX

˙2 ˆ

MD

MX

˙2
¸

ÿ

α,β

ξαξβ Aαβ

ff2

Heatmap showing the minimum value of mX ( even as low as „ 786 GeV) required to
suppress the branching ratio BrpKL Ñ µ˘e¯q ă 4.7 ˆ 10´12, as a function of exotic

fermion masses.
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Additional Diagrams For KL Ñ µe At One Loop

Additional one-loop box diagrams involving physical scalars and leptoquark gauge
bosons, completing the contributions to KL Ñ µe.
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K0 ´ K̄0 Oscillation (∆S “ 2 Process)
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Lower limit on MX from K0 ´ K̄0 Oscillation (Prelim.)

∆mK “ mpKLq ´ mpKSq “ 2RexK̄0
|Heff |K0

y “ 3.48 ˆ 10´12MeV

(FLAG Review 2019)
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Concluding Remarks

§ An E6-inspired Pati-Salam model is proposed, featuring a softly broken Z2

symmetry and TeV-scale leptoquark gauge bosons Xµ.

§ The Z2-odd PS gauge bosons couple only between SM and exotic fermions,
leading to helicity suppression of meson decays at tree level.

§ A distinct prediction is a vector-like down-type quark with a baryon number
˘2{3, which can be tested at the LHC.

§ The model offers a unified framework linking flavor, unification, and collider
signatures, all accessible at current or near-future experiments.

Thank you
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