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Pati-Salam Gauge Group -

The model is based on the gauge group defined as
Gps = SU(2), x SU(2)gr x SU(4)¢c
(J.C.Pati, A.Salam,1973)

The electric charge generator is given by

B—-L
2

Q = T3 +T3r +

This gauge group extends the Standard Model (SM) by identifying the SU(3)
color group as a subgroup of SU(4) and treating the lepton number as the
fourth color.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.41.1286

Attractive Features -

Quark-lepton unification through SU(4)..

Quantization of electric charge leading to @, + Q. = 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 SO(10), Eg, SU(16) etc.
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Standard Pati-Salam Charge Assignment For Fermions -

Fermion Spectrum:

_ Uy Uz U3 Ve
(2a174)_<d1 dg d3 e )La

[ U1 U2 U3z Ve
<1’2’4)_<d1 d2 d3 e )R.

= mx > 2500TeV

(G. Valencia, S. Willenbrock, 1994)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.6843

Fermion Spectrum

o5

Decomposition of fundamental of Eg under Gpg with U(1) charge:

= (27 17 4)1 ® (1> 2>Z)1 @ (27 27 1)72 @ (17 17 6)72 @ (17 17 1)4

The fermions can be realized in the following representation:
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Fermion Spectrum (Continued) -

We need two copies of sextet fermions:

0 d5 —d$ D,
B 1| —ds 0 4 D,

W = (17 1a6> - \/_5 d§ _d<1: 0 Dg )
~D/ -D, —-D, 0

0 DY -Df D

~ 1| -pg 0 Df D,

Q= (17 176) - \/_5 D/Qc _Dllc 0 D3 )
-Dy —Dy —D3 0

N =(1,1,1).
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Higgs Spectrum -

These are the scalars with the same decomposition as fermions:

~ Uy Uy U3 Vg
—(2.1.4)=| ~ ~ <2 2
1/J ( Y Y ) < dl d2 d3 E ) Y

Jc:(m,z):(% Pf ch gc)’
uj u; u§ v
>“<’=<2,2,1>=<€ Z).

Symmetry breaking pattern:
SU2);, x SU(2)r x SU@A)e 22 SU3)e x SUQ2); x U(1)y
L &0
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Baryon Number Assignment -

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

uy 1 w1 v\ . c. +3 1 +3ye 1
(d) . g, <dc) : —5, (6) . 0, e 0, X}u : g, (X“ ) . —57
AN D . Ve E°
(D’C> : < §3), (DC) : (_%), ve: 0, (E) : 0, (VJ%) : 0, WLJ—F/RW : 0.

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

2\ 1 [ue 1 (7D ~ ~ 1 - Vg Ee
~| = ~ ) == ~ | c . D¢ —— D¢ ~ N : 0.
(@5 (&) ()0 @0 pemgrao (B0 () o

o=
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Possible Yukawa Interactions -

The gauge-invariant Yukawa terms are as follows:

PR = i ()5 556 e
YOOX = Yai (D) x 556
DPYEX = Doa (V) x 556
wa = ¢aiwklwﬂj€aﬁeijkl
e = ()45 (e

where «, 5 denote SU(2)y, indices, d,B denote SU(2)g indices, and i, 7, k, [
denote SU(4)¢ indices. ¥°wip® term is absent from Yukawa interaction because
of baryon number conservation.

All charged fermion Yukawa couplings are independent.
Lyutawa = Yaprox + Ypiolox + Yourx + Yaywth + YpiQy©

9/29



Realization of Discrete Zy Symmetry

o5

Zo-symmetry

Fermion

Scalar

Even

[ c /c 4
u,u’, d,d®, D' e, e, v

~e Ny Nce c c
V7VE7VE7D7E7E

Odd

c / c ,,c c
DaD 7D7E7E 7V7VEaVE

~ ~p A~

a? ac? d7 6’

e, v

All exotic fermions, including the right-handed neutrino, v¢, 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, x? and w? are forbidden by Z,.

VEVs: () = w (w = 0 if Zy remains unbroken), (Dg),(D§,) = v12 ~ Uey, and

<DC> = UR ~ Ups.

W;gru and X,i—rm gauge bosons are Z, odd.

10 / 29



Collider Limit on D’ Mass ( 85 + £¢ Final States) -

10¢
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LHC limit on pair produced VLQ, pp — D'D, decaying in to 8 jets and leptons.

(ATLAS Collaboration, 2017)
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https://inspirehep.net/literature/1597123

Collider Limit on D" Mass ( 4j4+MET Final States) -
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e
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Decay of the type D' — ¢gg+MET (leading to 4j+MET in the final state).

(CMS Collaboration, 2019)
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https://inspirehep.net/literature/1753215

Collider Limit on W’ Mass (pp — W' — tb) -
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Current LHC limit on W’ mass from pp — W' — tb searches. The W’
production is d°—D¢ mixing suppressed.

(ATLAS Collaboration, 2023)
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https://inspirehep.net/literature/2688749

Collider Limit on X Mass ( 65 + ¢ Final States) -
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Pair-production of Pati-Salam gauge boson at the LHC pp — X X™* along with
the current LHC limit on 67 final state.

(ATLAS Collaboration, 2018)
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https://inspirehep.net/literature/1667046

Collider Limit on Z’ Mass ( Z' — ¢{ Final States) -
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Current LHC limit on Z’ mass from pp — Z' — {{ searches.

(ATLAS Collaboration, 2019)

15 / 29


https://inspirehep.net/literature/1725190

Limit on my From Gauge Boson Mass Relation -

8
— mg,

7h — Mx

My,

kx[TeV]

My /My ~ 3.4 at TeV scales — Due to additional mixing effects between the
neutral gauge bosons compared to the charged ones.

Limit on Mx ~ 4.7 TeV with Mz ~ 6.1 TeV bound.
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Flavor Violating Processes -

‘ Process ‘ Measured value/upper limit
B(K? — ce) 9.0%59 x 10-12
B(K? — pu) 6.847511 x 10712
B(K? — pe) <4.7x 10712
B(BY — ee) <83 x1078
B(BY — pp) <3.6x10710
B(BY — 77) <21x1073
B(Bj — pe) <1.0x107°
B(B) — Te) <28 x107°
B(BY — Tu) <22x107°
B(B? — ee) <28x 1077
B(BY — up) 3.0754 x 107°
B(B? — 77) <6.8x1073
B(B — pe) <54x107°
B(B? — te) -

B(BY — 7p) -

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:

The strongest limits on the mass of X, arise in the case where p and ¢ are
down-type quarks,(K?, BY, BY, ...), and therefore the final state comprises
charged leptons with opposite sign.
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Softly broken Z5 -

eV = 2 (D)D) e = (D)ol WD)y + DD~

Do (i) + Do (D) = D))

M,wQ = M, [d°D + D'D’] allowed by B but ww and QX2 are forbidden by B.
Z5 symmetry is softly broken by M, term.

@ 9o 20| (5)

2M,
\f—f ~ 0.30 with Yp ~ O(1), M, ~ 1.5 TeV, and (7¢) = 7
YD<VC>

TeV (from My > 6.1 TeV) .

d® — D° mixing ~
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Allowed Z5 breaking terms -

In principle, all soft Z, breaking terms should be allowed.
Leofe 21) M, xx = M, (Ee — v§v) (B =0),
2) M2 xx = M (Ee — igir) (B =0)
3) p PU°* (B = 0).

M, xx and M? xx will not be induced through M, [d°D + D'D’] coupling.
Looie = M, [d°D + D'D"] + p gp°x* with = 1.89 x 107*M,, ~ 300 MeV.
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Meson Decay At Tree Level -

M,
Yo(ve) \

b L// B e

Helicity-suppressed meson decay width can be presented as:

ma,, [91(mx)]" 13, ) )
ngq—»eﬂj— - 4 (1 - (M&- + ij) ) (1 - (Nﬁi - Mej) )

256 m
(1= =) (2 +me)) = e mem, ) (|KE T ()
Here, jiy, = my,/ma,,, fs,, is the decay constant of the pseudoscalar meson, and
Ko = (V). Vee 2t (I + za®)~12);; with 2 = Mp' M,
(J. Dolan, P. Dutka, R.Volkas 2021)
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https://inspirehep.net/literature/1836207

One Benchmark Scenario -

0 0 1
de 19 )
(V xT)ij = —C93812 — €"°C12893 C12C23 — €"°812823 0
—ié —id
—C12C23 + € "7S12893 —C23812 — € “C1a823 0

1

Kde —
1] \/ﬁ

Decay process | Limit on mx (GeV)
By — Te = 583.9
By — > 452.2
B, — ee >24.3
By — up > 1101.6
By — e > 1101.5

Lower bounds on myx from various meson decay processes for this benchmark scenario.
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Variation Of Lower Bound on myx With Mixing Angles -
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Minimum leptoquark gauge boson mass myx that is required to satisfy all meson decay
constraints, as a function of the mixing angles 612 and 023, with fixed 613 = 7/2, 5 =0
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K7 — pe At One Loop -

d§ Xby ¢ dy X/ e dy (G

VVWVWVRAWWVWWN—————  ————— > - - - - - *----- >
D (D)5 B 0y (E°)" D/
MV % - oo S
1 X5, u ! Xy H ! (G 3
(a) (b) ()
@ 1 1

it = Toz gz (201) 2 8a8s Anp [ d] [
X a,B

A, = 1 1 (r%a Inrpe  The 1Il7“Eﬁ>
: (L—rpe)(I—rgs) 71pa—rgs \(L—7pa)® (1 —rgs)?
Tpa = m%a/mgﬁ o = Vprase Vi ge, s = V(DC)BNC V(ﬂl‘)c)ﬁec

2 2
Similar contributions from (b) and (c) involve g} and g3 (ﬁ—i) (%—i) Goldstone couplings.
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Limit On mx from One Loop Contribution -

2 2 2
mrmem, | fx T9: 9 (Mgp Mp
r —pe ~ —— T T2\ s ar a Aa
o= 8 [167T2M)2( ( 4 16 \Mx ) \ My ;f Sp Aap

Minimum my for K, »ue Constraint

% Min mx = 0.786 TeV
¥ 222

Heatmap showing the minimum value of mx ( even as low as ~ 786 GeV) required to
suppress the branching ratio Br(Kp, — pFet) < 4.7 x 10712, as a function of exotic
fermion masses.
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Additional Diagrams

For K — pe At One Loop

& (@x); ¢ d (@x)s2 e & (@ ¢
Lo TS . s s - N
E“ (D,)It Dﬂ-;:; (D¢ )‘,1 . Eo (l_)")l’
% T oo NVNANNN———
(@x)i # (@x)s2 # x) "
s S & (X% . x
""" —_— VWAV ————— —— VWA N —————
D'y, (D), D'y (D), B (D)}
— VWAV ———— [ R | > —_— - - - - ‘- - - 4 S —
o (X # s (@x)s2 u s (@xh n

Additional one-loop box diagrams involving physical scalars and leptoquark gauge
bosons, completing the contributions to K — pe.
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K" — K Oscillation (AS = 2 Process) -

K’ <

e

S XH d §°¢ XH i

XH XH




Lower limit on My from K" — K° Oscillation (Prelim.).

Amy = m(Kp) — m(Ks) = 2Re( K°|Hog| K®) = 3.48 x 107 *MeV
(FLAG Review 2019)

3D Variation of My with 61, 653, and 613

10000

8000

6000

My (Gev)

2000
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https://arxiv.org/abs/1902.08191

Concluding Remarks -

An Es-inspired Pati-Salam model is proposed, featuring a softly broken 7,
symmetry and TeV-scale leptoquark gauge bosons X ,.

The Zs-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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