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Oblique Corrections
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CKM Unitarity Problem

SM predicts unitary Vegas @ [Vygl? + [Vsl? + |Vyp|? = 1

* Vyq from super-allowed nuclear f-decays

L4 2 = K =
|Vud| ZG%Ft (1+AK) [qudl 0-973] - ~
* 1/, from Kaon decays Iliud Ilf}is I;ub
Verony =
* Koz (K - wtv) : Vsl £2(0) KM VCd VCS VCb
td ts tb
oW N Vs | Tk V.| = 0.224 - <
n-uv " Vual * fa ust = %

* V/,,, from B meson decays

[|vub| ~ 4% 10—3]
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Cabibbo Anomaly

Since ||V,,,| = 1073, the unitarity of 15t row reduces to

? V. |4 co s6
2 2 - — ud us C c
[ |Vud| * |Vus| 1 ] (Vcd Vcs) (_SQC C9c>

Cabibbo mixing

With A% = 0.024 62 + 0.000 14 = V,; = 0.973 73 £+ 0.000 09,

deviation from 1st row unitarity:

Ackm = (1.12 £ 0.28) x 1073 (~3.90 deficit)

(Kirk, 2021)

There is also a less significant deficit in the 1%t column unitarity
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Left-Right Symmetric Model

(Pati and Salam, 1974; Mohapatra and Pati; Senjanovic and Mohapatra, 1975)

“Left-handed nature of SM is a low energy phenomenon which vanishes at very high scales”

* Parity symmetry is restored; L and R are treated equally

* vp = lightness of neutrino mass

LRSM with Universal Seesaw
(Davidson and Wali, 1987)

* Universal seesaw mechanism to generate fermion masses; requires heavy vector-like (VL)

fermions
* Simple Higgs sector : 2 doublet fields
 Fermion mass hierarchy can be explained with Y € [1073, 1] rather than Y € [107¢, 1] as in SM

or standard-LRMS
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Model Description

SU3),. X SU(2); X SU2)p X U(Dp_;

Quarks Leptons
u u 1% v
qLi (3)2711 1/3) — ( L) qRi (3)112) 1/3) — ( R) l/)Li (1)2:11 _1) — ( L) l/JRi (1;1;2; _1) — ( R>
dp, ; dg i €L/; €Rr/;
Ui (3,1,1, 4/3) Dl (3,1,1, _2/3) EL (1)1;1) _2) Nl (1)1)1) O)
Scalar Sector Gauge Bosons
(1,2,1,1) = (x?) =k, =~ 174 GeV My, = — M !
xi(l,4,1, XL = KL = Wy —EQLKL Wgr = \/2 9rKR
(grKR + gyKi)
XR(1;1;2;1) = (X}g> = Kp MZL _(gL + gY)KL MZR KR L
2(95 — 9v)
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Seesaw Mechanism

/ Y11 Yrz y13\ UR
O3x3 Yz1 Yoz Yzs /CR\
o Ys1 Ysz Yss LR
Ly>@, ¢ t, U C T.) Yir Y1z Yiz My Ur
Vi Yo Yis A

Y31 Ysz Yss M3 x

Under parity symmetry, Y= T’
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Seesaw Mechanism

O3x3 YupEKL
M=\, Iy > Myieg = UJMUg
Yu,pEKR UDE /e

1 -~ plox Py _ 1
1 _ 21X X my = p, Mpr
X={LR} = 1 .
—Px I =5 pxPx
636 Seesaw mass
pp =K M7 yT KR y*
Under parity symmetry, Pr = — p, = |Mo = KLKR M
pr = KgM ™ y'T *L
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(Z-RR interactions remain diagonal)

f: SM fermion
F: VL-fermion

/ Flavor changing neutral current interactions appear at tree level \

Non unitarity is introduced in the “CKM” mixing

non-unitarity
“

aL - 1
Ly, O —==U"W, (VLU Vfd - E(VLUPIDPLD Vfd + VLUF)IUPLU V;_Td)) ar

\ Explains Cabibbo anomaly

\ Provides oblique corrections /
: p

/
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Resolving Cabibbo Anomaly

Assuming a simple mass mixing (each generation of VLF gives mass to their respective SM counterpart):

(f F.) (ng yIEL )2><2 (1];1;)
() — G D)

(VudCLu VUSCLU) u and VL-U mixing
v%d LGS

(Vud Vus) —_— (VudCLd Vus) d and VL-D mixing
Vea  Ves VeaCra Ves

—

e L(u,d) ~ (0.034

—

(Vud VusCLs) sand VL-S mixing ——  [_ ~ 0.15
— Vea  VesCrs
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W Mass Shift from T Parameter

(corrections to S parameter is ~ 0)
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VL-top provides positive shift to explain W mass excess
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SM fermion mass constraint under parity symmetry:

2
Sy,
— LM KoM, € [16,1.5 X 10°] GeV?
ms KLKR p:> rRMF | |

contradicts the experimental limits:
Kp = 10 TeVand My > 1TeV

Constraint from Z decay width: Al < 2.3 MeV
Zfifi: (Ta, — Qsg) = T3LCE —Qs%
For mixing angles resolving Cabibbo anomaly:

d:AT, ~1MeV  u:Al, ~0.8MeV s: ij MeV
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Combined Solution

* Evade Z decay constraints
v" Up — quark or down- quark mixing for Cabibbo anomaly — also explain non-unitarity in 15t column

e Top quark mixing = W mass shift from T parameter
* Evade SM mass restriction: go to a basis where SM fermions are “massless” (perturbative)

0 0 yuK; 0 0 kL
(d D S): 0 0 My, (t C T): 0 0 My,
Yakr Mig Mg Ve kp My My
— g, 2 N
Ackm = S AT =~ ——— M32s,?
16mMy,sé
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T Parameter

Combined Solution: Stability of Higgs Potential

5}@ _

/\IL -‘- 9 /\ -i— 3
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L (xpxn)? + SEOxr)® + Aa(xhxn) (xxn)

Vo

* Lower bound on VLQ mass = y = 1.35 to explain
CDF W mass shift

* Large y can turn }\1L negative in VLQ mass range €
[1,40] TeV ...

* ..unless A;, becomes active at lower scale ~ lowest
of VLQ mass; changes RGE

* Achieved by lowering the mass of second Higgs (My)
to the lightest VLQ mass = Predicts heavy Higgs
mass
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Results and Predictions

CDF W Mass Shift
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Concluding Remarks

= UV-complete left-right symmetric model with a universal seesaw and simple
Higgs sector; heavily constrained

= Resolve Cabibbo angle anomaly and explain W mass shift simultaneously under
parity symmetry
= Unique and non-trivial solution where light quark mixes with two VLQs
= Both up- and down-type VLQs are necessary
= Upper limit on VLQ ~ O(TeV); testable in the near future
= Ensuring Higgs potential stability predicts a TeV scale heavy Higgs
= Heavy Higgs mass < lightest VLQ mass
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RGE of quartic couplings in LRSM
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