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to the strong CP problem in SU(S); X SU(S)p
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Shortcomings of the Standard Model

Neutrino masses are predicted to be zero in SM, but neutrino oscillates! |— M # 0!

Open questions
> Octant of 0,5 ?

> Absolute mass scale and mass hierarchy? Nonzero neutrino masses
—> existence of new fundamental fields

> Are neutrinos their own antiparticle? Dirac vs Majorana

> Is there CP Violation in lepton sector, P(v, — v,) # P(,, = 1,)?

> Why 1s neutrino mass so tiny?
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Shortcomings of the Standard Model

» QCD lagrangian allows term that violates Parity P and Time Reversal T symmetries, thus CP
symmetry:

g. = strong coupling
constant

1 a a g2 a rda — . 0
Zocp = — ZGWG H+0 32‘;2 G, G*" +q (ly”Dﬂ—mqel 617’5) q

G}, =0,G! —0,G! + g, GG
» Any chiral rotation of the quark field, ¢ — ¢'“’sg would lead to redefinition of the the new parameter
6 — 6 + a due to anomalous nature of this rotation,

No reason for them to cancel

» @ induces neutron electric dipole moment (neutron EDM) d  ~ 3 X 107 @ e cm

> Current bound on neutron is ¢, < 3 x 107°° ¢ cm

The mass parameters can in principle have arbitrary
phases, and one would expect & ~ O(1)

Why is 0 so small? Strong CP Problem

3/15 2312.14096 Anil Thapa (UVA)


https://arxiv.org/abs/2312.14096

Solutions to the Strong CP Problem

Massless up quark The Axion P or CP
0 =6+ ArgDet[MQ] Make O a dynamical filed. Make P or CP exact
| , symmetry broken
e chiral rotations, A global chiral U(l) symmetry 1s spontanecously such a
U — ey — 9 — 9+ ¢  Introduced thaF 1S .spontan.eously way that the determinant
can remove it. broken. Effective interaction of of the quark mass matrix
o | dx10m. is real.
e m, = 0 is inconsistent -
. . d 1 ~ H p— O
with experimental data as <D (— -+ «9) GG
: : f 3272
well as lattice calculations. a
, ) . . A. Nelson’84 and S.M. Barr’84
Axion effective potential 1s such Babu and Mohapatra, *90
H. Georgi and I. Mc Arthur’81 that vacuum solution relaxes to

K. Choi, C.W. Kim and W.K. Sze’88 H _ O

R.D. Peccer and H.R. Quinn’77
F. Wilczek’78, S. Weinberg’78
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Dirac Neutrinos from Left-Right Symmetry

o Fermion representation:

ur U
O (3,2,1,1/3) = (dL) O (3,1,2,1/3) = (dR) SUQR), X SU2)r x Uy
| {HY '
LL (192919 T 1) — (I/L> LR (19192, — 1) — (UR> < R>
‘L °R g SUQ2), x U(1)y
o Higgs sector for symmetry breaking 1s very simple: ! <H£ ) :
Hj H;; U(Dep,
Hy (1,2,1,1) = 7 Hp (1,1,2,1) = w
L R
L R
» Vector-like fermion introduced to realize “universal seesaw’ for charged fermion masses
U (3,1,1,4/3), D (3,1,1,-2/3), E (1,1,1,-2) [ Davidson, Wali '87]
0 yx ’K; K
MF = T - — n, ~ Y *LR
y'kg M | M P
Seesaw for charged fermion masses (no seesaw for neutrinos) —> 5 . >
Wi W
br, br

» Dirac neutrinos arise naturally at two loop
[Babu, He, Su, Thapa '22]

VL r E lr VR
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Embedding in SU(5); X SU(S);

» The fermion spectrum of the model has a natural embedding in SU(5), X SU(5)p
unification

o All left-handed (right-handed) fermions of the SM fit into 10 + 5 of SU(5), (SU(5)y)

» The remaining vector-like quarks and leptons fill rest of the multiples

DEEEEE , DL,R
[ Dr):
|05 |
YLr = DS |:
T
),

» Parity can be imposed under which y; <y, and y; < yp
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GUT Symmetry Breaking and Gauge Coupling Unification

» With the SM particles, we obtain following beta function coetficients with properly normalized gauge

couplings: 41 19 7
pnS by=—, b, = . by=——
26 6 2
: : 13
° If SU(5) X SU(S) directly break to the SM group, where g; meet at a single value. og =2 a3 = a, = =
—> sin6,, = 3/16 ' '
: . 5 3 a 185 M,
—> Cannot reconcile value measured at EW scale sin Oy (my) = — | 14— {_T log 7}
—> An intermediate symmetry 1s needed i I
To break SU(5); x SU(5), spontaneously to SU(3). x U(1),,, we choose the tollowing Higgs multiplets
{ZL(7S 1) + 25(1 75)} {HL(S 1)+ Hp(1,5)}, @(5,95),: ;7(15 15)
Why not (24,1)+(1,24) ? Required for fermion mass generation Requ1red for gauge coupling unification
> allows (24,1)H;®H, and (24,1) ®® Why not (10, 10)?
that spoils strong CP solution > allows rapid proton decay

> spoils strong CP

> makes gsp nonperturbative
|[Babu, Mohapatra, Thapa, *24]
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GUT Symmetry Breaking and Gauge Coupling Unification

SU(5), X SU(5)x

} MG ~ <2L>
SUB3) o X SUR), x U(1), X SU(5)
l MI ~ <(D>9 <HR>
SUB3) X% SU2), x U(1)y

} MW ~ <HL>

SUB)-x U(1),,,

» The evolution of the gauge couplings are governed by
the following RGEs

dg; g
gy 3 I }: 2:
167‘[ E — gi bi+ 167[2 bl]g] kTI’(Y Yk>

> sin? 0\ at one-loop accuracy (ignoring threshold effect
from VLF)

200 (m) = = 142 185 1 oo Mi (46+39)-1 Mg
S1N m,) = — — O 09 ——
W16 | Ter ) 3 om *M,

(3,2, —1/6,15) O (15, 15)
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GUT Symmetry Breaking and Gauge Coupling Unification
SU(5), X SU(5)x
I MG ~ <2L>
SUB3) o X SUR), x U(1), X SU(5)
l MI ~ <(D>9 <HR>
SUB3) X% SU2), x U(1)y
} MW ~ <HL>
SUB)-x U(1),,,

» The evolution of the gauge couplings are governed by
the following RGEs

dg; g
gy 3 I }: E:
167‘[ E — gi bi+ 167[2 bl]g] kTI'(Y Yk)

> sin? 0\ at one-loop accuracy (ignoring threshold effect

O |
25 50 75 100 125 150 1r7.5
from VLF)

i ] Log,ou [GeV]

200 (m) = = 142 185 1 oo Mi (46+39)-1 Mg
S1N m,) = — — O 09 ——
W16 | Ter ) 3 om *M,

M; =9.02 x 10'Y GeV

_ - _ 17
(3.2. — 1/6.15) S (15, 15) Mg = 81-0 X 107" GeV
A" = 13.18
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Fermion Mass Generation

j a (04 a a
~ Lk = eapyap 2] + 2 i HE L+ N2 OO it HE + Wi HR |+ (V) 75 Py

» After spontaneous symmetry breaking, the masses of fermions read as

0 Y« 0 Y,k 0 Yk
M, = L | M, = ¢ KL | M= ¢ KL
Y'ke O Yk O Yy kg Ypv,
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Fermion Mass Generation
(Y>r

u’i

4

» After spontaneous symmetry breaking, the masses of fermions read as

_gYuk —

%) %) a a
€fyip {)(Lf)/ HY + yot 2% H”} 2(Y)), {l/fm TH} + Wria g, Hy, } + (Y)); W5 O wiis

0 Y« 0 Y,k 0 Yk
Mu: I----l: , Mf: I--f-'.L : Md: . £ ™ML
Y'kp 0 Y;KR 0. Yy kg Ypv,

Crucial for the model to be compatible with proton
decay with SU(S) intermediate symmetry.
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Fermion Mass Generation
(Y>r

u’i

04 0 o 0] o a —Q
_gYuk — 4 605,5}/5,0 {)(Llﬂ)(l}:] Hf +)(R;BZ£]H]€} T 2 (Y;()l]{ WLia%LJ{BHZ'(B + l//Ria)(RfHI?ﬁ} + (Yg)lj l//Li (I)g WRjﬁ

» After spontaneous symmetry breaking, the masses of fermions read as

0 Y« 0 Y,k 0 Yk
Mu: I----l: , Mf: I--f-'.L : Md: . £ ™ML
Y'kp 0 Y;KR 0. Yy kg Ypv,

Crucial for the model to be compatible with proton
decay with SU(S) intermediate symmetry.

» Small Dirac neutrinos masses are induced naturally at the tree level via type-II Dirac seesaw

0 0
HY) (HR
: S T R v :
4 { , cpDirac VLVR <HL> <HR > — yDirac el 10~7 :
. 7/ 1= y—mass v ~ :
Y S < Mg . oo :
A@% Majorana mass for v 1s forbidden by unbroken
B — L symmetry
_)_l_)_
VL VR
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Preditions for Neutrino Oscillations

o In the basis where ¥, and Y, are diagonal, down-type quark

mass matrix M, read as 750)
0 Mk 0 M,k
Mu — | Kr ’ Mf — | Kz ’
0 M, 200
M, = ~ Kgp VY ~ al
C M £ V_gbUf)kMNSMvUI?MNS O
L v (Q
» Only one parameter in M, to fit three light down-quark
masses 150
— Predicts Ocp and lightest neutrino mass 1,
100
4 S 6 7 3 9 10
—> Only normal hierarchy m,, [IH@V]

|[Babu, Mohapatra, Thapa, ’24]
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Proton Decay

> Gauge bosons of SU(5), with masses My, =~ M, ~ 10! GeV do U

not lead to proton decay owing to the structure of the zeros in (2,2) Xp a
blocks of M, and M,
L
» These couplings involve at least one heavy field [/

» Same is true with H,(1,5) Higgs field which has mass of order M,

» B-violating interactions of X; and Y, gauge bosons of SU(5); with

masses of order M = (7 x 10'° — 8 x 10'7) GeV mediate proton
U ecay.

P Xr » The leading decay mode of proton is p — e 7" with lifetime

T, R (10°° — 10*%) years. (Well beyond the reach of forthcoming
4 experiments like JUNO, Hyperkamiokande, and DUNE)
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Parity Solves the Strong CP Problem

quark mass matrix

2 M, « parity breaking VEVs, need to make
— 0

7 . A_‘fg Det [MQ] sure the determinant 1s real.

B

@ is odd under parity, therefore in parity symmetric theory it would vanish.

color = L color

~ —
GLGH  E
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Parity Solves the Strong CP Problem

quark mass matrix

2 M, « parity breaking VEVs, need to make
— 0
7 . IA_‘Tg Det [MQ] sure the determinant 1s real.

—

G;‘UGC’”” X B

@ is odd under parity, therefore in parity symmetric theory it would vanish.

color = L color

e SU(5); X SU(5), with parity has the following quark mass matrices

v 0 Yk V- 0 Yk —> Det [M,] = Det [M,,M;] = Real
“ Y'ke O 4 Y2 Kkp Ypvy, — 0 = 0 at tree level

All the Higgs potential parameters with the fields [{Z,(75,1) + Z,(1,75)}, {H,(5,1) + H,(1,5)}, ®(5,5), n(15,15) ]
are real with parity. Thus CP conserving vacuum 1s admitted, where all the VEVs are real.
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Parity Solves the Strong CP Problem

quark mass matrix

= M  «x parity breaking VEVSs, need to make
i o8+ Pj‘g et [MQ] sure the determinant is real.

—

Gﬁyéal“‘” X B

@ is odd under parity, therefore in parity symmetric theory it would vanish.

color = L color

e SU(5); X SU(5)p with parity has the following quark mass matrices

o 0 Y« o 0 Yk = Det [M,)] = Det [M,M,] = Real
“ Y'ke O 4 Y2 Kkp Ypvy, — 0 = 0 at tree level

All the Higgs potential parameters with the fields [{Z,(75,1) + Z,(1,75)}, {H,(5,1) + H,(1,5)}, ®(5,5), n(15,15) ]
are real with parity. Thus CP conserving vacuum 1s admitted, where all the VEVs are real.

e Quantum corrections would in general induce 6 # 0, but this may be within experimentally
allowed range @ < 1.19 x 10~'" arising from neutron EDM limits.

12/15 2312.14096 Anil Thapa (UVA)


https://arxiv.org/abs/2312.14096

Vanishing of one loop 0 contributions

e Convenient to work in the flavor basis, where the mass matrices M, and M , are treated as part of
the interaction Lagrangian.

—> need to sum all possible chirality flip 1in the propagator

) K2 d
—> > f > D—>— + ....= M =< )
L.b R,a Lb Rec Ld R,a fR( dk2—MdM;§>fL o i
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Vanishing of one loop 0 contributions

e Convenient to work in the flavor basis, where the mass matrices M, and M , are treated as part of
the interaction Lagrangian.

—> need to sum all possible chirality flip 1in the propagator

+ + A e — (d )
_)_®_)_ —)—®—)—®—)—®—)_ C e mma LR —
L.b  R.a Lb R Ld R,a "\ ke—mm; " ~ \D/, .
® [oop-corrected quark mass matrix

tree level quark mass for g = u, d C=C;+C,+.... contribution

where Arg Det [M Cg())] =0 from 1-loop, 2-loop, ..
— A70) — (0)
M, =M® + M, = M (1 +€)

q q
L : light sector SM 5MLL 5MLH
H : heavy sector q 5 MI%L 5 MI%H
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Vanishing of one loop 0 contributions

e Convenient to work 1n the flavor basis, where the mass matrices M, and M , are treated as part of
the interaction Lagrangian.

—> need to sum all possible chirality flip 1in the propagator

+ + A e — (d )
—— R —>—R—>—R—>——>— ceeee = LR =
L,b  R,a L,b R,c L,d R,a "\ ke—mm; " * \D/,,
e [.oop-corrected quark mass matrix

tree level quark mass for g = u, d C=C,+C,+.... contribution

where Arg Det [M 6(10)] =0 from 1-loop, 2-loop, ..
— A70) — (0)
M, =M + M, = M1 +C)

L : light sector _ Mgt ) xH% : E Ve
H : heavy sector q E / Y : E :
e : :
:-ER Dy, Dr  dp vdp AR Drr Drrg,
e Ois given by o o
0 = Im TrC; + Im Tr(C, — EClz) + ...
7 " crrd (viyv-ly vl 4 L osard y-1 4 L sard cpin-l
0 = Im Tr 6MLL(Yd) YpY, +—oM; Y, A 5MHL(Yd)_
K7 KR KT, KR
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Vanishing of one loop &

[Babu, Mohapatra, Thapa, "24]

- i
: x | |

- X= o d-+ - <€ ~ LI |
I 0 - x~ ~ O O 7 - ~ 0 H - ~
2 HR -’ N HL HL,R{ \HL,R L,R,; \\ : : d_|_,,—x~~\ d—i—

iy N ’ . HL H
: ; . I/ \\ ’ \ ‘B ,f N\ R
/ \ / \ 11 \
: > > % > Ly e 3 > 3= L —>—1 > > > . (I I, \ ;
: drp  Dp Dr dp dLr DRrr dpr Drr drr Upg uLr  Prr | L B b, un LR Dmp
] | | 7 ’
: (a) (b) (c) . (a)
| | |
X H¢ (I | C
: L.R . HT R
1 /’—*-~\ HO ’¢—x-~\ S I I ’—)'7~~
: ) .. L Ry W’DD P I MR
i 4 \ / \ ! ' /, \\
i / \ / \ (|
| [l 1 I 1 ! '
> 52 -« p— = p— P « et L 1
; — <% > < P
. drp upLp Urr Dgrr drr Drr Drr Drr dpr Eprp etk Drrp | ULR €LR Err Ugpp upp upp
. . . ) )
: (d) (e) (f) o (d) (e)
| | |
| | |
: - HLR}’/X\\H%R
| | ’ )
1 (I | / *\
: (R | / \
11 L A

1 11 ? U) * > ?]_
. A L.R R,L UL,R R,L UR
I | |
: P 1 (g)

Each diagram individually gives

0 =0
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Summary

e Universal LRSM has natural embedding in SU(5); X SU(5)4

e (Open questions 1n neutrino oscillations
> Absolute mass scale and mass hierarchy? v/

m, = (4.8 —38.4) meV and Normal hierarchy
1

> Are neutrinos their own antiparticle? v/

Dirac neutrino via type-II seesaw
> Is there CP Violation in lepton sector? v/

Predicts 0.-p = (130.4 £ 1.2)° or (229.6 £ 1.2)°
> Why is neutrino mass so tiny? v/

Dirac mass suppressed by O (M]/MG) ~ 107’

e The model solves strong CP problem without the need for an axion
6 = 0 at tree level and one-loop level.

e No Ovff and suppressed proton decay
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Summary

e Universal LRSM has natural embedding in SU(5); X SU(5)4

e (Open questions 1n neutrino oscillations
> Absolute mass scale and mass hierarchy? v/

m, = (4.8 — 8.4) meV and Normal hierarchy
1

> Are neutrinos their own antiparticle? v/

Dirac neutrino via type-1I seesaw
> Is there CP Violation in lepton sector? v/

Predicts 0-p = (130.4 = 1.2)° or (229.6 £ 1.2)°
> Why is neutrino mass so tiny? v/

Dirac mass suppressed by O (M]/MG) ~ 107’

e The model solves strong CP problem without the need for an axion
6 = 0 at tree level and one-loop level.

e No Ovff and suppressed proton decay

Thank you for your time
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Backup Slides
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Two loop contribution to &

Hp
s = < -~ ~
/ ’ s N\
/ \
’ Uy upr ep {I Model Prediction]
> T ——T>—
U D \ A /¢ up
g - \\\ 'Hj% ,/,
~ -~ )‘ - - _
Hfp =
) Q
0~ — ImTr | QU U0 @
™~ ( 4 71_)4 _ PMNS ~ 7~ PMNS —
5 T 2 (§ -1 Mig | =
Y, Upvins Y7 Upyins (Y i) | In M.,

All parameters are known expect for
O = diag. (e'"1, e', 1) with
a; = 0.128 + nx/2 (n =0,1,2,..)

s
2
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Renormalization group evolution of 0

* There is the possibility that extrapolation of the Yukawa couplings by the RGE from the GUT
scale to the weak scale could generate a nonzero ¢

e The induced 0 via RGE from the up-quark sector read as
d ~1
5(0) = Im T [a’ (YMLYr ) (YMLY* ) ]
[

() > > f 3Tr(Y! Tr (Y Y, )Y, 172Y ° — 8
p ( ) +EYMLYLYML_5YdLYdLYuL+3Tr YLYuL Yy +31c\ Y, Yy ) Y+ 1x IL 2_081L ul, — 482L L — 885 Y

o d (YMLY f ) 1S a hermitian matrix = does not generate 0 if the initial @ is zero
[
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Fermion mass fitting

* Redefine the down-type quarks (d, D) and the charged leptons (e, E) to go from the original
basis to new basis such that M »and M are diagonal

dL = V.P*d;, dR — VRP*d’, D, = QUpinoDj»  Dgr = QUpyinsDre, = O*U PMNSeL, ep = O*U PMNS

0 M,k 0 M,k 0 M,
Mu= A Kp ’ Mfz ~ K ’ Md: ~ Ko Y
M 0 My~— 0 Mf,c_]z " —UinsM, Upnns
511 512
1 — d; _
5LMd§R _ dlag ‘ (md9 mg, m,, le, sz, mD3> where gL,R T 521 522

e CKM matrix is given by Vi = P*VpP *QIQ,*

unspecified unitary matrix Vp, thus Vi 1S unconstrained
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