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The Strong CP Problem

Strong interactions appear to conserve Parity (P) and Time Reversal
(T) symmetries, and therefore also CP symmetry. However, QCD
Lagrangian admits a source of P and T violation:
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A chiral rotation on the quark field, g — e€®5/2g, can remove the
phase of the quark mass as 0, — 04 — a. Due to the anomalous
nature of this rotation, 8gcp also changes to gcp — Ogcp + @

The parameter

0 =0qcp + 04

is invariant, and is physical
With multiple flavors of quarks, the invariant physical parameter is
0= Oqcp + ArgDet(Mg)

0 contributes to neutron Electric dipole moment (EDM)



Neutron EDM from 8

e In presence of # neutron will develop and EDM:
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Here = % ga ~1.27, ¢, ~ 1.6, N = 4xnf,

e From d, < 10726 e cm, one obtains = 0 < 1019

e The extreme smallness of 6, a dimensionless parameter, is the strong
CP problem

e Setting 0 to zero is unnatural, since weak interactions require O(1)
CP violation in that sector



Popular Solutions to the Strong CP Problem
e Massless up quark: Since
0 = qcp + ArgDet(Mg),
chiral rotations on any massless quark can remove it

e m, = 0 is inconsistent with experimental data as well as lattice
calculations

e Peccei-Quinn symmetry and the axion: Here @ is promoted to a
dynamical field. The potential for this field relaxes 6 to zero.

e An anomalous U(1)pq symmetry is imposed, which is spontaneously
broken as well explicitly broken by the QCD anomaly

e The effecitve interaction of the axion is given by

a 1 =
LD (f;+9>32ﬂ2GG

e Parity solution: Since 8gcp is odd under P, the strong P problem
can be solved in P-symmetric theories without needing the axion



Parity Solution to the Strong P Problem

Imagine Parity is spontaneously broken. =
focp = 0 by Parity.

If the quark mass matrix is hermitian, also by Parity, then § = 0 at
tree-level.

Quantum corrections could induce small nonzero 6.
In left-right symmetric models, Parity symmetry is exact, with
L+ qr, © < OF
Consequently, the Yukawa coupling (Y, G, ® gr) is hermitian:
Yo=Yl
However, the quark mass matrix is
Mg = Yq(®)

e It is a challenge to make the VEVs of ® real.
e Initial attempts used discrete symmetries to achieve this goal.
Mohapatra, Senjanovic (1978)



Left-Right Symmetric Models

Gauge symmetry is extended to:
SU(?))C X 5U(2)[_ X 5U(2)R X U(l)B_L
Pati, Salam (1974); Mohapatra, Pati (1975); Mohapatra, Senjanovic (1979)

Fermions transform in a left-right symmetric manner:

Q(3.2,1,1/3) = (j,i), Qr (3,1,2,1/3) = (Z’;) ,

v, (1,2,1,-1) = (ZL) Vg (1,1,2,-1) = (”R>.
L

€r

Note the natural appearance of the right-handed neutrino, leading to
small neutrino masses
In standard LR theories, 3 types of Higgs fields are employed:

0 +
®(1,2,2,0) = (jll 2@) A r(1,3(1),1(3),2) = (‘“goﬁ _;J\@)LR

® generates quark and lepton masses, A; r generate Majorana
neutrino masses. Ag also breaks SU(2)g symmetry



Parity Solution to the Strong P Problem

Parity symmetry can now be defined, under which
Q & Qr, V, Vg ool A & Ag
Gauge fields transform under P as:

Gi(t,x) = Gi(t, —x) X su, Bu(t,x) = Byu(t,—x) X s,
W,_"”N(LX) — W,S’“(t? —X) X S, W,%_’u(t,x) — W,_"”H(L —X) XS,
where s, =1 (p=0) and s, = -1 (n=1,2,3)

Owing to this symmetry, focp = 0

Yukawa coupling matrices of quarks are hermitian also by P. Quark
mass matrix is however not hermitian, since the (®) is complex

The Higgs potential of the standard left-right symmetric model has
a single complex coupling:

Vo {aze"f"z [Tr(JDdJT)Tr(ALAD + Tr(&fcb)Tr(ARA;)} + h.c.}

For nonzero phase d,, the VEVs of ® would develop a relative phase
of order one, spoiling the Parity solution to strong CP problem.



SUSY-Assistance to the Strong P Problem

e Supersymmetric Higgs sector would not admit such cross couplings
in the potential, and could lead to real VEVs of ¢

e Several SUSY models have been constructed within left-right
symmetry that solves the strong P problem

Kuchimanchi (1996); Mohapatra, Rasin (1996); Mohapatra, Rasin,
Senjanovic (1997); Babu, Dutta, Mohapatra (2002)

e Explicit SUSY LR models assume two copies of ®(1,2,2,0) fields to
generate CKM mixing angles

e If the theory has two hermitian flavor matrices Y, and Yy, and if all
flavor singlets are real, the lowest order contribution to 6 would arise
from:

almTr(Y2YIYEY2Z) + oImTr(YI YL Y Y?)



SUSY and the Strong P Problem

In SUSY LR models with two copies of ®(1,2,2,0), all
superpotential parameters are real due to P.

In these models the coefficients c; o are of order

ln(MWR/MWL) !
@2~ 1672

They lead to and induced @ of order

0 ~3x10"%(tan B)%(c; — @)
Babu, Dutta, Mohapatra (2002)

Argument similar to Eliis, Gaillard (1979) for SM contribution to 6

If for some reason the phase of the quark mass matrix is zero in the
Standard Model, it would arise via 7-loop diagrams, and would
remain extremely small.
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Solution with P Symmetry Alone

Parity alone can solve the strong CP problem
Key point is to go easy with the Higgs sector

If only an SU(2), doublet Higgs x; and an SU(2)r doublet Higgs
XRr are used for symmetry breaking, gauge rotations would guarantee
that their VEVs are real

Fermion mass generation is achieved via mixing of the usual
fermions with vector-like fermions via x; and xgr

This class of left-right symmetric models belong to “universal
seesaw” class Davidson, Wali (1987)

Parity is softly broken by the mass terms of x; and xg, which leads
to consistent phenomenology

This setup can solve the strong P problem via parity symmetry
alone. Babu, Mohapatra (1990)



Left-Right Symmetry with Universal Seesaw
> Gauge symmetry is extended to SU(3). x SU(2). x SU(2)g x U(1)x
» These models are motivated on several grounds:

» Provide understanding of Parity violation
Better understanding of smallness of Yukawa couplings
Requires right-handed neutrinos to exist
Provide a solution to the strong CP problem via Parity

Naturally light Dirac neutrinos may be realized

vVVvyVvYyVvyy

Possible relevance to experimental anomalies

Davidson, Wali (1987) — universal seesaw

Babu, He (1989) — Dirac neutrino

Babu, Mohapatra (1990) — solution to strong CP problem via parity
Babu, Dutta, Mohapatra (2018) — Rp+ solution

Dunsky, Hall, Harigaya (2019) — spontaneous P breaking

Craig, Garcia Garcia, Koszegi, McCune (2020) — flavor constraints
Babu, He, Su, Thapa (2022) — neutrino oscillations with Dirac neutrinos
Harigaya, Wang (2022) — Baryogenesis

Babu, Dcruz (2022) — Cabibbo anomaly, W mass anomaly

12



Left-Right Symmetry with Small @

» Fermion transformation: SU(3). x SU(2);. x SU(2)r x U(1)g_1:
Q. (3.2,1,1/3) = (U Qr (3.1,2,1/3) = [ R
L ) ) 9 - dL ) R ) ) ) - dR ?

v, (1,2,1,-1) = (”L>, Ve (1,1,2,-1) = <VR>.

€L €RrR

» Vector-like fermions are introduced to realize seesaw for charged
fermion masses:

P(3715154/3)3 N(37la]—a_2/3)v E(la]-a]-,_2) .

» Higgs sector is very simple:

Xr Xk
v (1,2,1,1) = (Xs) e (LL21)— (XS")

L R

> (x%) = kg breaks SU(2)g x U(1)x down to U(1)y, and (x?) = r,
breaks the electroweak symmetry with kg > K|
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Seesaw for Charged Fermion Masses

Yukaw interactions:
L=y, (QuiL+ Qr¥r)P + ya (Quxe + Qrxr)N
+ye (Wxe + VrxR)E + h.c.
Vector-like fermion masses:

Emass — Mp0 IEJP"‘MNO /\_/N+MEO EE

Seesaw for charged fermion masses:

(0  yk _ YPKLER
MF(yTHR M):>me

Under Parity, fields transform as:
QL+ Qr, Vy Vg, FL& Fr, XL XR

Consquently vy, q4.¢ = yj"d’e, and Mgo = M;o

fqcp = 0 due to Parity; ArgDet(MyMp) = 0; induced 6=0at
one-loop; small and finite # arises at two-loop
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Vanishing 6 at one-loop
» Correction to the quark mass matrix:
My =M1+ C)
» 0 is given by
0 = ArgDet(1 + C) = ImTr(1 + C) = ImTr G
where a loop-expansion is used:
C=G+G+..

» The corrected mass matrix has a form:

Sy [wﬁ ng}

U U
oMy, oMpy,
» From here § can be computed to be:
— 1 _ _ 1 _ 1 _
0 =ImTr |———— M (Y)) " "MuY, ' + =My Y ' + —aMa (Y) | -
KLKR KL KRR
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Feynman Diagrams for induced 0
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» Each diagram separately gives zero contribution to
» Induced value of  at two-loop is of order 10~ 11

» Such a cancelation is not easy to achieve. For e.g., this typically does
not occur in Nelson-Barr type models which utilize CP symmetry



Matter Content from SU(5). X SU(5)r

ch 0 U§ - UQC —u —dl
DS LU0 U e —d
Yr=| D§ XtLrR=—72| U U 0 —u3 —d3
e ﬁ uq u» us 0 —E*€
—V d1 d2 d3 E€ 0

LR ,

» All left-handed SM fermions are in {(10,1) + (5,1)}, while all
right-handed SM fermions are in {(1,10) + (1,5)}

» There is vg in the theory, but no seesaw for neutrino sector
» Small Dirac neutrino masses arise as two-loop radiative corrections

» We have evaluated the flavor structure of the two-loop diagrams and
shown consistency with neutrino data

L,R
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Dirac Neutrino Models
Neutrinos may be Dirac particles without lepton number violation

Oscillation experiments cannot distinguish Dirac neutrinos from
Majorana neutrinos

Spin-flip transition rates (early universe, stars) are suppressed by
small neutrino mass:

my,

2
- rwea
E ) 2k

Neutrinoless double beta decay discovery would establish neutrinos
to be Majorana particles

rspin—ﬂip ~ (

If neutrinos are Dirac, it would be nice to understand the smallness
of their mass

Models exist which explain the smallness of Dirac m,

“Dirac leptogenesis” can explain baryon asymmetry

Dick, Lindner, Ratz, Wright (2000)



Dirac Seesaw Models

Dirac seesaw can be achieved in Mirror Models

Lee, Yang (1956); Foot, Volkas (1995); Berezhiani, Mohapatra (1995),
Silagadze(1997)

Mirror sector is a replica of Standard Model, with new particles
transforming under mirror gauge symmetry:

A _(HTY . 7AW ,_Hl+
=), =) =) =)

Effective dimension-5 operator induces small Dirac mass:

(LH)(L'H") W
A = m, = A
L r
N N
e N
b4 ,\\
Pad H 4 \

B — L may be gauged to suppress Planck-induced Weinberg operator
(LLHH)/Mp) that would make neutrino pseudo-Dirac particle
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Naturally Light Dirac Neutrinos

Higgs sector is very simple: x((1,2,1,1/2) + xr(1,1,2,1/2)
W,_Jr — Wg mixing is absent at tree-level in the model

W,_Jr — Wg mixing induced at loop level, which in turn generates
Dirac neutrino mass at two loop Babu, He (1989)

Flavor structure of two loop diagram needs to be studied to check
consistency

Oscillation date fits well within the model regardless of Parity
breaking scale Babu, He, Su, Thapa (2022)
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Loop Integrals

—g* r MpMpyMEg,
M,p = TYEY[%YZZ Kik %WZ Ig,

// d*kd*p My, My + (52 — My (B> — My )
@m)® K2 (p+ K)2(k2 — M2)((p + k)2 — M2)p?(p? — M%[)(p - M2, )(P - M2 We)

3 2
= —— ———\| — — (1 +r)(rg —1)(r3 —rg)(rg — 1)
(3 — D(rg — Dlrg — 13) [ o LB T A

1 rz 1 n
+r3rg(rg —r3) (nF | —, = | +nF | —, =|+F[n,n]
n'n n on
o nor nor
P PO o) RESRCY Y BERE Y S Rl
o non B
qon 5 on non
+(3 =V |nF|—, =|+nF|l—, —|+nF|—=,—
non non o
.
ol [1- 2
r

. . o fn-1 -1
+ r3ra(rs — ra) ( Lin[t — r] + Lin[L — ro] + ry Lip + roLiy
n n

+(r3 = rg)(r3 — 1)(rg — 1) (,ZL/‘Q {1 -

ISl

. n . n . €] . 13
gy — 1) (r3liy |1 — = | +r3lip |1 — = | + rLig[l — =]+ rpLip[l — =]
3 6] n o)

rn r g ra
—r3(r3 = 1) [ rglip |1 — — | +rglip |1 — = | +rqlip[l — =]+ rlip[l — —] .
r4 r r r

22



Neutrino Fit in Two-loop Dirac Mass Model

Oscillation 30 range [ Model prediction |
parameters NuFit5.1 [ BPT(NH) [ BPI(NA) | BPI(H) [ BPV(H) |
Am3(10~° eV?) 6.82 - 8.04 7.42 7.32 7.35 7.30
Am§3(10*5 eV?)(IH) 2.410 - 2.574 - - 2.48 252
Am3; (10~3 eV2)(NH) 2.43 - 2,503 2.49 2.46 - -
sin® 615 0.269 - 0.343 0.324 0.315 0.303 0.321
sin 63 (IH) 0.410 - 0.613 - - 0.542 0.475
sin 653 (NH) 0.408 - 0.603 0.491 0.452 - -
sin 013 (IH) 0.02055 - 0.02457 - - 0.0230 0.0234
sin? 613(NH) 0.02060 - 0.02435 0.0234 0.0223 - -
scp (IH) 102 - 361 B B 271° 296°
Sap (NH) 105 - 405 199° 200° - -
Miight (107 °) eV 0.66 0.17 0.078 4.95
Me, /My, 917 3213 639 3505
Mg, /My, 0.650 193 154 5.03
Mg, /My, 0.010 126 0.054 294

» Ten parameters to fit oscillation data
» Both normal ordering and inverted ordering allowed
» Dirac CP phase is unconstrained

» Left-right symmetry breaking scale is not constrained
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Tests with Neg in Cosmology

» Dirac neutrino models of this type will modify N.g by about 0.14

106.75 \*/°
ANyg ~ 0.027 [ —= 2 3
. (g* ( Tdec) ) Eeft

ot = (7/8) x (2) x (3) =21/4
» Can be tested in CMB measurements: N.g = 2.99 +0.17
(Planck+BAO)

2 ! 5 TC%
G T3, ~ (T, ==
F ( MWR ) dec g ( deC) MPI

1/6 4/3
g*(Tdcc) MWR
Taec >~ 400 M =
dec = 400 eV( 70 ) (5 TeV

» Present data sets a lower limit of 7 TeV on Wg mass

24



0.10

0.05

Wg Mass [GeV]
10" 102 10® 10* 10° 10° 10 10®

Planck+BAO

SPT-3G/SO \

104102 10210"" 10° 10" 10® 10°® 10* 10°
vy decoupling temperature Ty [GeV]

25



Pseudo-Dirac Neutrinos

In any model with Dirac neutrinos, quantum gravity corrections
could induce tiny Majorana masses via Weinberg operator

The active-sterile neutrino mass splitting should obey [dm?| < 1012
eV? from solar neutrino data — de Gouvea, Huang, Jenkins (2009)

B — L may be gauged in rder to control the small amount of
Majorana mass. (LLHH/Mp;) won't be allowed due to B — L, but
(LLHHp)/ M3, may be allowed — if ¢ has B — L of +2

In the current model (YrWrXRXR)/Mp1 is more important (if
allowed), but B — L gauging could forbid this operator, but may

permit (YrYRXRXRY)/MB)

Pseud-Dirac nature of neutrinos may be tested with high energy
astrophysical neutrinos via (L/E)-dependent flavor ratios —
Beacom, Bell, Hooper, Learned, Pakvasa, Weiler (2003)

For (xg) ~ (¢) ~ 10° GeV, Am* ~ 10716 eV?

26



lceCube Flavor Ratios for Pseudo-Dirac Neutrinos

» Flavor ratio at source from pion decay: (%, %, 0)
» For Dirac neutrinos these ratios become at detector (%, %, %)

» For pseudo-Dirac neutrinos at the detector we have:

1
PB:§+6P5

1
0P = =3 [IUn[x1 + |Upal*x2 + [Ugs|*x3]

Am?L
xj:sin2< 4L—i )

» Currently under study (Carloni, Martinez-Soler, Argiielles, Babu, Dev)
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Anomalies and the P Symmetric Model

» Currently there are several experimental anomalies. The P
symmetric model may be relevant to some of these

» Anomalies include:
> Muon g —2
» Rk, Rk in B meson decay
» Rp, Rp+ in B deays
» W-boson mass shift
» Cabibbo anomaly

» Not all anomalies find resolution here

» Notably, muon g — 2 is hard to explain, without further ingredients

» Cabibbo anomaly and W mass shift fit in nicely with testable

predictions

Babu, Dcruz (2022)
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Explaining the Cabibbo Anomaly

The first row of the CKM matrix appears to show a 3 sigma
deviation from unitarity:

|V |? + [ Vis|? + | Vius|? = 0.9985(5)
The sum of the first column also deviates slightly from unity:
|Vid|? + | Veal? + | Via|* = 0.9970(18)

Suggestive of mixing of up or down-quark with a vector-like quark

Occurs naturally in the quark seesaw model. However, if the
up-quark mixes with a heavy U-quark via

0 YuRL
My = * ;
P |:yu KR MU :|

u; — U mixing is too small, suppressed by u-quark mass.

This is a consequence of Parity symmetry
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Explaining the Cabibbo Anomaly (cont.)

> A way out: Mix up-quark with two of the U-quarks:

0 YuRL 0
Mup = _y::K/L Ml M2
0 M, 0

» In this case large value of y,k; ~ 200 GeV is allowed, without
generating large u-quark mass. Note: Det(M,,) =0

» Assume CKM angles arise primarily from down sector. Then the full
5 x 3 CKM matrix spanning (u, c, t, Uy, U,) and (d, s, b) is:

cVid cL Vs Vi
Vcd Vcs Vcb
VCKM = th Vts th
—sis; Vg —s15{ Vs —s15] Vb

! ! !
—s1c;Vua  —sic; Vs —sic Vi

» s, = 0.0387 explains the apparent unitarity violation
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Consistency with other constraints

In order to get s; = 0.038, one of the U-quark mass should be below
5 TeV.

Owing to the u; — U mixing, Z coupling to u; is modified to

e\(l 2. s
ew/)\2 3" 2

This shifts the Z hadronic width by about 1 MeV, which is
consistent. The total Z width has an uncertainty of 2.3 MeV.

There are no FCNC induced b>_/ Z boson at tree-level. The box
diagram contribution to K — K mixing gets new contributions from
VLQ, which is a factor of few below experimental value.

Di-Higgs production via t-channel exchange of U quark is a possible
way to test this model at LHC.
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Explaining the W boson mass shift

CDF collaboration recently reported a new measurement of W
boson mass that is about 7 sigma away from SM prediction:

MGPE = (80,433.5 +9.4) MeV, MM = (80,357 & 6) McV

Vector-like quark that mixes with SM quark can modify T, S, U
parameters. This occurs in the quark seesaw model

Needed mixing between SM quark and VLQ is or order 0.15. t — T
mixing alone won't suffice, as it is constrained by top mass.

t-quark mixing with two VLQs with the mixing angle of order 0.15
can consistently explain the W mass anomaly

Source of custodial SU(2) violation is the t; — U, mixing

Mixing of light quarks with VLQs cannot explain the anomaly, since
these mixings are constrained by Z hadronic width
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W boson mass shift

(t, Uz, Us) mass matrix:

0 0 wike
Mup = 0 0 Ml
yikr My M,

m; — 0 approximation is realized

In the simplified verions with M, = 0, the oblique T-parameter is:
N

= 2 2
16msy, my,

t; — U, mixing angle s; is contrained from | V4| measurement to be
|SL| < 0.17

T = 0.16 is obtained for My = 2.1 TeV. T = {0.15,0.26} needed
to explain W mass shift implies My = {2.1,2.6} TeV
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W boson mass shift

Babu, Dcruz (2022)
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34



sinfp,

My, and VLQ Mass

CDF W Mass Shift

0.20

=]
—
oo

0.16

0.14

—
SV

f=
—
o

VLQ mass exclusion

0.08

|
] i
0.06 :

T | L | T T | L | T T ‘ T ‘ T T ‘ |
1 1.5 2 2.5 3 35 4 45
My [TeV]

W boson mass shift as a function of VLQ mass

35



Conclusions

Strong CP problem is a strong indication for physics beyond the
Standard Model

Parity Symmetry alone can solve the problem. This is an alternative
to the axion solution

BSM theory should be left-right symmetric, so that P can be
defined

Models where P alone can solve the strong CP problem have a
variety of testable consequences

A second Higgs field and vector-like fermions are characteristics of
these theories

Dirac neutrinos, possibility of non-unitary CKM matrix, and a
modified W boson mass can arise in these models

Neutron EDM cannot be too small compared to experimental limits
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