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Neutron EDM bounds:

QQCD = éQCD + Arg(det(fm,ufm,d)) <1010

Why is the strong CP phase so close to 0? Dt A R



BUT SM NOT CP INVARIAN T
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Same SM fermion mass matrix has another physical phase, the
CKM phase which is non{zero:

v
Ocx v = Arg(det(mymg — mgmy,)) ~ 1.2 radians




NEW U(1): AXION & MASSLESS
UP SOLUTIONS

Introduce new abelian symmetry. This freedom allows us to rotate away this phase
If the up is massless chiral transformation can rotate away strong CP phase

A new U(I), the Peccei-Quinn symmetry, is introduced. This is spontaneously broken in
the UV. We have the new term involving the goldstone boson, the axion,

2
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At high scales this allows us to rotate away the strong CP phase by the shift symmetry
from the (non-linearly realised) U(l)
¢ 9
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AXION POTENTIAL

QCD non perturbative effects break the shift symmetry
and give the axion a potential:

Vi(p) = —muf;? COS (jﬁ — QQCD)

Axion stabilises such that:

0
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thus solving strong CP problem

Vafa-Witten (1984)



NELSON-BARR MECHANISM

In a third class of solutions CP (or P) is assumed to be a
symmetry of nature and CKM phase is generated at some high

scale via spontaneous breaking of CP

The RG flow of Bgcp due Bckm to is negligible keeping Bgcp
within experimental bounds at low scales.

Nelson (1984)
Barr (1984)
Babu & Mohapatra (1990)




STRONG CP PROBLEM
SOLUTIONS

Axion
Clear low-energy signature

Massless up

Nelson-Barr type solutions



LOW ENERGY PREDICTIONS

Unlike the NB solution, the R S
. 9: 10° = 7 =
axion a%nd massless up have °F st casn y
unambiguous low energy L SR A
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predictions

|. An axion with a mass and
coupling related in a precise | . _
way giving the QCD axion sl | ol i s il rin
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2. A massless up quark.
seemingly ruled out by lattice data
Alexandrou et al (2020)



ASSUMPTION BERIND LOW
ENERGY PREDICTIONS

This relies on the assumption that QCD non-perturbative effects turn on
only in the IR.

How robust is this assumption ?

Can we modify QCD in the UV and change these predictions ?




SMALL INSTANTONS CAN
ENHANCE AXION MASS

Axion potential arises from closing all the lines.



SMALL INSTANTONS CAN
REVAIVE MASSLESS UE SOIEUHIOIN

Up mass can be 0 in the deep UV.

Up mass is then generated additively entirely from instanton
effects.

In the deep UV one can use chiral rotation to remove Oqcp.



SMALL INSTANTONS CAN
REVAIVE MASSLESS UE SOIEUHIOIN

Up mass has the right phase such that final value of Bgcp=0.

Possible also with IR QCD instantons but disfavoured.
Kaplan & Manohar (1986)

Choi, Kim & Sze(1988)
Banks, Nir & Seiberg (1994)
Agrawal & Howe (2017)



SMALL INSTANTONS CAN
REVAIVE MASSLESS UE SOIEUHIOIN

l/P WBLS %rnv\ ﬂeQb Cngond an

Up mass has the right phase such that final value of Bgcp=0.

Possible also with IR QCD instantons but disfavoured.
Kaplan & Manohar (1986)

Choi, Kim & Sze(1988)
Banks, Nir & Seiberg (1994)
Agrawal & Howe (2017)



PARSBLES SR 15 MORE

CHALLENGING

Axion mass enhancement depends on ratio of scales
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Up Yukawa, dimensionless and independent of UV scale



OVERCGOMINGSMARIEIINSTTANTONS U PERESS [EIN
FAEIEORS

The small instanton contribution in SM is suppressed because of :
|. Smallness of strong coupling C"(S )

2. Smallness of SM Yukawa Ke)



OVERCOMING STERONGEEOEPEINGES ERPRESSIEIN

New coloured states to alter )(\

running of s
Holdom & Peskin (1982)

Flynn & Randall (1987)
QCD subgroup of enlarged

color group. Eg. %S

SU(3); x SU(3)2 — SU(3).

1 1 1 i 3

= +
as(p)  as,(p)  as,(p) s

Agrawal & Howe (2017) fa-
Gaillard, Gavela, Houtz, Quinze, Del Ray (2018)

Extra dimensions
Ghergetta, Khoze, Pomarol & Shirman(2020)




RELATION TO SM FLAVOUR
R IVAC:

In theories that address SM flavour puzzle there may be no small
parameters in the UV

Eg: Froggatt-Nielsen model, Partial Compositeness have only
O(l) parameters in the UV.



We will now show that almost all Ingredients for ‘massless’ up
solution already present in partial compositeness models. Same
ingredients raise axion mass if it is present. These effects can
be almost automatic




FLAVOUR FROM PARTIAL COMPOSITENESS

Each fermion has a composite partner. The Higgs is a composite state

These composite states map to operators in a strongly coupled theory in
the UV

Can be motivated by extra-dimensional constructions

Kaplan (1991)
Contino & Pomarol (2004)



FEAVOURSEROMEPARTIAL COOMECISET
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y(m.) = ys (M) (
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)dp—5/2'
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Large anomalous dimensions of the operators lead to running

and exponential suppression.

Anarchic O(1) UV structure can give rise to SM mass and mixing

hierarchies



e @M RSEEICIINE@ AR CEEE QMO SIRFENESS

We want a UV completion for the strong sector
We follow the well-known construction of Ferretti (2014).

We add some new states so that we have partners for all SM fermions and
not just the top as in Ferretti (2014).

No new ingredients apart from what is required to realise partial
compositeness.

Ferretti (2014)



AR EE N FEIN AN
SYMMETRY BREAKING

SU(4)me | ST SU(3) SUBY| SUB)L |UM)x |[UM)s|U(1)a1|U(1) a2
[¥] 6 1 1 |(1,1,1,1)] 0 0 |—18/5| 0
XLl 4 1 3 1 [(3,1,1,1)| -1/3|-1/6| 1 1
Xu 4 1 1 3 ((1,3,1,1)| 1/3 | 1/6 1 1
X 4 1 3 1 |(1,1,3,1)] 1/6 |—-1/6| 1 -1
X 4 1 3 1 |(1,1,1,3)| -1/6| 1/6 1 -1

Contains EWV group

Ferretti (2014)

Gupta, Khoze and Spannowsky (2020)



AR EE N FEIN AN
SYMMETRY BREAKING

New flavour symmetry (will be crucial)

SU4)uc||SU(5)|SU(3)|SUB) | SUB)E| |UM)x|U1)s|U(1)a1|U(1) a2
Y 6 5 1 1A 0 0 |-18/5| 0
Xu 4 1 3 -1/3|-1/6| 1 1
Xu 4 1 1 1/3 | 1/6 1 1
X 4 1 3 1/6 | —-1/6| 1 -1
X 4 1 3 3)| —1/6 | 1/6 1 -1

—i(X, ID% + deDxd + Xo DXL + XX, + Do)

New states|+ 3 copies ‘

so that all SM fermions
have partners

Ferretti (2014)
Gupta, Khoze and Spannowsky (2020)




AP e N FEIN AN )
SYMMETRY BREAKING

Condensate:

W’w") ~ op xu Xo7) ~ 0l

SU(5) x SU(3) x SU(3)" x SU(3)% x U(1)%

SO(5) x SU(3). x SU(B)% xU(1)x xU(1)p

TeV Scale

All potential Goldstone Bosons all of which get a mass upon
introduction of explicit breaking terms as we will see.

Gupta, Khoze and Spannowsky (2020)



FERMIONIC PARTNERS

0:2 = (Xu¢Xu)i O;R = (iui}iu)i
0.1 = (xa¥xa)' Oar = (Xa¥Xa)',

(5,3)2/3
\
(3,2,2)5/3 + (3,1, 1)g3
Up sector partners: I
(3,2)7/6 +(3,2)1/6 +(3,1)2/3
1
35/3+3 X 32/3+3_1/3

Gupta, Khoze and Spannowsky (2020)



LAGRANGIAN

Ly = —i(X. DX + DX, + Dy + D% +oby)  Kinetic terms

po My 1 eas M, 1 ., | Partial Compositeness
T T Ar Advp—5/2 R R Ar Adu, —5/29LYL
,\21-7 1 (o ) ZJ 1 i c.
+ 47: AdDR_5/2 R‘D‘}t"*' 47: dp —5/2qLDL'J

Gupta, Khoze and Spannowsky (2020)



LAGRANGIAN

Ly = —i(X. DX + DX, + Dy + D% +oby)  Kinetic terms

Partial Compositeness

£mim -

Important for small instanton contributions
Only new ingredient
Gupta, Khoze and Spannowsky (2020)



RUNNING OF STRONG
COOUIPEING

3

dgs g
= —(11 — 2n¢/3)—==
dlog ( ns/ )167r2

QCD becomes strongly coupled at the M=2000 TeV scale again

QCD instantons unsuppressed at this scale,i.e.: [ks ~ 1 |

Gupta, Khoze and Spannowsky (2020)



RUNNING OF THE MIXING TERMS

dys Nuc vy
2 = (dr —5/2 b
A du (Q_/ Y 06

A 4

m* dp—5/2'
yr(my) = yp(M) (M)

“Yukawas’ O( 1) at UV scale M.

SM mass/mixing suppressions from running
Gupta, Khoze and Spannowsky (2020)



TWO SCENARIOS

SCENARIO [: yu.=0 in the deep UV and generated only additively
by QCD instanton. Massless up quark solution revived

SCENARIO ll: yu. non-zero but axion present. Axion becomes
heavy due to instanton effects

Gupta, Khoze and Spannowsky (2020)



SCENARIO [[UP MASS FROM

Generation of y,. by QCD instanton

Gupta, Khoze and Spannowsky (2020)
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Gupta, Khoze and Spannowsky (2020)



SCENARIO [[UP MASS FROM
INSTANTON

YuL (M )Yur (M) 5 [ 91 \®
Y, (m,) ~ = ~ 15 x 107k, (%)

This value was obtained by using IR values of SM Yukawa as
boundary conditions

Up Yukawa may be reproduced in the non-perturbative limit
for all couplings.

Gupta, Khoze and Spannowsky (2020)



STRONG CP SOLUTION

DEEP UV: Chiral rotation of u; can remove Bgcp

BELOW SMALL INSTANTON SCALES: yu. has just the right
phase to give Ogcp=0

focp(M)

Arg(

Arg(

* %
YuLYuR

11

f=u,d,s.cb.t

f=d,s,c,b.t

Il vievin)

2 2
lyrL|*lysr|”) = 0.

Gupta, Khoze and Spannowsky (2020)



SCENARIO [l: HEAVY AXION
FROM INSTANTONS

Ut
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We must close all lines to obtain axion potential.

Gupta, Khoze and Spannowsky (2020)



~ SCENARIO Il HEAVY AXION
'FROM INSTANTONS

ol CAST  HB Stars |

- y_rays ) o

=12 -
ao

% 1 Cosmology
2 We must have
= f>M
Log,p/m,leV]
V(o) = kM*? cos (? + éqcp) 4 m?,f,? CcoS (? + éqcp)

* Gupta, Khoze and Spannowsky (2020)
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Extended set ups lead to new phases usually

Are there other phases or other ways of closing 't Hooft vertex?

If yes this will lead to new contributions to up Yukawa/axion
potential misaligned in phase.Will give a non-zero Bgcp

Gupta, Khoze and Spannowsky (2020)



O THERPEIASED Y

. First, the phase 6,,. can be rotated away by vo —

wpe~ /2 which redefines €y.0r and @'

. Next, the phaqp B, associated to g4y can be ro-

tated to A" . and A, by making the transformation
U_, = Y_ e, Thlb also redelines @',

. Then 8" can be eliminated by an equal rotation of

all y; and x;, which also redelines fgcp.

. Finally 85 can be eliminated by an equal but op-

posite rotation of the y; relative to the y;.

\ All CP phases can be

Cnew - moeigm?,f)o?,bo-i-

Lr = ~i( DX + X% + X DX, + XX + P DY)
A 1 /\'J 1 .
Emim - A AdL —5/2 R U 47r Adb _S/QqLU
)‘dn 1 . /\” 1 .
C.1 C.J
N 4w AdpR—5/2 dg' D + dm A9y _S/QQLDL
gdwe

(w +0u,%0)(Y4—*1p)

rotated to mixing terms

Gupta, Khoze and Spannowsky (2020)




MFV REALISATION
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focp = Ogcp + ArgDet [AyAd]

OCK.M - ArgDet [Au /\d — AdAu]

Redi & Wulzer (2014)
Gupta, Khoze and Spannowsky (2020)



CKPE P ASE OINET I R PRIASE

What about contribution of CKM phase to running of Bgcp in SM
In SM this is 7 loop suppressed.
In this model it is even more suppressed !

Our model is secretly an NB model!

Gupta, Khoze and Spannowsky (2020)



CONCLUSIONS

Strong CP problem solutions such as massless up solution and
axion solution have clear low energy predictions

These predictions assume QCD instantons are important only in
the IR

Small instantons can become important in some scenarios

This happens automatically in partial compositeness yielding
heavy axion/ ‘massless’ up solution



