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Strong CP problem

e The SM Strong CP
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strong CP angle: H_ — 9 —+ arg det M = 6 -+ arg det [Yqu]



Strong CP problem

 The SM Strong CP
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strong CP angle: @ — @ + arg det M = 0 + arg det [Yqu]

Observable effect:

Neutron electric dipole moment dy ~ (5% 107 "°¢ - cm)f
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Strong CP problem

 The SM Strong CP

small
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3272
strong CP angle: ) = @ + arg det M = 0 + arg det Y, Y]
CkMphase:  arg det|Y,Y; — Y;Y, | <::| large

Observable effect:

Neutron electric dipole moment dy ~ (5% 107 % - cm)f
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Strong CP problem in the SM

* |s this a problem? Not necessarily: different spurions at tree level they are
orthogonal, as exploited in Nelson-Barr type of models (cf. total effective CP

becomes zero for axion)

 RG running of 6 : if we set it to be zero -> no symmetry emerges (like higgs

mass) => fine-tuning problem like Higgs mass?
at /-loops the EDM receives log-divergent contributions but it is tiny, and the

finite contribution predicts 8 ~10-16 . Eiiis and M K. Gaillard (1979)
E.P. Shabalin (1979)
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more like a Dirac fine tuning, like flavor puzzle
e 1070 107!

Uz oz



Strong CP problem in the SM

Is this a problem? Not necessarily: different spurions at tree level they are
orthogonal, as exploited in Nelson-Barr type of models (cf. total effective CP

becomes zero for axion)

RG running of 8 : if we set it to be zero -> no symmetry emerges (like higgs

mass) => fine-tuning problem like Higgs mass?
at /-loops the EDM receives log-divergent contributions but it is tiny, and the

finite contribution predicts B ~10-16 1. Eilis and M K. Gaillard (1979)
E.P. Shabalin (1979) But, the situation is different, if

BSM is considered:

more like a Dirac fine tuning, like flavor puzzle e.g. in SUSY, 1-loop RG running from the
gluino mass phase is large, or in

% 10~ 5 ! 0_11 composite Higgs, 1-loop with KK quarks
™~ and Higgs is large
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Adressing Strong CP problem

* Addressing the problem by Spurious symmetries of Lqcp

o anomalous U(1): 0 — 0 + o

-) linear: massless up quark — ruled out
-) non-linear: U(1)pg — axion

¢ P: 8 — —0. Mirror world, ... |
“*good” UV symmetries:

gauged in extra dimensions

¢ CP: &6 — —60. Nelson-Barr models Dine, Leigh, MacIntire (1992)
Choti, Kaplan, Nelson (1993)




Outline of the lest of talk

We assume there is a BSM physics, which makes the strong CP problem

serious. (in our case BSM is Composite Higgs/RS model)

Doubly Composite Higgs / Three-brane RS model
Nelson-Barr models in Composite Higgs / RS model
High Quality Axion in Composite Higgs / RS model

Summary



Doubly Composite Higgs / Three-brane RS model

* |f you have more than two scales in the theory, i.e. 3 different scales, it
furnishes a useful framework (basically framework for this talk!)

AdS/CFT the presence of the intermediate

brane can be understood as
spontaneous breaking of a conformal
symmetry, but the resulting 4D dual
theory flows into a new conformal
fixed point

Subregion 1
6k |

K2

A=

e.g. addressing flavor: Agashe, Du, Hong and Sundrum (2017)



Doubly Composite Higgs / Three-brane RS model

* |f you have more than two scales in the theory, i.e. 3 different scales, it
furnishes a useful framework (basically framework for this talk!)

AdS/CFT the presence of the intermediate

brane can be understood as
spontaneous breaking of a conformal
symmetry, but the resulting 4D dual
theory flows into a new conformal
fixed point

Subregion 1
6k?

K2

| A} =

e.g. addressing flavor: Agashe, Du, Hong and Sundrum (2017)

How about stabilization of geometry? SL, Y. Nakai, M. Suzuki (2022)



Doubly Composite Higgs / Three-brane RS model

“Warped” dimension 1s dual to 4D strong dynamics

 What’s the advantage”

¢ Can generate a hierarchy of scales dynamically
CFTI I:> CFT Il
— —k
— e~k AIR — AUV C—KY
AdS/ " / e~ k2(y—y1)—kiyr
b 4
é 4
Subregion 1 % Subregion 2
AS — _6_k12 . A5 = —% .
(= 4 ¢ Can generate small couplings
K . . . .
/ / y = yin (partial compositeness via different 5D profile)
Y !
Yy=u

Small wavefunction
overlap

Auvy Arr



Nelson-Barr models in Composite Higgs / RS model

e Basic idea of Nelson Barr:

vector-like quarks

SM sector

CPV sector

dd, q—d

LNB = Mdqdqd + Z aZ fﬂanJf + Z def'H Qf CZf’
a,f f,f,

¢ UV: CPis asymmetry (Nelson-Barr class: 0 = 0) Question ( not so easy ):

¢ IR: Spontaneous CPV: complex scalar get a vev, (7a) can we keep 8" < 10-19, including

loop and UV effects? i.e. radiative
contribution should be under
control




Nelson-Barr models in Composite Higgs / RS model

e Basic idea of Nelson Barr:

vector-like quarks

SM sector

CPV sector

dd, q—d

LNB = pdqddd + Y ag fMadads + > def'H Qydy

\ a,f £t ordinary Yukawa
real SM singlet complex scalar
¢ UV:CPis asymmetry (Nelson-Barr class: 6 = 0) Question ( not so easy ):

¢ IR: Spontaneous CPV: complex scalar get a vev, (7a) can we keep 8" < 10-19, including

loop and UV effects? i.e. radiative
contribution should be under
control




Nelson-Barr models in Composite Higgs / RS model
S. Girmohanta, SL, Y. Nakai, M. Suzuki (2022)

e QOur toy model (solve gauge hierarchy problem as usual):

¢ spontancous CPV at intermediate scale

S /dM/- 1g%ad 1..'
CET | E> CET II D L ‘gml.u'dede'i' 1.C =0
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Other SM fermions SO /d4x\/ | Gin | Z&gf'na,’qi'qdi,bg, + h.c.
\I!Z — > a,f : y=ul
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SM gauges A’I - ; / A" agrnagady + h.c.,
y =10 Y1 YIR SD /d’im\/ | Gin| Z&g’fna@bquwﬂf - h.c.}y_yI
. = —~
_ d 7 d ] D Z / d*z UptNaGutis + h.c.
LNB = pagada + Y a4 Magads + Y YipHQdy ot

a,f f,f!



Nelson-Barr models in Composite Higgs / RS model
S. Girmohanta, SL, Y. Nakai, M. Suzuki (2022)

¢ Reproduces the SM, and satisfies constraints
Planck P TeV

— ¢ — ¢ Radiative corrections are under control:

no 1-loop contribution

three branes are essential to forbid dangerous
operators leading to a large corrections

SM gauges 4.‘
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LNB = Mdqdqd + Z ag fﬂanCZ Fr Z def'H Q fCZf’

of £.f ¢ Flavor symetries are needed!



Nelson-Barr models in Composite Higgs / RS model
S. Girmohanta, SL, Y. Nakai, M. Suzuki (2022)

* QOur toy model (solve gauge hierarchy problem as usual):

Yukawa terms and bulk masses and brane kinetic
terms are flavor diagonal owing to the flavor
symmetries for each flavor

On the intermediate brane, there are flavor violation
effects on mixing terms with the vector-like quarks,
brane kinetic terms.

However, the flavor violation effects of the latter brane
Kinetic terms are suppressed well by the flavor
symmetries and small VEVs of the flavons.




Nelson-Barr models in Composite Higgs / RS model
S. Girmohanta, SL, Y. Nakai, M. Suzuki (2022)

* QOur toy model (solve gauge hierarchy problem as usual):

¢ rcquire flavor symmetries

Yukawa terms and bulk masses and brane kinetic
terms are flavor diagonal owing to the flavor Planck cr TeV
symmetries for each flavor

U(1)°

|

On the intermediate brane, there are flavor violation U(y?
effects on mixing terms with the vector-like quarks, T X v, .~ diag
brane kinetic terms. Flavons

However, the flavor violation effects of the latter brane
Kinetic terms are suppressed well by the flavor y =0 o YIR
symmetries and small VEVs of the flavons.




Nelson-Barr models in Composite Higgs / RS model

e Qur toy model;

Planck P

Q)

TeV

X H

Other SM fermions

Y1

\IJJf YU f

>

SM gauges —-I

YIR

LNB = Mdqdqd + Z aff fﬂanJf T Z def’H Qy sz’

a,f

£ f!

S. Girmohanta, SL, Y. Nakai, M. Suzuki (2022)

¢ Bonus: addressing coincidence problem

naively uncorrelated mass scales, namely p and a, <1
1) intermediate brane naturally provides the mass scale of <1

2) overlap of the UV brane-localized q and (quasi-)
intermediate brane-localized q determines W, which 1s
controlled by the intermediate brane mass scale for cq = O(1).

3) dual 4D description, q 1s elementary whereas g 1s (mostly)
composite. Hence, the prescription to the coincidence
problem 1s similar in nature to the solution for the hierarchy
problem in warped extra dimension models.



High Quality Axion in Composite Higgs / RS model

_ _ SL, Y. Nakai, M. Suzuki (2022)
e Axion Quality Problem

¢ Axion EFT a 1 ~
LD (fa | 0) 327T2GG.

- anomalous symmetry associated with axion coupling: a— a+ Ozfa, 9 — 0 — .

- but, there is no symmetry associated with it!

1. Because axion has no symmetry properties, there is no way to form axion coupling in the above
EFT Lagrangian, without also including a host of other couplings (EFT should allow every couplings
not forbidden by symmetry)

2. Quantum gravity breaks un-gauged symmetries. => even if one imposes the anomalous
symmetry, gravitational effects will break it and the axion will obtain a separate mass term that is
not centered around a zero neutron EDM, which reintroduces the problem.




High Quality Axion in Composite Higgs / RS model

SL, Y. Nakai, M. Suzuki (2022)

* Our toy model (solve gauge hierarchy problem as usual): use DFSZ model
extension of work by Cox, Gherghetta , Nguyen (2019)
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Planck PQ TeV P(Q symmetry is realized as a gauge symmetry in the bulk
of the extra dimension to solve the axion quality problem
e U(].)PQ — > .
J— (14
«— PQ field > d=((P)+n)e
Jliea ,, H, PQ symmetry =) “Bulk VEV’
SM fermions breakin g
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—4 2 _—4
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— — I
S-; —1.2;- 3 /2
714 (D) = kl/ 2 ehvli=21) 4 ¢ e’“”’Al] (subregion 1)
~ -1.6f !
i : (®Pg) = kg/ ? [cc eh2y(d=22) 4 o em‘/—\"z] (subregion 2)
5 10 15 20 25 = %0 265 270 275

kiy kiy



High Quality Axion in Composite Higgs / RS model

SL, Y. Nakai, M. Suzuki (2022)
* Our toy model (solve gauge hierarchy problem as usual): use DFSZ model

extension of work by Cox, Gherghetta , Nguyen (2019)
Planck PQ TeV

‘ UV PQ - b rea ki n g 552 /':m d;:n\,-"ﬁ (%{'I’}“!u.l_.u B 2%?52.45[_1.45)
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/U(l/)PQ H,, H, (@)[*0a — €05 {e™*7|(®)|* (Bsa — As) } + E[(®)]* {05(e7*7 As) — g5 (@) [°e *?a} =0
SM fermions
SM gauges a(z,y) = Z £ (y) a™ ()
;ITH
L.,
y =20 Y1 YIR

(D) *m? fu+ €705 {e7* (D) *(05 fa) } = O

2—A k1Y k1Y
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e 2Y( )('JAz—?( = a Ca3+YAg—2 > a Ca4
fa,z ———

r p2kay(2—A2) I 5,



High Quality Axion in Composite Higgs / RS model

SL, Y. Nakai, M. Suzuki (2022)
* Our toy model (solve gauge hierarchy problem as usual): use DFSZ model
extension of work by Cox, Gherghetta , Nguyen (2019)

Planck PQ TeV
. . LS T 1
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SM fermions 10 i
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faz2 = ok (=Bd) o o explicit U(1)pQ breaking on the UV brane



High Quality Axion in Composite Higgs / RS model

SL, Y. Nakai, M. Suzuki (2022)
* Our toy model (solve gauge hierarchy problem as usual): use DFSZ model

extension of work by Cox, Gherghetta , Nguyen (2019)

-5¢
< —10f ¢ UV axion mass
- I
gm _ 1 5 _ (A5 — gz |{®)|?e™% (950 — As) + £ F5 {55(_8_2"A5) — gie % (<I>)|2(1.} =0,
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s —20)
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High Quality Axion in Composite Higgs / RS model

SL, Y. Nakai, M. Suzuki (2022)

* Our toy model (solve gauge hierarchy problem as usual): use DFSZ model

Log ol ma~ K1l

-10}
-15}
-20}
~25}
_3ok

.10.

12

extension of work by Cox, Gherghetta , Nguyen (2019)

¢ UV axion mass

(A5 — gz |{®)|?e™% (950 — As) + £ F5 {55(8_2"A5) — gie % (<I>)|2(1.} =0,
(®)[*Oa — €*0; {6—40‘(@”2 (Osa — As)} + E|[{®)]° {95(e7* A5) — g3 (®)|°e™*7a} =0

a(z,y) = > [V (y)a™(2)

n

(@) P2 fo + €05 {e*|(®)|*(05 fa)} = 0

luv 2 — 3A, + A?
mP ~ 9k, e F1v1(A172)/2 uv 1 .
} 1 oo buy + A, —4

UV axion mass suppressed
for large A



High Quality Axion in Composite Higgs / RS model

SL, Y. Nakai, M. Suzuki (2022)
e Axion High Quality Problem in our model:

¢ axion mass: generated from non-perturbative QCD effects

- QCD _ vz mgFy
“ l1+2 F,

Logo[ Q]

z = my/mg =~ 0.56
¢ Quality factor

Q = (my?/mg=P)?

The strong CP problem is correctly solved with Q < 10-10

Q is significantly suppressed as A1 increases and the axion quality problem is solved for A1 ~ 10




High Quality Axion in Composite Higgs / RS model

. Prediction SL, Y. Nakai, M. Suzuki (2022)

¢ IeV scale KK axions

1 a N(L L/ 1 —
S > [ d'o gy —a@GOEO™ = Agon [0
CKK ¢ KK

¢ TeV scale KK excitation of n and gauge U(1)q

S
¢ Extra Higgs boson
~ |8
2 6org .
g | g My =10TeV
M2 —~ 2 6_2k2 yIR_Q(kl_k2)yI Roud <(I)(yIR)>2 40;: 1 TeV
H ™~ r |
sin(23) M 20} e

3.8 3.9 40 4.1 4.2

¢ GW with multiple peak frequencies 42
(multiple confinement-deconfinement phase transitions in the early Universe)



Summary

o Strong CP is a serious problem for extension of the SM model

 We show how to address it with doubly composite Higgs model / RS with three
branes:

* Nelson-Barr models in Composite Higgs / RS model

* High Quality Axion in Composite Higgs / RS model

* our model also address the naturalness problem for EWSB



