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New physics in a dark sector

Empirical evidence for new physics (e.g. dark matter, neutrino mass) points to
the existence of a dark sector, but not directly to its specific mass scale
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Strong CP problem and axions

g
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» CP-violating effects are induced due to the QCD vacuum angle

. | uu + dd -
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> Solution: promote theta to a dynamical variable 6 — 0 + a/ f,

O@+a/f,) =0 Peccei, Quinn (77)



Axions in the presence of extra CP-violation

» Let’s imagine that CP-violating new physics at some high-energy scale will induce

higher dimensional CP-odd operators at low scale

g ., ~
Lepy = Af(onp) GG - Z dqua%q + e (GGG) +
q

» These CP-odd operators generate an additional axion potential and shift its minimum

apart from ¢ = O at the QCD vacuum:

[ 42T (0|GG(0), Ocpv (x)[0)
[T 0G0, GCa) 0}

Hind X

0.4 Will regenerate EDMs and also

induce novel axion-nucleon couplings




CP-violating axion-nucleon interaction

? 0.4 induces CP-odd axion couplings to nucleons

~ 1 uu + dd .
—My, U — madd + §m*92(uu ;L ) — myO(uiysu + divysd)
0= Ohna + "
CP-odd axion-nucleon coupling:
Anh uu + dd _ _ N m*eind _
et ("5 ) > Gowvan NN Gy = (N N)
a a

> Relative strength to the gravitational coupling:

Jgrav,N mN/Mpl fa 10—10

gaNN m*eind/fa ~ 10_3 < (1010 GGV) ( Hind >



Long-range axion forces

?» Moody, Wilczek (1984), “New macroscopic forces?”
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Detection of axion forces

B Tests of the gravitational inverse-square law

Eot-Wash group, U.Washington (2020)
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Searching for coherent mass-spin interaction using
a resonant technique
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unpolarized source mass

Periodically repeated moving-on and off will induce an NMR effect in the

polarized medium in the absence of the actual oscillating magnetic field



Future long-range force experiments

Resonant detection of axion mediated forces with Nuclear Magnetic Resonance

Asimina Arvanitaki', Andrew A. Geraci?
! Perimeter Institute for Theoretical Physics, Waterloo, ON N2L 2Y5, Canada and
2 Department of Physics, University of Nevada, Reno, NV 89557, USA
(Dated: March 7, 2014)

B ARIADNE (Northwestern U)

? The NMR technique will improve the sensitivity

by several orders of magnitude!
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Iwo topics today

It's good timing to revisit the CP-violating axion-nucleon couplings gy from

various CP-violating sources in the SM and beyond

g nv from a generic CP violation in BSM models

Revisit gy from higher dimensional CP violating operators and update

the value

g nny from the CKM phase of the SM

Revisit g_\n due to the CKM phase, and give a more quantitative estimate

than a classical estimate given by Georgi, Randall (1986)
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General remarks

B We are interested in non-derivative couplings of axions to nucleons a/NN not
derivative ones (0°a)NN

B There are two couplings in general:
L= —gfﬁ%N CLNN—@S\)[N aNT>N N = (p,n)*

but we only keep the iso-singlet part gé?\)w which leads to enhancement by the

number of nucleons in nuclei. Simply drop the superscript (0).

B There are two contributions in general: (i) direct contribution, (ii) indirect

contribution via a shift of the theta parameter Qind

1
¢ axion potential: V, = 57713(& ~ fubina)? \ _
¢ physical axion: apn =a—(a); 0 = O _ gy Ooh

fa fCL )




g yy from CP violation in BSM models



Extra CP-violation from new physics

B CP-odd higher dim. operators of our interest are
L~ — 1%
LcEDM = — Z §dquWU“ V54
q

2 — v
LEpM = — Z §dquWU“ V54
q

For other sources, see e.g. Bertolini, Luzio, Nesti, 2006.12508



Step-by-step evaluation of gaNN(Jq)

|. Concentrate on the up and down quarks Barbieri, Romanino, Strumia (96); Pospelov (98)
L4 = —myu dd + 0==G,, G""
4 — — MMy, UU — Mg =+ 8_7'(' U

ECEDM — _%JU{LGMVO-MV’YSU — %JdJGuVUMV75d

2. Perform a chiral rotation to remove the GG term

04, 0 .
u—>e7’9775u, d— '35 0, = 9 (0, +04=0)
Mmq

2 2
1 g2 Md — My (uu—dd

1 uu + dd
L4 — —myau — mgdd + =m.,.0° (uu + )

+ = 5

9 Mg + M, ) — 1m0 (ﬂi%u + Ji%d) + (higher oders of 0)

d,, dy -
Lcedpm — LocEpMm + My b (2 uGou + —ddGad>

My, 2my



Step-by-step evaluation of gaNN(Jq) (contd.)

3. Eliminate the 7 tadpole by an additional chiral rotation
P Y

7TO>:O

d, —dg (013, 3Goq|0)
2(my + ma) <O|ZqQ_Q|O>

.07, .07,
u— €2y, d—e'2"d; 0, +60,=0

<0

i~ _
=D 58a0Gosq = ) 0ymaGivsa
q q

0! = —

The resulting Lagrangian takes the form

1 i+dd\ 1 dy, dyg -
L=— quch + 592777,* (uu il ) + —m.0 (—uGau + —ddG0d>
q

2 2 My, My

1 —my, [ tu — dd au — dd
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Step-by-step evaluation of gaNN(Jq) (contd.)

4. Project on the iso-singlet part and find the minimum of theta

1, wii + dd 1 d, uGou + dGod
£1so—smglet — 56 iz ( 9 ) + im*e (Z mq) ( 9 )

m d (0]gGoq|0) 2
Qin = — 9 4 m2 = — ~ 0.8 GeV
¢ 2. ° " {0]gq|0)

5. Expand 0 = 0,4 + a,/f, and retain the linear terms in a,

)

uGou + dGod 5 Ul + dd‘ N>

gaNN X fa — <N | aEiso—singlet/8(9‘9:9111d
1 d, d,
2 m, My

direct contribution from d, indirect contribution from 6, 4

2 RAC

6. Cross-check by replacing | N) — |0). The result gives the scalar tadpole, so
should be vanishing.



Estimated size of &,yn(d,)

» Let’s see the numerical value of the estimated axion-nucleon coupling

? For the hadronic matrix elements, we use previous QCD sum rule evaluation

(NI % — m2 anq IN) ~0.6GeV?  Pospelov (2001)

o~

m.d
g d,) ~ 1.5 x107° :

gaNN( q) ( fa > 10—26 cm

normalized by a quark-CEDM limit
—_ from the neutron and '""Hg EDM
CP-even coupling: gann ~ Cn 7 constraints
~ a5 (101 GeV .
gaNNgaNN(dq)‘maX ~ 10~ ( f >

a

Within the reach of ARIADNE!



g nn from quark EDMs

i 5 M0 dy _ 5
LEDM = — Z §dqu,uV0-'u Y54 — Lepm + 9 Z m_qu,uVO-'u q

q g 1
Under the chiral rotation
to remove the GG term
» Magnetic susceptibility of the QCD vacuum:
~ — F ~ . - 3 . .
<q0uyq>F = 'y X XQqe <qq> with X = _47T2F7% Vainshtein (2003)
» Axion coupling to the EM field strength:
a msQ,d
—— (eF 5 2 > — > q-"q
2fa( w)” X X (4q) Eq: o
\ Ry~12fmx A"
187 (Za)? A
For a | leus, d>x(eF,,)? ~ —
or a large nucieus / ZC(e L ) 5 RN nucleus (A,Z) with

a constant charge density



Numerical value of the EDM-induced g

» Combining the pieces, we find an effective axion coupling per nucleon

Y

JaNN = BT AFZRy

_eff 1 18(2&)2@@ Z msQqd,
mqe

My Q qdg

1010 GeVY [ 22 —mye
:5><10_27< fae ) ( 18_262m ) (Z = A/2 = 50)

» Much smaller value compared to the CEDM-induced one

m.d,
_ 1010 2o g
Jann(dg) =~ 1.5 x 1072 ( L GeV) ( 1 M )

fa 10=206 cm

v More important contribution via their operator mixing with CEDMs

v The same could apply to dim-6 Weinberg operator



gy from the CKM phase



g v from the CKM phase o of the SM

» Estimate on the naive dimensional analysis

1019 GeV
fa

TT

Gy (8)lpa ~ T IGEEE ~ 1079 (

) Georgi, Randall (86)

J ~ 107° : Jarlskog invariant

» Short-distance contribution via quark CEDMs at perturbative three-loop orders

d,
(da)sm ~ ag X J x mgGim? x (loop factor)

i W gs
4 L ic ~107% (10771\31616\/') cm  Czarnecki, Krause (97)

~ -
......
-------

1019 GeV)

gaNN((S)‘Short dist. ™~ 10_31 ( f



Long-distance contributions?

» Suggested that long-distance effects dominate  Khriplovich+(82), McKellar+(87), Donoghue+(87),
Mannel+(12),Yamanaka+(15), etc.
v EDMs of the neutron and nuclei

v CP-violating coupling of pions to nucleons

P Natural question: does the same apply to the aNN coupling?



Baryon-pole contribution to g _a(0)

? Consider aNN coupling via a combination of two non-leptonic AS = £ 1 transitions

a SO, Pospeloy, Ritz (2021)

CP-odd a-N-Hyperon vertex

@ CP-even nucleon-hyperon transition

| o
N Hyperons N
» AS = £ 1 weak vertices have been studied in hyperon decays, that allows a ‘data-
driven’ analysis

Bijnens, Sonoda, Wise (85)

Hyperon N Hyperon N N

‘s ’ N
A3 3

. A

A3 A 3

Y
LY
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O Strong QCD vertex



CP-even nucleon-hyperon transition

? CP-even AS = = 1 weak vertices in the lowest order chiral perturbation:

_ _ _ Bijnens, Sonoda, Wise (85)
L35 = —ay tr (B{¢Th¢, BY) — b tr (B[¢TRE, B))

chpt
— —aw (—1n (VoA +3v25") + p2+> (51 ytn) (s dr)
6 (Grvude)( Y Gryv"an)
1 q=u,d,s
— by (—2n (\/EA—\@E()) —pz+> T /
®
Hyperons N
h= (X +1iA7)/2 (Ag: Gell-Mann matrices)
1M
§ = exp (F—) M : octet meson matrix, B : octet baryon matrix

> Fit of hyperon decays:

aw = C~LW X \/§GFF7Tm72-‘--|—; bW = EW X \/§GFF7Tm72T+

aw = 0.50; by = —1.42 *just a number ~140MeV, not the theoretical
parameter that is vanishing in the chiral limit



CP-violating axion-nucleon-hyperon vertex

» Need quark chirality-flipping to generate non-derivative aBB’ couplings

— s-d chromo-dipole operator as the primary CPV source

v A
_ Gr
LAS_ZI:l — _Vjsvud X Cdi oleOdi ole
CPV \/§ p p
0 L masGo(1 — vs)d + musGo(l + +5)d]
dipole = 5o |MsSGO(1L —7 mqgst&o Y
p Q72 o ° N Hyperons

> If axion dependence is included by a shift of quark mass m, q — m, g + 1m. 075

assuming the exact SU(3) flavor symmetry,

1 . _
Odipole — Odipole + ﬁm*é’ sGoivysd 0 5God terms cancel out
T

— no aBB’ couplings

» Physical effects will appear as ~ 0 5God x (SU(3) breaking effects)



CP-violating axion-nucleon-hyperon vertex

» Need quark chirality-flipping to generate non-derivative aBB’ couplings

— s-d chromo-dipole operator as the primary CPV source

L
_ Gr_ .,
535\7 = ﬁvusvud X CdipoleOdipole
1 :
Odivole = ——= [Mms3Go(1 — ~5)d + mg5Go(1 + ~5)d -
’ 82 [ ( %) ( %) ] N Hyperons

? Introduce k to parametrize unspecified flavor SU(3) violating effects
Gr Im(ViaVis)

V2 o 4m?
subtraction of kaon

tadpole and axion- = Gloop = i X 3.3 %107’
kaon mixing 2

Eéf?iil = km.0 (5God — masd + h.c.) X X (loop function)




Numerical value of g n(0)

> Arrive at the following estimate

LoNN ~ N kMG F.m?2, x 3.3 x 1077 x <N |(jGaq — mg(jq‘ N>

Ja T
) <nn(5W /2~ aw/6) | an(—bw /2 + aw)/2 . pp(—bw + aW)>
My, — MMA My — My 0 My — My+
a
Gan N (0)1ong—dist ~ 1 x 107> (10“}@”) X K
N I Hyperons ¢ N

NDA estimate (Georgi, Randall)

1019 GeV)
fa

Gann(6)|Npa ~ 10771 <



Multi-nucleon contribution

» Meson exchange inside a large nucleus may generate a sizeable equivalent axion-
nucleon coupling

Linv = —gan a(NN)(NN)

mean field approximation

NN ~ (NN) ~ ny iy~

ir p3
3RN

~ (106 MeV)?

\4

Lan ~ —ganny aNN = —gfb‘}\}lﬁ aNN

— axion coupling per nucleon

—_equiv
g9u.NN — Y4aNTIN



Kaon exchange contribution

LopPc, KNN = m*]iKL (2.0pp + 2.87n) ¢
y ZﬂG;fwmfr+ N Q Hyperons ® N
K,
Lopy, knn = Kp(pp +1n) X Gloop
< o5 (N |aGoq —miga| N) | N @ N |

) CP-odd AS =1 chromo dipole op.
@ CP-even AS = 1 weak vertex
(O Strong QCD vertex

2 02
T« GFmW_|_nN

—>  UNV() ~ 5 x 1077 x GeV? x P I
a KLm

1010 GeV)

gz(}\?]i\‘;(é) ~ 2 x 10732 ( 7

1019 GeV)

Gunen () [xpa ~ 10-31 ( f



Summary

Axions and ALPs are attractive new particles

» axions create macroscopic new forces between ordinary matter

» CP-violating coherent mass-spin interaction can be probed using an NMR
technique with oscillating source mass

Revisit CP-violating axion-nucleon couplings from various CP-
violating sources in the SM and beyond
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