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Strong CP problem  ::iiiiiion

* Low-energy QCD done predict §7
Og; ~ b
<L D szG A

* Based on above QCD, we can build a theory for meson,
then induce the neutron eDM at nucleon level

_ eégAc+;4 A2 16~
d, = = logm—% ~ 3% 1070 e cm

e Pression measurement

......
......
......
......
......
......

......




*The neutron eDM In classical formula
=Y g7

-Use the neutron has asizer, ~ 1/m,

~134/1 = cos fe cm

-Comparing to the experiment results, we need cos = 1
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VEL () + T B(K) | u(p)
Fl(O):l FQ(O)ZCL

. The anomaly is defined through the quantity a, = (g, — 2)/2.
Total anomaly can be written as:
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@) Anomalous Magnetic Moment
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- Standard Model (SM )
SM _  QED weak had
aﬂ __aM +_&M %_aﬂ ¥ Z
x 1071
___________ QED Contribution 11658 471.895 (0.015)
_____________ EW Contributon 154 (01)
_______________________________________________________ Hadronic Contributon
LO hadronic 694.9(4.3)
NLO hadronic -9.8(0.1) BNL.'_Q
________________ Light-by-light ~~~~~~10.5(26) |. | B
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Axion Like Paticle

* The ALP Lagrangian
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 The ALP Mass
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Coupling to
nucleon EDM

via colliders
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Heavy ALP for Muon g-2  :::iooiooiie

The (pseudo)scalar Yukawa coupling to lepton 4

gyuk — gbg (gR + ig,}/5) 4

\~'/a

The 1-loop contribution to g-2

1Y A=0*((1+xgk— (1 —xg})
Aaf = 8_71-2 dx >
0 (1-x)2+x <m¢/m,f>
SN e Forscalar, Aa, > 0

e For (psudo)scalar, Aa, < 0
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Further requirement for pseudo-scalar

L | R
Z = l)’ay/al//}’s‘//"‘ Zga;/yFF

17 g 17 y
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e Assumes 8ayy remains essentially constant throughout
the integration over virtual photon-loop momentum
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and y_, can adjust its sign to give positive result
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(¢57) Complete calculation for ALP

The axion-like particle Lagrangian
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Ag(D Cin Ag® CupCrr® 3)
WX T e G T e Aa,” o =
S o Different sign for Cuu and C,y IS needed
S * The 3rd diagram subtlety:




The axion-like particle Lagrangian

D<5 _ 2 Cff o!a - C a v aCyZ aF s aC,, aZ Sy
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4 ww d ﬂypaaﬂwvapwa
ns2 |,
_ _ 2 2
ny — CWW+ CBB CyZ — CwCWW_ SWCBB CZZ = Cj;cww‘l‘SiCBB
> ZZ / %‘ }//Z
\\ >
2
EEREE B ac,.c,,m, (45 — 1
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""" Aay, = — [ (two loop) + h,(counter term)]
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In g-2 solution region,
mostly decay to

a— purpu
The inclusion of Z diagram

makes some difference for
large m,

Exotic Z decay should
happen
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@)Z decay C,,, = 0 L

ALP production from Z decay ,a
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ALPdecay(I’ =0
Branching a- yu,ma=5GeV
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Searching at colliders C , = 0:::::
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Ultra-light ALP for Muon g-2

- The Lagrangian for ALP is

: st = - 800w X v,
Lt = 8u0uVFy s ey~ ¢ 9 )
Hypmsp = — (;:)3 J 2 @ (p)yrayu’ (p)

/" s,s’

 In the rotated muon rest frame
Hy visp = —8av¢ -0

< — ds, .
C=wxS =P A<E>=€]k5ijk (1)

» Based on the Heisenberg equations, the spin operators evolve

dg’_ ds; ki A ki
. 7}( — 1 [H, Sl]»A <E) — </’l ‘_gaejklajaak‘ /’t> — zga€]k10j¢Sk (2)

.« Compare (1) and (2) 6w; = — 28,0



Ultra-light ALP for Muon g-2 :::::iii:

- In the LMSF, the interaction between ¢ and nucleons is

N dp — 88.N,
Z =g NN walp Sogypp = — 28, = =

» Boosting back to the lab frame

2
2nrg

gsgaNE
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0 =

* Relating the frequency change to the muon g-2 results,
ow Aaﬂ

f) Cl'u

. Aa, = (249 £ 48) x 10~ indicate

it ge € 4.6x1077,1.7 X 107%8| GeV!

...... Phys.Rev.Lett. 130 (2023) 18
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) (7507 > CP violating coupling

Z =0, (I/LKUI/i + el kle] + eRKReR> + g NN

* This leads to a gradient interaction between neutrinos and matter at
leading order

AH=x,V¢-p/|p]

. * . I'he potential for the matter source (Sun/ Earth)

L ) = E [ nyerear



The oscillation probability
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.y method for the atmospheric neutrino data
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1 and j refer to the bin indices for neutrino energy Ev and incoming angle cos0
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+ y* method for the solar neutrino data
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Summary SEEESEE S

-+ ALP have potential to solve strong CP problem

- Muon g-2 can be solved by ALP

- Heavy ALP can be searched via colliders

- Neutrino oscillation experiments can be used to detect

long-range muon spin force which can explain muon g-2.
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