From the theta vacuum to the QCD axion
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.. . it may be that the next exciting thing to
come along will be the discovery of a
neutron or atomic or electron electric
dipole moment. These electric dipole
moments . . . seem to me to offer one of
the most exciting possibilities for progress
in particle physics.

— Steven Weinberg (1992)



Electric dipole moment (EDM)

® EDM measures the polarity of a charged system, d = Niqt;

-

® For a hadron or any elementary particle at rest, d = d%

® Hamiltonian for a dipole interacting with an electric field
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Hoam = —d - E = —d

® EDM leads to P and T(CP) odd interactions




—I-\I—Jcleon EDMs

® The nucleon EDMs are highly suppressed in the Standard Model with CKM: no EDM at
the first order of weak interaction; |d,,(CKM)| < 107 3%e cm.

X.-G. He, McKellar, Pakvasa, IJMPA 4, 5011 (1989) [E: ibid, 6, 1063 (1991)]
® Sensitive to the physics beyond the SM.

® Current experimental upper limits on hadron EDMs:
O |d,| < 1.8 % 107%%e cm c. Abel, et al., PRL 124, 081803 (2020)

O |dp| < 21X 10_256 Cm B.K. Sahoo, PRD 95, 013002 (2017), based on the measurement in W.C.
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Theta term and strong CP problem

® Another source of CP violation in SM: the 6 term of QCD

1
Lqocpo = — ETF[GMVGW] + Lquarks

O Instanton solutions to the classical EoM Belavin et al., PLB 59, 85 (1975)

O Non-trivial vacuum structure  callan, Dashen, Gross, PLB 63, 334 (1976): see e.g, Donoghue et al,
Dynamics of the Standard Model

In) — |n + Q), gauge invariant vac. must be superposition of all topological classes
10) = Yne™"|n)

- ¢ ~ 1
1672 f d4x Tr[Gﬂv(x)Gﬂv(x)], G,uv = EEﬂVPO'GpO'

Topological charge (integer): Q =
O QCD Lagrangian with a 8 term

) 5
Lqocp = Locepo + @TF[GWGW]

® The theta term violates P and CP:
" CP



Theta term and strong CP problem

e Generally, M, is complex and non-diagonal in the Standard Model. We
will encounter a U4 (1) transformation exp(ia) = exp|i(@g — @r) /2]
My — e "M%, qp—ePqr, qr— e 'Pqp
= arg(detM,) — arg(detM,) + 2Nro.
e For massless quarks
iz Classically, aufg =0
2 3
1 Quantum Uy (1) anomaly: 8ng = %GﬁvG"’“"
= 0 — 60 —2Nra
1= One cannot solve the strong CP problem by simply imposing CP on QCD

The measurable quantity is not 6 but 8y = 6 + arg(detM,)




Theta term and strong CP problem

® The contribution from the 6 term to the neutron EDM

Y Y
d, ~ 10710, e cm 2 é

// \\ 71'_// \\

Crewther et al., (1979) . & . " . i _ &
® A complete leading one-loop calculation of baryon EDMs in large N, ChPT, with lattice
QCD inputs (in units of 107°6, e cm) FKG, U-G. MeiRner, JHEP 07, 097 (2012)
d, =-294+09, d, =11+11 S s
dy =-254+04, dy+ =-071x11 i
® ® —

dso =0.74+04, dy- =221%05 (@) (b) (©)

16, S 10710

® Strong CP problem: why is 8, so tiny?

In the following, | will write 8, as 8 for simplicity



Cumulants of the QCD topological distribution

® The QCD partition function in a @ vacuum
Z(0) = [ [DG][Dq][D{]e~SacpolG.a.q1-i6Q

® For large Euclidean time 7, dominated by the ground state (vacuum) energy
Z(Q) — e_TEvac(Q) — e_Vevac(Q)

V: space-time volume; ey,.(6): vacuum energy density

® In terminology of statistics

n

O Z(6): moment-generating function for the distribution of Q, Z(0) = )., m,, %
n
O e,,.(0): cumulant-generating function, ey,.(60) = ), cn%

0 Cumulants

1 1
Cr = Xt = V(Q2>9=o, Cy = _V(<Q4> - 3(Q2>2)9=0

topological susceptibility

For a general relation between cumulants and moments, see FKG, U.-G. Meil8ner, PLB 749, 278
(2015)



Theta vacuum energy in ChPT

® The 0 term can be built into chiral perturbation theory (ChPT) with a complex quark
mass matrix: yo = 2By M exp(if/N)

® Leading order (LO) vacuum energy density in SU(N) ChPT
2

F
2 N
evat(®) = =~ (xeUg + x3Uo)

® Vacuum alignment for 2-flavor ChPT: U, = diag{e'?, e}, minimizing el?) (0) gives

0 myg—m
tang = —etan-, € =—4+—*

2 mqg+my
LO results: R. Brower et al., PLB 560, 64 (2003)

O Vacuum energy density: e\(,?c(e) = —F?M?(9)

0 Pion mass:
. 9 _ 0 5, o0
M (9):23mcos§ 1+ €4 tan )

0 Topological susceptibility and the 4t cumulant

1
x P = S F?Bm(1—€?)
m,;+m
@ = _Lrpm( 4262 — 3¢ ==
4 - ol 2

See also H. Leutwyler, A.V. Smilga, PRD 46, 5607 (1992); S. Aoki, H. Fukaya, PRD 81, 034022 (2010);
Y. Mao, T.W. Chiu, PRD 80, 034502 (2009) 9



Theta vacuum energy at NLO

FKG, U.-G. MeiRBner, PLB 749, 278 (2015)

® v, c, were calculated up to the next-to-leading order (NLO) after complicated steps
YY. Mao, T.W. Chiu, PRD 80, 034502 (2009); V. Bernard et al., JHEP 12, 080 (2012)

® They can be computed much easier, and at once for all cumulants, by observing

1 )
g({lp,ﬂg}()(;rlfo + x0Ug)) = 8poM3(6)
® One-loop generating functional for free GB fields
i )
Zo(8) = 5 TrnDy(8),  Dorg(6) = drg |0, 0" + M3(6)]

® 1-loop: (4.1oop)

_ b d’p 2112
@) =5 =1 [ S m[-p 0]

_(Nz_l)f @ )df e

’ 7 1 M2
—(N°—1)M*@O)!=—-——|1-2In ©®
A2 12872 2
UV divergence 10




Theta vacuum energy at NLO

FKG, U.-G. MeiRner, PLB 749, 278 (2015)
® Tree-level contribution from the counterterms

ree l 2
elhtree) (gy — < SUo + ero) + 1 (00 = x0T
hl + h3 T hl h
- <X9X9> 2 fle(detxo)
2

o (1 _ 52) tan(0/2)

- _ M4(0) 3+ 17 1+ €2tan?(0/2)

\

— 2B2’ﬁl2 (hl + h3) (1 + 62> + (hl — h3) (1 — 62) COS 0]

® UV divergences from 1-loop and from counterterms cancel, we get the NLO vacuum
energy density in a closed, simple form:

eVaC(H) - FQMQ(H) _ M4(0) { 1227('2 |i]‘ —2In M;2(6)]

2
1 —€2)tan(6/2
+l3+hi —hs +17 ( ) (/)]

1+ e2tan?(6/2)

® A similar expression can be derived for SU(N) in the symmetric limit

® Any topological cumulants can now be easily computed!

11



Theta vacuum energy at NLO

Z-Y. Lu, M-L. Du, FKG, U.-G. MeiRner, T. Vonk, JHEP 05, 001 (2020) mms®

® SU(N) (N = 3 ) with symmetry breaking

M0 ME(0
evac = —F3Bo Y _micosd; — » p(6) [1—2111 PQ( )]
{ F

12872 ]

— 168

2
Ly < Z m; COS q5i> + N (NLY + L) m? cos® gbll
i

® No closed expression is possible; relation between the vacuum alignment angle ¢, and
6 is complicated

¢f — Z?f:o Cf,2n+192n+1

® Recursion relation:

Cf2n+1—z Z ( )[miﬁ 21 HCfQJ 1

(K i=1.g=1

and Cyy =m/my —=y

® The 6 vacuum energy density (0 — a/f,) is the QCD axion potential!

12



QCD axion

® A possible solution to the strong CP problem

For a recent review, see L. Di Luzio et al., Phys.Rept. 870, 1 (2020)

O Peccei-Quinn mechanism, hidden U(1) 4, symmetry Peccei, Quinn (1977)
0 Nambu-Goldstone boson: pseudoscalar axion Weinberg (1978); Wilczek (1978)
1 2 gz a .
Lo = (9ua)” + L(9ua. ) + 32n27aGﬁch’W

[ Its VEV cancels the theta term 6 + % = 0, thus solves the strong CP problem

a

Lo =(0+— g5 Gy G MY
ae f,) 32m2 HY

» Expanding around (a) = the 8 vacuum energy gives the axion potential, 8 — a/f,

» Xi = mg, c, = axion self-interaction

F2M?2. m , o 1
m2 1o = — 27rf isospin limit: m2 f,2 = ZFNZMET
’ 2fim
® Dark matter candidate Preskill, Wise, Wilczek (1983); Abbott, Sikivie (1983); Dine, Fischler (1983); ...

® Axion decay constant window from astrophysical and cosmological data:
10°GeV < f, < 1012GeV

e.g., J.E. Kim, G. Carosi, RMP 82, 557 (2010)



PE—

Axion mass and photon coupling at NLO

Z.Y. Lu, M.-L. Du, FKG, U.-G. MeiRner, T. Vonk, JHEP 05, 001 (2020) gl
® Axion mass and self-coupling at the NLO

. . Xem & CD
® Axion-photon coupling £, = gayyaF Y Fyy,s Jayy = 2;faE + ggw

Jary 2nf, | C 3 my Loop corrections
102472 2mM?, | fi(cos,sin)  f_(sin, cos)
- M2, (C¥ +3C | = :
3 m (\7 i 8)} 3 [ \/gM% o Mﬁo ;
O(p®) ano. term, n-yy
N | mg [ueV-2228V] | (L 2)1/4[1072GeV/fu] | 9330 [gem] | x'* [MeV] b
2 [53] 5.70(7) 5.79(10) ~1.92(4) | 75.5(5) |—0.029(2)
3 5.71(9) 5.77(18) —2.05(3) | 75.6(6) |—0.028(3)

[53]: G. Grilli di Cortona et al., JHEP 01, 034 (2016)

€ :
For models with - 2, 9ayy is extremely small y



Axion-baryon couplings

® Why?

O nuclear bremsstrahlung processes NN — NNa in massive stellar objects
e.g., Turner, Phys.Rept. 197, 67 (1990); Raffelt, Phys.Rept. 197, 67 (1990); ...

O Impact of hyperons in neutron stars Tolos, Fabbietti, PPNP 112, 103770 (2020)

O novel perspectives in experimental axion searches?
Carenza et al.,, PRL 126, 071102 (2021)
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QCD with axion

® QCD Lagrangian with axion

0,.a
T

LQCD = EQCDQ i qu T+ (i) s [G“VG“V] = q’y ’Ys

fa

last term in some axion models;

here assuming diagonal axion-quark coupling matrix: X, = diag{X,}
XKSVZ _

XDFSZ

0

1 . .. ]
wd s 3 sin2 typical invisible axion models

1

DFSZ _ 1 DFSZ
cht _3COS /B g_Xud,s

cot f3: ratio of VEVs of the two Higgs doublets in the DFSZ model

KSVZ: Kim, PRL 43, 103 (1979); Shifman, Vainshtein, Zakharov, NPB 166, 493 (1980)
DFSZ: Dine, Fischler, Srednicki, PLB 104, 199 (1981); Zhitnitsky, SINP 31, 260 (1980)
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QCD with axion
T. Vonk, FKG, U.-G. MeilRner, JHEP 03, 138 (2020); JHEP 08, 024 (2021)

® \With an axial rotation, so that

Lag = — (qLMagr + h.c. )+ gy 55

o.a
2fa

(¥g = Qa) g

1
1+ 2z 4+ w
N~ -~
mu/md mu/ms

® Rewrite in the form of coupling to external currents s,p, a,, a

M, = exp (z—Qa) My, Qo= diag(1, z,w,0,0,0)

fa
(s).

wi-

oua

(fn LY ((1)+C(3)/\3+C(8))\8> ) + Z (qv LY. qu)
a g=(u,d,8)T  g_fcpt) “

c<1>=l(xu+xd+Xs—1) .

3 s-}—zp—Ma

1 1—2
B (x _x, - _-—*_ ((3) 8) )
¢ 2( w = A 1+z—|—w) As+ s

1 1+2z—2w
®) = — (X, + X4 —2X, — ) (5>_ i =1,....,4
‘ 2\/5( ’ 1+ 2 +w st 2fa o

1 _ — _
Clzc( )7 C2_X67 C3_Xb7 C4_Xt

® Building blocks with axion:

T T _ T
u, =1 [u'dpu — ud,u’ —iu'a,u iuayu'|

Uy i =1 [ ul Lz zuaft 2uf] = 20,52

X+ = 2By [u (s +ip)u’ +u(s+ z'p)Tu]

17



Axion-baryon couplings
T. Vonk, FKG, U-G. MeiRner, JHEP 03, 138 (2020); JHEP 08, 024 (2021) Rugas®
® General form of axion-baryon couplings:

-9-—GaAB(S q) with Gy = —flgaAB—l-O(fa)

® Expansion in the chiral power counting

3
gutB = Boas + Burn + g +...
~—~ ~—~ ~—
LOtree  NLO,1/mg  NNLO,1/m2,one-loop

18



Axion-baryon couplings
T. Vonk, FKG, U.-G. Meil3ner, JHEP 08, 024 (2021)
® Precision calculation w/ naturalness assumption for the unknown LECs at 0(p3)

(dominant uncertainty)

Process KSvZ DFSZ

>t o3t +a —0.547(84) —0.709(94) + 0.446(54)sin’
YT > YX +a —0.245(80) —0.113(92) — 0.142(54)sin?f
¥ 530 +a —0.399(78) —0.417(87) + 0.158(43)sin?p

p-op+a —0.432(86) —0.589(96) + 0.436(53)sin%f
E-—>E +a 0.166(79) 0.299(91) — 0.161(52)sin?f
n-n+a 0.003(83) 0.271(94) — 0.400(53)sin?p
50 520 +aqa 0.303(81) 0.570(92) — 0.409(52)sin?f
A->A+a 0.138(87) 0.314(96) — 0.228(47)sin’f
i :;(\) :‘; —0.161(24) —0.323(33) + O.309(32)sin2,819




Pion axioproduction

® Effects of pions in supernova, 7~ p — na, found to be important
Carenza et al., PRL 126, 071102 (2021)

O surpasses bremsstrahlung NN - NNa

20—
[ leads to harder axions L A — mp-na
. assumed to be =150 A --- NN-NNa
O aN — N was estimated as ~100 mb T
~ Fr 8
o(aN — nN) =~ fga('er—HrN) §1.0
and A was argued to be important 305
® However, aN — A — N breaks isospin! 3

T. Vonk, FKG, U.-G. Meil3ner, PRD 105, 054029 (2022)

a\\ T a., ;B
~ ’/ N m 2’
~ P A o™ =~ ’
S
b 10 . A ’ ’
- N \
~ , \I N 4
N e N N & N
a\ '7[' a\ ’71'
A y A yl
\\ ¢ \\ ,,
’
‘. N .’ M
————————
N < N N N
a a
”~~ ’oﬂ. \\N ’,71'
~ »” -~ i
~ - ~ -
~ - ~ -
\’., ~_ »
+“N°~~ G R
N - o N N —— N
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Pion axioproduction
T. Vonk, FKG, U.-G. MeiBner, PRD 105, 054029 (2022)
® Suppression of 107! to 107> depending on sin?8 compared to the naive estimate

sin®g = -; (also for KSVZ)

40
& 30f
>
3
© 20}
g 7
% 10}
é [
PR | I 1 U R | i 07 JJJJJJJJJJJJJJJJJJJJJJJJ 1
1-10 1.15 1-20 1.25 1-30 1.35 1-10 1.15 1-20 1-25 1.30 1.35
WiGeV] W[GeV]
. 2
811'12B =3 Sin2,3 =1
[ ‘ ] 0.025 F
_ 15 ] _ 0.020 |
T ] S ]
S 10} 5 0.015
] S 0.010 |
% 5¢ %3 0.005 |
g I 1 5
of ] 0.000 [— , | | | ]
110 115 120 125 130 1.35 1.10 1'15W1é2§)/ 125 1.30 1.35
W[GeV] [GeVl

® Here isospin breaking provides a suppression: (my —m,)/(myz + my) =~ 0.34

O Much milder than usual isospin breaking in hadron physics, which is given by (m, —

mu)/ms or (md _ mu)/AQCD
21



Summary

® Derived a closed form of the 6-vacuum energy density (QCD axion potential) at NLO
® Precision calculation of the axion properties
O mass, self-couplings, ayy coupling
0 axion-baryon couplings
» Jann could be extremely tiny

> ganp could be much larger than g,.,,, impact on the axion emissivity of dense
stellar objects such as neutron start?

Thank you for your attention!
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