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Origin of the strong CP puzzle - in a few words

Neutron EDM implies: 0 =0, —argdet Y, —argdetY, <1010
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Non-trivial QCD topology: Quark-Higgs Yukawa couplings:
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We know they are complex.
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Toy model for a "QED axion”

Add to the usual massless QED a neutral complex scalar field:

2

e ~ — . —
Eaxion = 1672'2 QF,quﬂV + WL,RLD/I//L,R o (yl//Ll//R¢ + h.C.) + ay¢T8ﬂ¢ o V(¢)

The U(I)PQ symmetry is anomalous:

w; —>exp(—ial)y,

¢ N exp(—i9)¢p {WR N eXp(—i(Ol + I)Q)WR

Free parameter a due to the conserved fermion number.

The U(1)PQ symmetry is spontaneously broken:

V()= u’p'p+ A $)°, u*<0.

— The Goldstone boson shift symmetry permits to rotate & away.
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First representation: Linear

. 1
Linear representation for the scalar field: ¢=—(c+ia+v)

J2
a ~ —. — O a _.
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With as usual {v? =—,u2 /A
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Second representation: Polar

Polar representation for the scalar field: ¢ :L(o-+v)exp(ia/v)

J2

Non-linear representation of UDpy:

o— o ,a—>a+v0 spans the vacuum.

No longer manifestly renormalizable:
Ng'o) 4

a ~ _. O\ _ iay>/
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Second representation: Polar

Polar representation for the scalar field: ¢ :L(o-+v)exp(ia/v)

J2

Non-linear representation of UDpy:

o— o ,a—>a+v0 spans the vacuum.

No longer manifestly renormalizable,

but o can easily be integrated out:

8ﬂa8”a

ol =i(9FWFW+l/7(iD/—meia75/v)w+ 5

‘polar A
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Third representation: Derivative
1
J2

Non-linear representation of UDpy:

Polar representation for the scalar field: ¢ = (o +v)exp(ia/v)

o— o ,a—>a+v0 spans the vacuum.

No longer manifestly renormalizable,

but o can easily be integrated out:
MU
aﬂaﬁ a
2

‘polar

~ :ad
Joidd =4i0FWFW+I,7(iD/—mem7/ /")w+
T

Derivative representation:

Make y invariant under U(I)PQ via y — exp(—iay’ / 2v)p:

o, ay"y’ 0, a0"a
Lflfz;—4 (9——)F F“V+1/7£iD/—m+ 7 7 jw+—“
T

\% 2v 2



Fermionic couplings

CS, ‘23
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Axion-fermion interactions in the non-relativistic limit

Derivative representation:

m
| y“ysﬁﬂa (rem.:a—>ga=—a)
L, =y|if —m+ W 1,
m
Foldy-~ ‘/\ > 2/NR _ 0 p°  ry-Va) y{y-p.o,a 3
Wouthuysen H,, =y | m+ + + 5 =+ O(m™)
unitary rotations er 2m m 2m
Axion wind Axioelectric
HWind - a(t)sl// "‘Pa Haxioelec - afa(t)sl// Py
- Spin-precession experiments. - Ionization by solar axions.

Dimopoulos et al. ‘85, Avignone et al. ‘86
Pospelov,Ritz,Voloshin ‘08
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Axion-fermion interactions in the non-relativistic limit

Derivative representation:

30 a
=y iﬁ—m+y7/ £
m

Foldy- 2 Sar. 5 fuy .
Wou{huysenL» HOR - o(m Py Va] AR e ST Y

La

er

unitary rotations 2m m 2m2

Polar representation: 27?7

15
Epol = W(iﬁ_mezw /m)‘//

2 5 5
Foldy- -V p,0 _
V\?ouzhuysenL—) H ol O(m-l— b +7/ Y a]-l-y P ta}"'o(m 3)

. . 2
unitary rotations p 2m m 4dm
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Pion-nucleon interactions in the 60s Dyson ‘48
Case '49
Berger,Foldy,Osborn ‘52
Derivative representation: Wentzel ‘52
M5
| yryo,m
Lder:w[zﬁ—m+ Jw
m
2 5 5
-Vr -p,0, 7T _
L—’Hder—o"“p L +7{7p2f}+0(m3)
2m m 2m
: , ivalen I
Linear representation: Equivalence could

not be achieved...
lmzlﬁ zﬁ m—2ixy )1//

2 5 2 5 gy .
L_) H R [m+p Lry-vVr 2w ]J{v p,@ﬂ}+0(m_3)

2m m m 4m?
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Axion-fermion interactions in the non-relativistic limit

Derivative representation:

.5
| Yy 0,a
Lder:y/[zﬁ—m+ £ ]1//
m
/\ > 3/NR _ 0 m+P2 +7/SY'V61 +7/5{V'P,5ta}+o(m—3)
der =7 2m m 2m?
Polar representation: For Goldstone bosons,

equivalence must hold!

Lol = 1/7(1'5 —mer )l//

( 2 5 5
HNR_)/O(m_I_p +7/ Y Va}r;/ v P;5t0}+0(m—3)

pol 2m m 4m
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Reparametrization invariance via unitary rotations

NR expansions are defined up to unitary transformations!

v {y-p,a}
4m2

Consider |w> > e® |w> with § = i

Then, HY® — 1R +[iS,HNR]—8tS+...

Higher order since Kills the total time derivative operator
5
o 0 7 p,0,a
[iS,7°m]=0 0,8 =—u” {74’52 4

Thus, we can choose: Hpol ’Hde

2m m

2 5
) O(erp +7/yVaj+O(m3)

For neutral fermions: Screening of the axioelectric operator!
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Schiff’s theorem Schiff, "63

Dirac equation with EM fields in the non-relativistic limit:

Ly =¥ (iD—m)y

2
L—) Hgﬁzyo[m+l) S c.Bj+e¢+(’)(m2)

2m  2m

(P=p-eA)
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Schiff’s theorem Schiff, "63

Dirac equation with EM fields in the non-relativistic limit:

(. ea d .z
Loy ZW(ZB_m_EUﬂ FW+150” ijt//

p? _e(l+a)

2m 2m

H5A§=7O(m+ G-B+d6'EJ+e¢+(9(m2)

With the unitary transformation iS =—i(d/e)y y P :

Hany = Hpwy +[ 1S, Heyy |- 0,5 +..=Hpyy —id [ Py -p.¢ |-dy’y-0,A+...
=HYR _dy >y - (Vp+0,A)+...
=Hg]§ —d}/OG'E-I—...

(7’y=-7"0)

For charged fermions: Screening of the EDM coupling.
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Axion-charged fermion interactions in the non-relativistic limit

Derivative representation:

30 a
‘Cder:lp[ip_m_l_y A = jl/j

m
5
L—) 7/ 7/ ' Va ¥ {Y'Paaza} -3
HY H + +O(m
der m 2m2 ( )
Polar representation: Again, equivalence
must hold!

Epol = 1/7(1'D —meZiays/m )w

< 2N H 7/ 7/ Y- Va+7/5 {y-P,ata}_ea;/Sy-E

pOZ m Am? 2m?

+ O(m_3)
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Axion-induced EDMs encode all the effects!

5 i

P Barnhill '69

Unitary rotation with iS = u At 2’a} Lee,Pittel ‘76
4m Fiar ‘74,77

S 5
-P,0,a .
translates into the equivalence 4 {72 : ! }@_eayz L
m m

Doubly-screened: Both vanish if either E=0 or 0,a =0.

/ \

See the neutral case See Schiff theorem

Time-dependent perturbation theory, with ¢ =0 :

€ 5 € 5
—— | 0.aA dt =—= a0, Adt
4 {’Y -P ata YM 8617/ y A _eaysy-E

2m2 m m2
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Axion-induced EDMs encode all the effects!

5 i

P Barnhill '69

Unitary rotation with iS = u At 2’a} Lee,Pittel ‘76
4m Fiar ‘74,77

y> {v-P,0,q] @_eaysy-E

translates into the equivalence 5 5
2m m

The final NR Hamiltonian can be chosen as:

5
777-Va eay™y-E 3
Ha’er 7_[pol H m o . +O(m )
Dirac equation dual predictions:
— € 9
myy ->—y 6-B —>g, =2
44 2m?/ Ey

1<—>i7/5 < BoE

m(2a/ m)l,iiysl// —> 21(261 / m)yOG-E —>d =—
m
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Phenomenological consequences of the axionic EDM

Axioelectric effect originates from the EDM operator:

5
For bound electrons, €47 zE with E = -V ¢ gives the usual result.

m Pospelov,Ritz,Voloshin ‘08

-7’y [0,aA dt :%ﬁy-jaaﬂsdt

] l

75 {’Y'P’ala} 7/5 {y'paata} eataysy-A - _eaj/sy.E

2 = 2 - 2 2

2m m m

\ |

_eay’{y-p,0,} FOM eay’y-Vg
2m? m’
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Phenomenological consequences of the axionic EDM

Axioelectric effect originates from the EDM operator:

5
For bound electrons, €47 zE with E = -V ¢ gives the usual result.

m Pospelov,Ritz,Voloshin ‘08

Leading EDM for charged leptons and quarks:

d, [ecm] a(t)lﬁys 4 a(1)GG (%) d,/C,S " exp.
d, 107 cos m,t ~ 0 <1.1x107%
Ay 10? cosm,t 107> cosm,t <1.8n/21p><10_26
\ f (*) Graham,Rajendran ‘13

Similarto g =2+ 2a.

Limit on d° close to the QCD axion, holds for m, <107"° eV ~ 1Hz.

Future limits on d,, ,, could reach the QCD axion up to m, <1077 eV.

p



Gauge-boson couplings

J

Quevillon, CS, ‘19
Quevillon, CS, Vuong ‘21
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Typical Axion effective Lagrangian Georgi,Kaplan,Randal, ‘86

Anomalous couplings to gauge bosons:
4°

'CJac — f (gSN Ga a,uv 2N Wl l,uv gerYBﬂVByV)

..with N, =ZQ,/,CX(w) .
%

Derivative couplings to fermions (and other PQ-charged fields):

LDer = f a aJ;’lQ >

a

WIthJ'u = > O, wyty +...

V=Y g >0 (partial integration + CVC)
= > ©,+0,) v+, -0, Wr'rw |+
v=u,d,e,v

All this seems ok... but actually there is a serious ambiguity issue!
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Problem: The fermion PQ charges are ill-defined

Scalars have well defined PQ charges, but fermions do not:

Ksvz: ¢V, ¥,

VY, Yp q, up dp 1{; e vp

UDpg| @ a=1 f f F v 7 7
Ul)y, | Y Y 1/3 4/3 -2/3 -1 =2 0

DFSZ: ¢H2Hd x=v, /v,

dr  UgR dp  l;  ep VR
U(I)PQ L pL+x p-1/x y y—-1/x y+x
Uy, |1/3 4/3 -2/3 -1 =2 0

Free parameters reflects the conservation of ¥, 5, £ numbers.
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Consequence: Ambiguous DFSZ Axion couplings for SM gauge bosons

Anomalous couplings to gauge bosons:

a 2 a /fa,uv | 1
- N .GG % :_(H_j
Jac 167Z'2fa S C HV C 2 X
a 2 sl LV 1
e NI N =2 3p)
a
a 2 UV 1 4 1
+———g"" N, B, B" Ny, ==BB+y)+—| x+—
lerlf, & 7 r=500+7) 3(x xj
Derivative couplings to SM fermions:
1 0 _ _
Lper =57 Cu dz HT 7Y+ 2T 7 s
a u,a,e,v
u d e V
1 1
X |20+x 20+— 2y+—
X X
1 1
A4 X — - 7
X X

Both manifestly SU(2), ® U(1), symmetric, both ambiguous!
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Consequence: Ambiguous DFSZ Axion couplings for SM gauge bosons

Axion couplings in the polar/linear representation (= THDM!!!)

‘polar 1672'2fa
a
1677 f,

2e” -
+ . - (NO _SI%VNem)ZvaW

167z2fa Co Sy
2
a € 2 4
+ (N, =257 Ny +s, N, V7
167[2fa CI%VSI%V 1 w 0 w €m)
a

167z2fa

el S gIN GG

N F

em— uv

+

v

+ 2g2N2W;VW"W

Not ambiguous, but does not match £, :

N, =N, + N, but NyzN =N, =N, =

1 1
NC :E(X-F;j
Nemzi(x_'_lj
3 X
Nozl()ﬁlj
2 X
N, =L(3x+ij
12 X
N, —l(x+ij
4 2Xx

Gunion, Haber, Kao ‘91

~5(38+7)
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Solution: Violations of Sutherland-Veltman theorem

Axial current anomalies: 2;mP = GﬂA“ _ 1 Fwﬁﬂv

S’

Not anomalous Anomalous Anomaly
0,A" =0 when m — o0

True cou pllng ‘CDer ‘CJaC
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Solution: Violations of Sutherland-Veltman theorem

Axial current anomalies: 2imP =0 A* —LF FHY
M Q2 MV
T
y
a()
Y
Not anomalous Anomalous Anomaly
0,A" =0 when m — o0
True coupling Lp., L.
A b b
0 0
— oa " 4+ 4
/ Y4 : : -
Not anomalous Anomalous Anomaly

aﬂA” 5 0 when m — ©
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Solution: Violations of Sutherland-Veltman theorem

Axial current anomalies: 2jmP =0,k A" —- 1 F FH
H ] 2 T uv
T
Vector current anomalies: O0=0 V* __1 FFHY
2 Q2 MY

GﬂV“ 50 when m — ©

c, c,

er ac

Ambiguities due to B and £ cancel out between £, = and L .

SV holds for a" + 7y, g2 but a’ +yZ,ZZ ,WW are not given by L, ..

Quevillon,CS ‘19, Bonnefoy,Di Luzio,Grojean,Paul,Rossia ‘20, Quevillon,CS,Vuong ‘21



B and L violations

J

Quevillon, CS, ‘20
Arias-Aragédn, CS, ‘22
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Using the ambiguities to entangle PQ with 5 and L

. ! Langacker et al. ‘86
- Example: KSVZ axion as majoron J Shin ‘87

c vz Clarke,Volkas ‘16
— T
faVRVR_)mV~ Yva

—C .
avyVp < NO f,suppression.

The PQ current eats up the lepton current (setsy =—-1/2 ):
¢ H\Y, Wp qp up dp £, e vy
U(I)PQ 1 0|la a-1 p B L —-1/2 -1/2 —1/2

- In general, SSB along two combinations of B and L only.

Beware though that EW instantons = Eeﬁ ~ (quzf =34+y=0.

- PQ symmetry itself can stabilize B and £ violating models.

For example, M17RCVR is incompatible with ¢‘71ng :



Band L 2/2

Rich phenomenology with leptoquarks & diquarks
- Spontaneous proton decay

8/37 ,C , 38/3-C 2 o8/31 &8/3
S dpen + 8 Tuguy +¢°8,7'S)

- Spontaneous neutron-antineutron oscillation

4/37C 8/3 4/3 G4/3 8/3
SY3dsd, +SPugu, + ¢SS!

- ALP and the neutron lifetime puzzle
2/37C 2/37 2/3t1,2/3
SPRdg g+ d gy vy + 04987V

B(n—>va)~1% Withp—)e;/7/>1034yr if m, <m, <m,.

q, ,dy
qll J uR
Gl

q,,Up

- Intense antimatter production?

S12/3671§MR n Vzl/jggy,qu n a,u¢V2/3‘rS2/3 +HV2/3S2/3V1/3

Resonant 7 — a7 if Sm,  ~Bx10"’ eV =m, (precisely!) H

n—n






Conclusion 1/1

The axion mechanism is currently the best solution to the strong CP puzzle!

But its theoretical description still brings some surprises:
Fermion couplings: Axions induce EDMs for electrons, neutrons,...
Gauge couplings:  Not driven by the anomaly.

5 and L violation: Unified and sponaneously broken along with PQ?

Book the date!

2018:

Workshop + minischool with the lectures:

Symmetries and anomalies (F. Delduc, ENS Lyon),
Strong CP puzzle (M. Goodsell, LPTHE),

e EDM searches (Chen-Yu Liu, Indiana),

14-16 mai 2018 Axion physics at low-energy (G. Villadoro, ICTP)
LPSC Axion cosmology (A. Ringwald, DESY)

Fuseau horaire EuropefZurich

2020: Follow-up meeting unfortunately cancelled...
2023: Axions++ in LAPTH, Annecy, September 25-28.
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