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-2 QCD Axion vs. ALPs

-2 Axion/ALPs and Flavour models

-» Axion as dark radiation

-2 ALP production @ B-factories

Mainly based on:
Arias-Aragon & LM, The minimal Flavour Violating Axion, 1709.07039
LM, Pobbe, Rigolin & Sumensari, Revisiting the Production of ALPs at B-factories, 1905.03259

Arias-Aragon, DOEramo, Ferreira, LM & Notari, to appear
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The Strong CP Problem:

The QCD Lagrangian allows a CP violating term:

g2
S !
Lacp ! !5 G G

It contributes to the neutron EDM
Crewther, Di Vecchia, Veneziano & Witten, 1980
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Baker et al., 0602020
Afach et al., 1509.04411

Why is the QCD- ! parameter so small?
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A dynamical solution with U(1) PQ

Peccei & Quinn, PRL38 (1977)
Weinberg, PRL40 (1978)
q The axion d generated as GB ~ Wilczek, PRL40 (1978)
- Naturally light

-2 Only derivative couplings
-2 Excellent DM candidate

The PQ U(1) is anomalous and it leads to
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V(a)
The QCD dynamics

-2 No CPV
generates an effective q
a

potential for a -® Axion mass
My [, = const
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Intensive study from both experimental and theoretical side:
Giannotti, Ruz & Vogel, 1611.04652
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-2 In String models
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APLs appear in many BSM theories:

-2 In String models
-2+ In theories for dynamical neutrino masses: Majorons

-» The Higgs itself maybe be a pseudo-GB (Composite Higgs)

Flavour models with global symmetries
Wilczek, 1982

Axion/ALP couplings are determined

by the [3avour symmetry

Axildavon/Flaxion MFV Axion

Ema, Hamaguchi, Moroi & Arias-Aragon & LM, 1709.07039
Nakayama, 1612.05492

Calibbi, Goertz, Redigolo, Other example e.g. In
Ziegler & Zupan, 1612.08040 Bjorkeroth, Chun & King, 1806.0066q]
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Axi3avon/Flaxion vs. MFV Axion

Pretty similar Lagrangian:

' Xuj ! Xg

g HYuur, !

| = v Qv ' Masses and mixing
2

Axion couplings

| Xd :

ql—i H YddRJ

But many differences:

Axil3avon MFV Axion
U)en = U(1)rq U@)°! SUB)’" U)prq
Froggatt & Nielsen, 1979 DOAmbrosio et al., 0207036
Xi are the charges under the PQ Xi are the charges under the PQ

and they are universal !
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Ly =1 — o AYuur ! 0., H Yadr,

Axildavon MFV Axion

(Yud)i ! O(1)

(Yu)i
(Ya)i

!Xuj b Xq; (YU)IJ : Vi
2!

!de ' Xg; (Yd)lj

All masses and CKM by
choosing the PQ charges

th’Uq ,’L'q3:,’I}u3:O
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Ly = | ".. g A Yuug, ! ".. 0., H Yadr,
AXxif3avon MFV Axion
. myg m
Y, =V diag —=, —%,1
me My
(Yud)i ! O(1) S
Yq=diag —2, —2,1
Mp Mp
(scalar pot.: Alonso, Gavela, LM & Rigolin, 1103.2915
(Yu)ij = | *uj: Xa (Yu)ij | \i! "oy Yu — Gxu_quu
Xd; ! Xq; 2! Tq—1T
(Ya)ij = 179 7% (Ya)j Yy =€ )y
All masses and CKM by Masses and CKM by YV, 4 and
choosing the PQ charges third gen. masses by PQ charges

mtqu ququSZO th’U q ajqzmu:()
rq ~ log (my/my)
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f, >3 x 10 GeVv

mY

This can be a QCD axion

MFV Axion
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Axildavon MFV Axion

Kt = n1ta Flavour Violating observables
\ do not put strong constraints

f, >3 x 10 GeVv
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This can be a QCD axion

Calibbi, Goertz, Redigolo, Ziegler & Zupan, 1612.08040
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Axildavon MFV Axion

Kt = n1ta Flavour Violating observables
\ do not put strong constraints

fa Z 3 X 1010 GeV \

This can be a QCD axion _ -
QCD axion possibility

Calibbi, Goertz, Redigolo, Ziegler & Zupan, 1612.08040
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Kt = n1ta Flavour Violating observables
\ do not put strong constraints
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Axildavon MFV Axion

Kt = n1ta Flavour Violating observables
\ do not put strong constraints

fa Z 3 X 1010 GeV \

This can be a QCD axion _ -
QCD axion possibility

Calibbi, Goertz, Redigolo, Ziegler & Zupan, 1612.08040
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QCD-Axion In Cosmology

A light axion impacts on cOSMOIOQy =gy A N.g
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For AxiRavon and MFVA models, the b-coupling is relevant!

b a b b Arias-Aragon, DOEramo, Ferreira, LM & Notari, to appear
" \Qf e
359/ \

q a

\ege%
€

b g

3



For AxiRavon and MFVA models, the b-coupling is relevant!

b a b b Arias-Aragon, DOEramo, Ferreira, LM & Notari, to appear
| ;? e

q a

g Flaxion Model vs KSVZ
0.20

fll

PRELIMINARY

0.10

0.05 )
— Flaxion

KSVZ

AN

20 CMB-S4

0.02
1o CMB-S4

10 futuristic

0.01 1010 oM

104

f,(GeV)

3



For AxiRavon and MFVA models, the b-coupling is relevant!
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Focussing in an ALP possibility with ma ! GeV
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ALPs: MFV case

Focussing in an ALP possibility with ma ! GeV

al as g aem ~ aem ~
f_ - S_WGGMVGZV 87-‘- Ca/yfyFuyFMV 87“' CaZZZuVZ“V+
a
Oem > Aem, Trr—
724 TUY
7 Ca,yzF Z,u,v 7 CaWWw W;w
COLLIDER:
LEP data
BSM Z width l(Zz! al)

LHC processes

Non-standard h decays ! (h! aZ)

Mono-Z prod. pp! aZ

Mono-W prod. pp! aW+*

Associated prod. pp! aw=*!

Mono-h prod. pp! ha Brivio, Gavela, LM, Mimasu, No, Rey & Sanz, 1701.05379

at@prod. pp! at® Bauer, Neubert & Thamm, 1708.00443 14



ALPs: MFV case

Focussing in an ALP possibility with ma ! GeV

al as g aem ~ aem ~
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8t 7 K 8 HY
u
FLAVOUR:
LEP datK * 4+ +
B decays
BSM Z 4 B _> K'a
|lzaguirre, Lin & Shuve, 1611.09355
LHC pro Gavela, Houtz, Quilez, del Rey, Sumensari, 1901.02031
Non-star
MOnO-Z AR T MM W £ a‘
Mono-W prod. pp! aW+*
Associated prod. pp! aw=*!
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ALPs: MFV case

Focussing in an ALP possibility with ma ! GeV

a &g ~ Cem — Kem [

—| - =G G Caryy " Fu Caz2 2" Zy+

fa 8T v 8 4N - 8T K

Kem r Kem Tx7r—
1% +uv
u
FLAVOUR:
LEP datK *
BSM 7 | B decays BT — K™Ta
|lzaguirre, Lin & Shuve, 1611.09355

LHC pro Gavela, Houtz, Quilez, del Rey, Sumensari, 1901.02031
Non-star

MOnO-Z AR T

Mono-W prod. pp! aW+*
Associated prod. pp! aw=*!
Mono-h prod. pp! ha Brivio, Gavela, LM, Mimasu, No, Rey & Sanz, 1701.05379

at@prod. pp! at® Bauer, Neubert & Thamm, 1708.00443 14



MEV ALPsS

Focussing in the (stable) ALP possibility with ma ! GeV

a as a 1/~a aem VN aem I/N

E S 8 S
o ~ o ~
86: Cayz B 2y ge: C“WWw+WW~V)
COLLIDER: FLAVOUR:

LEP data n n
BSM Z width 1(Z! al) Bdecays BT — K™a
LHC processes The strongest bound is f, = 10% GeV
Non-standard h decays ! (h! aZ) from Ravour!

LM, Pobbe, Rigolin & Sumensari, 1905.03259 15
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ALP production @ B-Factories

B-Factories can provide interesting bounds even on FC couplings.

wilezek, 1977 proposed to analyse decays of _3 3~ I,

heavy mesons on scalars : }

Y

Experimental effort in:

3 1 (nS) ! 1" with! decaying in the detector.

-»- Boundson B(! (nS)! )" B("! ...
However:

.» """ was neglected with respect to ! bk, but not always true for @

-2 unclear/incomplete/inconsistent results in the theory literature
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LM, Pobbe, Rigolin & Sumensari, 1905.03259

The effective Lagrangian at 1 = Illp :

Can A
4 f,

L
2f 4

La | " FIJ" I:L-u" " Cabb _bll l,l||5b

f
both couplings can be important for ALPSs.

—— N ON-resonant ALP production

o !
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Non-resonant ALP production
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Non-resonant ALP production

11 C2
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Marciano el al. 2016, Dolan et al. 2018

Resonant ALP production (Breit-Wigner approx.)
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Non-resonant ALP production

11 2
em Cg!! 11 %

I p—
q -NR(S) 24 faz S

Marciano el al. 2016, Dolan et al. 2018

Resonant ALP production (Breit-Wigner approx.)
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Compare with Eidelman, Epifanov, Fael, Mercolli & Passera, 1601.07987 j g
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For ! (1S), ! (2S),! (3S), !/ /m, ! 1

—— IR ! !n\R

Energy spread of the beam 'w ! 5MeV I I,
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For ! (1S), ! (2S),! (3S), !/ /m, ! 1

— R ! I\R

Energy spread of the beam 'w ! 5MeV I I,

-l The resonance cannot be fully resolved (caveat for! (1S))!

To account for the beam-energy spread: convolution with Gaussian dist.
Eidelman, Epifanov, Fael, Mercolli & Passera, 1601.07987

- 2
—} 1 R (9)"is = dq#'*;,,(!qv)v
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For ! (1S), ! (2S),! (3S), !/ /m, ! 1

—— IR ! !n\R

Energy spread of the beam 'w ! 5MeV I I,

- The resonance cannot be fully resolved (caveat for! (1S))!

To account for the beam-energy spread: convolution with Gaussian dist.
Eidelman, Epifanov, Fael, Mercolli & Passera, 1601.07987

- 2
—> 1 R (9)"vs = dq#'*;,,(!qv)v

'|/m| | 1—>

9



Photo-philic ALP: [Can |! |Capb |
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Photo-philic ALP: [Can |! |Capb |

J L R(m!2 )'vis = " peak B(! # #a)
| I . o 13
' | em 2 Cg.!! . Mz
1 13l = T 1" —=2
B( a)'cabb =0 216" T f2 m?

Masso & Toldra, 9503293
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Photo-philic ALP: [Can |! |Capb |

] R(m!2 )"ws = "1 peak B(! t# #a)
| I H 3
' | ! C2|I m?
I | Al _ em | |2 all w g
B(! .a).Cabb:O 216" m, f, 2 1 m?
Masso & Toldra, 9503293
l (nS) | m [GeV] ", [keV] | peak [ND]
| (1S) |  9.460 5402 | 39(18)# 10° 6.1# 10 3
l (2S5) 10.023 3198 28(2)# 10° 3.7# 10 °
| (3S) | 10.355 2032 | 30(3)# 10° 2.3# 103
| (4S) | 10580 205# 10° | 2.10(10) 083

Using Belle Il energy-spread for illustration (similar for BaBar and Belle).
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Photo-philic ALP: Ican | ! [Cabo |

"! peak B(I # #a)

| 2 ™3
B(! = M o7 Cf‘; 1" :2—?
Masso & Toldra, 9503293

l (nS) | m, [GeV] ", [keV] | beak [ND] 12 (M?)"vis! ! NR

| (1S) | 9.460 5402 | 39(18)# 10° 6.1# 10 3 0.53(5)

| (2S) | 10.023 3198 | 28(2)# 10° 3.7# 103 0.21(3)

| (3S) | 10.355 2032 | 30(3)# 16° 2.3# 10 3 0.16(3)

| (4S) | 10580 205# 1C° | 2.10(10) 30(3)# 10 °

Using Belle Il energy-spread for illustration (similar for BaBar and Belle).

> issubdomina, ut et eglghle o ! (15).1 (25).! (35)

This has not been considered in theory papers, e.g. Dolan et al., 2018




General Case: Can ¥ 0,Capp £ O
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General Case: Can ¥ 0,Capp £ O

I T | " \PZ
n m2 Call - m2 - "
B | | | a) = em m .I:2 1" a a'! 1" 3 0 2 a
| ) 2167, | rn!2 fa m!2 fa

LM, Pobbe, Rigolin & Sumensari, 1905.03259
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General Case: Can ¥ 0,Capp £ O

I ™ I ' Y9
" . m2 ] | m2 Cabb
B(! ! la)=——m, f§ 1" —2 o1t & 2=

LM, Pobbe, Rigolin & Sumensari, 1905.03259

-y BoOth contributions can be relevant
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General Case: Can ¥ 0,Capp £ O

I ™ I Y9
" . m2 ] | m2 Cabb
B(! ! la)=——m, f§ 1" —2 o1t & 2=

LM, Pobbe, Rigolin & Sumensari, 1905.03259

-y BoOth contributions can be relevant

-l Constructive or destructive interference
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General Case: Can ¥ 0,Capp £ O

| ™ I ' Y9
" . m2 ] | m2 Cabb
B(! ! la)=——m, f§ 1" —2 o1t & 2=

LM, Pobbe, Rigolin & Sumensari, 1905.03259

-y BoOth contributions can be relevant

-l Constructive or destructive interference

=P Different combination wrt NR case

IIemcgl!! .1| m_g
24 f2 S

INR (S) =
p1



Experimental Strategies
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Resonant Searches
| (1S) is fully reconstructed from ! (2S,3S) ! | (1S)! *1°
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Experimental Strategies

Resonant Searches

| (1S) is fully reconstructed from ! (2S,3S) ! | (1S)! *1°

v

m22

'R(S) = ! peak (s m )2+ m2 2 B(" " "a)
’ ! 2 ! 2 e
m Call m Cabb
B! ! lay= ——m, fg 1" —2& 21 & v 2=
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Experimental Strategies

Resonant Searches

| (1S) is fully reconstructed from ! (2S,3S) ! | (1S)! *1°

v

m22

'R(S) = ! peak (s m 212 m2 2 B(" " "a)
’ ! 7 ! 2 e
m Call m Cabb
B! ! lay= ——m, fg 1" —2& 21 & v 2=

—gp Bounds on this BR in BaBar, 1007.4646 & Belle,
1809.05222 for a stable ALP or that decays into invisibles.
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Experimental Strategies

Resonant Searches

| (1S) is fully reconstructed from ! (2S,3S) ! | (1S)! *1°

v

2 2
my !

| R(S) = | peak (S' M2 )2 + m21 2 B(" n a)
! | - . . w5
. m Call m Cabb
B(! ! lay=—" m, fZ 1" -2 o 1" -2 " 2=

—gp Bounds on this BR in BaBar, 1007.4646 & Belle,
1809.05222 for a stable ALP or that decays into invisibles.

=  Translating in ALP couplings par. space, constructive or

destructive interference.
P2



Non-Resonant Searches
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Non-Resonant Searches

For ! (4S), the resonant contribution is negligible
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Non-Resonant Searches

For ! (4S), the resonant contribution is negligible

emcgt||
=P | \R(S) = >4 12

=P The Cani can be probed directly

1!

P3



Non-Resonant Searches

For ! (4S), the resonant contribution is negligible

)y em Cg.!!

q !NR(S): 24 f2

=P The Ca can be probed directly

1!

P3



Mixed Resonant - Non-Resonant Searches
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Mixed Resonant - Non-Resonant Searches
Without reconstructing ! (1S) ! (2S) ! (3S)
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Mixed Resonant - Non-Resonant Searches
Without reconstructing ! (1S) ! (2S) ! (3S)

ot Call . a - ! Cal .. a ot G @
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Mixed Resonant - Non-Resonant Searches
Without reconstructing ! (1S) | (28) EN)

W W prel

ITR(S) + ' NR(S)"vis
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Mixed Resonant - Non-Resonant Searches
Without reconstructing ! (1S) ! (28) 1 (3S)

g . |
W W e+>vmo%l;:ia

T R(S)+ 'nrR(S) Vis

—>—
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Mixed Resonant - Non-Resonant Searches
Without reconstructing ! (1S) ! (28) 1 (3S)

W W prel

T R(S)+ 'nrR(S) Vis

—>—

—
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Mixed Resonant - Non-Resonant Searches
Without reconstructing ! (1S) ! (28) 1 (3S)

g . |
W W e+>wo%k;ia

T R(S)+ 'nrR(S) Vis

—>—

—

—
P4



Considering TR(S) + 'nr(S) vis 41 + ' NR

. R"vis J R"vis

FI|_I
.>
D
O,
@
=
(36. === | (1S) BaBar
- 1 e | (1S) Belle
—-— 1 (3S) BaBar

— | (3S) BaBar Recast
2 4 6 8
m, [GeV]




Considering TR(S) + 'nr(S) vis 41 + ' NR

. R"vis J R"vis

— —
> _

" @
O, O,
© ©
< <
=
= 2

LSB — == | (1S) BaBar d" ] [

_ I (1S) Belle - === 1 (1S) BaBar

—-— | (3S) BaBar | I L, I (1S) Belle |

d . —— | (3S) BaBar Recast d 5 — ! (3S) BaBar
1 B 1 ——
2 4 6 8 2 4 6 8
m, [GeV] m, [GeV]
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Complementary Studies

10 2, | Cabb/cafyfy > O _ 10 2 o Oclbtlca” ‘> 0 |
| — '(SS) BaBar Recast M, = l Ger { — | (3S) BaBar Recast.ma— 7 GEVE
| — 19 Belle | | — 1(@9)Belle i
3] i - 3 :
O, ? O, 5! |
S il © o |
=4 3 = g 4 <!
210 4 <! =1 2!
< | 5! g o
1010 S 10 4 10 3 10 2 1010 S 10 4 10 3 10 2
|Carrl/ fa [GeV ] |Cann |/f 2 [GeV 1]

-l (Green area: resonant search for ! (1S)
=g Blue: resonant - non-resonant search for Y (39)

=P \/ertical line: Belle I prospects on non-resonant search for ! (4S)
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Conclusions

-2 QCD Axion / ALPs arise from 3avour models and
have specibc couplings with fermions

-2 Axifdavon and MFV Axion are very similar but
provide much different predictions

Axifsavon MFV Axion
Axion Astro/Cosmo + Astro/Cosmo
B-Factories (FV coup.)
Colliders +
AP B-Factories (FC coup.)

-»- Couplings with b-quarks are relevant!

.» Induce contributions to ANeg probe by CMB
-2 Impact on ALP production @ B-Factories

P/






Photo-philic ALP: [Can |! |Capb |

32'# em f2 m¢ |
with B(T — ee) experimentally determined
I (nS) fjat- (MeV) f P (MeV)
| (1S) 680(14) 659(17)
| (2S) 194(15) 468(27)
L (3S) 539(84) 405(26) Gray et al., 0507013
(19 : (23) Lo s s a7




Comments on other analyses

BaBar made an analysis on dark-photons gapgar, 1702.0332

Dolan et al, 1709.00009 recasted the analysis on ALPs

v ' #

\\\‘

| 123 $./0

Twice stronger
than us

) !n 11 !ll " !" ! !" #

L * #
-»- BaBar analysis considered data collected at different runs: resonant
effects should be taken into account

-»- Detection efbciencies are different for dark photons and ALPs 80



