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Introduction

Why are we interested in Flavour
Physics?

/\.

We need to find the
scale of New Physics!

SM flavour puzzle

e Why three families? e LHC found a SM-like Higgs
* Why the hierarchies? * No evidence of new phenomena
(e.g. m, /m_=3.4x10°) * We know there is new physics

somewhere (DM, neutrino masses,
baryogenesis etc.)
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SM flavour puzzle

Hierarchy of SM fermion masses and mixing

Up quarks: CKM matrix
M. A My 3
~et, M (1 0 o)
nr nr -
Vekm = e 1 €
e e 1
Down quarks: : :
Mg o My .
~ € €’ .
mp, mp e~ 0.23

Hints for an organizing principle: is there a dynamical explanation?
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Froggatt-Nielsen flavour models

e SM fermions charged under a new horizontal symmetry G, Froggatt Nielsen ‘79
) Leurer Seiberg Nir '92, 93

e G forbids Yukawa couplings at the renormalisable level

« Gpspontaneously broken by “flavons” vevs (¢r)

* Yukawas arise as higher dimensional operators

j h
U = D — , <¢I> [ <qb]>

Lyuk = Yij Qrivrj b+ Yij Qridrjh+he 00 LS (o)

.' n¥ D \\ “‘\ ; // "x’
U, D (o1) ) 1
vy~ 11,
M = IR
I dri D “Rj
Yij

o < M => €1 = (¢1)/M small exp. parameter
1 155 dictated by the symmetry
What is G, ?
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Froggatt-Nielsen flavour models

G abelian or non-abelian, continuous or discrete

U(1), U(1)xU(1), SU(2), SU(3), SO(3), A,

Froggatt Nielsen 79; Leurer Seiberg Nir 92, '93; Ibanez Ross '94; Dudas Pokorski Savoy '95;
Binetruy Lavignac Ramond 96; Barbieri Dvali Hall '95; Pomarol Tommasini '95; Berezhiani Rossi '98; King Ross 01;
Ma ’02; Altarelli Feruglio ’05...

U(l) example Chankowski et al. ‘05
(QQI QQ2 QQB) — ( ’ 29 O) y’ij a JEqu—'_QU
(Q'M Quz ng) = ( , 2, O) ch = —1 :> d Q +Qd
Qdy» Qs Qds) = (4, 2, 2) ‘yi]—az] “
(Qar, Qo Qg o e =q¢/M ~0.23
68 65 63 67 65 €
Y, ~ el et € Y, ~ d et €
e 2 1 et 2 €2

M can be interpreted as the mass scale of new degrees of freedom:
the “flavour messengers”
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Low-energy flavour models

How light can the flavour dynamics be?

e Effective Yukawas imply fermion-flavon couplings

f myg

f
= @ v n’ —-
(7n’f)7,j — Wi4 (]\.[) \/5 |:> LD < >foR@

* Generically flavour violating

* FCNC induced at tree-level, but suppressed by small quark masses, e.g.:
Leurer Seiberg Nir 92, '93

— — — — (5Ldr)(SRrdL)
(
SR

* What if the flavour symmetry is local?
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Low-energy flavour models

How light can the flavour dynamics be?

* Local flavour symmetry => flavour gauge bosons, e.g. abelian Z' :
LD gr fY"(Qs, Pr + QsnPr)f Z,

 FV couplings to fermions (different generations have different charges)

« FCNC also arise at tree-level, e.g.:

dr, dp

(5.y"dr)(5rYudR)

~ gF ~ gF

ST, SR

e Additional contributions arise from the messenger sector
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FCNC bounds on FN models

U(1) example: TeV-scale flavons are possible!

dp

AMpg @ mg 2 580 GeV

m(Vin _ m, K- e Z =3 Ten
~ el e [with O(1) phases]

- my 2 (o) x 210 GeV
g > (%) x 3.3 TeV
[with O(1) phases]
fi o X g fi
'Y: ] Y: ' AMpg : mgy 2 1.7 TeV
fi ) : X : ) f, —> € 1 mg 2 27 TeV  [with O(1) phases]

(indirect bounds from messenger sector)
LC Lalak Pokorski Ziegler ‘12
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Flavour Portal to Dark Matter

LC Crivellin Zaldivar ‘15

* DM must interact weakly with the SM, likely to be a SM singlet

e We introduce DM: fermionic SM singlets charged under G

* Flavour interactions are the only connection between dark and visible sector

e Global G;: DM and SM communicate only through flavon exchange

e Local Gy : interactions can be also mediated by flavour gauge bosons
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Generic setup: flavon mediation

(mp)ss = o (“‘”) *me=n (D) 0 me= o

M V2
L£>onl @foRcb + (X 1) 7 %) XXLXRO = ApfLfRO + A XLXR®O
DM annihilation to SM:
X f X ~ % - ¢
¢
S
7 | T X LN T~ - ¢
)
)\2 /\2 m A4
S X t X
(75v) (4m3 — m¢) - F¢nz¢ (o4v) m3
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Generic setup: flavon mediation

= (D) 2 =i () 0 me=rig

£onl @foRcb + (X +1)X %) XXLXRO = ArfLfRO + M XLXRO
DM annihilation to SM:
X X ~ @ - ¢
et
X X LN -~ — ¢

Af@nx . 4

S X
(ogv) ( 4m/2//m¢) T2 (ogv) ~ —5

annihilation to heavy flavours preferred
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Generic setup: flavon mediation

(my)ij = af; (%‘}))n{j \35

. = by (%)) ) mg = k(o)

Ean@foR¢+(nx+l)

(¢

>XLXR¢ =

A fLIR® + A\XLXR®

DM annihilation to SM:

X f
¢
>ﬂ: o ﬂ<
- @) @) 7

212
)\/\mx
2

S — m¢) - F¢m¢

T

m

(o3 ~

m
X ~® __ ¢
y mx\“\qb

no coupling suppression
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Generic setup: flavon mediation

(my)ij = af; (%‘}))n{j \35

M

e = by (@> (@) mg = k(o)

(9)

£onf g fpb+ (X + 1)

(¢

>XLXR¢ A fLIR® + A\XLXR®

DM annihilation to SM:

X
¢
Lme  om
@ @ _
X f

>
2
lad

)\2 /\2 m
(021}) ~ ¥ X @ <035v> ~

2
ms — m¢)

—|—F¢m¢

p-wave (velocity suppressed)
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Generic setup: flavon mediation

(mp)ss = o (“‘))) *me=n (D) 0 me= o

M V2
m g
£>on! @foRcb + (X +1) X (o) \EXRD = ApTLfRo + AxpXR®
DM scattering with nuclei:
X\Q;Tfi/r/ X

I SI /\2 /\éN 2

N0 ¢ mé XN

|
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Generic setup: flavon mediation

f
(O)\" v
(my)i; = a, (ﬁ NG

My = by (

(9)

)n" (@) mg = k{P)

TYZ

L£>nl @foRcb + (X + 1) X %) XXLXRO = AffLIR® + A XLXRO
DM scattering with nuclei:
X ~ 19 X

suppressed by light quark masses/matrix elements
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Explicit example

Simple U(1),, only few parameters (besides O(1) coeffs.): mg, My, k = my /{®)

MY = 0l D (Qq, + Quu, ay))e 24 T4 w

-l k=2 1

My [TeV]

. e R __ . . e e — — e e — — — — — — — — — —={

m, [TeV]

Thermal freeze-out via flavour portal motivation for TeV-scale flavour dynamics!
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Explicit example

Simple U(1),, only few parameters (besides O(1) coeffs.): M4, My, k = my/{(0)

v

MY = i (Qq + Qup e O O o

(#)

L]
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Explicit example

Simple U(1),, only few parameters (besides O(1) coeffs.): M4, My, k = my/{(0)

u U ) v
MY = 0l D (Qq, + Quu, ay))e 24 T4 @

mg 2 VE x 580 GeV
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Explicit example

Simple U(1),, only few parameters (besides O(1) coeffs.): M4, My, k = my/{(0)

,d d Q. ws dy U
)\SL ):(15;’ )(qu—i_Q(uj,dj))e Qz+Q( J,dg)®

10-2 e I e e o e L L R L L
k=2
_4 | k=1 |
10 k=0.5
10 |- |
S 108 F Xenon1T |
LS. ey
o) 10 |7 |
v P vbkgd
10'12 _ ................................................. i
1074 | |
10-16 T T BT T
m, [TeV]
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Axiflavon

LC Goertz Redigolo Ziegler Zupan ‘16

* Another puzzle of the SM is the strong CP problem

* The strong CP problem is elegantly solved by an axion field

* The axion field can also provide the correct density of cold DM

* The axion is the PNGB of a colour-anomalous global U(1)

e Can we identify this symmetry with a Froggatt-Nielsen U(1)?
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Axiflavon

LC Goertz Redigolo Ziegler Zupan ‘16

* Another puzzle of the SM is the strong CP problem

* The strong CP problem is elegantly solved by an axion field

* The axion field can also provide the correct density of cold DM

* The axion is the PNGB of a colour-anomalous global U(1)

e Can we identify this symmetry with a Froggatt-Nielsen U(1)?

Spoiler: Yes!
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Axiflavon

LC Goertz Redigolo Ziegler Zupan ‘16

* Another puzzle of the SM is the strong CP problem

* The strong CP problem is elegantly solved by an axion field

* The axion field can also provide the correct density of cold DM

* The axion is the PNGB of a colour-anomalous global U(1)

e Can we identify this symmetry with a Froggatt-Nielsen U(1)?

Realisation of an old idea by Wilczek of using a subgroup of the global U(3)°
flavour symmetry of the SM [as is the PQ U(1)] Wilczek 82
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The strong CP problem ...

/\/\/hg is the coeFFiciemt of the gﬁ opemto\
Lsm D (9 GQWGW so tiny?

¢ Limits on Neutron EDMs:
d, ~ 3.6 X 107% ecm - ‘9‘| < 10~10
d,| < 2.9 x 107%%ecm (95%CL)

Crewther, Vecchia, Veneziano, Witten, PLB 88, 123-127 (1979)
Baker et. al., hep-ex/0602020

¢ 0 receives (O(1)) contributions from two different sectors:

0 = 0 + arg det(M, M) 0] <1070 mm)

Theta-vacua of QCD Electroweak Sector

" Fine —tummg

_problem!

borrowed from F. Goertz
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... and its Peccei-Quinn axion solution

\\

/\//\/hg is the coefficient of the gﬁ opemtoﬂ

\

AN

— ~ '
s D 0 2 Gy G s ting?
; 78

\_

¢ Promote O from parameter to dynamical variable: ) \
axion a= PNGB of spontaneously broken U(1),, symmetry o~ %em/ ]

J

N

— solves strong CP problem:

g .~  Og .. Q4 =~

Potential induced by QCD instantons

— minimum CP conserving (a) = —af/(2N)y — GG term vanishes
Peccel, Quinn, PRL 38, 1440, Vafa, Witten, PRL 53, 535

<
RRTRITTOOTIT
~
( —» aGG
a
(olevaleaTaluToluo oM

¢ axion coupled to GG via chiral anomaly

borrowed from F. Goertz
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Axion Dark Matter

[axion essentially stable for m, < 20eV'}

In early universe axion displaced from minimum

v

A

N\

— 0
0o

>alf

As universe expands axion rolls down and starts
oscillating around minimum: energy stored in
oscillations contributes to DM relic density

_ 1.18
Opph? ~ 0.1 (M> H2

Mg 0

Right abundance for
1075 eV < mg <107% eV

borrowed from R. Ziegler
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The axiflavon setup

The axion identified with the Nambu-Goldstone boson of a broken
global FN U(1), i.e. as the phase of the flavon field — “axiflavon”

1 .
b — V. 4+ ia/Vyp
et o)

The axiflavon couples to the SM fermions exactly like the flavon:

_\J u,d,e __ - , _ i u,d,e
Logr = Aj;aliFy +hee. Aig ™ = i([L]i + [R]J)ch vis

flavour violating!

And to gluons and photons via colour and electromagnetic anomalies:

as a  ~ B aem a _ -~
L="—GG+ T FF = Vo /2N
8T fa N 8m fa Ja CI)/
1 Usual axion mass induced
QCD N = 9 Z 2lali + luls + ld]:, by the QCD anomaly:
4 1 12
EM. E=3 o (i +[ul)+ 5 (gl + )+ Wi+l | m, = 5.7pev (mfﬂ>
[no contributions from messengers, vectorilike under U(1)] "
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The axiflavon setup

Eaem CL ~

Noar 71 F fo = Vo /2N

g G =~
L= o GG+

Key observation: FN U(1) to reproduce observed Yukawas is necessarily
anomalous and the coefficients are linked to the quark masses:

det m, det mg = g 082N : ~ —04 O(1)

detmg
det mq/det me = age ¢aN—E : ::> b L 8 _ 10g Gepme — 108 e
N 3 log det muglet mq lOg g
g = det a, detag, age = detag/ deta, v
Ibanez Ross 94, Bineutry Lavignac Ramond 94 ‘96 ~ —44 O(]‘)
Sharp prediction for the coupling to photons igawaF 3 ,
independent of U(1) charges and little sensitive to O(1)s:
E [1.0,2.2] mq
— € 12.4,3.0 —> S
N 2:4,3.0 Jary = 1016GeV eV
Compare to DFSZ and KSVZ axions: 1012GeV
Mg = 5.7 ueV (—)
IE/NI € [0.3,2.7] IE/NI € [0, 6] fa
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Axiflavon phenomenology

Stellar evolution bounds f, > 10® GeV [natural DM window 101° GeV < f; < 1013 GeV]

I:{} flavour processes considered before are suppressed

Despite the tiny couplings low-energy searches for rare processes are
sensitive to flavour-violating decays to ultralight axiflavons! E.g.:

Kt > 7n%a Bt - K'a ut —eta

Small rates but strong constraints! Most stringent from Kaons:

2
MK+ — nt MK N, 2p2(1 -
( -7 a) 647r| | m%{
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Axiflavon phenomenology

Stellar evolution bounds f, > 10® GeV [natural DM window 101° GeV < f; < 1013 GeV]

I:{} flavour processes considered before are suppressed

Despite the tiny couplings low-energy searches for rare processes are
sensitive to flavour-violating decays to ultralight axiflavons! E.g.:

Kt > 7n%a Bt - K'a ut —eta

Small rates but strong constraints! Most stringent from Kaons:

BR(K+ — nta) ~ 1.2-10—10( Ma )2 ("‘Sd)z koa/N ~ O(1)

0.1 meV N
BR(KT — 7%a) < 7.3-1071! fa 2 F;d x 7.5-10'° GeV
E787, E949

Increased sensitivity ~70x is expected at NA62!
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Axiflavon phenomenology

Stellar evolution bounds f, > 10® GeV [natural DM window 101° GeV < f; < 1013 GeV]

I:{} flavour processes considered before are suppressed

Despite the tiny couplings low-energy searches for rare processes are
sensitive to flavour-violating decays to ultralight axiflavons! E.g.:

Kt > 7n%a Bt - K'a ut —eta

Interesting effects in the lepton sector too:

m

m 2
D(pt —eta) ~ 16—;])\;1 + A\{5]| To ~ f—M for anarchical neutrinos
a

+ + —8 Ma 2 (Fpe)?

Limit on muon decay to “Majoron”: 2.6x10°, 30 years old!  TRIUMF ‘86
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Axiflavon phenomenology

Axiflavon can be complementary tested at axion and flavour experiments!

s
1073 1072 107! 10°
e e B
| A |
" : 3 ! i ' i | 1 Superradiance
10777 F 2 ] b Shn : 2 SN1987A
———————————— e bttt o L R R LT :
I 1 hy : I 3HESS., Fermi—-LAT
10-13 E : ! 0 / 4 Globular Cluster
B I 1
—~ [ I : 11 5 ADMX
% ) i ¥ 6 White dwarfs
1 5 9 ! : ' '
~ -15| 1
chw'yaFF = 10 i i (s 6 K*— n*a
N R L i ADMX-II
T e A E - S i ADMX-HF
_ i CASPEr-II
IRt R : [AXO
—194===TTT T AT e
10 | | ABRA—-Res
: KSVZ+DFSZ : ABRA-Broad
102! : Axiflavon i
- I
! 1 ! ! 1 ! !
10710 1078 10°° 107 1072
m, (€V)
1012GeV
me = 5.7 peV <—
Ja
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Axiflavon phenomenology

Axiflavon can be complementary tested at axion and flavour experiments!

1073 1072 107! 100

-9r H H - 1 i
10 : ! ||
: T
: 3 ! 1 | 1 Superradiance
10711F 2 : LS i_: ! 2 SN1987A
_______________________________ L} -
r N | i 3HESS., Fermi-LAT
10-13 i : ! 0 / 4 Globular Cluster
[ 1 ] 11 1
—~ [ I : 11 5 ADMX
% ) i i 6 White dwarfs
1 5 9 15 ! : : :
~ =150
chw'yaFF = 10 i i (s 6 K*— n*a
N R L i ADMX-II
T e A E - S i ADMX-HF
_ i CASPEr-II
o Timmmesmil : [AXO
10°9 57 T : ABRA—-Res
i KSVZ+DFSZ ! ABRA-Broad
[ Axiflavon |
10721 - [ !
10710 10-% 107° 10~ 1072
my (€V)
10'2GeV
me = .7 ueV <—
Ja

Flavour Models and Dark Matter Lorenzo Calibbi (ITP)



Axiflavon phenomenology

Axiflavon can be complementary tested at axion and flavour experiments!

O Natural DM window
1073 1072 107! 109 _

-9rC H H [ H
: 4 : I : :
11 i 3 ' i 1 . 1 Superradiance
T et wee A N B B 2 SN1987A
] r ] 3HESS., Fermi-LAT
10-13 i : o i / 4 Globular Cluster
[ 1 1 (] 1
- ' - i [ 2 5 ADMX
% ) i o / 6 White dwarfs
1 i 15| 1 ) ] |
=~ - L
Zgav’yaFF = 10 E : L.’ 6| o nte
& e l ADMX-1I
% 10-17L i ADMX-HF
T i CASPEr-II
! IAXO
-19
10 | ABRA-Res
/Z+DFSZ | ABRA-Broad
iflavon |
21
10 | ! | |
107° 10~ 1072
mg, (eV)
10'2GeV
me = 5.7 peV <—
Ja
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Conclusions

We discussed two ways of connecting
Flavour and Dark Matter
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Conclusions

Froggatt-Nielsen flavour models are possible explanation
of hierarchies in fermion masses and mixing

FCNC constraints still allows TeV-scale flavour dynamics

Dark Matter can be a thermal relic charged
under the flavour symmetry only

No ad hoc quantum numbers: SM-DM interactions
dictated by the flavour dynamics (“Flavour Portal”)

Direct DM searches and flavour experiments can test
this class of models
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Conclusions

SM {flavour puzzle

Axiflavon

Strong CP problem < > Dark Matter
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Additional slides




The messenger sector

o If smaller than My, M can be interpreted as the mass scale of new degrees of
freedom: the “flavour messengers”

« New fields in vector-like representations of the SM group and Gg-charged

» Effective Yukawa couplings generated by integrating out the messengers.
Two possibilities: heavy fermions or heavy scalars:

see e.g. LC Lalak Pokorski Ziegler ‘12

0 h o7

o?

R

Dis dg;
h

Qg

===

> . (o)}

1
H, |
1

— D
qLi Ai dgj

Fermion UV Completion

“Higgs” UV Completion

[——> messengers mix with SM fermions or scalar fields and induce FCNC
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Low-energy messengers

How light can the messenger sector be?

By construction always present couplings (with O(1) coeffs.) of the form:

FUVC HUVC
L£Da q1:;QRr, O1 + oP EL,g(le o+ h.c. LD /\ZLJ) qridrj Hy + h.c.
f i a ‘}' o . f ? f ﬁ ]L_z fl
S L <7 TN Aii A
y | y | / \ o
f; | o - o X \ |
J1 | X | fl ‘1‘ ‘1 [ e} ) Q*\ _fz H
Qv ( a‘) (@} my, (b) f i ‘ fl
ot~ 2 af? 2

L O‘ i LV ‘/\ |
Leps D m(fu“z’ fri) Leff D Wmifmff’ frifw  Lerf 2 3 (dridr;)(drjdr:)

Flavour conserving Flavour violating in the mass dri — dri + > 65ty
i#i
[ Abelian models: no cancellations (different O(1) coefficients) ] LC Lalak Pokorski Ziegler ‘12
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Collider signatures?

Flavon production and decay — distinctive signatures, e.g. same-sign tops

ol

Low production at the LHC: 0.1 (10-3) fb for 500 (1000) GeV flavon

Flavon-Higgs mixing — flavour-violating Higgs decays

(&) 7

LD H'H¢'¢ h S O
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Generic setup: flavour gauge bosons mediation

LD g X" (QPL + QuePrIX Z), + 98 [V (Qp PL + Qs PR)S Z,

DM annihilation to SM: ; mzr = V2gF ($)
X
Z' g4
F 2
Ozrv) n~ m
Z o o0 02:0) (m% —4m2)2 +T%,m3, X
X f

no velocity suppression

DM scattering with nuclei: no quark mass dependence

X ~ gFr X
212
SI gF/\Z'N 2
! o, ~ L, AZ'N X gF
Z Z 772,42/ ILXN g
/ /
~ gr
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Explicit example

Local U(1), relic density bound only fulfilled on the resonance: m, ~ mz: /2

my, & Mg /2

Viable region

DM
Overproduction

my: [TeV]

0.0001 0.001 0.01 0.1 1
Of

e (l(g)ig) x 210 GeV
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