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Physics Beyond the SM

SM very successful, however explains by far not everything!

* Gravity ¢ SM £ [G]‘;V]
10 M
* Hierarchy Problem: m, << Mp, - .
* Tiny Neutrino Masses ;‘ 105 B0 e
 Grand Unification of Forces? '
* Hierarchical Flavor Structure ... : Mxe
* Baryogenesis — Existence of Universe
i« Dark Matter ¢ SM ’ e
e T P
rigger for Symmetry- Breakmg Potential: —
* Strong CP Problem 4 10 = m,,
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Physics Beyond the SM

Three of the Major Open Questions in Particle Physics

E [GeV]

107 B My,
/

* Gravity ¢ SM
* Hierarchy Problem: m, << Mp,

Temperaure ene
aaaaaaaaaaaa

h The Qua asse: 1015 MG[TT
7« Grand Unification of Forces? '

"~ "« Hierarchical Flavor Structure B Mxe
__+ Baryogenesis — Existence of Universe

&8 - Dark Matter ¢ SM. . "

42 . . _ . ‘19
Tr:gger for Symme\trg Breaking Potential: —
« Strong CP Problem Fa% 102 = M,
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Dark Matter

* Luminous matter cannot explain many observations|

e [uminous matter not sufficient
to keep clusters bound

Coma Cluster, NASA, Zwicky

* large-scale structure formation

Sloan Dl'g(t Sky Survey

- All these observations can be

Flavour and DM, Heidelberg, 26.9.17

e Bullet Cluster:

Optical observation (x-ray)
vs. grav. lensing

+ BBN, Lyman-a forest, ...

explained by the presence

Florian Goertz

* rotation curves of galaxies

DISTRIBUTION OF DARK MATTER IN NGC 3198

200 T

NGC 3198

Vi (km/s)

50

[() A
] 10 20 30 40 50

Radius (kpe) |
Albada, Bahcall, Begeman, Sanscisi, APJ, 295, 305-313 (1985)

- CMB

ESA

of Dark Matter... What is its origin?




The Flavor Puzzle

* Large hierarchies in quark + lepton masses

and in CKM matrix

m [GeV]
THE QUARK MASSES
200F - === ----mmmmmm— oo
172
150F -
1 A X3
100f----------—---—-—-—-——-—-—-—— -,
- 2
o . Vokum ~ A 1 X
y 0.005 0.1 15 4.5
0 . io--7% —A3 a2 1 A~ 0.23
2 g v g g =
= 2 & T 5 2
a < =
9 & & ©
g Pt ) Q
7 el
feciron Meutrino Muon Neulrino Tau Neulri
— =
Q 0.800 — 0.844 0.515 — 0.581 0.139 — 0.155
Beckon Muon Tou |Ul3s = | 0.220 — 0.516 0.438 — 0.699 0.614 — 0.790
SN 105.7 1777 0.249 — 0.528 0.462 — 0.715 0.595 — 0.776
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses
and in CKM matrix ...

THE QUARK MASSES

200

1501

.. can be addvressed via horizontal U(1)  symmetry:

Froggatt-Nielsen mechanism: NPB 147, 277,...

1001

50

SESE « SM LH and RH fermions feature different U(1), charges
o = « Mass terms only after U(1), broken via VEV of scalar field: flavon @
Vekm ~ [ = 1 x
T | f”..-_.,ﬁ.___,..v.‘,_._,r._,.._{ }ngj—»—(‘)h
- [ul; | ! | | | lq]i # —[ul;
u(z), cha}ge T f T |+ |+
X X X ® X
A »
Insertions of VEV (®) = vg > 0 (H) =v = 174 GeV

Quny (®)=-1 —suppression by ve/mg < 1]
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

wi .. can be addressed via horizontal U(1)  symmetry:
e Froggatt-Nielsen mechanism: NPB 147, 277,...
[fr];_., ) WL Qe
—[ul; | I | | | ql; # —[u];
’ i | i i | :
! | | | |
X X X &) X
A A
(P) =vg >0 (H) =v =174GeV
Quyy (®)=-1

e

flavon @

Integrate out heavy Q —

L =a¥% QUSH (@/N) Dt

N

mg ~ A2 ve

agj 1 O(1) coefficient; all flavor structure comes from

Yukawa couplings ]/y;;.’d’e = ay.’d’ee[L]i‘HRw € =ve/A ( i
0

uli, [d]; (quarks)
le]; (leptons)
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

.. can be addressed via horizontal U(1)  symmetry:

THE QUARK MASSES
Froggatt-Nielsen mechanism: NPB 147, 277 ,...

tg, \ Q.
—[ul; | ! | | | (q]i # —[ul;
. e

’ [ i i) X X X &) N4

A3 a2

=
=

s
;
I
g =2
o @
=)

s %
g =
© B

g

Ve N\

uadae - uadae [L]z+[R]
Yij =0y € ’

Yukawa couplings

v ’det agcn) o Hierarchical structure:
=) M, = " " ( Ll; i—[L1;—[R]:
LO ine " V2 ‘det a;n_l)‘ ‘mz/m7 = el AL L [R]J}
e =vp/AN~ A\~ 0.23
_ Loo(mll (0 W lony o f ’ i
== Us = (uy)g e LimIL] o (M) (s (Vorm) = Z (UJ)U (Ua) jj, ~ )= L]k ]
LH rotations us = *% Mﬁi 1 %ﬁ \ =l
Oy (e

(]Wf)L (af)33

. remove rows + columns (M,)i; - minors of ay
with i,j>n from ay = (a{j>

(n)
f
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

.. can be addressed via horizontal U( 1)H symmetry:

THE QUARK MASSES
Froggatt-Nielsen mechanism: NPB 147, 277 ,...

- [u]j

bottom |-
top

()
g 2
3 E

CIE C
Yukawa couplings y,z.“‘j’d’e — a%’d’ee[L]i+[R]j ‘ ( a0 B )
Y-

l

Hierarchical structure:
[L]:+[R]:—[L]; —[R]j\\

mifm; ~ e

€ =vg /A~ A\~ 0.23 (Fit to fermion masses

1 A X3 s 3 and W\l'Xl'V\gS g [L]i7 [R]
= B e (Verm) ;i Z ~ G[L]i[L]’“] uncertainties due to a{j,

N j=1 \_ overall normalization )
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Solution to The Flavor Puzzle

* Large hierarchies in quark + lepton masses and in CKM matrix ...

.. can be addressed via horizontal U(1)  symmetry:

THE QUARK MASSES
Froggatt-Nielsen mechanism: NPB 147, 277 ,...

- [u]j

[Q]z 7& _[u]j

} } } }
X X X ® X

—_ —— —

Yukawa couplings y,z.“‘j’d’e — a;},d,ee[L]iHR]j |

l Naturally realized in warped
Hierarchical structure: extra dimensions/composite Higgs

[L]z’+[R]z’—[L]j—[R]f\

mifm; ~ e

e=ve/N~ A\~ 0.23

g

(Verm) ;i
N 7:1

Mw

~ G[L]i[L]k]
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Strong CP Problem

/\/\/hy is the coeFﬁ'ciemt of the gﬁ opemto?

Lsv D «9 GGMVG”W so tiny?
N 3T Y,

¢ Limits on Neutron EDMs:
d, ~ 3.6 X 10_169_ecm — |§| SJ 10—10
d,| < 2.9 x 107%%ccm (95%CL)

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

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

O =06+ arg det(M,My) 6] <10 10 —>

Theta-vacua of QCD Electroweak Sector

' Fine-tu Vu'mg\

_problem!

No anthropic reasoning or the like:

0 ~ 0.01 would be perfectly fine

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz



Peccei-Quinn Axion Solution

/Why is the coefficient of the gﬁ opemto‘
s ~
Ly DO 8_;GauVGIELW so tiny? W

‘\A

.

¢ Promote 0 from parameter to dynamical variable: ) :
axion a= PNGB of spontaneously broken U(1),, symmetry o~ %em/ ﬂ

AN

— solves strong CP problem:

as =~ as a =~
[ [ J—
¢ 53‘908 GG—|—4 N-GG

Potential induced by QCD instantons

— minimum CP conserving (a) = —af/(2N)0y — GG term vanishes
Peccel, Quinn, PRL 38, 1440, Vafa, Witten, PRL 53, 535

¢ axion coupled to GG via chiral anomaly < - *aGG

55555555555555

Wilczek, PRL 40, 279 (1978), Weinberg, PRL 40, 223 (1978)
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A Unified Solution: The Axiflavon

¢ Can both frameworks be unified: 'single' solution for two problems?

U@), = U(2),

=) embed axion and flavon in same complex scalar (single U(1)) don't gauge U(1),
1 B of FN mech. ...
b = —=(ve +@)e'/ "
V2 9 .
flavon axiflavon
»iSo(ves strong CP problem: axiflavon = ax:’on: + {so(ves flavor puzzle

me ~ O(vs) flavon heavy — integrate out
12

Ja

di Cortona, Hardy, Pardo Vega, Villadoro, 1511.02867

mg = 5.7 peV (1 ) < mg  axiflavon = light PNGB, small mass induced by anomaly

fa = U<I>/2N see also: Ema, Hamaguchi, Moroi, Nakayama, 1612.05492,
Wilczek, PRL 49, 1549 (1982), ...

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz




The Axiflavon: Very Predictive

(I)_T Vo _|_U /’Uq> EZCL;,UJJ QZUJCH((I)/A)[QL—F[U]J N
f ax:Flavom
flavon

non-universal (generation-dependent
charges) - FCNCs

( u,d,e o v ’U,,d,\
Ny ®e = (L] + [Rly) oy

( _\J
/ af f — )\Z-jan-ch

* axiflavon couplings to fermions

u,d,e ___wu,d,e [L];+[R];
wde _ qudie [L]+(A
ifl lings to gluons/photons £D 66 + L aen a
« axiflavon couplings to gluon oton —
ping ' 87‘(‘ fa N Sr fa
N = color anomaly
E = electromagnetic anomaly Nogy = TrA @ pg
fa = U@/ZN E = TrQPQng

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz



The Axiflavon: Flavor Constraints

(I)_T Vo _|_U /’Uq> EZCL;,UJJ QZUJCH((I)/A)[QL—F[U]J N
f ax:Flavom
flavon

non-universal (generation-dependent
charges) - FCNCs

/ af f — )\{jaFiFf

« axiflavon couplings to fermions

~

= i([LLi + [Rly) o—uis™

* strong bounds from Kaon Physics (asdtransitions):

m m2
F(K+ — 7r+a) ~ &TK’)‘gl + )\ ’2B2 (1 — —2) stringent limit: BR(K+ — 7T+CL) < 7.3 10_11
m Mk E787, E949
1 P p A Kamenik, Smith, 1111.6402
= S+ 5| < 14-1077
define |\ + A% | = 2k4gv/mams/ (2N f,) == fa > N x 7.5 1010 GeV (M < Ff:fd X 7.6-1075 V)

h

O(1) [model dependent]

NAG2: O(10) improvement
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The Axiflavon: Flavor Constraints

(I)_T Vo _|_U /’Uq> EZCL;,UJJ QZUJCH((I)/A)[QL—F[U]J N
f ax:Flavom
flavon

non-universal (generation-dependent
charges) - FCNCs

« axiflavon couplings to fermions

Lass = )\{jaFiFf

~

A = (L) + (Rl =yl

» further bounds from B-Physics (abs transitions):

- +.\ ~ B yd a2 K2 ms_\ _ mk °
(BT = K a)—647T’)‘32+)\23 (fo' (0)) 1 >

mpy — Mg

define ‘)‘g2 + )‘g;‘ = 26psy/mpms /(2N fo) = BR(BT — KTa) $107%°% — m,

Belle-11

< N 10712 e\ﬂ

Kbs J

« Axion couplings as window to flavor dynamics (Kaon decay part. interesting)

£ (0) = 0.331

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz



The Axiflavon: Photon Couplings

= — ia/ve _ (q]i+[ul;
¢ = fku L =al QUSH (®/A) i
F(a\tom ax:Flavom
. axifl lings to gluons/photons £ 5 222 G6 4 £ Qem ﬁFFW
axiflavon couplings to gluons/photons s 1. N 3r 7 fo = ve /2N
1
9 Z Q[Q] [d]z
Z 1 'NE determined completely in
E=>)" + = ([q)i + [d)s) + (i + ] terms of U(2), charges

« Can be directly related to fermion mass matrices:
Froggatt, Nielsen: NPB 147, 277,...

det my det myg = ayg vy

detmg/det m, = age € 8N B

det mydet mg/v°® =~ 5-1072°; detmg/detme = 0.7 = [ ~ 8/3M

o, = det a, det ay
Masses at p=10° GeV from Xing, Zhang, Zhou, 0712.1419

age = det ag/det a,

» somewhat similar to DFSZ axion
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The Axiflavon: Photon Couplings

= ia/vs _ lgli+ul;
¢ = fku L =al QUSH (®/A) i
F(a\tom ax:Flavom
- axifl i luons/photons £ D et 28 O FFW
axiflavon couplings to gluons/photons D 8_7TE N 3n E fu = ve/2N
1
9 Z 2[q] [d];
Z 4 1 'N.E determined completely in
E=>) - + = ([q)i + [d)s) + [i + ] terms of U(2), charges

%

« Can be directly related to fermion mass matrices:

E 8 ) log 3222? — log age |aij| € [1/3,3] 5 4.3.0 [1.0,2.2] My
— == — >  — A4, 3. ayy €
N 3 log det nget md log oy aq.an N c [ ) ]7 \g Y 1016 ,ue\i

. . . o, . 1 »
Rather sharp prediction for photon coupling, not too sensitive to O(1) changes in a, LD >garqaF F

(nor to explicit charge assignments)

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz



The Axiflavon: Dark Matter

- U(2),,~breaking before inflation — vacuum realignment mechanism

e 7/6 N
QDMh2 ~ 1 X 10_7 (ﬂ) 92

m
a Y, \

misalignment angle

— axions as cold dark matter

A

~

* Require Qpyh? =~ 0.12 = always possible (with 0<n) if My <1075 — 1046V

\ \
T = 1GeV T < 1GeV

vacuum Veahgmmem‘: Sandbox Studio, Chicago with Ana Kova

axion-string density diluted by inflation

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz




Summary of Constraints

Primakoff production of a in core of SN: ¥+ Ze <> Ze + a, Telescopes, searching for Primakoff a losses affect stellar

irregularities in y-ray evolution (Globular Cluster)

converted to photons in galactic B field - gamma rays spectrum (1-a oscil)

(SMM satellite)

1073 1072 107! 100 O/m
Or ! T ™ [ L |
10 | R [ 4
. . 1
a affects gravitational wave : I I I _
o ) e g 3 ! il . 1 Superradiance
emission of rotating BH 1071+ 2 | s : 2 SN1987A
——————————————————————————————— [ e e atatataialy) .
(votating BEC of axions), ] P ] 3 HES.S., Fermi-LAT
) . } [ 13 : : : o : 4 Globular Cluster
mprint in spin vs. mass plots 10 : ! i I 5 ADMX
% i i ¥ 6 White dwarfs
2 jo1s) i | 2 6
~ : o r° Kt->rta ’ _ _
N S | e ! ADMX-II microwave signal in
[s¥3] 10,]7 -_-___.: ________ : ADMX—HF Ca\/lty (StVOV\g B“Fle{d)
i CASPEr—II <— magnetic resonance exp.
CTrimrmeanit ! IAXO < axion helioscope (a->y in B-field)
—-191*=""" AT mr=ea . 1 _
10 I ' ABRA-Res o magn. flux in superc. loop
: KSVZ+DFSZ : ABRA-Broad
| Axiflavon H
10_21 ’ : 1 I : 1 _J_\
10710 1078 -6 - - - . .
( i;)) 10 10 a emissions in white dwarfs
m, (e

due to bremsstrahlung —
aee coupling (WD cooling)

E
KSVZ, DFSZ: |N —1.92| € [0.07,7]

PDG (2010)
Flavour and DM, Heidelberg, 26.9.17 Florian Goertz




Future Directions

¢ Explore impact of FN messengers on unification (a la unificaxion)

Giudice, Rattazzi, Strumia, 1204.5465

and examine different UV completions

¢ Look for further signatures, interactions with experimentalists

from NAG2: Kt — nta search with a almost massless is a new challenge

¢ Study embedding in supersymmetric scenario or PGBH setup

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz


https://arxiv.org/find/hep-ph/1/au:+Giudice_G/0/1/0/all/0/1

Conclusions

¢ Axiflavon solves simultaneously several of the problems of the SM within

a very minimal and predictive model

¢ Solution to flavor puzzle considerably restricts axion properties, FCNCs

— axion = window to generation of flavor hierarchies

¢ Complementary information from flavor, cosmology, axion searches:
probing interesting parameterspace in the future and potentially telling

apart general axion solution from axiflavon

Flavour and DM, Heidelberg, 26.9.17 Florian Goertz



Combined Effort

iCoswxo(ogy / Astropb\gs{cs:

Higgs Physics | l
\ J

iMu(ti Higgs Productiom:

) ‘\ { nature

Flavor Physics ~— \

\ / /4 Precision Tests
iCross Sections /Direct Searches
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Conclusions

¢ Flavor Puzzle

¢ Strong CP Problem
_______ <i//'9 — aGG Lo é i

Axiflavon & = — (vg +/¢)e/ v

—
—_
)

PA .
N LT QupHEA

1073 10 10 10°
107 i
i
e
e N _ ! !
oty s
¢ Dark Matter i
n !
B (s ol
% LA
< 0! 2
5
% 1-17
10719
DFSZ
- on
107! 10 107 107 10
(V)

Strong CP <> Flavor <> Cosmology|

Florian Goertz
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ABRA-Broad



