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Quark Masses and Mixing in the Standard Model
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0

mass (eV)
>

@ Mass hierarchy

m; = y;v ~ 173 GeV Yo 405 :Z R

my = yuv ~2MeV Vi 0’k K

@ Small but non-zero mixing 10
0.97 023 36-10°% “

|Vekm| ~ | 0.23 097 41-1072|
85-1073 4.0-10°2 1.0

@ Large CP phase 1

J ~ 68° i

Why?
~» Froggatt-Nielsen mechanism, family symmetries, ... @ M > v
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An Unfamiliar Way to Generate the Hierarchy

Ingredients
@ 6 Higgs doublets: 1 for each quark mass

Mmg~Vy, My~Ve, Mg~ V3, Mg~ Vg, Mpr~ V5, M~ Vg
Vi<W LWL WK W

@ Gauged family symmetry U(1)r ~~ mixing pattern
@ SM singlet scalars ~» U(1)fr breaking
@ Exotic fermions ~ anomaly cancellation, dark matter?

Earlier work
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Particle Content for a Concrete Model Realization

Quarks: Q, = <5L"> , UR,, dr;, 1=1,2,3
L

@ SU(2)_ doublet scalars: Hp , m=1...6

Hss 1
Higs = | yo° (hypercharge Y = +§)

HY 1
Ha.46 = (H2’4’6> (Y=-3)
24,6

SU(2), singlet scalars: ¢, n=1...3

SU(2), singlet fermions (right-handed): x1 , x2
U(1)F gauge boson: Z,

Other SM particles as usual
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Gauged family symmetry
~ triangle anomalies with external gauge bosons (incl. Z’) must vanish

U(1) U(1) U(1) U(1) U(1)

U(l) Uy SU(2)  U(1) SU2) SU2) SU@)  U(1) SU@  SU(3)

U(1) SU(2) SU(2) SU(2) U1y

SU(3) SU(3) SU(2) SU(2) SU(2) SU3) SU@B) SU(3) grav.  grav.
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1

= [Caui —8Cupi —2Cayi+3CL i — 6Ceqi] + Xi
63

cy, - U(1)F charges
Xy, : contributions from exotic fermions



Anomaly Cancellation

3
’
OZEZ [Bxcqi+eyil+Xe

;3
0=3 > [2x cai— Cupi — Cagi] + X3

3
0=3) [SC%L/' -3 (CSRI+ C?I,qi) +2¢);-c¢

3
0= [6Cq,i—3(Cupi+ Copi) +2C1,i—
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@ Desired Yukawa couplings

Lygk = — Quj [( YP)j Hi + (Y8 Hs + (V) Hs] dpj
— Qui [(Y8)j He + (Y4 Ha + (Y§)ij He] URj
— L [(Yf)ll Hy + (Yse),'j Hs + (Y5e),'j H5] erj + h.c.



Yukawa Couplings

@ Desired Yukawa couplings

Lok = — Qui [(Y{’)ij Hi + (Y5)j Ha + (Y8)j HS} dhj
— Qui [(Y8)jHa + (Y4)j Ha + (Y8 He] ug

- ZLi [( Y*|e)ij Hy + (Yf)?)’/ Hs + (Yse),j H5] er + h.c.

@ Undesired couplings
Lvuk 2 aLi (Yéj),’j6Hngj +5Li (Yé’),‘j GngRj etc.

~ Forbid by U(1)r charge assignment
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Yukawa Matrices

0 O(1) O(1) 0 0
yYa=(o o 0 ) yg( 0 o) 0(1))
0 0 0 o1y 0 0
0 0 0
Y¢=10 0 0 )
0 O(1) o)
O(1) 0 0 0 0 O
Yi=( 0o o0 o) Y:(o O(1) o)
0 00 0 0 O
00 0
vY¢=(0 0 o )
0 0 O(1)

~» Correct quark masses and mixings with O(1) couplings

Jorn Kersten Multi-Higgs 8/15



Family Symmetry Charges

Quarks & leptons Q uwu dg L. eR
18t generation 7 0O -2 -10 -6
2"d generation -2 -1 2 4 4
3" generation -6 -3 2 9 8
Scalar doublets H H> H3 Hy Hs Hg
5 7 -4 -1 -8 -3
Scalars breaking U(1)r &1 ¢2 @3
-2 7 3
Exotic fermions X1 X2

Jorn Kersten
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Challenges

@ 6 SU(2),. doublets, 3 singlets
~ very complicated scalar potential
~» comprehensive exploration of parameter space hard
~+ consider benchmark point
@ Origin of vev hiearchy
@ Radiative stability
@ Constraints from gauge symmetries
~ accidental global symmetries
~ Nambu-Goldstone bosons
~ 3 singlets with suitable U(1)g charges
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Challenges

@ 6 SU(2),. doublets, 3 singlets
~» very complicated scalar potential
~» comprehensive exploration of parameter space hard
~ consider benchmark point

@ Origin of vev hiearchy

@ Radiative stability

@ Constraints from gauge symmetries
~» accidental global symmetries
~» Nambu-Goldstone bosons
~ 3 singlets with suitable U(1)g charges

Doublet Vev [GeV] | Doublet Vev [GeV] | Singlet Vev [GeV]
H, 0.005 Ho 0.005 01 1.1 x 108
Hs 0.05 Hy 0.05 2 200
Hs 1 Hs 246 o3 1.5 x 108
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Scalar Spectrum

@ 6 SU(2),. doublets, 3 complex singlets

~+ 9 neutral scalars, 7 neutral pseudoscalars, 5 charged scalars

Masses [GeV]

Neutral Scalars Pseudoscalars Charged Scalars

125.2
3.15 x 108
1.56 x 104
6.02 x 108
9.11 x 108
1.36 x 108
1.69 x 108
2.94 x 108
6.03 x 108

14.7
1.56 x 104
6.02 x 108
9.11 x 108
1.36 x 108
2.94 x 108
6.03 x 108

1.56 x 104
6.02 x 108
9.11 x 108
2.94 x 108
6.03 x 108

@ Light pseudoscalar is mostly singlet ~~ phenomenologically viable
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Flavor-Changing Neutral Currents

1 4 i, d a

J

@ Down-type mass matrix My = Y? (Hy) + Y§ (Hs) + Y& (Hs)
~» Yukawa couplings not diagonal in mass eigenstate basis
~+ Tree-level FCNC by scalar and pseudoscalar exchange

@ Generation-dependent U(1)fr charges
~ Tree-level FCNC by Z’ exchange

@ Kinetic mixing between U(1) gauge bosons (assumed small)
~ Tree-level FCNC by Z exchange

@ 1-loop SM contribution
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FCNC Results

Observable Model Contribution Limit
Amg, 4x10 GeV  ~ 107" GeV
Amp, 7x1072GeV  ~ 107" GeV

ek | 4 %104 ~ 104

@ 2...30 tension for ex

@ Amg not considered (unknown long-distance, dim-8 contributions)

but likely in tension

@ Dominant contribution from Z’ exchange despite mz ~ 108 GeV
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Electroweak Precision Observables

@ Loop corrections to W and Z propagators
~» Changes of oblique parameters S, T, U

@ T most important for multi-Higgs models

Model Value Best Fit CDF my,
T —0.21 0.034+0.12 0.17

@ Benchmark point allowed at 2 o level
@ Wrong sign to explain my, anomaly
@ T increases if light pseudoscalar becomes lighter
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Conclusions

SM with a single Higgs doublet is the simplest choice

Natural extension: additional scalar doublets

Here: 6 doublets, gauged family symmetry U(1)g

Fermion mass hierarchy from vev hierarchy

U(1)r charge assignments ~» anomaly cancellation, CKM mixing
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Conclusions

@ SM with a single Higgs doublet is the simplest choice

@ Natural extension: additional scalar doublets

@ Here: 6 doublets, gauged family symmetry U(1)g

@ Fermion mass hierarchy from vev hierarchy

@ U(1)fr charge assignments ~» anomaly cancellation, CKM mixing
@ Challenges / interesting lessons

Scalar potential

Difficult to avoid accidental symmetries

Light pseudoscalar

Problematic FCNC in kaon sector due to Z’ exchange
T parameter linked to light pseudoscalar mass

~> Different parameters, charges, symmetries? No-go theorem?
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FCNC Results

SM / experimental values Model contribution
[Amp, | gy (0.543 £0.029) ps™"
= (3.57+0.19) x 10 1® GeV 2| (M SM\ =
(AMgp)exp (50.65 +0.19) x 109 s~ 4 x 10**36 GeV

— (3.33+£0.013) x 1013 GeV

[Amg ] o (18.77 £ 0.86) ps~'
= (1.235+0.057) x 10" GeV 2 |[MsB] sl =
(AMsp)esy (17765 +0.006) x 10'2 hs~" 7x 107" GeV
= (1.169 +£ 0.0004) x 10~'"! GeV
ek o (2.170 £ 0.065per.
+ 0-076nonpert. +0.1 53param.) x 1073 ‘GK‘BSM =
= (2.170+£0.1828) x 103 4x107*

ek lexo (2.228 +-0.0011) x 1073
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Lepton Sector

@ Couplings

L3Hie, . LiHzer , LoHses , LgeHje;
@ Charged lepton mass matrix
Yfiva 0 0

Me=—1| 0 0 Y&

\/é 0 Y3?,2 V4 Y;S V4

~» Correct charged lepton masses
@ Neutrino mass generation and mixing not addressed
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Advantages of Gauged Family Symmetry

@ Anomaly-freedom required ~~ fewer free parameters
@ U(1)r gauge boson as additional DM candidate

@ DM stabilized by gauge symmetry ~~ safe from decay via
Planck-suppressed operators (unlike in case of stabilization by
global symmetry)
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