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In his honor I will talk about model building

Outline

1. Minimal Flavor Violation
2. Minimal Lepton Flavor Violation

3. Gauge Flavor (quark sector)



Minimal Flavor Violation



Motivation, rationale, MFV

New physics 1s required to explain the fine tuning puzzle.

It must involve new dynamics that become relevant at an energy scale A. This new
dynamics likely involves new fields, new particles and new interactions.

The new dynamics scale A must not be much higher than the electroweak scale (the
higher the scale the more severe the fine tuning).

Quarks and leptons contribute to quadratic divergence in higgs mass
e divergences depend on quark/lepton masses

® new dynamics must have flavor dependence

New flavor dependent dynamics at a scale Ar not far above the electroweak scale 1s a
disaster: either

o Ar~10%7GeV, or

® fine tune coefficients of dangerous operators (those giving large flavor changing
neutral “currents”)

Unless: avoid large FCNC automatically “=" Minimal Flavor Violation



e MFV is NOT the only possibility

® c.g., NMFV and generally theories with quark mass suppression

e But MFV is fairly minimal
® g¢ood if you want to estimate the minimal effect of this new physics in flavor changing processes

® more predictive, patterns

® [et’ s gain some understanding by example. Consider K, — vy
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In the SM;
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New physics t=e,p,7
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4G
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New physics b=ep,7
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For example, » = 4% gives sensitivity to Ar ~ 10° TeV

But if new physics has same CKM factors in Cﬁ o> then
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And now r = 4% gives sensitivity to Ap~ 10172 TeV



Minimal Flavor Violation (MFV)

Chivukula and Georgi, Phys.Lett. B188 (1987) 99
. . . D'Ambrosio et al Nucl.Phys. B645 (2002) 155-187
® Premise: Unique source of flavor braking

® (Quark sector in SM, 1n absence of masses has large flavor (global) symmetry:
Gr = SU(3)° x U(1)°

® [n SM, symmetry is only broken by Yukawa interactions, parametrized by couplings

Yuand Yp -
—Lyuwk = HqrYvur + HqrYpdr

— ey HqrYyur + epHGLYpdg
Normalize: tr(YpYy) = tr(Y,Yp) =1
Breaking of U(1)? characterized by cu, ep

e MFV: all breaking of Gr must transform as these

® When going to mass eigenstate basis, all mixing is parametrized by CKM and GIM 1is
automatic

® Approach: via effective field theory: at low energies only SM fields



How does this work?
Consider K; — myp

Recall, Gr breaking from: — L~y = eg Hqy, YUUJR + €p ﬁch f/D dr
Implications of G¥? use spurion method:

i0, . .
qr = e Viqr Yy — VY Vi

160 V.
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Effective lagrangian Log = 2 Z C;0;
among the operators have, for example
= qr, YUY’ )Yuqr vy L
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In mass basis qs qd SLYudr viytvr
qg=u,c, t

As needed it includes the factor
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Digression:

Minimal Lepton Flavor Violation
and
Lepton (non)-universality



Minimal Lepton Flavor Violation

e Extension of MFV to lepton sector
® Need assumption on origin of neutrino masses: Dirac vs Majorana

® In charged lepton sector
—Lvuk = ep Hlp Yrer

Gr =SU(3)* xU(1)?

fL — eng ng YE — ‘/gYVE‘/eJr
ep — e Vep ep — 00 e

® [gnoring neutrino masses (small!), a symmetry transformation

V2

U‘€E|

Vi — W?EVJ — diag(me,m,,, m;)

® Unbroken symmetry
U(3)° = U(1), x U(1), x U(1),

Flavor conservation without universality! (caveat, up to neutrino “Yukawas”)



Application: Rg anomaly:

B(BtT - KT
LHCb: Ry = B(( e fé 5 )) = 0.74570990 (stat) £ 0.036(syst). ¢ € [1, 6] GeV?
LHCb: PRL113, 151601 (2014)

There are claims that violation to lepton universality implies Glashow, Guadagnoli & Lane, PRL114, 091801 (2015)
(unacceptably large) lepton flavor violation

With MLFYV lepton flavor violation 1s controlled by neutrino “Yukawas” (much as in SM+neutrinos)

while lepton flavor violation is controlled by charged lepton Yukawas
Alonso, BG, Martin Camalich, arXiv:1505.05164

4-fermion operators inducing b — s//

Qb =@ qr) () Q) =@ "qr) - ((7Lr)
Qua =(dy*dR)(b,0L) Qqe =(@vuqr) (@Y eR)
Qed =(drv*dR)(eyueR) Qredq =(frer)(drq)+h.c.

Coefficients constrained by MFV+MFLV
1
o

) zcé(lz) f/u}/\/.r ® }A/e}/\/e.i-a Cé(i;)) :Céz) YUYT ® }A/e AJ’
qu —Cqe YUYJ 0%

YTYG, Cgedq =Cleqd 6682 YJ?UYT & Ye.

e

Scalar operator additionally suppressed! More details — Jorge Martin Camalich tomorrow


http://arxiv.org/abs/1505.05164
http://arxiv.org/abs/1505.05164

Gauging Flavor



Issues

e Black holes: No global symmetry (other than accidental)
e If we insist: how do we make sense of transforming Yukawas?

e Spurions: VEVs of fields:

under Gp = SU(3), x SU(3), x SU(3)4 introduce new fields
Yo = (3,3,1)
Yp =(3,1,3)

and Yukawa coupling constants are (Y ), (Yp),

e New Problems
1.Goldstone’ s theorem = §8+8+&8 Nambu-Goldstone Bosons = FCNC disaster
2.Renormalizability? HqrYyug, HG Ypdg, are operators of dimension 5

e Solution to problem 1: gauge Gr

e New Problems: j>‘~'
i. Anomalies: GF and G# x U(1)y

11. Invisibility (high scale): next slide
111.Renormalizability (problem 2) still



“Invisibility™
Massive vector bosons mediate FCNC
Masses: MV ~ g <YU,D>

K-mixing:

d
; K ~ <YU1D>2(sd)(sd)

= (Yyp) = 10° TeV

And this 1s for the light generations. Expect much higher scales for heavy generations!

Hence “invisible.”



And then a miracle happens...

The minimal anomaly free extension of the SM gives

1.Renormalizable couplings

2.Inverted hierarchy Ay, ~ b

Yu.,D
where yy p are the usual Yukawa couplings

so that if My, ~ 10° TeV for mediators among light generations, we can have

My ~ 2105 TeV ~ few TeV
my

for mediators among heaviest generations



[ am going to show you a model as a table of fields and their transformation properties
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[ am going to show you a model as a table of fields and their transformation properties

When I see this in talks it induces this response

I promise it 1s not so bad...



The Model

SU3)g, SUB)ux SUB)p, SUB). SUER), Uy
Qr 3 1 1 3 2 1/6
Ug 1 3 1 3 1 2/3
Dg 1 1 3 3 1 -1/3
Uun 3 1 1 3 1 2/3
U 4R 3 1 1 3 1 1/3
v, 1 3 1 3 1 2/3
U, 1 1 3 3 1 1/3
Y, 3 3 1 1 1 0
Y, 3 1 3 1 1 0
H 1 1 1 1 2 1/2

L :ﬁkzn — V(Yua Yda H)—l_

()\u @LﬁqjuR + AQL \Iquu\IjuR - Mu EuUR‘F
Ad @LH\IJdR -+ )‘ZZ Ede\PdR + My EdDR -+ h.C.) :

Note: all A°s and M'’s are 1 X1 matrices



L =Liin —V(Yy,Yq, H)+
()\u @LﬁqjuR + )\; @uYu\IjuR + M, EuUR‘F
Ad @LH\I]dR + >‘£l U, Y Uup + My U DR + h.c.) :

For example:

Wi hn fz,d >> MV;A gel seg-sSauvy:

;U Q
UR 9'&"‘;1}3 )‘.: ;":"i\ §L =) ?u = >\\:IM!‘
SN NGO
a\'\A AN \all - 2‘4MJ
Yy ' %, <0

B shl] My ~ 3<Y'~’/d> = N\ ~ ;’

vd

IXS‘} jencml'iom J/\Kvar c\na\age > \r\eo\vne;’r Vec'l'orﬁ

2 gonemhon > ligntet, lisht ewnovh by LHc 7



Example

Choose M, (GeV) | Mg (GeV) | Ay | XN, | Xa | A | 90 | 9u | 9D
400 100 1 1051025103104 ]03]0.5
Compute
Y, ~ Diag (1-10°, 2-10%, 8-107%) - V TeV,
Y, ~ Diag (5-10°, 3-10%, 6) TeV,
Spect :
pectrum 106
10° ,
o P o 8 A e B BB ) - -
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e
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Dirty laundry:

Can minimizing a Gr-invariant potential give the desired values of Yukawas?
See: R. Alonso et al, JHEP 1311 (2013) 187 arXiv:1306.5927

Orbit of enhanced symmetry are always extrema.
So the natural outcome would be not fully broken Gr.

Example: SU(3) with scalar field in adjoint, A. Two independent invariants, Tr(A?) and det(A)

SU(3)
Figure 1: Manifold M of the SU(3) invariants constructed from z=octet=hermitian, 3 x 3, traceless
matrix (green region). Each point of M represents the orbit of x, namely the set of points in octet space

given by: x, = grg~ ', when g runs over SU(3). Boundaries of M are represented by Eq. (3.1). The little

groups of the elements of different boundaries are indicated.



Summary and Conclusions

e MFV
e Works very well when the SM Yukawas are the unique source of flavor breaking
e Need not be spurions (VEVs of fields), ie, spurions as accounting device
e Example: MSSM
e But SM Yukawas may be derived from more fundamental source of Gr breaking
e Then Flavor breaking matrices are proportional (but not equal) to SM Yukawas
e This can give interesting phenomenology. Examples (Martin Camalich tomorrow):
e MLFV can give breaking to lepton universality
e Ry
e T1n B decays
e Taking spurions seriously: gauge flavor (or some subgroup!)
e Minimal anomaly free model gives inverted hierarchy of vector bosons
e Can give interesting low energy phenomenology for heavier generations
e Does not give an MFV model, but safe by small quark masses (not by angles)

e MLFYV version in progress. Open questions: other subgroups, GUTs, ...



The End



