NATIFEST
Celebrating the Science of Nati Seiberg
|AS, Princeton, NJ
15 September 2016

A TASTE OF FLAVOR

Yossi Nir
Weizmann Institute



A brief history of our collaboration

2 Vlass matrix models
e Leurer, Nir, Seiberg: Nucl. Phys. B398 (1993) 319

Should squarks be degenerate?
B ° Nir, Seiberg: Phys. Lett. B309 (1993) 337

3 Mass matrix models: the sequel
e Leurer, Nir, Seiberg: Nucl. Phys. B420 (1994) 468

B \Vissing (Up)imass
e Banks, Nir, Seiberg: hep-ph/9403203




e Why is there structure in the charged
fermion flavor parameters?

e Smallness and hierarchy

SM

e Why is the neutrino flavor structure
different?

‘ e Neither smallness nor hierarchy

e |f there is TeV-scale NP, why doesn’t it
affect FCNC?

e Degeneracy and alignment




A Taste of Flavor: Plan of Talk







Quark Data
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The FN Mechanism

A horizontal Abelian symmetry, e.g. /(1)
Explicitly broken by a small parameter £(—1)

Selection rule: A term that carries charge 7 is
suppressed by &7

Can be embedded in a full high energy theory
with a scalar singlet and vector-like fermions



FN predictions

o |Vub| ~ |Vus Veh

o |Vus| = miu /mic , mid /ms
o |VchH| = mic /mt, ms/mb
o |Vub| = miu /mt, mid [mb

e VCKM ~ 1 (when mass-ordered)



Can we make progress?

NP that couples to quarks/leptons

— New flavor parameters that can be measured

The NP flavor structure can be
— MFV
— Related but not identical to SM
— Unrelated to SM or even anarchical

The NP flavor puzzle:
— With ATLAS/CMS we are likely to understand it

The SM flavor puzzle:

— Progress possible if structure neither MFV nor unrelated to SM
* /= The “NP”is already here!

== Y\llj are new flavor parameters that can be measured



Squarks




Squark Data

Observable Experiment




excluded area has CL > 0.85

= (Ami1312 /m12 )KI13
<0.07



Squark masses are only RGE-degenerate

VIGTLL | ~ |(VLCKM)if
VIGTRR | ~ (mdi |m))] |(VICKM ) i)

Quark-Squark alignment
Alternative to squark degeneracy



Holomorphic Zeros

Take the breaking parameter € to be a spurion

 |In superpotential — You can employ €" but not (gt)"

J

~

FN symmetry can induce holomorphic zeros in the Yukawa couplings
J

e Quark-squark alignment can be stronger than the naive estimate

e |f K-mixing constraints satisfied - D-mixing close to the bound J

€ €K




QFT and Phenomenology

Naturalness versus supersymmetric non-renormalization theorems

Nathan Seiberg
Department of Physics and Astronomy, Ruigers Univer

Received 1 October 1993
Editor: M. Dine

We give an intuitive proof of a new non-renormali;
tively and non-perturbatively. The superpotential is n
rections. However, these non-perturbative correctior
Certain invariant terms are not generated. This violati

Ooguri: This was the beginning of the
modern approach to supersymmetric
field theory.

Seiberg: This was one element. The
second element was influenced by
my work with Yossi Nir, where we
used spurions and the fact that the
superpotential had to be holomorphic
in them.

Ooguri: Was that the first time

the spurion technique was used in
supersymmetric theory?

Seiberg: Spurions had appeared
earlier, especially in the context of
supersymmetry breaking. | think the
new point here was to view all the
ordinary supersymmetric coupling
constants as spurions by viewing
them as background superfields. And
the main application was to derive
the non-renormalization theorem.

New tools for low energy dynamical supersymmetry breaking

Michael Dine
Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, California 95064
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Yosef Nir
Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel
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We report the construction of large new classes of models which break supersymmetry dynamically. We then
turn to model building. Two of the principal obstacles to constructing simple models of dynamical supersym-
metry breaking are the appearance of Fayet-Iliopoulos D terms and difficulties in generating a u term for the
Higgs fields. Among the new models are examples in which symmetries prevent the appearance of Fayet-
Tliopoulos terms. A gauge singlet field. which may play a role in explaining the hierarchy in quark and lepton
parameters, can generate a suitable x term. The result is a comparatively simple model. with a low energy
structure similar to that of the MSSM. but with far fewer arbitrary parameters. We begin the study of the
ph logy of these model

VIUCU DY SUPCINYHHNCUY.  AIly  SUPCINYHIHICUIC  H0Uct

generates the operator (6) via box diagrams with inter-
mediate gluinos and squark doublets. The various factors
that enter zf and z? can be identified as follows:

2
_ @ _
Anp = g = (mg, + mg )/2, A2, = S—Zg(msz,/sz),

d12 = (mg, — ’”Q:-)/[’”Q. +myg,), (30)

where mg, is the squark-doublet mass, m; is the gluino
mass, and g(m3/mg) is a known function (see, e.g., [6])
with, for example g(1) = 1. Taking mg = 1 TeV, and
mg = g (which gives A}, = (0.014), leads to

mg, — Mg :
(e S .. [().034 maximal phases ah

mg, +mg — [0.27  vanishing phases -
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Observable Experiment

Am2, (7.540.2) x 10~° eV?
|AmZ,|  (2.5+0.1) x 1073 &V?

Uiz 0.55 % 0.01
9 0.67 % 0.03
Ues 0.148 + 0.003




| U3 > any | Vi)
|Ue2| > any | Vi)

|Ude 3| = O(|Ude 2 Ui3))
m2/m3>1/6>any mi/mjfor charged fermions

Neither smallness nor hierarchy
—The neutrino flavor puzzle




IARY
* Experimentalists:  =(M0.80—0.85&0.51—0.58&0.14—0.16 @0.22—0.52&0.4
4—0.70&0.61—0.79@0.25—0.53&0.57—0.71&0.59—0.78
)
ULTBEM =2 N6 &1 A3 & @1/
V6 &1 A3 &1 N2 @16 &1 N3 &

1A/2
e Tribimaximal-ists: v
. Ulanarchy

e Anarch-ists: =(0(0.6)&0(0.6)&0(0.6) @0(0.6) &0(0

6)&0(0.6) @0(0.6)&0(0.6)&0(0.6) )



FN and neutrinos

Simplest + SU(5)-consistent assignment:
Q,U,E=10:(2,1,0)
D,L=5:(0,0,0)

mu/mic ~ mic [mt~ &2
md/ms ~ ms/mb~ &
|Vus|~ \Veh| ~ & |Vubd| ~ £2

mefmu ~ mu/mr~ &
ml/m2 ~m2/m3 ~1
|Ude 2|~ |Uu3|~ |Ude3|~ 1

Charged fermion hierarchy + Neutrino anarchy
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Higgs Data

Observable Experiment

H.. 1.1440.18
Rz 7+ 1.17 = 0.24
Ry w~ 0.99 £0.15

R;; 0.7+ 0.3

Rr 1.09 +0.23

i o i

R.. <4 x10°




SM:  VIF=(N2/v)MIF

 Proportionality
» pli=Viiicmli

e Factor of proportionality
s i /mdi =2 /v

e Diagonality
» Viij=0 for i#/



Proportionality?
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o yit, ylb, ylr notfar from SM
o y3rd /mi3rd ~2 /v

o yle, ylu<ylr

» The beginning of Higgs flavor physics



Diagonality?

Observable  Experiment \/ YZ+Y2

BR(t — ch) < 0.0046 <0.13
BR(h— 7y)  <0.015 < 0.004

However,

(8.4+3.7) x 1073  CMS

e BR(h— 1) =
(BX51) % 0~" ATLAS

e What if BR(h —» 7u) €« BR(h — 77)7



Exciting x 3

o J(1)duxXU(1)dr broken
" NNLFV LKNLLNVY ?

s BR(/-tu)~BR(/i—1T)
= FCNC at tree level?

o VIE not<MIFE
= Not the SM Higgs?



ANLLFV KNLLNV 2 (d=5)

d=5: VIijTN /AILNY LI L] p@
Explain neutrino mass and mixing
Break (1 )de X U1 )du X U(1)Ir (LFV)
Break total lepton number (LNV)

-t allowed, but...

" Loop suppression ~ad2 12

* Mixing suppression ~ (/43 U473 [T2

" GIM suppression ~(Amd2372 /miWT2) T2
BR(A-tu)~10T-50



NLLFV KNLNV 2 (d=6)

o d=6: ZlijTe /INLLFVT2 (@T+ @)PLii El)

o VIETh=N2MIE /v )+(v12 L2012 )ZTe

o For AMLFV /VZlurTe ~ few TeV:
— BR(h—71)~0.01



FCNC at tree level?

All models with no bare mass terms and with NFC:
-t loop-suppressed
With loop suppression:
» (vT2 /AT2 )(adW JAm )Xdur ~ylc ~107-2
Very challenging model building
MSSM — excluded

Models with tree-level Y{zuT/A #0 favored
= Vector-like leptons
" Multi-Higgs doublets



/1 not the SM Higgs?

e Vector-like leptons:
— Strongly disfavored by the 7= x4 bound

 Two Higgs doublet models:
— VIETh=sla—F N2MIE /v )+cla—F VIETA
— VIETA arbitrary

e 2HDM = the favored option



BR(u—ey)<5x107—13
= VieuTh<1.2x107—6

FN: VdeuTh /viucTh ~ydu |Ude2 [/yvit]
U3 [ ~0.05
= VurTh <3%x107-5
If BR(h—11)~0.01
= ViurTh ~3x107-3

FN will be excluded



What if ZR(/—71)~0.01?

e Natural flavor conservation (NFC)
— A solution of the 2HDM flavor puzzle
— Will be excluded
e Minimal flavor violation (MFV)
— A solution to the NP flavor puzzle
— Will be excluded
* Froggatt-Nielsen (FN)
— A solution to the SM and NP flavor puzzles
— Will be excluded

e In principle, measuring A— 7z, s, 7 can distinguish NFC/
MFV/FN



Flavored Conclusions

4 Quarks: smallness, hierarchy

— Approximate symmetry?

Squarks: degeneracy, alignment

— Flavor paradise, but where are they?

Neutrinos: anarchy = Knowing more does not
necessarily mean understanding better

=, "* {Higgs: diagonality? proportionality?

%"~y = a new opportunity for flavor




Final comments

 The collaboration with Nati has taught me
precious lessons about how to ask scientific
guestions, how to search for the answers, and
how to notice the unexpected

e | learned about mentoring the younger
generation and about being generous in sharing
scientific insights

| am privileged to have worked with him
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