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Outline

= Supersymmetry and naturalness

- Flavor and inverted hierarchy/natural SUSY
- U(1) and U(2) models

- U(1) x (discrete subgroup of) SU(2)

= Conclusions

E. Dudas — E. Polytechnique, Madrid 2013



Supersymmetry and Naturalness

SUSY is still the simplest and most elegant solution to the
hierarchy problem.
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where and Mgrrgy (A¢) denotes the average stop mass

(mass mixing in the stop sector).

Electroweak scale natural for light higgsinos,gluinos,stops
and L-handed sbottom:
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(More) Natural SUSY models:

- Natural SUSY/inverted hierarchy/split families
light stops,gluinos,higgsinos (TeV)

heavier 1,2 generations (10-15 TeV)

- Extended scalar and/gauge sector (ex: NMSSM)
- RPV models (ex. baryonic RPV, operators UDD)
- Dirac gauginos

- Spectrum more degenerate/decays stealthy...

(Less) Natural SUSY theories :

- Mini-split/Spread SUSY models

- Split SUSY models:  Mgealars > > Miermions
- High-scale SUSY
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SUSY hints from LHC searches and SM scalar mass :

- LHC direct SUSY searches and Higgs mass
set new limits on superpartner masses for simple
(simplified) SUSY models miuinos: Msquarks = 1.5 TeV

Popular models: mSUGRA, CMSSM, minimal gauge
mediation with TeV superpartner masses have
difficulties in accomodating the data in a natural way .
- However, from a UV viewpoint (supergravity, string theory),
popular models are unnatural.

It is Important to theoretically analyze and experimentally

search for non-minimal SUSY models.
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R
Inverted hierarchy/Natural SUSY

An old scenario which became popular recently because
of LHC constraints:

- third generations squarks and gauginos in the TeV range
(light stops).

- First two generation scalars much heavier (10-15 TeV).
They affect little the tuning of the electroweak scale.

This is natural in flavor models and holographic constructions.

1) Simplest flavor model: U(1) gauged flavor symmetry
(Froggatt-Nielsen,79). Quark mass matrices given by
hg ~ elitujthe \ hg ~ qu+dj+hd7
: P .
where typically ¢ = (@) ~A=0.22 and 9 are charges
M
of left-handed quarks, etc.
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Bottom-up natural spectru}n
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Quarks masses and mixings are given by ( 913 = @1 — 43 |etc)
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Sinf1o ~ €112 sinfi3 ~ €13 | sinflpg ~ €923 |

Good fit to to data ) larger charges for the lighter generations
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Gauge anomalies ) constraints on the charges

|q:—q; | . .
K ~ XTQX ( 0 ) Qj@j. ) F-term contributions
As \Ar to scalar masses.

There are also D-term contributions, so

scalar masses are of the form

m7; = X;(D) + a;;(F)
If < D>>><F > then an inverted hierarchy Is generated.

This can be realized in explicit models
(E.D.,Pokorski,Savoy; Binetruy,E.D.; Dvali,Pomarol,94-96)

Obs: 1-2 generations cannot be too heavy mm=)
tachyonic stops (Pomarol, Tommasini;Arkani-Hamed,Murayama)



Nowdays, FCNC constrain seriously these models;
need some degeneracy 1,2 generations.
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B ©1=e,33=0 ifnotm> 100 TeV or so.

But then ™12 squark mass not protected by the U(1) symmetry

There is a challenge to explain simultaneously fermion
masses and FCNC within one flavour theory !
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Operator  [Bounds on A in TeV (¢;; = 1){Bounds on ¢;; (A =1 TeV)[ Observables
Re Im Re Im
spyidp)? | 9.8 x 107 1.6 x 104 9.0x 107" 34x107* Amg; eg
(81
(3pdyp)(5pdg)| 1.8 x 10* 3.2 x 10° 69x1077 26x10~H1 Amy: ek
epyrur)? 1.2 x 10° 2.9 x 10° 56x 1077 1.0x 1077 |Amp; ,Op
Y q/p
(ruL)(ELur)| 6.2 x 10° 1.5 x 104 57x107%  1L1x107% |Amp; |¢/p|,dD
bpytdr)? [5.1 x 102 9.3 x 102 33x107% 1.0x107% | Amp,; Syk
7 a1 DYKs
(brdy)(brdg)| 1.9 x 10° 3.6 x 10° 5.6x1077  17x 107" | Amp,; Suks
by s )? 1.1 x 10? 76%x107° Amp
(bLy :
(brsp)(brsr) 3.7 x 10 1.3 x107° Amp,

TABLE I Bounds on representative dimension-six AF = 2 operators. Bounds on A are quoted assuming an

effective coupling 1/A?, or, alternatively, the bounds on the respective ¢;;’s assuming A = 1 TeV. Observables

related to CPV are separated from the CP conserving ones with semicolons. In the B, system we only quote

a bound on the modulo of the NP amplitude derived from Amp, (see text). For the definition of the CPV

observables in the D system see Ref. [15].



2) FCNC constraints are better enforced by
non-abelian symmetries.

A popular example: U(2) = SU(2) x U(1) flavor symmetry
(PomaroI,Tommasini; Barbieri,Dvali,Hall...)

- 1st,2nd generations : U(2) doublets, scalars degenerate
- 3rd generation: singlet

Here FCNC are Iargely suppressed.

m2 [(ZD)13(ZD)23] (fa(xr,21) — 2fa(xr, 23) + fa(xs, x3)]

g W
515 " «—— known from fermion sector
2

~ V3 mg/m,
Tr=

where ;= —- and f, are loop functions.
YoM
7
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However, there are two problems :

- One with the CKM elements:
Via/Vis| = V/ma/ms [1+ O(e?)]

0.2240.01  0.22+0.02 N

Ve /Ver| = \/mu/mc [1 + 0(62)]

0.085 £ 0.004 0.046 4 0.008

- Another possible problem : tan 3 typically large. Then the
minimal natural SUSY spectrum with heavy br  has
difficulties with RG running from GUT to EW scale
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Possible to combine abelian+non-abelian flavor symmetries
In a constructive way: U(1) x D’_n, where D’_n is a discrete
non-abelian subgroup of SU(2) (bGpPz)

U(1) U(2)

protect\ / correct
o SU2) x U(1) ¥ Va/Var
Split spectrum from U(1) D-term

mp —— ~ 10TeV q12.bp ., T1L

o — o~ . ""2 - )
ﬁlF —4— ~17TeV tL?tR:'bL:'TR ;LﬂBﬂﬂmHuﬂdeﬂﬂth
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10(1 103 5(1 53 Hu Hd (ﬁ’& X
st [ 2 1 2 1 1 12 1
U(1) | X 0 X X3 0 0 | X, -1

Table 1: Flavor group representations of the model.

0
@) = (3) ) = e
Model € Ex tan (3 X¢, X1 Xy Xj
A 0.02 0.02 5) —1 1 1 1
B 0.1 0.2 H —2 3 3 2
B’ 0.1 0.2 20 —2 3 2 1
C 0.2 0.1 50 —1 2 1 0

Table 2: Possible choices of parameters compatible with the fit to fermion masses and mixings.



The Yukawa matrices are given by

D hiiir.ﬁ; D

2
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U U
0 32€u 33
0 h‘i’rﬂELEdfﬁu 0
Y, = —h{fEELEdJ."!Eu hggfufd hggﬁgfu ,,
d d
0 hggfd h33E3
with
Xi1o+X X++X
Eu = €pEyx 0 ¢ €d = €€y ¢ €, = Eix“], €9 = EfE.
We find log (M) 4 1
I &ngzmdvdgz D50 (T2 =92 5\ mg 4
mACYy ~ gﬂs—| 93 |“s5 sin 269 (de — mbR) ML
s dp

2 . Mdp\ | 1
~16x 10~3 V35| s\ ((sinoi (TﬁQ _ 2 ) ]Dg( mf) i
' 004) \02)\ 05 dr bR (g, )t
hd,|e
_ __ 1321€d
where t; = tan Qd = oo




3ﬂ_||||||||||||||||||||||||||_ 3{._||||||||||||||||||||||||||_
— 7y, =1 TeV — iy, = 1 TeV
5| == TRy, = M - 51 -==- 1Ry, = m; -
| %
S B
Y| SN 4.0 I | R 4.0 -
R B S I SR
= [ TTTeeen ™ T
s [ T .- s T ———
R pm=ee 25 T O 2.5
| == ] _-__._.—.=.-"-__-
m [ e ———— L e [T T ———e
o et s T e—e
£ [ 15 el S . 15 T
L —=a e T — . | S -
oL T - wr T, -
: a, = 10 TeV j [ Mdy, = Mdy
S_I 1 I T | | T | | I T T N | l 1 1 1 | I [ | L 1] 5_I | N | | I T | I [ T | | I N I N | N N | T N
0.3 1.0 15 20 25 30 05 1.0 15 2.0 23 3.0
mgz | TeV mg [/ TeV

Figure 1: Bounds on the masses of the gluino and the approximately degenerate right handed
down squark sector for various choices of the parameters. The region below each line is
excluded. The three lines correspond to different choices of the dominant 3-1 splitting, namely
m3 —mmg = (L5, 2.5, 4.0 TeV)?. The remaining parameters are chosen as [Vy3| = 0.04,
sin(a2) = 0.5 and s = 0.2. The decoupling of the gluino occurs outside the displayed range
of the gluino mass.
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Figure 3: Parameter region in the 7p/tan 3 plane for fixed mp = 15TeV and M, =
0.6 TeV (left panel) and M,;, = 1.0TeV (right panel). The contour lines correspond to the

masses of £; (blue), 7; (green) and h? (red).

(Courtesy of M. Badziak)



Large stop mixing can be generated from RG running (M. Badziak et al, 2012,
Brummer et al, 2012.)
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Inverted hierarchy example. Higgs mass (black dashed),stop
mass (solid green) for p > 0,tan3 = 10, My, = 1,Ag = -2
(TeV). Yellow “tachyonic stop” and grey “no REWSB" (u? < 0)

regions are excluded. Dark green region: Qpmh? < 0.1288.
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Some issues model building: ::

- Discrete subgroups® D, of U(2) avoid Goldstone bosons
- Simplest working example: D! with 12 elements
generated by 2 generators with

A% =1 B*=1 ABA=1B

On 2-dim. representations, they act as
o | ™30 0 i
Lo oems) oo
o | EQ:M'}'B 0 0 1
Lo 2B 10

- Operators breaking SU(2), invariant undel D;, appear
usually at higher order in the lagrangian.

*Recent progress in string realization: Nilles et al, Camara et al...



Natural SUSY/Inverted hierarchy in string theory ?

- Anomalous U(1)’s in all string theories and F-theory,
flavor dependent + additional discrete symmetries

- Different localization of the third generation versus
the first two ones: twisted/untwisted fields, varying fluxes

Inverted hierarchy can also be realized in:
- SUSY(SUGRA) RS 5d warped models
- flavored (higgsed) gauge mediation.
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Conclusions

= Popular SUSY models are more fine-tuned, more stringent
limits on SUSY spectra from direct LHC searches and flavor
physics constraints.

= PBut there is no reason to reduce low-energy SUSY to its

simplest examples: mMSUGRA,CMSSM, mGMSB.

= Most theories of fermion masses generate flavor-

dependent soft terms. Inverted hierarchy/natural SUSY arises

naturally in Xtra dims. and string theory constructions.

Probably necessary to combine ingredients from abelian and

non-abelian discrete flavor symmetries.

* [nteresting to work out predictions: B, D physics.

* The mechanism and the scale of SUSY is THE big unknown:
split or even high-energy SUSY possible in string theory.
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Bounds on « Natural SUSY » models
EWinos
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Figure 5: The same as in Figure 3 but for M;y = 1.5 TeV and Ay = 0.
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MSUGRA/CMSSM: tanp = 30 AD: -2mp, u=0
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Supersymmetry and naturalness

The hierarchy problem (mis?)guided BSM physics for
the last 30 years. 5 3A2
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