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The Hierarchy Paradox



The Stardard Model as an Eftective Theory
with fundamental scale A2, > 1TeV
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A,y — o0 ( pointlike limit ) nicely accounts for ‘what we see’
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Hierarchy see-saw

Standard Model up to some A% > 1TeV

A2 H'H

yij HF;F;
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Natural SM : Az S 1TeV
_ .
A2 H'H yij HE; F; o BEAF + .

© ©
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Supersymmetry: the existence of scalar matter fields introduces
a myriad of relevant couplings violating I, B and L

LI = m2.Q1Q; + A Y Q:DjHy + NijxU; DDy, + .

Naive Composite Higgs (TC) : the Yukawa themselves are

irrelevant couplings
1 Vg
Vi HQuQr = Yy 57 (WQ1Q% M = Yii 3

A must be not too far above weak scale: expect unwanted FCNC
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Un-natural SM

Natural SM
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Flavor and approx B & L
are theoretically appealing

... and, possibly, experimentally boring

new states
Higgs is
S
Cji N ....Q‘f NOT
) ] SM Higgs
Co Flavor
S FLFy FFy NOT

o just CKM



The energy and precision frontiers on a cartoon

New physics at scale Niiki Nij -

M with couplings G:q:ideq; + m; —L bio, b F* + ..
describing flavor M2 Y A2 VTRV

structure

M?4

natural

EWSB Energy

>

more plausible > )\ij

Flavor structure
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natural

EWSB

more plausible >

Flavor structure

 LHC is stuck with testing more or less natural theories of EWSB

* Precision experiments probe also deep into the space of theories with
un-natural EWSB but with perhaps more plausible Flavor structure
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Approaches to Flavor

pick a subgroup of U(3)o x U(3)u x U(3)p x U(3)L x U(3)g
Symmetry pick a set of spurions to break it
construct a lagrangian using the selection rules

mass mixing hierarchy from radiative corrections
Dynamics flavor from geography in ex

1 t holograph
flavor from partial composite Py
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Partial compositeness is a broad paradigm useful to illustrate
theoretical aspects of searches at the precision frontier

It applies to both supersymmetry and composite Higgs,
but it is basically the only available option in the latter scenario
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4 Strongly coupled EWSB ( Composite Higgs )

TC, Conformal T'C, Randall Sundrum,... with or without a light Higgslike scalar

4 Supersymmetry
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Composite Higgs scenario

elementary

quarks, leptons

&
transverse vectors
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weak
gauge & proto-Yukawa

composite

Higgs doublet

&
massive states

Georgi, Kaplan ’84
Banks ‘84
Arkani-Hamed, Cohen, Katz, Nelson ‘02

Agashe, Contino, Pomarol ‘04



Composite sector is broadly described by:

Giudice, Grojean, Pomarol, RR, ’07

4 one mass scale M, (of order TeV)

- 4
4 one coupling 9p Jp ~ GKK gy ~

: p
__ T, o P TeaTesT
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Three Ways to Flavor

Bilinear: ETC, conformalTC

Dimopoulos, Susskind
Holdom

Luty, Okui

Linear: partial compositeness
D.B. Kaplan

Huber
RS with bulk fermions

Total compositeness

ex: minimal RS
Rattazzi-Zaffaroni
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Three Ways to Flavor

disfavored by CFT ‘theorems’

Rychkov, Rattazzi, Tonni,Vichi 2008

Linear: partial compositeness
D.B. Kaplan

Huber
RS with bulk fermions

Total compositeness

ex: minimal RS
Rattazzi-Zaffaroni
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Three Ways to Flavor

disfavored by CFT ‘theorems’
Rychkoyv, Rattazzi, Tonni, Vichi 2008

Linear: partial compositeness
D.B. Kaplan

Huber
RS with bulk fermions

~ ruled out by LEP bounds
on lepton compositeness

Thursday, September 13, 2012



Hypothesis

Yukawas
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Ly urawa = €4, 0, + €urO; + €4d, 0y

J at least 3 families of composite fermionic operators
with same gauge quantum numbers as elementary ones

small difference in dimension among (D* generates
appreciable hierarchy in ¢’ via RG flow

] v 1) i J 1 i j
Y&~ €g€ugp Yoo~ €g€q9p Y ~ €€lg,



Neutrino masses

bosonic field of
AA 1 f 2 O dimension A

Just one source associated with higher dimensional operator

v\ A1 very small
A non-hierarchical

play no significant role in charged lepton flavor violation
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Flavor transitions controlled by selection rules

( accidental non-compact U(1)” flavor symmetry )

g2
i g k£ ; i\ /=L ¢
AF=2 €€ €a€q X m—'OQ (@'Y ) (G yud”)
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Bounds & an intriguing hint

Davidson, Isidori, Uhlig ’o7 Keren-Zur, Lodone, Nardecchia, Pappadopulo, RR, Vecchi

k m, 2 10 TeV
€' /e, b— sy my 2 7% x (10 = 15) TeV
7>
d, m, 2 22 x (20 — 40) TeV
4
CP violation in D decays g
~ P
Aacp = axx — ann = —(0.67 £ 0.16)% mp ~ 5 x 10 1eV

*Not crazy at all to see deviation in D’s first !

ed,, should be next

2
econnection with weak scale not perfect 0.95% ( M )2 10 TeV
125 GeV m,
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electron edm

o= ey
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g 2 me n v
(4_/0) 9 %UW%% FH
T ms;

_ 1/2
g 1.6 x 10727 ¢ - cm
mp > ﬁ 100 TeV ( deXp 205 T

(&
Regan et al '02

. € € m

most favorable choice A S S €
I e

€5 €S my,

g_p)2 \/m,ume — Faﬂ
(47T m% Yudapye

_ 1/2
g 2.4 x 10712
m, > ﬁ 150 TeV ( eI MEG 11



In a natural theory of EWSB
Partial compositeness clearly cannot be the full story

Either go is very weak in the lepton sector

or
Must assume strong sector possesses some flavor symmetry and CP

Uex UM px (D<

Range of
possibilities

v

SUB) x SUB) x ...
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Alessonon M — €Y versus [ —eee & uN —eN

Lot = 37 [omubuoasthe 0+ Butatbe (sefer™be + katfr™ s

~ —3
Ke, K’Q)S 62 — \/47704EM Br(,u — 666) ~ 6.7 x 10 B’I“(,u — 6’}/)

dipole operator dominates Br(pTi — eTi) ~ 4 x 1072 Br(u — ev)

1074 in p — ey conservatively matches 107 in the other two processes

but in principle they could be enhanced because Key, Kqy > e
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what are the possible ranges of ke, Kq ?

Rey Kg S 1677

Ke,q

1672

In partial compositeness

A
e* > 16r2 2L < Koy S 1677
9p
| 4 D
comparable (small) compositeness one of the two chiralities

in left and right sector is fully composite
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102 107" 1 1 102 100 10}
| llllllll | llll”ll 1 llllllll ] llllllq | lllllll! | ERALLL
104_— %\'5‘6 = 104
E QO ]
- u —> eee O ]

- propm 10-18 q
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Dipole vs boxes in Supersymmetry

e
E M'!\’ﬁ o ==

Qo 1
2, % —— [6..G1 + SrrGR]

Osz q
Wdn m7

47T

[5LLFL + rrFr + OLRFLR]

9 max(5LL,5RR)

2
Re,q ~ Jw
maX(5LL7 5RR7 5LR)

SQW

4-fermion interactions are never dominating dipole term
and are indeed often subleading
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A taste of [ — €7y in supersymmetry

s (tan B\ /0.5 TeV\* [ 6.0 \°
LL mixing Br(p = ey) ~ 10 ( 10 ) ( mr 10—4
wino-higgsino loop ., (tan 2 7100 TeV \ » ;
~ 10 ~ (6rr)
10 mrp,

2
LR or RR mixing Br(i — ev) ~ 1013 (5 Tev>4< OLR )

bino loop mr Ve /my,
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Flavor in Supersymmetry

Asusy

AFlanor

Flavor dynamics will
necessarily introduce
new sources of mixing
in soft masses
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Two broad cases

AFlafuor

Asusy

Minimal Flavor Violation:
Ex Gauge Mediation



Flavor from Partial Compositeness in SUSY

Flavorful SUSY: Nomura, Papucci, Stolarski ’o7

Asusy . .
Flavor universal soft mass generation

Ex: gauge mediation or friendly string vacuum

i J /R |
AFlcwor Y. 3 q€ulp Y, €q€a9p

Soft masses universal up to & effects
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Expected form of soft terms

2\ ~2 ¢ij | =2 1] I 8 4 J
(mg)i; = mgo MHCoH eQeQ 0 o X €o
2\ ~2 ¢ij | ~2 1] I 8 4t J
(mgp)i; = myo Mocy EUGU 0 + €y X €
, o 5 o .
(m2)i; = 1m0 + micehel, ~ 67 + € x €,
i _ i g ij- i,
Ay = egepgpagmo ~ Yim
AP = egepgpapmg ~ Y

 LL and RR are approximately universal and aligned

* LR are O(1) non-universal but aligned
® Structure of AF =1 and AF = 2 analogous to non-SUSY partial compositeness

* concretely realizes scenario invoked to explain acp by Giudice, Isidori, Paradisi 12
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. A~ TVQ RNP
Aagz;:w%x(#)x(;) (0_2)

Ay de
Br(u — ev)

3 2
= (exp bound) X (A/Tm> X (T?V> x O(5 —10)

with all other Flavor observables well under control

leptonic observables fare better in SUSY case because they are purely bino-induced

—"i = 932/F1 _Mi — ggFg

N s /
AN
D X~
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T — WY versus W —> €7

1
:p[

e =50 ()

L

m,a, OF 7 + mra, OTHY]

T — LY  can compete only for rather large ar/ay,

most favorable scenario

Br(p — ey) ~ 10712

ar/a, < 75
Br(t — py) > 107"

inequality satisfied only marginally in a few cases

Ex: in partial compositness max(aT / CLN) ~ 10
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Electric dipole moments vs (L — e  transitions

A
dn N¢q~—

Mmgq

~

mgq

2
<2TeV> x 2.9x 107 %% cem

de N¢£~_

my

~

My

A (1.5 TeV

2
> x 1.6 x 107%" ecem

probe comparably far in mass in wide class of models



EDM in un-natural theories: split supersymmetry

Giudice, Romanino 06

squarks and sleptons
beyond the horizon
...but still
edms from 2-loops
involving charginos

) d,/(e cm)
10° e .
10—28
% A 10—27 % 10—28
o 10 O
=8 <
102 n A N .:'. aal N ‘:'....1“ LU
10° 10° 10° 10*
Mz (GCV)
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EDM in un-natural theories: split supersymmetry
Giudice, Romanino 06
squarks and sleptons

beyond the horizon
..but still X

Xi
edms from 2-loops
involving charginos '-
f f
dp/(e cm) d. /(e cm)
T \ - w' T 104 A T T v.-."v.* T T r\v T v7' ]
dark \ =~ ] ’ dark \
s -z matter s o-Amatter
<} 10° <} 10°
=1 : 1 =1
' T 1077
102 - A L 1.:'. asaal A ":'....1" 102 “x\ N \ A 1 =
10° 10° 10* 10° 10° 10°*
M; (GeV) M; (GeV)
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Summary

A2 H'H

The study of Flavor & CP violation

is essential to assess
the riddle of the weak scale



0%
. A0
e
natural
EWSB Energy
D 4
>

Flavor structure

more plausible } Aij

But precision physics probes also a good portion of theory
space where electroweak symmetry breaking looks fine tuned
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natural

EWSB Energy

more plausible } Aij

Flavor structure

But precision physics probes also a good portion of theory
space where electroweak symmetry breaking looks fine tuned
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In Partial Compositeness it is
not implausible to detect the first
major deviation from CKM in the

in the D-system

...but expect other mushrooms just under the leaves:

°dn,de, U > eV

* SUSY case: sparticles in TeV range, conceivably with RPV, should be seen

Very soon

* composite Higgs case: resonances at around 10 TeV practically out of reach
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