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Preliminaries

Who am [?
Who are you?
Whats the goal here?

Please ask questions.

"Il jump between slides and blackboard.



Particle Physies: the Goasl

* We look af the world around us.
We are curious!

* What are the laws of physics at short
distances?

* What are the laws of nature at large
distance?




Standard model of Cosmoloay

* We live (n an expanding Universe.

* Oun large scales tts Flat, homogeneous, 1sorfopic.

* |fs contents by energy deunsity:

* A successful model!

Atoms
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Dark
Energy
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Matter
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TODAY



Standard model

* A collection of
elementary particles
and tnteractions that
explain all short
distance phenomena

we Khow of.

Fermions

* NOIL bad .’ .’ — O Lepton

Gauge Bosons

Higgs Boson

* So what are we so

curious about? PARTICLEFEVER
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A Curiosity List:

Is there any physics beyond the standard model?

What sets the strength of the weak force? Is it fine-tuned?
Is the world supersymmetric!?

Is there a Higgs boson!?

What is Dark Matter?

Is there a dark sector? Dark Forces!?

What is Dark Energy?

Can the Cosmological constant be natural or is it tuned?
Are we part of a Universe or a Multiverse!?

What'’s with the 3 families of fermions?

What sets the size of particle masses!?

Why is there more matter than anti-matter?

Are neutrinos their own anti-particles?

Are there sterile Neutrinos!?

Do neutrinos interact in a non standard way?

Where is CP violated? neutrinos!?

Why doesn’t the strong force violate CP?

How many space-time dimensions do we live in?

Do the forces unify?

(Partiall In no
particular order.)



L B R BEE B SR K BN B B N B BN B BN BN O

A Curiosity List:

Is there any physics beyond the standard model?

What sets the strength of the weak force? Is it fine-tuned?
Is the world supersymmetric!?

ls-there-a-Higgs-bosonl.., |s it the SA Hicas roson?
What is Dark Matter?

Is there a dark sector? Dark Forces!?

What is Dark Energy?

Can the Cosmological constant be natural or is it tuned?
Are we part of a Universe or a Multiverse!?

What'’s with the 3 families of fermions?

What sets the size of particle masses!?

Why is there more matter than anti-matter?

Are neutrinos their own anti-particles?

Are there sterile Neutrinos!?

Do neutrinos interact in a non standard way?

Where is CP violated? neutrinos!?

Why doesn’t the strong force violate CP?

How many space-time dimensions do we live in?

Do the forces unify?

(Partiall In no
particular order.)



L B R BEE B SR K BN B B N B BN B BN BN O

. . * (Partiall In no
A Curiosity List: partioular order
Is there any physics beyond the standard model?
What sets the strength of the weak force? Is it fine-tuned?
Is the world supersymmetric!?
ls-there-a-Higgs-bosonl.., |s it the SA Hicas roson?
What is Dark Matter?
Is there a dark sector? Dark Forces!?
What is Dark Energy?
Can the Cosmological constant be natural or is it tuned?
Are we part of a Universe or a Multiverse!?
What'’s with the 3 families of fermions?
What sets the size of particle masses!?
Why is there more matter than anti-matter?
Are neutrinos their own anti-particles?
Are there sterile Neutrinos!?
Do neutrinos interact in a non standard way?
Where is CP violated? neutrinos!?
Why doesn’t the strong force violate CP?

How many space-time dimensions do we live in? .
Do the forces unify? 3") = M-experi ments

...... can shed light here!



L B R BEE B SR K BN B B N B BN B BN BN O

. . * (Partiall In no
A Curiosity List: partioular order
Is there any physics beyond the standard model? 3")
What sets the strength of the weak force? Is it fine-tuned?
Is the world supersymmetric!? :-)
ls-there-a-Higgs-bosonl.., |s it the SA Hicas roson? :—-)
What is Dark Matter?
Is there a dark sector? Dark Forces!? 2-—)
What is Dark Energy?
Can the Cosmological constant be natural or is it tuned?
Are we part of a Universe or a Multiverse!?
What’s with the 3 families of fermions? ;..)
What sets the size of particle masses? :_)
Why is there more matter than anti-matter?
Are neutrinos their own anti-particles?
Are there sterile Neutrinos?
Do neutrinos interact in a non standard way?
Where is CP violated? neutrinos!?
Why doesn’t the strong force violate CP?

How many space-time dimensions do we live in? ;..) .
Do the forces unify? 3") = M-experi ments

...... can shed light here!



Flavor

* What's with the 3 families (a.k.a 3 Flavors)
of fermions?

* This question has a long history:
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Flavor

* What's with the 3 families (a.k.a 3 Flavors)
of fermions?

* This question has a long history:

Pre-1936, tHhs 15 what we knew:

1936: Aunderson

and Neddermeyer
discover the muon.




Flavor

* [sidort Rabt summed up Fhe fﬂe(a(ls SMYP)’I.S-Q W
(ess than 140 characters:
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(255 than T40 characters:
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& Reply T3 Retweet W Favorite **® More




g
t{’ Isidor I. Rabi L+ W Follow

The muon: who ordered that !?

4 Reply £33 Retweet W Favorite **® More

o/ .
Rabt s question was

posed over 70O years ago.
[t 15 still unanswered!

What's with the three flavors?
How are they related?
How do they nteract with one another?

This, and the hope of fFinding new physics
motivates us fo study the muon and tfs
connection fo other Flavors as best we can.



Examining m

* | will tell you about to aspects of the muon
properties that we explore here at Fermilab:

© Flavor violation. Does p— < 7.
(M2e)

O Detailed EM properties
of the muon (9-2).

10



Searches for
Flavor Violation



Flavor Violation

* [ quantum mechanics | can multiply the
wavefunction by a phase, p—> Ja["’zl).

* This s a symmetry.

* [ QFT, symmmetries are deeply connected to

conservation laws:

S_'jh/\l’\/\-QILY_'jI ll)decfromé *QKle)decfrow

|

(4 Y 7 2
2lectron number s conserved.

Emmy Neother

12



Flavor Symmetry

* Pre-1998: ln the SM, every [epfon flavor has
its own Symmetry.

P «e‘."’zl)‘Z 2-number 15 conserved.
b= ~e"4’zl)p < U-number 1S comserved.
. Ja"“"zl)t t-number (s comserved.

(aka “Lepton Flvor number’ )




Flavor Symmetry

* Pre-1998: ln the SM, every [epfon flavor has
its own Symmetry.

b, ‘QI.CPZI)Q 2~-number 15 conserved.
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Flavor Violation

* [ 1998 we learut that neutrivos have mass.

* More presicely, we learnt that neutrinos caw

change flavor.,
* Their flavor symmetry ts broken.

* What does that have to do with <, u, and <7



CLFV was Orserved!

4+ : ,
LSREET PR Neutrino Experiments
(For more on neutrino oscillations: upcoming
1 [ectures tn winter).
L
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CLFV was Orserved!

+
H . .
-------- Neutrino Experiments
(For more on neutrino oscillations: upcoming
1 [ectures tn winter).
L
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Lt

- CLFV was Oerserved!

Neutrino Experiments
(For more on neutrino oscillations: upcoming
1 [ectures tn winter).
L
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- CLFV was Oerserved!

U
Neutrino Experiments
(For more on neutrino oscillations: upcoming
1 [ectures tn winter).
L
G/Og‘-.
OO..'
/" . . 4 /') ’..
[ong distance mu fo ¢ conversion  S.-.
5, .

Neutrino Flavor

oscillation 15 CLFV. <
(its tiuy!)

But that s wot what NUolegq -
we mean by CLFV...

15



CLFV In the SM

% We are searching for CLFV at short distances.

% Neutrino masses induce this too:
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% Neutrino masses induce this too:
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CLFV in the SM

* For the record, the branching ration is:

3o [ Am2\°
BR(1 = e7)sm ~ o [ =52 | ~ 1077
327

myy
* Bad news: we will never observe this.

* Good news: we will never observe this.
No backgrounds™ in the search for BSM!

*Except for the difficurt experimentsal B&'s
which | am Nnot Qualified to talk arout.

17



New Physics

* What new physics can contribute to p— 2

framsitions af observable [evels?

* New Heavy particles! A low energy process can
be sensifive fo high mass particles wia ety priciris).

© figgs
O  Supersymmetry

O Extra dimensions

* Daetails on to the blackboard....

18



FV Hiaas

* The Higgs ts the source of mass n the SM,
* |51t the ouly source of mass?

* |f there 15 another, the two sources can be
mis-aligned n Flavor space.

* Can [ead to Flavor violating Higgs tnteractions.

<l;1(> fi ? ) fi
_______ ;i
mass 8 coupling g,



Higgs couplings to ue
* Higgs coupling to pe is constrained, e.g. by:

nu o e GARNA 2w to Do (o Land Zoop):

—— €
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Higgs couplings to ue

* Higgs coupling to ue is constrained, e.g. by:

nu o e Gamna 2 mufo e (aHanA / \oo@
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Higgs couplings to ue

* Higgs coupling to ue is constrained, e.g. by:

nu o e Gamna 2 mufo e (aHanA / \oo@

p —x +
h /\(
-7 T =< \
v \\ '
\
\

l

/y h

Which opersator?” v
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Higgs couplings to ue

Harnik Kopp Zupan 1209.1397

Outside of
LHC reach.

Proring
"natural’ models.
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Supersymmetry

* Flavor violation processes:

KL i er er, 7 R

22



Experimentts

* Currenf and fufure searches:
© p— ey
O u+N—=>e+N (,uﬁe cow\/ersfow)

* Formilab's future uZe experiment will
improve the limit by & (1) orders of magnifude.



Precision tests of muon
E <=M properties.



Maanetic Dipole Momentt

* Elementary spin 1/2 particles have a maguetic
dipole moment:

Hoap B

* Dirac: classically, the electron’ s mag. moment
s 9=2 (v units of Bohr Maguetous, e/ Zm,).

* QED: quanfum correction cause mag moment fo
deviate from 2.



Dirac
(a)

Schwinger
(b)

26



Y Y Y
o p,* % %
’ ¢ N
w/ y @ NY

Dirac Schwinger
(a) (b) (c)

S E e S EE e
—%ﬁﬂ%%ﬁ%ﬂﬂhﬁ&i
¥~ ﬂ%&ﬂﬁﬁﬁﬂﬁ
_{([_ : (-~ el
i )«\*J QH( (ﬁ;iﬁ;_ﬂ{‘.f’*@:"‘l
<HL << ﬁﬁﬁﬂﬂawﬂﬂﬂ&

26



a. = 115965218085(76) x 10~

VR ———

= 115965218278(772) x 10~ o

[Theory 2007]

" "

.

[Experiment 2055| ok
| 3

<
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muon g-2

* The sifuation
w/ muon g-2

1S tnfriguing:

Fermilab's muoun 9-2
expertment will reduce

the uncertatnty by a
Factor of a few!

T —

v v
ot Z
f T foop
T ‘ T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T

v
T
T A T

JN 09 (e*e -based)
—301+65 —4

DHMZ 10 (t-based)

—197 =54 —A—

DHMZ 10 (e*e")
—289 + 49

HLMNT 11 (e*e")
—263 +49

BNL-E821 (world average)
0+63

‘ I ‘ I S ‘ I S ‘ L 1 1 | ‘ I S ‘ | 1 |

-7/00  -600 -500 -400 -300 -200

— g®xp
8.M 8.M

-100

|
0

x 107"
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muon g-2

* The discrepancy can be a result of:

O  Uu-controlled uncertanty of theoretical SM g-2 due to
strong tuteractions (lattice QCD will hopefully resolve this).

O New Physics! e.g.
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muon g-2

* The discrepancy can be a result of:

O  Uu-controlled uncertanty of theoretical SM g-2 due to
strong tuteractions (lattice QCD will hopefully resolve this).

0 New Physics! e.9.

p L

a new (massive) photon.

28



A New Photons

* Such a new photfon could come from:

O A new dark E&M forc-e (maybe connected to dark matter?)

O Au extra dimension.
*  Aunother (Famous) possibility:  supersymmetry.

* More specifics on the whiteboard...

29



Conclusions:

5 WQ are curious!

* For example: who ordered the muon?
what makes it different from the electron?

* Upcoming experiments at Fermilab's muon
campus can unvell new physics and shel (ight on
some deep questions!



Deleted Scenes
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Riggs FV-
A more technical story.



Can We violate this?
Can we have FV Higgs couplings?

(

_E& The Morss bausis, could we haye

Ly = —mzﬁf;z — Y;;j(ﬁfé)h + hc +---

[4



Flavor Violating Higgs

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.

34
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Flavor Violatin~ I—I-ccq

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.

(HIH)Hf

L = )\fof |

H H

K
' n
+ |
! I

€.g. Kearney, Pierce, Weiner; 1207.7062
/T (OHT) 1e

s (HTH) m1e

—

il%

?ﬁ/’:‘ %31& caf\ jefﬁis ih couﬂaosﬂé #@js Toe.
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Flavor Violatin~ I—I-ccq

* UV Recipe for FV Higgs:
l.Rip a page from a paper

that modifies Higgs
couplings.

2. Sprinkle flavor indices all

over the place.

H

14

H

K
' n
+ |
! |

E E I

€.g. Kearney, Pierce, Weiner; 1207.7062

3. Re-diagonalize mass /T (OT) ire
matrix. % (HY'H) e
T e— -
T —/>mf:(AfIX2)
e s HUHS .

?ﬁ/’:‘ %31& caf\ jefﬁis ih couﬂaosﬂé #@js Toe.
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Flavor Violatin~ |;|i<ws

* UV Recipe for FV Higgs:
l.Rip a page from a paper

that modifies Higgs
couplings.

2. Sprinkle flavor indices all

over the place.

3. Re-diagonalize mass

: Y,
matrix. /Ti’ (HTH) H[e
—————
2
v
e myp = (Af A2)U
oy ogpe, HH)HSF 32
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Flavor Violatin~ |;|i<ws

* UV Recipe for FV Higgs:
l.Rip a page from a paper

that modifies Higgs
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couplings. ! E B I .
€.9. Kearney, Pierce, Weiner; 1207.7062 §

2. Sprinkle flavor indices all o
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! ty 77¢ N
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Flavor Violatin~ |;|i<ws

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.
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Flavor Violating Higgs

* Writing it a bit more neatly, we get:

Loy = fiilDf] + fLilDfh — P‘ij(féf{z)H + h.c.]
2

+ DL HYDH — Ay (HTH — )

N
ALy = —A—;(foj%)H(HTH) +hoe 4



Flavor Violating Higgs

* Writing it a bit more neatly, we get:

Lon = fLiDfL+ fLildfl — (N (fi f2)H + hec.]
5 2
+ D, HID'H — Ay (HTH _ 3)

ALy = _A_g(fszé)H(HTH) + h.c.+ - \
V/

A4

v? ] v?

my; UQ ~ . r
or vy,= 75@. un m)\ij AN arbitra Y



“Natural” FV

* FV that’s too large comes at a tuning price:

U2 , ; U2

* Requiring no cancelation in the determinant

m,,m; (Same

V2

Yo Yirl S
ptp

In an era of data, considerations of fine
tuning are not of huge importance...
But we'll keep it in the back of our mind.

v

36



Leptonic Flavor Violation

Ly D =Y. eppurh — Y eiirerh — YerepTrh — YocTrerh — Y, iy Trh — Yo, Trpurh + hec. .

Which experiments constrain the Yijs?



Higgs couplings to ue
* Higgs coupling to pe is constrained, e.g. by:

nu o e GARNA 2w to Do (o Land Zoop):

—— €
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Higgs couplings to ue
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Higgs couplings to ue

* Higgs coupling to ue is constrained, e.g. by:

nu o e Gamna 2 mufo e (aHanA / \oo@

p —x +
h /\(
-7 T =< \
v \\ '
\
\

l

/y h

Which opersator?” v
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H (iro"”ep)Fl.
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H (iro"”ep)Fl.

h | \{M<’H>
o J

w € 1

\ . m
“: 1672 “mi
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H (iro"”ep)Fl.

h | \{M<’H>

7 [ \ € "
e ™m,, —= ; %
—A—\— v e
16'712 m% pp H
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H (iro"”ep)Fl.

/’,Zl‘\\\ ) \{M<’H>

, A
woo e

1
—Af e v 167‘_2 m,u m—%YMMYMGIOg e o o
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H (iro"”ep)Fl.

h | \{M<’H>

/ N 1
p L \ € K
e ~ m,—Y" Y, log...
“: 1672 mi Hop HE

g

. . € _ o,
% The notation is £,u—>€7 — CL@WLM(ILLRO"“ eL)FW
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H (iro"”ep)Fl.

h | \{M<’H>

/ N 1
p L \ € K
e ~ m,—Y" Y, log...
“: 1672 m% Hop HE

g

. . € _ o,
% The notation is £,u—>€7 — CL@WLM(ILLRO'M eL)FW

* The real answer is (pages of algebra)-

1 m?
lloop * . h

(swap tau with mu and mu with e)

39




Higgs couplings to ue

Harnik Kopp Zupan 1209.1397

Outside of
LHC reach.

Proring
"natural’ models.

_ TS T NN T — = N %
; a0
/ -
ﬁ l
\
) |
l S
\ )
I \ 5‘
)1 ( T
) |
—_ [
D =
| ) 8
\go \

107810-710-61010~410~310" 2101 10° 10!

| Yeul

40



Riggs couplings to tu

LHC h=TM aives
dominant round.

(currently just a theorist’s
re-interpretation)

"natural models” are
within reach.

RH, Kopp, Zupan 1209.1397

41



RHiggs couplings to e

* te is similar to zu.... but:

10°

42



RHiggs couplings to e

* te is similar to zu.... but:

10°

10°1F

Electron EEDM is
interesting herel

_-—=<




Higgs Summary:

Flavor violation: =senslitive at the level of Y;; <~ ”?%
Leptons | Probe ||d-quarks| Probe ||d-quarks| Probe
u-e muons,, s-d K-K p C-14 D-D P
T-€ eEDM*p b-d B-B | I-u nEDM™P
T-U LHC 0 b-s Bs-Bs p I-C LHC/D-D,
*LHC, if CP is conserved.
CP violation:
g Multiple prores A
Phase Probe Phase Probe .
across frontiers!
e e-EDM l EDMs
u, d nEDM T Hig;-:‘lfgciory Almost all channels
are senslitive at well
Y eEDM / LHC

' |
S Mmotivated levels! N

43



Split SUSY



Split SUSY

* SUSY has a “missing superpartner problem”.
* Maybe SUSY addresses most, but not all of the tuning.

* The Higgs mass provides a hint:
Giudice, Strumia (2012)

30 T rrrmmm T TTTrmr T T TTrm T T Trimr T T T T T TTTIrr T T TTTTI ]

201 m;, = 126 GeV |

68,95,99% CL

tang
w LN X O

1 m L [ R L L [ RNl L Lo
10° 104 100 10° 107 10% 10° 10%0

Supersymmetry breaking scale in GeV
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Split SUSY

* SUSY has a “missing superpartner problem”.

* Maybe SUSY addresses most, but not all of the tuning.

* The Higgs mass provides a hint:

30 T rrrmmm T TTTIr T T 1T

20

SUSY at such high
scales Is likely to INclude 10
flavor and CP violation. .
il
N

Giudice, Strumia (2012)

my, = 126 GeV
68,95,99% CL

103

104 10° 10 107 108 10° 10%0

Supersymmetry breaking scale in GeV
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Split SUSY

* SUSY has a “missing superpartner problem”.
* Maybe SUSY addresses most, but not all of the tuning.

* The Higgs mass provides a hint:

Giudice, Strumia (2012

30 M T T T T T T T T T T T T ]

SL\SV . 20 ¢ m;, = 126 GeV |
a‘t SUC"\ L\‘Gk 68.95,99% CL
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The Spectrum

* Lepton superpatners at 100-1000 TeV.

* Gauginos at a few TeV

Assume larae FV at the hiagh scale.
Can we prore t”?
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The Spectrum

* Lepton superpatners at 100-1000 TeV.

‘.\
Higgsinos can be either here or here.

/

* Gauginos at a few TeV

Assume larae FV at the hiagh scale.

Can we prore |t”?
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LFV form PeV Sleptons

* Flavor violation processes:

KL [ er er 'f *“ o
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LFV form PeV Sleptons

* LFV is sensitive to sleptons 100’s of TeV!
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Other Probes

mgl=Imy|=3TeV, |mgz|=10TeV
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LEV is not alone!
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Conclusions

* What’s the deal with flavor? we still don’t know!

* CLFV is a sensitive probe of many NP scenarios.
(EFT’s are a simple way to parametrize them).

* For the LHC, new physics probed by LFV is often:
© either too heavy (as in Split SUSY).

© or too weakly couples (as for the Higgs).

* The mu2e experiment will move the limit by four
orders of magnitude! A decade in NP scale!
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E’ Isidor I. Rabi

The muon: who ordered that !?
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