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And NOw),
For something completely different:



mass of subatomic particles, and which recently was confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron Collider"



Qutline

* CLFV in the SM
* CLFV beyond the SM - Effective Field Theories:
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* Examples: Higgs, SUSY, ...
what will upcoming experiments probe?
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R_aRi's Question was

POsed over 20 years a&o.
H is still unanswered!

Whats with the three flavors?
How are they related?
How do they Interact with one another?

-

.

This, and the hope to discover new physics,
motivate searches for flavor violation.

~N
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see 1303.6154
for a, review.
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sensitive prores
of new physics.

Some reach where the LHC cannot
(elther too heavy Or tO00 weskly coupled)



Flavor in SM

* The charged lepton sector (before neutrino masses):

LD ynglLfiR ~ diagonalize yfﬁlze’}{

* U(3)?% is broken by yukawas to a U(l)3 symmetry:

U(1)e x U(1), x U(1), 570N Famib




Flavor in SM

* The charged lepton sector (before neutrino masses):

LD ynglLfiR ~ diagonalize yfﬁlze’}{

* U(3)?% is broken by yukawas to a U(l)3 symmetry:

L .
U(1)e x U(1), x U(1),  CeFEen somib

* Contrast this with the quark sector:

cannot diagonalize
simultaneously!

LDy H q'u’ + yfjﬁ q'u’l = —~
U(3)3 breaks to a U(I).
Baryon Numeer




Flavor Change

* Recall: symmetry = conservation law.

* u-number and e-number are conserved.

* In this limit: no charged lepton flavor violation.
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Flavor in SM

* Now, introduce neutrino masses:
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Flavor in SM

* Now, introduce neutrino masses:

(‘/f/)s
o " o | ~
Majorana™ £ >y HILel, A )\J(ZZH)(VLH) 0
J A TA,
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"Dirac" Lo ygH ey +ylH v e
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the lepton flavor symmetry Is Broken

E Ither way:
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V,u UpCOMING lectures in winter).
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CLFV was Observed!

Neutrino Experimentts
(FOr more on neutrino osclllations:
V,u UpCOMING lectures in winter).

long distance muto e o

conversion” U, .

Neutrino flavor

oscillation is CLEFV. vV
(its tinyD

But that's not what e
we mean By CLFV..
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* Lets estimate this diagram, back of the envelope:

(an aside on lazy model builders)
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CLFV in the SM

* Lets estimate this diagram, back of the envelope:

(an aside on lazy model builders)
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~ Vi1l
y y ¢ 1672 M, , 2

Vi mij V; ]
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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 difficuit experimental B&'s
we Wil hear arout IN upcoMminG lectures...



LFV in BSM:
Effective Field Theories



EFT

* We would like to consider heavy new physics
that can mediate CLFV.

* Heavy state propagate for a short distance ~M™
(e.g. the Yukawa potential).

* EFT:a theory that is valid in the IR.

Describes distance scales longer than M.
(M~

D)
Q\Xtoﬁg of N
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EFT

These interactions >< are higher-

dimensional operators.

Suppressed by powers of the cutoff, A.

Also known as contact interactions.

The strength of the interaction is set by matching
the EFT to the full theory.

I



EFT

* The classic example: weak interactions
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EFT for u—ey

* We need an operator with an electron,a muon,
and a photon.
o, e, Ay

* How about fiv.ed,? No! gauce invariance
Guarantees |ts Nnot there.

(N0 "mixed charae™

* Next, lets try a mixed EM dipole:
LH TR 1%
A2 HRO GLF,UJ/

"dimension six”



EFT for u—ey

* There are only two dipole operators that
determine the rate for u—ey:

e
872

_I_CRSTm“ (,aLO'MVGZR)FMV

[',u—>e'y — C1L ,LL(,[_LRO-'UJVGL)F,LW

* The decay rate is

Oém5

L (|CL + |Crl?)

[(p— ey) =

NOte: NOte:

the Nnotation 1s NOt universal Similar formulea £or tau to e
across the literature. G3MM3 aNnd tau tO MU Gamma.



EFT for u—e Conversion

* Now there is no photon in the final state.
* Many more operators:

141G L
L = _r (m,Agitc" PreF,, +m,Apjic" PreF,, + h.c.) < dipoOles

V2

Z (gLS(q)éPR,U + gRS(q)éPL,u) qq

+ (gLP(q)éPRM + JRP(q) éPL,u) q7549

+ (9rv V" P + grv () €Y" PrIY) 0Vuq
Contact ops.

\ - eyt Pr 11 + e~vH P -
with Quarks (9rA@EY" Prit+ graw € Prit) 01754

1

\_" 2 (9r7(q)€0"" Prit + grr(g) €™ PLt) §o,,q + h.c.

see Kitano, Koike, Okada, hep-ph/0203110
for even more operators see Petrov and Zhuridov, 1308.6561




EFT for u—e Conversion

* Consider a muonic atom M-N.The muon can
scatter off the nucleus and convert to e.

* The conversion rate depends on the various
coefficients. For example:

Dipole: BMN_>€N(Z =13) =99 (|AL|2 + |AR‘2) ;
Scalar:  Byy_en(Z = 13) = 1.7 x 10* (|gzs)|* + l9rs@|?) ,
Vector: B,n_.n(Z =13) =2.0 (|g(p) ® + !g(p) |2>

%* Differences have to do with the nuclear matrix
elements (and “atomic matrix element” for dipoles).

see Kitano, Koike, Okada, hep-ph/0203110



Bun—en(Z) | Bun—seN(Z=13)

2.5

0.5

15 |

EFT for u—e Conversion

Strong dependence on atomic humber and to the

operator type:
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EFT for u—e Conversion

* Strong dependence on atomic number and to the
operator type:
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MeasurinG conversion £Or several
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| elementts can distinauish LV models!




Decay vs. Conversion

* Pick just two operators,
dipole and vector:

£CLFV — (KJ

K

(1+ k&

H2e will improve the
conversion limit by 4
orders of magnitude!

An order of magnitude

in NP scale!

~N

A (TeV)

“the de Gouves plot
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EFT fOI’ ILL—)SQ

* Same interactions as <7000y | i . .
for u—e conversion, = 5000/
but with the quarks T B(u — eee)=10""
replaced by electrons. 3000y )

* Again, we can piCk just 2000}

two:.

m 1888.........,___
Foury = (k + T)A2 proOwer F" + h.c. 388

) I e 600
T 500

400F o

300

1 .
10 10
K
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UV Models

There are many examples.

For my personal convenience | will show those that | worked on

1. Higgs
2. High Scale SUSY




H — bb (VH tag)
H — bb (itH tag)
H — Tt (0/1 jet)

H — tt (VBF tag)
H — 7t (VH tag)

H - yy (untagged)
H— yy (VBF tag)
H— WW (0/1 jet)
H— WW (VBF tag)

m CMS Preliminary )
\s=7TeV,L=5.1fb

Higgs Couplings

* We found the Higgs. Where’s the New Physics!?

ls=8TeV,L=5.31b"

H— WW (VH tag) —i—

H—*ZZL11,|, L L
6 -4 2

.
Best fit o/ogyy

Many

|1ll|lllJ_J_J8

ATLAS 2011 - 2912

W,ZH — bp

\s —7TV‘(Ld 4.7 b

i My =126.0 GeV

H—- 1t

\s=7TeV: fLdt 647fb
H~>WW —>lvlv
\s=7TeV: [Ldt -

\s=8TeV: [Ldt - 58fb

\s 7Tde 4.8 fp"
\s=8TeV: Ld 591"
H%ZZ —>4l
\s=7TeV: [Ldt - 4.8 1"
\s 8vaLd 58{b

Combined
\s=7TeV: [Ldt=46-48m"
1s=8TeV: [Ldt=55-59 "

Signal strength ()

BSM framecoorks can lead

o modified )*’//&95 COap/ /7735 :

i v
A remarkable new opportunity to find NP!



Higgs Couplings: SM

* The Higgs couplings in the SM are determined.
Thats why they are so important to measure!

* Yukawa couplings:

LD yihfi s +h.c. witth Yi

IN the SM Yukawa cOouplinGgs are:

¥ Flavor diagonal.
¥ R.eal (CP is conserved).




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.
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* 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 Violatin~ chcq

* 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
+ |
! |

€.g. Kearney, Pierce, Weiner; 1207.7062
Y,
1 (O ue
s (HTH) m1e
—

il%

?ﬁ/’:‘ %31& caf\ jefﬁis ih couﬂaosﬂé #@js Toe.



Flavor Violatin~ chcq

* 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

f |
H' H | H |
f | +
l ’ |
M+
{ L E L I

€.g. Kearney, Pierce, Weiner; 1207.7062

Y,
K%DHUN’

?ﬁ/’:‘ %31& caf\ jefﬁis ih couﬂaosﬂé #@js Toe.

i Y,
matrix. P (HTH) HTHC
»—-—- -
2
(V)
my=Ar+ 535)
L ummair 2?




Flavor Violatin~ |;|iccs

H ' |
* UV Recipe for FV Higgs: ; & +' 1
+
l.Rip a page from a paper | | |
that modifies Higgs >
couplings. ‘ E B L g .8
2. Sprinkle flavor indices all ST fw
over the place. . ¥
—L (Ot e B
3. Re-diagonalize mass A2 (OHT) i I
trix. Y f
matrix A%’ (HTH) i ;
2
v
>y = (A + 1z
. (H'H)HJf z
L=AHffA S
1] A2 > yf=>\f+%



Flavor Violatin~ |;|iccs

* 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.

K |
H | H | H |
f A f
l I l
—— M ——
¢ EE I 7 e 8
€.g. Kearney, Pierce, Weiner; 1207.7062 §
iy
Y =
5 (O i £
v <
5 (HH) iy i,
2
()
e my =+ 350 m
f
. B2 —— w7y
> Yr = Ar + ’



Flavor Violatin~ |;|iccs

* 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.

K |
H | H | H |
f | f
l I I
—>— M ——
€y E E L L ey 3
€.g. Kearney, Pierce, Weiner; 1207.7062 d §
43
4
Vi f
w(0HT) i E
Vi : /
s () H e 4
‘'J (éi
2
U
my = (A + -5 )V
A my



Flavor Violating Higgs

* Writing it a bit more neatly, we get:

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

5\ 2
+ DL HYDH — Ay (HTH — )

N
ALy = —A—;(foj%)H(HTH) +hoe 4



Flavor Violating Higgs

* Writing it a bit more neatly, we get:

Loy = fiilDf] + fLilDfh — [Aij(féfé)ﬂ + h.c.]

5\ 2
+ DL HYDH — Ay (HTH — )

A
AEY—__(foR) (H'H) + h.c. + \
V/

\'4
T
v |
| 2 Mafr,x-
or }/;J:mzéij_|_v—)\ij An arélffary e
v VA2 (501‘ =



“Natural” FV

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

U2 , ; U2

* Requiring no cancelation in the determinant

v

(s,
70 0
T, TN O
uMr a
VoY S v? of{jfﬂw’o%);@f

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.



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

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

:U“ —— -‘\ AF
e
po [ # k
N
*—_‘_'—T” U -l—O e COV\\/QVSI OoN (wi” iw\r)rove Z+ orJers o'F w\%ﬁm’fucle ”|>

. -
s ——e— . 2@ €

~__- I

I

I

I

I

h +

Which operator?” y———
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* Lets practice more. we are aiming for:
H;(,aRO_'LweL)F,LW

h | \{M<’H>

/// \\‘ 6
2 % \ e A m,u
: 1672




Higgs couplings to ue

* Lets practice more. we are aiming for:
H;(,aRO_'LweL)F,LW

ho | \{M<’H>
T { .

L \‘ e~ = my —5
: 1672 ms;




Higgs couplings to ue

* Lets practice more. we are aiming for:
H;(,aRO_'LweL)F,LW

h | \{M<’H>

/ N 1
p L \ € K
e ~ Ty, —= ; ;
M e
“: 1672 mi g K




Higgs couplings to ue

* Lets practice more. we are aiming for:
H;(,aRO_'LweL)F,LW
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Higgs couplings to ue

* Lets practice more. we are aiming for:
H;(,aRO_'LweL)F,LW

/’,Zl‘\\\ ) \{M<’H>

, [
p o e Y

1
—Af e v 167‘_2 m,u m—%YMMYMGIOg e o o

g

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



Higgs couplings to ue

* Lets practice more. we are aiming for:
H;(ﬂRO_'LweL)F,LW

h | \{M<’H>

\ 1
G : e~_° m,—Y*Y log ...
3 1672 m% Hop = E

g

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

* The real answer is (pages of algebra)-

1 m?
lloop * . h
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Higgs couplings to ue

Harnik Kopp Zupan 1209.1397
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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
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* te is similar to zu.... but:
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RHiggs couplings to e

* te is similar to zu.... but:
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Electron EEDM is
interesting herel
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Flavor violation:

Higgs Summary:

« e AT
V =sensitive at the level of v;; < 2.

(%

Leptons | Probe ||d-quarks| Probe ||d-quarks| Probe
u-e muons, s-d K-K C-1 D-D vV
T-e eEDM*,/|| b-d B-B /|| tu nEDM*Y
T-U LHC /|| b-s Bs-Bs y|| t-c |LHC/DD,
*LHC, if CP is conserved.
CP violation:
g Mulktiple proeres A
Phase Probe Phase Probe .
across frontiers!
e e-EDM t EDMs
u, d nEDM T Hig;-:‘lfgciory Almost all channels
are sensitive at well
Y eEDM / LHC
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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)
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* 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)
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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
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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”?



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”?



LFV form PeV Sleptons

* Flavor violation processes:
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LFV form PeV Sleptons

* LFV is sensitive to sleptons 100’s of TeV!
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Other Probes
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LEV is not alone!



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:
o0 either too heavy (as in Split SUSY).

O© 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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The muon: who ordered that !?
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