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1. Introduction and Motivation




1.1 Why study charged leptons?

E A

In the quest of New Physics, can be sensitive to

very high scale:

— Kaon physics:

[Ex]

— Charged Leptons:

[u— eyl

= A>10°TeV

peff
A2

= A>10*TeV

At low energy: lots of experiments e.g.,

MEG, COMET, MuZ2e, E-969, BaBar, Bellel-Il, BESIII,
LHCb =) huge improvements on measurements
and bounds obtained and more expected

In many cases no SM background:

e.g., LFV, EDMs

For some modes accurate calculations of
hadronic uncertainties essential

:> Charged leptons very important to look for New Physics!
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1.2 The Program

Intensity Frontier
Charged Lepton WG’13

Muon LFV

pt— ety
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) / T — ly
[ — [y — — |t — M;“E;
(9 — 2) s (EDM>,U /’ T — { + hadrons

W l Tau LFV

Muon LFC T — T
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2. Charged Lepton-Flavour Violation




2.1 Introduction and Motivation

e Lepton Flavour Violation is an « accidental » symmetry of the SM (m =0)

e In the SM with massive neutrinos effective CLFV vertices are tiny
due to GIM suppression =) unobservably small rates!

E.g.: [U—eY
7] Vi e
3 Am? ’ X
o . . . )
Br(u—-ey)=—|YU U — <107 4 g
(.u’ y) 32” i§,3 ni el M;/
Petcov’77, Marciano & Sanda’77, Lee & Shrock’77...
| Br(t — py) <107 Y

e Extremely clean probe of beyond SM physics
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2.1 Introduction and Motivation

e In New Physics scenarios CLFV can reach observable levels in several channels

Talk by D. Hitlin @ CLFV2013 T— uy T — L
Lee, Shrock, PRD 16 (1977) 1444

SM + v mixing Cheng, Li, PRD 45 (1980) 1908 Undetectable
. Dedes, Ellis, Raidal, PLB 549 (2002) 159 i -

P3N Brignole, Rossi, PLB 566 (2003) 517 & 10
SM + heavy Maj v, Cvetic, Dib, Kim, Kim , PRD66 (2002) 034008 10° 10-10
Non-universal Z' Yue, Zhang, Liu, PLB 547 (2002) 252 10 108
Masiero, Vempati, Vives, NPB 649 (2003) 189 v 0

Vae0i) Fukuyama, Kikuchi, Okada, PRD 68 (2003) 033012 i =
Ellis, Gomez, Leontaris, Lola, Nanopoulos, EPJ €14 (2002) 319 - -

MIORA Secank Ellis, Hisano, Raidal, Shimizu, PRD 66 (2002) 115013 i -

e But the sensitivity of particular modes to CLFV couplings is model dependent

e Comparison in muonic and tauonic channels of branching ratios, conversion rates
and spectra is model-diagnostic
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2.2 CLFYV processes: tau decays

e Several processes: T—> Ly, T—>{ f L., T—>LY
p w
pP,S,V, PP,..
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e A48 LFV modes studied at Belle and BaBar
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2.2 CLFYV processes: tau decays

e Several processes: T—>L4Y, T—> /¢ f L., T—>LY
o B ®_
pP,S,V, PP,..
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e Expected sensitivity 10 or better at LHCb, Belle II?
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2.3 Effective Field Theory approach

See e.g.

Black, Han, He, Sher’02
Brignole & Rossi’04
Dassinger et al.”’07
Matsuzaki & Sanda’08
Giffels et al.”08

) Crivellin, Najjari, Rosiek’13
e Build all D>5 LFV operators: Petrov & Zhuridov’14

Cirigliano, Celis, E.P.”14

C
. . D —
» Dipole: £ > —A—’;mr,uo‘”PL,RTFﬂv

C _
> Lepton-quark (Scalar, Pseudo-scalar, Vector, Axial-vector): |£, 3‘%’"#”‘,@# TP, 7 4Ty

C _
»> Lepton-gluon (Scalar, Pseudo-scalar): | £, :)—A—szTGFuPL’RT GG~

44

» 4 leptons (Scalar, Pseudo-scalar, Vector, Axial-vector): |£; >- A‘;V ETP, tATP, 1

e Each UV model generates a specific pattern of them r=1,y*
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2.4 Model discriminating power of Tau processes

Celis, Cirigliano, E.P.”14
e Summary table: J

T3y T—opwy Tountr T—=puKK T pum T—)MT](,)
O5ly 4 - - - - -
Op v/ v/ v/ v/ - -
0% - - v (I=1)  v(I=0, - -
0l - - v (I=0)  v(I=0, - -
Occ - - v/ v/ - -

04 - - - - v (I=1) v (I=0)

04 - - - - v/ (I=1) v (I=0)
O - - - - - v/

e The notion of “best probe” (process with largest decay rate) is model dependent

e |f observed, compare rate of processes IZ> key handle on relative strength
between operators and hence on the underlying mechanism
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2.4 Model discriminating power of Tau processes

Celis, Cirigliano, E.P.”14
e Summary table: J

T3y T—opuy ToprtnT T uKK T um 7'—>m](’)
O5ly 4 - - - - -
Op v/ v/ v/ v/ - -
0% - - v (I=1)  v(I=0, - -
0l - - v (I=0)  v(I=0, - -
Occ - - v/ v/ - -

04 - - - - v (I=1) v (I=0)

04 - - - - v/ (I=1) v (I=0)
O - - - - - v/

e |n addition to leptonic and radiative decays, hadronic decays are very important
sensitive to large number of operators!

e But need reliable determinations of the hadronic part:
form factors and decay constants (e.g. f.., fiy’ )
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2.5 Ex: Non standard LFV Higgs coupling

Goudelis, Lebedev, Park’11
A, . —i i Davidson, Grenier’10
* AL, =——5 (fL'fI{H)HTH — -Y, (foI{)h Harnik, Kopp, Zupan’12
A Blankenburg, Ellis, Isidori’12

y" i 5 McKeen, Pospelov, Ritz’12
- YM =—0. , ,
e High energy : LHC Inthe SM: ¥ v i Arhrib, Cheng, Kong’12

p
b ! Hadronic part treated with perturbative
-------- =V, QcD
D 10

e |Lowenergy:D,S operators

Emilie Passemar
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2.5 Ex: Non standard LFV Higgs coupling

Goudelis, Lebedev, Park’11
A, —. . Davidson, Grenier’10
AL, =— ”2 (fL'fI{H)HTH |:> —Y,-j (lef,{)h Harnik, Kopp, Zupan’12

A Blankenburg, Ellis, Isidori’12
y hg, _ M, 5 McKleen, Pospelov, R’itz’12
e High energy : LHC Inthe SM: ¥;™ = y i Arhrib, Cheng, Kong’12

p
b ! Hadronic part treated with perturbative
"""" T Y. QCD
D 10

Reverse the process
e lowenergy:D,S, Goperators \\/

. Hadronic part treated with
Emilie Passemar non-perturbative QCD
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2.6 Constraints from T— T

« Tree level Higgs exchange

* Problem : Have the hadronic part under control, ChPT not valid at these
energies!

:> Use form factors determined with dispersion relations matched at low

energy to CHPT Daub, Dreiner, Hanart, Kubis, Meissner’13

Celis, Cirigliano, E.P.”14
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3. Description of the hadronic form factors




3.1 Constraints from T— UTT

Tree level Higgs exchange

<7r+7r_ |muﬂu + mddd‘ O> =T,(s)

<7T+7T_ mSs| O> = A,(s)

= [T = D 0+a, 00,6 7] win s=(p.+p )

Emilie Passemar 18



3.2 Unitarity

* Unitarity =) the discontinuity of the form factor is known

2
mFo(s) = ) Tr(8)0m(s)Frm(s)
m=1

« Coupled channel analysis up to Vs~1.4 GeV

Inputs: I=0, S-wave 1Tt and KKdata

Emilie Passemar

B
=
\FI

~| -

n=nr, KK

Donoghue, Gasser, Leutwyler’90

Moussallam’99
Daub et al’13
Celis, Cirigliano, E.P.”14

19



300

250

200

150

Em

100

50

3.3 Inputs for the coupled channel analysis

 Inputs : Tt — 7w, KK

©)
50

— CFD
¢ Old K decay data
o Na43?2
A K221 decay
v Kaminski et al.
4 Grayer et al. Sol B
o Grayeretal Sol. C
¢ Grayeretal Sol. D
»  Hyamsetal 73

Garcia-Martin et al’09 1

1 1 I 1 1 1 I 1 1
800 1000 1200

12
s (MeV)

400 600

1200

Celis, Cirigliano, E.P.’14

400 | | | | | | |
Hyams +——+—
350 F Cohen +——<—
Etkin +——%—
300 F

Phase | gg]

O | |

Buttiker et al’03

04 06 038

1 12 14 16 1.8 2
E (GeV)

« Alarge number of theoretical analyses Descotes-Genon et al’01, Kaminsky et al’01,
Buttiker et al’03, Garcia-Martin et al’09, Colangelo et al.’11 and all agree

-« 3inputs: 3, (s), dx(s), N from B. Moussallam ©=) reconstruct T matrix

ilie Passemar
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3.4 Dispersion relations

Celis, Cirigliano, E.P.’14

 General solution:

Fr(s) _ C1(s) Di(s) Pr(s)
%FK(S) Ca(s) lDQ(S) QI:{)
Canonical solution fallés 1/s Polynomial determined from a

for large s (obey unsubtracted matching to ChPT + lattice
dispersion relations)

« Canonical solution found by solving the dispersive integral equations iteratively
starting with Omnés functions X (s) = C(s), D(s)
- 9

& ImX (V4 (o)
XM (s) = ¥ T () X (s) |[— | XP+0(s) = / ds'——=

s'—s
A
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0.03

i !muﬂu + ded’ 0) =T,(s)

Dispersion relations:
Model-independent method,

based on first principles
that extrapolates ChPT

based on data

22
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1

T oo nocher . - %8
° =l 1 o
S — /w LL 9 ChPT E 0.4}
~ 0.0 ————— 0
y: » 02 _
4 @
© 0.2 d g
. £ 00l————— ] ||
NLO ChPT b
- ~0.2
00 02 04 06 08 10 00 02 04 06 08 10
s [GeV?] - eV
| 3.0
1.0/
NLO ChPT -

 LOGHPT

o

oL
n
o

—
=

Re(6,(s)) [GeV?]
& o
(é)] (@]

Im(6,(s)) [GeV?]
on

0.5
/‘\
-1.00 | | | | . = NLO ChPT .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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4. Results




4.1 Spectrum Celis, Cirigliano, E.P."14

h
25_ T ] T T T [ T T T [ 1 N I N N N I L B B B
B Topun 1'| + | ‘r,ul =1 _
20} ---- Higgs mediated Mp=125 GeV -
- Photon megiated E
= F ]
|>u, B _
§1°j Dominated by
N » p(770) (photon mediated)
s » 1,(980) (Higgs mediated)
O——%7 " 08 08 10 1.2 1.4 1.6
Vs [GeV]
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4.2 Bounds

T T | T T T T [ T T T T | T T T T | T T T I | CeliS, Cirigliano, E.F).’14

Br(roun"n)
1077 =
- Mp=125 GeV .
i | Bound:
& exp. bound | :> 5 2
h h
1078 = \/Ym +|¥,| <0.13
i Total i
- Higgs mediated --------- :
Photon mediated — —
10—9 1 [N N I N N N N S N |
0.05 0.10 0.15 0.20 0.25
Vil + Y5 Less stringent
but more robust
Process | (BR.x 10°) 90% CL \/ Ve |2 + [V 2 Operator(s) handle on LEV
(7—uy < 4.4 |88 = 0.016 Dipole |  Higgs couplings
T — JLpup < 2.1 [89] < 0.24 Dipole /
(T — prta™ < 2.1 [86] < 0.13 Scalar, Gluon, Dipole]
T — [p < 1.2 [85] <0.13 Scalar, Gluon, Dipole
? —_— | T ur’r? | <14 x10° [87] < 6.3 ( Scalar, Gluon )

Emilie Passemar BaBar’10, Belle’10'11°13 except last from CLEO’97 26



4.3 Impact of our results

Celis, Cirigliano, E.P.’14

I T T T TTTT] T T T T T T T T TTTT]
[ Br(ropn'n) // )
1077 My=125 GeV / _
- / .
B / ]
L / i
L / i
o) i /I exp. bound ]
10_8_— / -
C / Z
- / ]
- / ]
B /7 D ) -
_ / _
/
10—9I I L £ ol L Lol Ll | ]
1072 1071 10° 10’

h 2 h 2
\/ly;rrl + |Y‘rp|

«  Rigorous treatment of hadronic part =) bound reduced by one order of
magnitude! =) Robust bounds!

- ChPT, EFT only valid at low energy for | p <<A =4z f, ~1GeV
=) not valid up to E =(m,-m,)!
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4.4 Comparison Low Energy & High Energy

4 CMS 1971"(8TeV) o Constraints from LE:
e » T — Y. best constraints
> but loop level
1 —) sensitive to UV
10° completion of the theory
- T— unr:tree level
diagrams
102 E e =) robust handle on LFV
« Constraints from HE:
LHC wins for Tu!
3
107 e - Opposite situation for pe!
E § 3 « For LFV Higgs and
i3 R nothing else: LHC bound
10'4 4 | | IIIIII‘I’.’3 IIIIII!2 1
10 10 10 10 1 BR(7 — py)<2.2x107
Plot from Harnik, Kopp, Zupan’12 IYMI :>

updated by CMS’15

BR(t > pnn)<1.6x10™

“Signal” not confirmed by ATLAS’15



4.4 What if T— lL(e)TtT is observed? g'ﬁéﬁié"é’%u

* 7 u(e)nm sensitiveto Y,
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4.4 What if T— lL(e)TtT is observed? g'ﬁéﬁié"é’%u

* 7 u(e)nm sensitiveto Y,
butalsoto Y, !

Emilie Passemar 30



Talk by J. Zupan

; [
* 7 l(e)nr sensitiveto Y, i e T
butalsoto Y, ,.! “ h
\\ q_

* Y,q4sPOOrly bounded . |

- ForY,,, attheir SM values :
Br(t — prtn7) < 1.6 x 107, Br(t — pur’7%) < 4.6 x 10712
Br(t w er™n7) <23 x 107 Br(r — er’1%) < 6.9 x 10~

« Butfor Y, attheir upper bound:
Br(t — prtn7) <3.0x 107%, Br(t — pur’71’) < 1.5 x 107°
Br(t = entn™) <4.3x 1077, Br(r — er’7%) < 2.1 x 1077

below present experimental limits!

If discovered =) upper limitonY, !

u,ds-

:> Interplay between high-energy and low-energy constraints!
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4.5 Discriminating power of T— l(e)TtTt decays

i
p e )
—_ ﬁj‘i Celis, Cirigliano, E.P."14
. s
> T/ NN
q / ~ \

T I B H u
> AAARAAAT——
| T T ] T T T | T T | T 1 I I T T T | T T T | T T T [ T |
1.4~ .
C D CD 7 1V ]
- 1.2_— P ‘Ceﬁ > _Pmrua PL,RTF[JV ]
1,00 .
S E
k=) .81 Dipole model:) -
X 0.6 ;ru_:o* .
o 04 Cow=0
© B 7
0.21- .

- N T TN ) AN TN TN SN S N | l | |

04 06 08 10 12 14 18
Vs [GeV]
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4.5 Discriminating power of T— l(e)TtTt decays

_/

1 4_ T T ] T T T ] T wl | T 1 I I T I T | T T T [ T T T [ T i ; - -
' :_ _: o E 13 1 _;
—1.2F p £y 2 ‘%mfﬁc”“PL,RTFW = S 0'355 dBR(r-sin"x")/dVS X 10" [V -
3 1.00 E © 0-30¢ o S I (scalarmodel: ) -
O "F . % 0.25- | >~ pa MGl 0 5= -
- - a Coise=0,A=1TeV -
608 (' Dipole model:) - > 0.20" o -
X 06 Co#: . E tms% o | :
+ = = . - f 3
%E0.4:— else _: +§.0'10§ 0 _;
0.2f ] L 0.055 | k :
- L1 L1 L ¥ el L1 ] . [ E I ] W_—a—— ‘/1 | e o VT ST W S v — | .
0064 ""06 08 1.0 12 14 16 @000~ 57""06 08 10 12 14 16
Vs [GeV] Vs [GeV]

Emilie Passemar 33



4.5 Discriminating power of T— l(e)TtTt decays

7
/T

14_—"["'|'&'['"I"'l"'l"’l': ;040: LIS L L B LN [ N N B B N B B B B B B | ]
s - ] B 0.35-  dBR(r-»ur')/dVs x 10" [GeV~'] E
'7;1'2; p QﬂD—Pm po*'P, TF,, . o 030i E
g 100 E 2 o5 |G gyin o | (Scatarmodet) - -
(.2. r 7 X 0'25: eff AZ T L,R S 3
- R E Coise=0, A=1TeV -
6 08 ( Dipole model:) - > 0.20" o 3
X 0.6 Co#0 ] 20.15- p -
:: C C |89=0 ] [ - f -
04 ’ E '§ 0.10- / 0 E
0.2 E L 0.05" | \ =
3 Lo by by oy g | PO T T (N TR T B | 1: m E | T TR WY W | R p— -a—?/ \4 T S . S w—r— |:
00=%64 "06 08 10 12 14 16 @0.00~—57"06 08 10 12 14 16
Vs [GeV] Vs [GeV]
'; ‘ T T | T T T | T T T | T T T [ T T T T [ T l
@ - dBR(r-urtn)/dVs x 10" [GeV ) r C, G,iP, 1 ' G
20 o 27 p M Lt T Different distributions according
e ¢ : to the operator!
X + P fo B
2 -~
9 |
Lk (Gluonic operator: )
1 Q
1 i Celse=o,A= 1 TeV
g -
5 0 o (I T | S (e |

0.4 0.6 . . . ';‘;&
Vs [GeV] 34



5. Conclusion and Outlook




Summary

« Direct searches for new physics at the TeV-scale at LHC by ATLAS and
CMS =) energy frontier

* Probing new physics orders of magnitude beyond that scale and helping to
decipher possible TeV-scale new physics requires to work hard on the
intensity and precision frontiers

 Charged LFV are a very important probe of new physics
» Extremely small SM rates

» Experimental results at low energy are very precise
) very high scale sensitivity

« CLFV decays excellent model discriminating tools especially 7 decays
) Hadronic decays such as 7— Li(e)zr important!

Emilie Passemar
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Summary

« To consider hadronic decays, need to control the hadronic uncertainties:

need to know hadronic matrix elements, form factors etc.

« For 7— u(e)nr:need to know the nr form factors

) Use dispersion relations

« Dispersion relations rely on analyticity, unitarity and crossing symmetry
:> Rigorous treatment of two and three hadronic final state

77— l(e)rrr gives interesting constraints on LFV new physics operators
involving quarks

« Interplay low energy and collider physics: LFV of the Higgs boson

* Complementarity with LFC sector: EDMs, g-2 and colliders:
|:> New physics models usually strongly correlate these sectors

Emilie Passemar
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5. Back-up




3.4.4 Determination of the form factors : I' (s), A (s), 0,.(s)

 General solution:

Fr(s) _ Ci(s) Di(s)\ [ Pr(s)
= FK (s) Ca(s) lDz(S) QI:S)
Canonical solution Polynomial determined from a
matching to ChPT + lattice

« Canonical solution found by solving the dispersive integral equations iteratively

starting with Omneés functions X(s) = C(s), D(s)
b
(V+1)( " —_— (N+1) L[> ds (N+1)
ImX ) ZRe {T TS } ReX, (8) = — / ImX,
s 47n72r S =S5
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Determination of the polynomial

» (General solution
( Fr(s) ) _ (Cl(s) Dl(s)> <PF(S)>
%FK(S) Ca(s) Da(s)) \Qr(s)

* Fix the polynomial with requiring F,(s)—>1/s (Brodsky & Lepage) + ChPT:

Feynman-Hellmann theorem: =) I'p(0)= (m“aa n mdaé) ) e
My, mqy

Ap(0) = (ms e )MP

Omg

« AtLO in ChPT:

2 ( ) ( ) Pr(s) = 1'z(0) = ]\..]’TQr +
M+: my + mq) Bg + O N 2 L
MI2{+ = (mu -+ ms) BO + O 2) :> Qr(s) = \/ng(O) \/§A[7r +
M3, = (mg + ms) Bg + O(m?) Pa(s) = Az(0)=0+---

Qa(s) = %AK(O) = % (]\JIQ( — %j\[ﬁ) N



Determination of the polynomial

« (General solution

Fﬂ-(s) _ 01(9) Dl(s) PF(S)
Z3Fk(s))  \Ca(s) Dals)) \Qr(s)
« AtLO in ChPT:
0 Pr(s) = Tx(0)=M;+
M=, = (my + mq) Bo + O(m 2) 2 1,
. = —I'g(0)=—7M
MI2{+ — (mu -+ ms) Bg + O 2) |:> @r(s) V3 x(0) 3 7 +
Mz :(md+ms)BO+O( ) Pa(s) = A27r<0):0+"2° 1
_ o 72 tar2
Qals) = zaw(0) = o (Mf - 302) +
* Problem: large corrections in the case of the kaons!
) Use lattice QCD to determine the SU(3) LECs
I'k(0) = (O 5+0.1) M~ E Dreiner, Hanart, Kubis, Meissner’13

9 Bernard, Descotes-Genon, Toucas’12
Ak (0) = 1 (.MK — 1/2]\/[7,) »



Determination of the polynomial

» General solution
( Fr(s) ) _ (Cl(s) Dl(s)> <PF(S)
%FK(S) Ca(s) Da(s)) \Qr(s)

« For 6, enforcing the asymptotic constraint is not consistent with ChPT
The unsubtracted DR is not saturated by the 2 states

:> Relax the constraints and match to ChPT

- : o AME .
Pyls) = 2MZ+ (60— 2M2C; — 2K Dy ) s
4 5, 2 - )
Qols) = =Mk + (6 — V3BM2Cy —2ME Dy s

42



4.4 Hint of New Physicsin h —= Tu?

Emilie Passemar

CMS’15

nt, 0 Jets
087 $2%

ut, 1 Jet

<08
081 T0%

ne,, 2 Jets
005 Y3y
uth, 0 Jets
041 2%
T, 1 Jet

021 B

M, 2 Jets
148 1089

H-ut

=
084 23

CMS

19.7 %" (8 TeV)

-15-1-050 05 1 1

5 2 25
Best fit to B(H—ur1), %
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4.5 Interplay between LHC & Low Energy

Dorsner et al.’15
e |f real what type of NP?

e Ifh—=> Tt duetoloop
corrections:

— extra charged particles

necessary
-4
— T - My too large 1o
3.
=
&
T S
Q 107¢
8 1078 ¢

e h - TN possible to explain
if extra scalar doublet: 107105

10~ 108 10°5 1072
|:> 2HDM of type Il B(t-uy)

e Constraints from t - uy important! =) Belle I/

Emilie Passemar
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4.5 Interplay between LHC & Low Energy

Altmannshofer & Straub’14, Crivellin et al’15
Crivellin, D’Ambrosio, Heeck.’15

* 2HDMs with gauged L, — L,

=» Z’, explain anomalies for cos(azs—B2s) = 0.25, a = 1/3
—h—>TLL 0.05 T
*
B—K ““““ 0.04 1o h -» ur for
tan(,3) = 40
- R¢=B — Kup/B — Kee = I =
__0.03 ¥ Q
S < 4 =
e Constraints from 7— 3u £ A v
crucial =) Belle Il, LHCb 0.02 o | ST 3o
e See also: 0.01
Aristizabal-Sierra & Vicente’14,
Lima et al’15, 0.00
Ombhura, Senaha, Tobe ’15 2.0 2.5 3.0 3.5 4.0

mz/g' [TeV]
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Determination of Fy(s)

 Vector form factor

» Precisely known from experimental measurements

e'e >7m'w and 7" > a'w v, (isospin rotation)

» Theoretically: Dispersive parametrization for F,/(s)

Guerrero, Pich’98, Pich, Portolés’08
Gomez, Roig’13

2
F, (s)=exp AL%WL%(A;-%Z)(%) +£f:n; ‘Slfs (;;is_zg)

m_ T
7
Extracted from a model including
3 resonances p(770), p’(1465)
and p”(1700) fitted to the data

» Subtraction polynomial + phase determined from a fit to the
Belle data 1= — 7[075"VT
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Determination of Fy(s)

- Fit result
Belle data

10

IF ()’

0.1

: | : | : | . |
0.01 _ 1.5 2 2.5

S [GeVz]
Determination of Fy/(s) thanks to precise measurements from Belle!
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