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Outline

A brief introduction to Effective Field Theory (EFT):

» Top-Down approach
» Bottom-Up approach

Motivation: Lepton Flavor Violation (LFV) as a guide to physics
beyond the Standard Model

Approach: parametrization of the New Physics effects in terms of
effective higher dimension operators

® Qur results on charged LFV within EFT framework:
> h T SNN. “PhD thesis” 2015; Crivellin-S.N.-Rosiek 2014; S.N. in preparation
> u—ey
> [ — eee
> (g - 2)u

B Conclusions
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Effective Field Theory

® There are many scales in Nature.

light A heavy
-0~ *=0-0 > [
long short

® An estimate over the short-distance physics leads to an effective
theory at the long distances.

® We can parametrize the effective theory even if we don't know the
short-distance theory.
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Effective Field Theory
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Fermi theory Standard Model New Physics
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M ~ GNPE2
® We assume m, < my < Ayp.
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Effective Field Theory: Top-Down approach

® |n the “top down” approach, the full theory is known.

m A M
ooo ————————ooo————— [
b H
Toy example: ¢ is light scalar field and H is heavy scalar field
1 A
£06, H) = 50,00 = 5m6? = 0
1
SO, H)? — ~M2H? — o2 S
* 2(8“ =3 PR

® To get the effective theory, we “integrate out” the heavy d.o.f.

eiseff[(b} — / DHeiSfull [¢7H}
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EFT Top-Down approach: Matching
Effective Theory Full Theory

b - O -
T O R
XK
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EFT Top-Down approach: Decoupling Theorem

m Effects of heavy fields are encoded into the renormalized couplings of

light fields. O
2
Am? = A2 - M?n A®
3271'2

112

395 A?
AN = = In
A - 3272 ( w?

where w is the renormalization scale.

® Heavy fields allow new non-renormalizable interactions

g - .
—22¢6 dimsion-six operator
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Effective bottom-up approach: Toy example

m [ffective theory contains all the terms allowed by the symmetries of
the theory, eg. ¢ = —¢

Effective Lagrangian

£eff(¢) ( u¢) eff¢2 eff (b4 Z <M21 ¢4+2l + .. )

=1

® Dimensionality of an operator ¢; = [0;] and its relevance:

> ;< 4 relavant, renormalizable
» 0, =4 marginal, renormalizable
» 5; >4 trelavant, non-renormalizable

® Only a finite number of operators are necessary to describe the
low-energy physics up to certain precision.
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EFT Bottom-Up approach

®m EFT bottom-up approach (Wilsonian principle):

» Relevant degrees of freedom (theory) at the given energy scale (e.g.
SM at the electroweak scale).

» |dentify the symmetries of the theory.

» Write down the lowest dimensional operators (allowed by the
symmetries).

Effective Lagrangian

Legflo] = Lol + ) _ 5 =0ilé]
1=1
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Lepton Flavor Violation: Motivation

® Neutrino oscillation (7 — v, ve) implies (neutral) lepton flavor
violation.
® Recently ATLAS and CMS have observed a hint of nonzero signal for
h — Tu.
® Potential experimental discovery can lead to:
» clear evidence of new physics
» deeper understanding of the origin of lepton flavor pattern
® Task for theoreticians: estimate expected size of LFV effects in various
SM extensions!
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Charged LFV within the (v)SM

"vSM" - minimally extended SM, standard particle content and
couplings plus (small) neutrino mass terms.

® cLFV processes (u — ey, u — eee) exists in ¥SM but very small.

m [Effects are GIM-suppressed by E; ~ 1072, eg. (U is the PMNS
w

matrix):

By — e) 3% US5U i M2 >~ (2.5 —3.9) x 107°°

i=1

® For comparison

B(p— €)™ < 5.7 x 1071

® Any cLFV discovery points to New Physics effect!
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Effective New Physics parametrization
Numerous BSM models exist - hard to analyze them all!

Solution
® parameterize New Physics effects in terms of higher dimension

operators.

m express LFV observables in terms of Wilson coefficients.

» need to be done just once
» model independent analysis.

® only the values of Wilson coefficients of new operators need to be
calculated within a given model of NP. This part of analysis is always
model dependent.
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Standard Model Effective Field Theory

Effective parametrization of the SM extensions:

1 1 1
Lsn =LY+ 5 > C00 + 45> G700 +0 (F)
k k

J/ [\ J/

TV TV
dimension 5 term dimension 6 terms

® Unique dimension-5 operator (the Weinberg operator) - give rise to
neutrino masses but irrelevant for cLFV.

® 59 independent dimension-6 operators
Grzadkowski-Iskrzynski-Misiak-Rosiek 2010
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Charged Lepton Flavor Violation

= ey
[ — eee

(9 —2)
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Charged LFV with Dimension-6 operators

O.x = (00" e,)T 0 X,

¢ - Higgs doublet, X - U(1) and SU(2) field strength tensors

4;
[’yugf 4 ok (Cfl Pr, + CfRPR) qu]
ryll‘
Cf7 C’J;E‘ = eB — SWc‘{‘Z/V)
by

m Experimental upper bound

B(p — ey) <5.7x 107
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dimension-6 operators which contribute to the
LFV observables.

14444 UXp WD and £0p?
_ _ _ <> _

Qu | l)(lrt) || Qw | (Loe) oW, | QL) | (o1iD, @) (liye;)
_ - <> _

Qe | (erme))ene) | Qs | (Goe)eBu | Q%) | (¢liDl o) (Liryee;)

Qe | (liyuly)(exer) Qe | (liDu0)En"ey)
QELP?) (SDT(P)(ZZ'EJ"»O)

lqq
QL | )@ a) Qua | muly)(diy*dr) | Queu (Ciyuly) (e w)
Qgi) L ) (@ T @) | Qea | (Evue)(diy"dy) | Qeu (Eivue;) (Ury )
Qeq | (@7"e))(@nuq) | Queaq | (Fie;)(diaf’) Qéifw (l2ej)eab(Thu)
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Qgegu (Zz Uwea)Eab(qZU“ ul)
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Charged Lepton Flavor Violation

Problem: many input parameters, simplifications required:

Only 19 baryon-number conserving dim-6 operators contribute to
cLFV.

some operators do not contribute to cLFV processes - shown a
posteriori, by direct calculation

some terms suppressed by m;/Myz or m;/Mp and negligible.

Only 9 operator classes remain in cLFV analysis

Number of free parameters still large
Wilson coefficients carry flavor indices

Hence many experimental result are necessary for constraints.
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Dimension-6 operators in cLFV analysis

Q 2 (UlpX) operators: (Zm“l’ej)TI@Wl{l,, (Lioej) o B,

tree level: £ — 'y, £ — 00"0", 7° — of'

@ 3 (U)(pDy) operators:
& R I T'H -
(¢'i Dy @) (7)), (P D o) (Gir ;) (91iDy ) (€' e )

tree level: £ — £/0"¢", 1-loop level: £ — ('~

© 3 four-lepton contact operators: B
(Lirvuly) (e r), (Eirvues)(Exrter), (Livuls) (@' er)

tree level: £ — £/0"¢", 1-loop level: £ — ('~

@ 1 two-lepton two-quark operator: (£%e;)(dxg?)

1-loop level: £ — ¢/~

Saereh Najjari LFV within EFT approach IFIC, Valencia
17 / 44




Physical observables for cLFV

® Following physical observables depend on the effective flavor
violating lepton-photon vertex:

» Radiative lepton decays £ — ¢,
» charged lepton EDMs and g — 2 anomaly

m Effective flavor violating lepton-photon vertex

7
VA = S (F Py + FERPR) + (FELP + FEPR)g!

A2
+i(Fro™ Py + Frpo™ Pr)g,)

= Only tensor form-factors /] and I/, contribute to the physical
observables.
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Observables depending on lepton-photon vertex

m /; — {7y decay rate

Bt —ty) =

167TA4 Ly, (’

R+ IR

)

® lepton Electric Dipole Moments (EDM)

dy. =

A2z Im [F7'r]

® [epton Anomalous Magnetic Moments (AMM)
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Topologies of diagrams contributing to ¢/ — ¢!~

fyli
Ta=ps—pr g
ly ps pr U Ly Cy, lr
fyl"
r)/ﬂ
l; K lr ly Z°,. G
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1-loop diagrams for ¢; — £~y

o/ \ v v/ N\t i W
G
14 o (- oo o
a) b) <)
7 7 "’g
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1z [ 7o
c A oo o
d) ¢) f)
S e G “ .
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g/ i N 7 i \§ ‘ )
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i) k) 1)
f (&7, u?) ( i
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m) n)
.+ reducible self- enerqy dLagrams
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Calculational technique

Calculations done with the use of Mathematica codes.

We performed exact calculations in the fixed Feynman gauge -
Passarino-Veltman reduction of loop tensor integrals. SN, PhD Thesis 2015

Important test:

» gauge invariance requires vector form-factors Fy r,, Fyyr to vanish for
on-shell particles.

Our final results pass all tests and are simple and compact.

Results depend on 6 classes of Wilson coefficients
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Results for Frp, Frp form-factors

Tree level
_U\[[CW I _ SWCJI*]
fv\f[(‘w B — sWC }
1-loop
(HrJg (3)1J
prg _ 4e C¢z) mi(1+sfy) = (Cgp " “mr + Cflmy)(5 - SW) : CIKKJ
TL_(47T)2 3 Z Le mK
IJ IJ
de [ O ma(t ) = (© " ma + CHmDG - ) 3 ek
F TR _(4 ) 3 + Z CZe mEg|
TC K=1
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Results for Frp, Frp form-factors

Tree level
_U\[[CW I _ SWCJI*]
fv\f[(‘w B — sWC }
1-loop
(HrJg (3)1J
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Experimental upper limits on the branching ratios
of the radiative lepton decays.

Process Experimental bounds
Blr — ) < 44x107®
Blr — ey] <33x107®
Bl — ey < 5.7x 10713
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Our results

B A\ [Briu— eq]
\/]052\2+|C§1‘2 < 245 x 10 10<1Te\/) m
. A \? /Brr = er]
VIesP +[es” < 235x10 6<1TeV) \/%
- A 2 Br[r — u9]
\/‘033‘2“032‘2 < 271 x 10 6<1T€V) \/%
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Our results

1 TeV)”
g, = 1.17x 1075 Re [2 x 107 313 4 C11] ( 1 )

1 TeV)?
a, = 243x 107" Re[2x 1075 €% 1 C2] <_Aev)

ar = 41x107 Re 1077 x (1.6 CL)¥ 42,0 3

17 <052)33+C'3?;)> +C§,3] (1 ie\/)z
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Experimental upper bounds on electric dipole
moments of the charged leptons

EDMs Id,| \d,| d,
Bounds (ecm) | 8.7 x 1072 | 1.9 x 1071 | € [-2.5, 0.8] x 10717

1 TeV\”

de = —2.08x107" Im[2x 107° C3"* + ] ( Ae > ecm,
1 TeV?

d, = —2.08x107" Im [2 x 107° C7?* + C2*] ( Ae ) ecm,

1 TeV\”
d. = —2.08x 107 Im [C’i’?’} <Te) ecm.
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¢ — 000" decays

® Tree-level calculation — using of 1-loop lepton-photon vertex.

® 3-body decay B(¢ — £'¢"¢") calculation rather complicated:

» many operators contribute to amplitude, tedious matrix element
calculations

» non-trivial phase space integration - photon propagator singular in the
limit Myepton — 0, final state masses cannot be neglected
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Experimental upper limits on the branching ratios
of the three body charged lepton decays

Process Experimental bound
Blr~ = pu putp] 2.1x1078
Bt~ — e ete] 2.7x 1078
Blr~ —e putu] 2.7 x 1078
Bir~ — petu] 1.7x 1078
Blu~ — e ete] 1.0 x 10712

Saereh Najjari LFV within EFT approach IFIC, Valencia
29 / 44



Expression for the 3-body decay branching ratio

(A) Three lepton with the same flavor in the final state: u* — etete™,
7+ = etete” and 77 — pFputp.

(B) Three different (distinguishable) leptons in the final state:
7 = ettty and 7F = ptete.

(C) Two lepton of the same flavor (opposite charge) in the final state:

7 — eFutput and 7F = pFetet.
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Results

N M5
614473 AT,

HCVRL\Q) + \CSLL|2 + ‘CSRRP + |CSLR\2
+|CSRL|2 + 48 (lCTL|2 + ‘CTR‘Q) + X’Y) ,

B(& — Ejﬁkgl) <4<|OVLL|2 + |CVRR|2 + |CVLR|2

16 1
X = _2%pe |:<20VLL ++Cvir — §CSLR> Clr

7 M
1
+ <2CVRR + Cvrr — §CSRL> C;L]

64e20? M? 11
' og 2 L0l + 1€
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Saereh Najjari

Results

«%W ( +%é)+@ﬁ%

2 (282,09 + CI9)

_1
2
1 i jiji
_§CSLR = ((25W )C + CZe ) s
Csrr = Crr, = Crr =0,

2V 25y (cWC'ei — SWCﬂf*> ;

2\/§SW <chgé - SWC(QV) .

LFV within EFT approach

Csnr = (258 (CL7 + €37 + ¢7),
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Results

2
C,ueee < 329 x 105( A ) Br [H — 666]

1 TeV 1x 1012

> [Br [T — ece]
1 TeV 2.7 x 10787

A\ Bl = gyl
1 TeV 2.1 x10°8

CTeee < 1.28 x 10_2(

C‘I’p,y,u S 113 X 102(
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Example: Allowed regions from Br[u — ey] in the
plane for A =1 TeV and different values of C'2..

Yellow: C}2, =0, red: C1%, =6 x 1078, green: C%3
Several other similar correlations are discussed in the SIN. PhD

thesis.
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noey
;

cE10°
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Implications of our results

® Form of bounds easy to update with new experimental results
® Bounds are quite strong

® New Physics scale high or specific LFV suppression mechanisms
needed in feasible NP models

® Obtained expression can give order of magnitude bounds on Wilson
coefficients (assuming no cancellations) or check potential correlations
between them.
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Higgs LFV decays
h — T
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LFV Higgs decays with Dimension-6 operators

Oep = (©'0)(liejp)

h=mmm- i =20 + S (Cir P+ CoPr) |

mnf
D(h — (i) = ——=(|Cy[* + |C5]?)

m CMS results 2014: B(H — 711)=(0.8415:39)%, (2.4 o excess)
® ATLAS result 2015: BQH — T7u)=(0.77 £+ 0.62)%
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Dim-6 operators contributing to LFV

X2¢2 w?X@ ’I/JQQDZD

O | AWa W | Oy | (Goe)reWy, | OF) | (1D, p)(Ge:)
O | eloWe, Wi | O | (Lo e,)gB,, | O (sﬁ*zDé> @) (LTt L)
Opp QQWLQQB/WB‘W Ouw (QpUuVuT')Ta‘PWSu Oge (90 ZDH ©)(€ ﬂ“er)
O,5 | ¢¢BuwB™ | Ous | (G0 w)oBu | O sz ) (@7 a)
Opwp | ¢IT%Wa,B" | Ogy | (G0t d, )T oWe, | OF) (@*ZD,A ) (@7 qr)
O g | #ITWe,B* | Oap | (3p0"d:)¢Bu | Opu (WD’ @) (Upy"uy)

Opd (WD’ ) (dprd,)

ngud (SDTD;L(;O)( pfy#dr)
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Dim-6 operators contributing to LFV

(LL)(LL) (RR)(RR)
O | ()@ a) | O | (Esmer)(ente)
O | Cmm™) (@ ™@) | Ocu | (7€) (7" wr)
o (Zp%tgr)(gsfwgt) Oed (ew’“‘er)( s’)’udt)
(LL)(RR) (LR)(RL) or (LR)(LR)
Ope (Epfyu&“) (68')/# et) Otedq (Epj 67“) (dS’Y'th )
O (Zp'Yugr) ( _S’VHut)
O (Lol (dsytdy) Oéi?,u (Gey)ejn(qhuy)
Oqe (%'Vu%)(és’yuet)
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Higgs flavor violating decays

s fi / , fi v fi 0 fi
h---<C QV h---<C 'H h---4 Af h---<_ s
[} V H\
f I / i fi I
v b

!

fi
fi
h———& h———% — and many more
fi

Figure: Feynman diagrams contributing to flavor violating Higgs decays to
two fermions at the one-loop level.
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Bounds on Wilson Coefficients

C’éi) Bound Observable
VICEPR +1CEP? 5.09 x 1075(L)2 w— ey
\/|C'21 24 |Cp2? 4.38 x 1075(4)? p— eee

Re(CféC ) [—2.68...3.67] x 1072(2)? | electron g-2
Im(C71C;2) 13.85 x 1078(2)? electron EDM
\/|C’21 24 [Cp2? 1.69 x 107°(2)2 p-e conversion
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Bounds on Wilson Coefficients

C’” Bound Observable
VICRE +1CEP 1.97 x 1072(2)2 T
\/ |Co12+ |Cp2[? 1.69 x 1071(£)? pu— eee

Re(Cp2C3) [—2.96...4.10] x 10713(2)2 | electron g-2
[m(Ce 031) 1.55 x 1078(£)? electron EDM
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Bounds on Wilson Coefficients

C’” Bound Observable
VICEE + |CEP? 2.26 x 1072(L)2 T ey
\/ G212 + |Cj3)2 3.53 x 1071(4)2 T — eee

Re(CECY)

(3.81 + 1.06) x 10

Gy

electron g-2

Im(CEC3)

(—1.13...1.41)(2)?

electron EDM
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Conclusions

m expressions for several theoretically important and experimentally
well constrained lepton flavor observables were calculated

B compact results obtained in terms of Wilson coefficients of all effective
operators which could contribute to given process

® “‘numerical” expressions allow to easily update bounds on Wilson
coefficients with improving experimental accuracy

® potential correlation between processes discussed

® hope to help in deeper understanding of the origin of flavor violation!

Saereh Najjari LFV within EFT approach IFIC, Valencia
44 / 44



