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Why should we care?

FCNC interactions serve as a powerful probe of BSM Physics.

No tree-level FCNCs in the SM, so NP d.o.f. can compete with
SM particles in loop graphs making discovery possible.

RLFV meson decays can be used to constrain WCs of effective
operators describing interactions at low energy scales.

RLFV meson decays can provide access to operators not found
in two-body decays (i.e. vector and tensor operators q,9,4%)

New physics model independence: Any NP scenario involving
LFV can be matched to L.

Experiments such as Belle 2 and LHCb could provide currently
unmeasured decay constraints
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Background

Assumptions:
— No new light particle i.e. axions, dark photons
— Neutrinos are not considered
— tquark integrated out of theory
— CP conservation, therefore Wilson coefficients are real

D.O.FE

— leptons=7,u, e
— quarks=b, ¢, s, u, d

Pseudo-scalar mesons: Bd (db), Bs (sb), D (cu), K (ds)
Calculate decaysto 7 1 v, T ey, uey
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Effective Lagrangian

Lo :,CD—I—ﬁgq—I—... :

Dipole Lagrangian
£D — —% [(Celegle"uQ = C€D1£2Z10"u2) F,ul/ e h.c. }*

Dipole Wilson coefficients
m, = mass of heavier lepton
N\ = scale of new physics

PR(L) — (1iY5)/2

*A. Celis, V. Cirigliano and E. Passemar, Phys. Rev. D 89, no. 9, 095014 (2014)
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Effective Lagrangian

Four fermion Lagrangian
1
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Tensor Wilson coefficients

*A. Celis, V. Cirigliano and E. Passemar, Phys. Rev. D 89, no. 9, 095014 (2014
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Effective Lagrangian

Four fermion Lagrangian

1
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Effective Lagrangian

Four fermion Lagrangian

1
Lig=—=5 O | (CBEA Ty Paby + CRFH Ty Pl ) 01700

A2
q1,92
(C(MQMQ 017" Prily + Cqmelg2 fl’YMPng) 41 Yu Y542
+ mzmq(cqlfmﬁﬂz €1PL€2 = CQ1QQ£1£2 €1PR€2) 7102
+ mom [Gr)(CREY™ TP + CEEY™ T Pabty) G5t
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mg, = MS bar quark mass

Gr = Fermi constant

*A. Celis, V. Cirigliano and E. Passemar, Phys. Rev. D 89, no. 9, 095014 (2014
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Effective Lagrangian

Four fermion Lagrangian
1 - —
ﬁéq = _E Z { (C$§251€2 61”7NPR€2 —|— C‘q}gﬂlﬁz elfYMPLEZ) 61’7/%]2

41,92
= (03111%2&62 ZWMPR@ a5 Cilfﬂl@ Zl’Y“Psz) 41 Yu Y542
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R @R N
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All of the operators except the scalar
operators will contribute to the RLFV
decays.

*A. Celis, V. Cirigliano and E. Passemar, Phys. Rev. D 89, no. 9, 095014 (2014
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SM Dipole Penguin Lagrangian
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SM Dipole Penguin Lagrangian

Loeng = ZEP” mqgchauv (1—15) F*gqo + h.c.

q1

a2

N = Vqq1V qq2 (@appropriate CKM matrix elements)

qq2
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SM Dipole Penguin Lagrangian

GF T - v
L e = 7 Z A —5 Mg D1 O (1 —75) F*qga + h.c. + ...
q

q1

a2

Aq = Vaa1Vaq2
C,= 0.299 dipole penguin operator Wilson coef.

(appropriate CKM matrix elements)
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Feynman diagrams B,D,K to Y44,

B Dipole Lagrangian operators
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Feynman diagrams B,D,K to Y44,

Llo(pa)

q1

<
V 42
>

q2
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General Amplitude

Method”®
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P = meson momentum

k = photon momentum

P, P, = momentum of leptons ¢ and 4
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General Amplitude

Method”®

A(P(p) — V(k)gl(pl)@(pz)) = u(p1, s1) M*(p, k, q) v(p2, s2) EZ(k)

* p = meson momentum
k = photon momentum
P1, P, = momentum of leptons ¢ and ¢4

q="(p;-py)
M“(p k,q)
Transforms as a tensor under Lorentz transformations
* Only contains dynamic singularities, not kinematic
« Can be expanded in terms of simpler Lorentz structures
¢¥(p,q,k) multiplied by Lorentz invariant functions M4
*  ¢¥(p,q,k) must be gauge invariant structure without
kinematic singularities

M*(p,k,q) =) 0(p, q, k)M (p°, ...)

"W. A. Bardeen and W. K. Tung, Phys. Rev. 173, 1423 (1968)
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General Amplitude
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General Amplitude

« The most general parameterization contains many form
factors which can be reduced to 12:
M*(p,k,q) = " (M2 + EMH5) +iysyt (Mg 22 + EM%)

i qu (M5P£1£2 4+ kM6Pfl£2) 4+ ’i’Y5C]” (Mfflfz 4+ kMégﬁlb)
+ p* (Mng + EMEE) +inapt (MER% + EMER%)
- Setis not minimal. Gauge invariance, k,M¥(p,k,q)=0, implies
that some of the M.”4% are not independent.

* The minimal set can be found using the projection operator
PHv, which projects out the gauge invariant structures in
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General Amplitude

« The most general parameterization contains many form
factors which can be reduced to 12:
M*(p,k,q) = " (M2 + EMH5) +iysyt (Mg 22 + EM%)

i qu (M5P£1£2 4+ kM6Pfl£2) 4+ ’i’Y5C]” (Mfflfz 4+ kMégﬁlb)
+ p (Mgmz i JéMf(fl@) + iy (M1P1M2 b lezgeleQ)

- Setis not minimal. Gauge invariance, k,M¥(p,k,q)=0, implies
that some of the M.”4% are not independent.

* The minimal set can be found using the projection operator
PHv, which projects out the gauge invariant structures in

M¥(p,k,q). >
(P,K,q) pro_ o PH
(p- k)

* We learn that p* terms don’t belong to minimal set.
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General Amplitude

 After removing the kinematical singularities from the gauge
invariant structures projected out by P*V, we define M¥(p,k,q):

M*(p,k,q) =)  Li(p,q, k)A 2 (p%, ...)
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General Amplitude

 After removing the kinematical singularities from the gauge
invariant structures projected out by P*V, we define M¥(p,k,q):

M*(p,k,q) = Y Li(p, ¢, k) AT (7, )
* Here each L¥ is individuallzy gauge invariant (k Li*(p,q,k)=0):
LY = y"k, Ly =ik, Ls=(p-k)¢" - (k-q)p",
Ly = ivs[p-k)¢* = (k-q)p*], Ls=(p k)" —p'k, Lsg=1iy((p- k)" —p'Fl,
Ly = ¢k — (k-9 Lg=1iya"k — (k- a)7"]
« AP4%(p?, ) are the new scalar form-factors

* The general amplitude then becomes:
A(P(p) — ’Y(k)fl(m)@(m)) oz ZA?% (PQa ) u(p1, 81) Li (P, g, k) v(pa, s2) GZ(k)

%
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Hadronic Form Factors
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— 8 linearly independent form-factors
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the AP4%(p2,...) functions should depend on P(p) to 7 (k) form-
factors:
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* Upon inspecting the four-fermion Lagrangian one finds that
the AP4%(p2,...) functions should depend on P(p) to 7 (k) form-
factors:
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 Let’s look at the vector operator contributions using f,,"(Q?)
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Feynman diagrams B,D,K to Y44,
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« These vector operators are particularly interesting because they
cannot be accessed by two body decays.
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« These vector operators are particularly interesting because they
cannot be accessed by two body decays.

+ Set all Wilson coefficients to zero except those of bg¢,4, operators
yielding:
Aqulez _ MmpBy
) 202

Bq
Varaf,, [m%] (Cxqule& a C\q/bllil@)

B mpg B
42q51€2 i - q2y /4 f q[m%2] (qulgﬂz qu£1€2)
B vVira .p
47q€1€2 ) q[7n%2] (Cqbéﬂz C‘ﬂ)éﬂz)
% 6!
A8Bq£1£2 = — f‘B,q[m%Q] (C{",bfqlg2 + C"q,b?b)
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« These vector operators are particularly interesting because they
cannot be accessed by two body decays.

+ Set all Wilson coefficients to zero except those of bg¢,4, operators

yielding:
AP = 20 ama ) (CUR™ - )
gt — 2B i i) (CPR + O
A7 = @ veImia) (¥R — ogp®)
At = (T2 ) (Ot + cpp)

* A;-A; are zero in this case
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« These vector operators are particularly interesting because they

cannot be accessed by two body decays.

+ Set all Wilson coefficients to zero except those of bg¢,4, operators
yielding:
ABitts = B e ) (% — Cpt)

2\2
m
A2Bq£1€2 _ 5 2iq2y\/mf5q [m%2] (O{q/b]gﬂz _|_O‘q/b£1€2)
Ao
st = VI ) (e
4
Azt = 28 e m) (CPR + opp®)

* A;-A; are zero in this case

* Now we can use a vector form factor parameterization from any
model as an input for our work.
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« We use the following parameterization™

Parameter | Fy,
B, /B,
B}, — 7|8 (Gev)|0.28 @) = X -
A(GeV) 0.04

*F. Kruger and D. Melikhov, Phys. Rev. D 67, 034002 (2003)
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« We use the following parameterization™

Parameter

Fy

Bg’s —

15 (GeV_l)
A (GeV)

0.28
0.04

/B,

By
B =
5

*  Which in principle would allow us to constrain the vector
Wilson coefficients if we had constraints on the decays of
— B(Byto vy u T)

— B(B,to reT)

— B(B,to reu)

*F. Kruger and D. Melikhov, Phys. Rev. D 67, 034002 (2003)
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Vector operator contributions for
B, to Y4¢, (bg4s, operators)

« We use the following parameterization™

Parameter | Fy,
B, /B,
B}, — 7|8 (Gev)|0.28 @) = N -
A(GeV) 0.04

*  Which in principle would allow us to constrain the vector
Wilson coefficients if we had constraints on the decays of
— B(Byto vy u T)
— B(B,to reT)
— B(B,to reu)
 Such constraints could be found by B-factories such as LHCb
or Belle 2.

*F. Kruger and D. Melikhov, Phys. Rev. D 67, 034002 (2003)
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Differential decay rates B, to v¢¢,
(bqg¢,4, operators)

While we cannot constrain the Wilson coefficients without
experimental data, we can look at the differential decay rates:

E, (GeV)
B,— v u T or yet (solid blue curve), By — reu (short-
dashed gold curve), B, = v 1 7 or et (dotted red curve),
B. — Y eu (dot-dashed green curve)
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Summary

« LFV transitions provide a powerful engine for NP
searches
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Summary

« LFV transitions provide a powerful engine for NP
searches

* Any NP model with flavor violation at high scales can be
cast in terms of the L at low energies.

* The projection method provides a general amplitude for
all P to y¢¢, decays not just B,D,K.

 Calculating three-body decays using form-factors
provides a model independent result.

« RLFV decays can provide access to operators that cannot
otherwise be seen via two-body decays.
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Ba

137.327

Barium

C

12.0107

Carbon

19

K

39.0983
Potassium

U

238.02891
Uranium

15

P

30.973762

Phosphorus
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Form Factors

* There is no scalar or pseudo-scalar operator contribution to
the P(p) to 7 (k) form-factors.

* Proven by taking the divergence of the vector or axial current

1
k)|g P S m (k) |G P
(v(k)|q17592| P(p)) s +m@p (v(k)|q17u7592| P(p))
1
= — P"Vara fEeV e asp®k’
Mg, + My, i pvap

(v(k)|q1q2|1P(p)) = — P (v (k)@ 7uq2| P(p))

Mg, — Mg

T privara fi [k (p-€) — €, (p- k)]

Mg, — Mgy
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