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Introduction




The goal of this talk:
Characterization of some NP effects in the very rare decays
K — m+missing energy

B — (%, K,K")+missing energy

The outline of this talk:

l. Observables & kinematics

Il. Lepton flavor violating effects
1. Signals of R-patrity violation
IV. Very light invisible particles

Conclusion



Observables & Kinematics




A. The K — vV decays

SM (x107'")

Experiment

KL — nOvV
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Only the pion is seen, whose energy is not fixed (three-body decay).

Missing “energy”: z=(p,, + p\—,)2 /m12<

m
Pion momentum: |Pn|=TK A, z,77)
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A. The K — vV decays

SM (x107') Experiment t 7
u,c,
K, - 71w 2.57 0 <6.7-10°  E391a . "
— 5 -1l E787
K*—>n'vi(y) | 822577 | 17.3%3-107" E0°07 5 WE g

Z penguin & W boxes lead to the interaction sy" (1=7v5)d @ vy, (1-Y5)v.

1

Hadronic matrix element: (TIsY"d | K) = f(2)(pg + pp)t's f(2)= —,
z z
K0 0 - £(0)=1 (Ademollo-Gatto Theorem),
K = - Vector meson dominance away from zero.
K0 nt0

Chiral & isospin corrections (partial NNLO) are estimated using K ,; decays.
Mescia,CS ‘06



A. The K — VvV decays
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SM (x107') Experiment t 7
u,cC,
K, - 71w 2.57 0 <6.7-10°  E391a . "
K*—mvo(y | 822197 | 17353107 £% T Wt

The observable differential rate is %
NS

olnT  |p,[ > = -

~ =1 f(2)] ?B §D

dz My o 7

Essential for the necessarily
aggressive background rejection.

E78

7-949 gvents

T 0.05 0.1

1P| (GeV)

Important messages: V-A current assumed & kinematical range limited.
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B. The B+ %(RJF,K(*H)VV decays Kamenik,CS ‘09

Charged decays are intimately connectedto B - VT [— (T, K, K*)VT]

See talk by J. Kamenik.
Tree-level dim-8 contributions to all charged vv rare decays:

U
S 2

Py
p? —m? + imfl“g

2 g —
~ G2V, Vi X X ity p, (1="Ys)vy

...to be compared to the dim-6 penguin ~ GF(thbV,f :

Hence, sizeable only for / =T which is kinematically allowed to be on-shell:
- K decays: Helicity suppression inactive - negligible dim-10 effect.

- B decays: The 1 pole in F;l ~ G;z makes it potentially dominant.

(note the inverted CKM scaling of the pole and penguin)
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B. The B+ %(RJF,K(*H)VV decays Kamenik,CS ‘09

Entanglement. the t pole runs over the whole missing energy range.

25 f
o 200 .
> i
(D) L
O 15 .
N, i
~ 10 - ]
:\HH\HHMHHH#‘E :HH\HH\HH\HH
0 5 10 15 20 0 5 10 15
g2 [GeV?] g2 [GeV?

Note: the differential rates for the pole and loop have similar dependences on qz_



B. The B* - (", K"V decays

Kinematics 6/6

Kamenik,CS ‘09

%1070 T pole Direct SD Ratio
Bt -tV 9.4(2.1) 0.16(4) SD/t=2%
BT > K'vw 0.61(13) 4.5(7) t/SD =14%
BT = KwW 1.2(3) 7.2(1.1) T/SD=17%

BT v, v [—ev,.uv,] :

B" v 1 [>n'V,]:

Bt vt [ K'Y

Safe, no pollution from b — (s,d)VV.

2% pollution by the direct b — dvv transition.

Any NP in b — dvV is essentially inaccessible.

600-700% apparent enhancement due to b — svVv.
Sensitive to NP through both B —v_ T and b — svv .

Alternatively: B" — ngvv or B — DvV induced purely by b — (s,d)VV.



Lepton flavor violating effects
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A. Effective operators for P — PV'V’ and P — P’ ¢''7/

Assume the matter content is that of the SM:

u | 4
o=| " |, U=u}, D=d}, L=| "| E=¢
dL EL

Five dimension-six gauge-invariant structures can be constructed:

Ol O®LI'L O Q®ET'E
DI\D®LT'L  DI'D®ET'E

N—\

Contributesto P — PVv'V’ and P — P17’ .

O D®ET'L
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A. Effective operators for P — PV'V’ and P — P’ ¢''7/

Assume the matter content is that of the SM:

u | 4
o=| " |, U=u}, D=d}, L=| "| E=¢
dL EL

Five dimension-six gauge-invariant structures can be constructed:

1JKL ~/ _ J TKyi 7L _11—«' J ®EKFiEL . . _
n -G jeteel it oLo o', D' ®EFT -
VA LD'TD @I D'T,D’ ® EXTE"

N—\

Contributesto P — PVv'V’ and P — P17’ .

New Physics flavor puzzle: If all the C”** ~1 | then A, > 1 TeV.
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B. What Minimal Flavor Violation can say

- The gauge interactions exhibit the U (3)5 flavor symmetry:

5 .
G, =U3) =U@),xUB)y xUB)pxUB), xUB)p Chivikule,
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B. What Minimal Flavor Violation can say

- The gauge interactions exhibit the U (3)5 flavor symmetry:

_ 5 _ Chivukula,
Gf =U(3) —U(3)Q><U(3)U><U(3)D><U(3)L><U(3)E Ge’gggﬂ;

- The only sources of breaking are the fermionic Yukawa and mass terms:
Loaner =UY,(QH)+ DY ,(QH" )+ EY,(LH")+ NMN + NY,, (LH)

—UY,(QH)+ DY ,(QH" )+ EY,(LH")+(LH)" Y, M"Y, (LH)



B. What Minimal Flavor Violation can say

- The gauge interactions exhibit the U (3)5 flavor symmetry:

LFV effects 2/5

G, =U3) =U@),xUB)y xUB)pxUB), xUB)p

Chivukula,
Georgi ‘87

- The only sources of breaking are the fermionic Yukawa and mass terms:

L

matter

—

- Artificially invariance under G

With them, all the effective operators are made invariant under G

JY, (

OH)+ L

)Y, (OH™) + E

f

Y, (

LH*)+(LH)!

Y/My,

created when the breaking terms are|spurions.

f

=UY,(QH)+DY ,(QH )+ EY,(LH")+ NMN + NY,, (LH)

(LH)

Hall,Randall ‘90

D’Ambrosio,Giudice,

Isidori, Strumia ‘02
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B. What Minimal Flavor Violation can say

- The gauge interactions exhibit the U (3)5 flavor symmetry:

_ 5 _ Chivukula,
G, =U3) =U@),xUB)y xUB)pxUB), xUB)p Chivil,

- The only sources of breaking are the fermionic Yukawa and mass terms:

L =UY,(QH)+DY ,(QH )+ EY,(LH")+ NMN + NY,, (LH)

matter

—UY, (QH)+ DY, (QH")+EY,(LH")+(LH)" Y, M~'Y, (LH)

- Artificially invariance under G

7 created when the breaking terms are|spurions.

- The spurions are frozen back to their physical values: Hall,Randall ‘90
D’Ambrosio,Giudice,
Dirac masses: vY, =m,Vix),» VY, =m,, vY,=m,, Isidori,Strumia 02

* Cirigliano, Grinstein

: . 2 Taly i
Majorana masses: v-Y, MY, =U,,,cm,U s » sidlor, Wise 05

Note: m, ~1eV with Y, ~ O(1) when M ~10" GeV .
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B. What Minimal Flavor Violation can say

- The gauge interactions exhibit the U (3)5 flavor symmetry:

B 5 Chivukula,
G =UQR) =UB)yxUB)y xUB)pxUB) xUG), Georgi 87

- The only sources of breaking are the fermionic Yukawa and mass terms:
Loaner =UY,(QH)+ DY ,(QH" )+ EY,(LH")+ NMN + NY,, (LH)

—UY, (QH)+ DY ,(QH" )+ EY,(LH")+(LH)" Y, M~'Y, (LH)

- Artificially invariance under G , created when the breaking terms are|spurions.

f
- The spurions are frozen back to their physical values: Hall,Randall ‘90
D’Ambrosio,Giudice,
Dirac masses: vY, =m,Vix),» VY, =m,, vY,=m,, Isidori,Strumia 02

Casas,lbarra 01,
Pascoli,Petcov,
Yaguna 03,...

*

: 2Tl i
Majorana masses: v-Y, M"Y, =U,,,cm,U s »

LFV spurion: v2Y, Y, = Mo U m}//2621¢ m2ul @V = eVKg .



B. What Minimal Flavor Violation can say

= =~ U AJ
Quark transitions: Q00 — O (YJYM) Q
pD — D'YI (Y)Y )Y D’

DO — DY (Y[y )" o’

Lepton transitions: LL — L' (Y, Y,)” I’
EE — E'Y" (Y)Y VY M E’

I~/ 11 jyJ
EL— E'Y"'(Y)Y )L

LFV effects 3/5

Chiral suppressions:
~1

~m ,m /v2

dld’

So, the dominant operatoris Q' (Y, Y )Y o’ @ L' (Y, Y)Y L .
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C. Numerics (rough preliminary outline)

1 — _
01y 0’ O (g l+ay Yy ¥ I

Lepton-flavor conserving:

b—s:|V,V,[~107, b—>d:|V,v |~107, s—>d:|V,V, |~107"

FLFC _
So, for A<1TeV, 22 (p > Pviv!, Pl iy <1,
SM
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C. Numerics (rough preliminary outline)

1 — _
01 0" O (a1 +ayyy %) I

Lepton-flavor conserving:

b—s:|V,V|~107, b—d:|V,v, [~107, s—d:|v.v |~107"

FLFC _
So, for A<1TeV, 22 (p > Pviv!, Pl iy <1,
SM

Lepton-flavor violating:

Since m,, ~ YV2 /M , take M sulfficiently large so that Y,, ~ O(1).

But, Y, is bounded by M, (/ — ("y) = %ElYeH Yy Y)Y ML HTE, .

LFV

So, conservatively, (Y,Y,)"* <1% for A< 1 TeV, and Fﬁ{fc <107,
NP
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C. Numerics (rough preliminary outline)

01 0" O (a1 +ayyy %) I

Lepton-flavor conserving:

b—s:|V,V|~107, b—d:|V,v, [~107, s—d:|v.v |~107"

LFC

I _
So, for A< 1TeV, X2 (p - PVV Py < 1.
SM
Lepton-flavor violating:
rLry )
So, conservatively, (Y,Y,)"* <1% for A<1 TeV, and FLFC <10
NP

In other words, when 7 #J , MFV says:

BrifV (K — 'y w17y <107

BritV (B — (m, KW'V (m, K)0" 07y <1071
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-parity violation
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A. The MSSM without R-parity

With scalar squarks & sleptons, renormalizable couplings can violate B or L:

AL =1 AB =1
Dilepton currents: Leptoquark currents: Diquark currents:
VI VI d]
(K dk ik
----------- }\‘ 7\} K”
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A. The MSSM without R-parity
With scalar squarks & sleptons, renormalizable couplings can violate B or L:

AL =1 AB =1

With both AL and A, proton decay (and associated) occurs at tree-level:

p—oTV,, KV, Ay
n— 7r017£, KOVK, AN

9o

5
m
But experimentally, 7 . > 10°° years : .~ —Z|/1”/1’|2 = |1271<10727?
M?
d
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B. Possible effects in rare decays

Rare decays conserve both B and £ - Quadratic in the R-parity couplings.

§ vl
) Fermi-like V+ A ® V — A effective couplings:
P FK ~K
o W (1=5)V
M Sty yd © " 7
d/\v{g‘] fyu(l_'%)f
7l
S 4 Scalar-pseudoscalar effective couplings:
N
g A y S(1y5)d ® ((1FYs)!

The RPV couplings can induce quark & lepton flavor transitions,

hence could contribute to all P — PVv/v’ and P — P07’ decays.

Choudhury,Roy ‘96, Grossman, Isidori,Murayama‘03,Deandrea, Welzel, Oertel'04,Deshpande, Ghosh,He 04,...
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ni iolati Nikolidakis,C.S. 07
C. What Minimal Flavor Violation can say UCEl s

- The B violating couplings can be constructed using AB =0 quark Yukawas:

VUK _ (LK (YMYC}L)IL — UKyl pd pk _ det(g};)/lfoKUIDJDK

/fL//IJK — gLMNYL{LYdJM Yé{N — ;L,,IJKUIDJDK N det(gg)/ftlllJKUIDJDK

- But £ violating couplings are strictly forbidden as long as m,, =0:

The SU(3) combinatorics demands a spurion transforming like a six.
The only spurion available is the suppressed AL =2 Majorana mass term:
Y, =v,YMY, 5 ¢ Y, ¢l

- 6SU(3)L ® 1SU(3)E

All AL =1 couplings are suppressed by neutrino masses.

- These suppressions are sufficient to pass all the bounds from proton decay.
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ni iolati Nikolidakis,C.S. 07
C. What Minimal Flavor Violation can say UCEl s

- Since AL couplings are negligible, we turn to AB and diquark currents.

- Induce new FCNC at the loop level (nothing at tree level)

)
V.Z B IR 7¥331 b
b, | R
”* /
331% * 312 _
— dR 5L 99k SR
Dy SR I X310
Chakraverty,Choudhury 01,... Barbieri,Masiero ‘86, Slavich ‘00, ...

- With MFV, these are typically small compared to the SM contributions:
143104531 124503 134503

SM: b—s:|ViV,|~107, b—d:|VV [~107, s—d:|Vv, |~107

RPV: b—s <1073, b d: <107, s> d: <1078




Very light invisible particles




Invisible 1/4

A. Flavor-based classification Kamenik,CS, in prep.

New very light and neutral particles X coupled to the SM particles

N

[Flavor-breaking: {ﬁIFqJ }X} [ Flavor-blind: {@IFql}X }
{ Needs W bosons for the weak transitions}
Able to induce the
AF =1 quark transition.
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New very light and neutral particles X coupled to the SM particles

N

[Flavor-breaking: {ﬁIFqJ }X} [ Flavor-blind: {@IFql}X }
{ Needs W bosons for the weak transitions}
[ Able to induce the }
AF =1 quark transition Heavy quarks Light quarks:
New FCNC Long -distance effects

< ?K A<
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A. Flavor-based classification Kamenik,CS, in prep.

New very light and neutral particles X coupled to the SM particles

N

[Flavor-breaking: {Z]IFqJ}X} [ Flavor-blind: {@IFql}X }
{ Needs W bosons for the weak transitions}
{ Able to induce the }
AF =1 quark transition Heavy quarks Light quarks:
New FCNC Long-distance effects

< ?K O<

Flavor-blind searches with
EWPOQO, quarkonium decay,...
may be more sensitive.

P — P’X may be Iarge
competitive with P — PVV.

In all cases: The X mass range probed is limited by experimental requirements.
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B. Flavor-breaking scenario: Very light neutralinos _
Dreiner et al ‘09

Beyond MFV, the flavor-breaking comes from squark mixings.

S\/X? Effective couplings:
5

SY (11 y5)d © XY, ¥sX , tuned by §,,,8,p-

d/\\x? s(lty5)d ® x(1£vy5)x , tuned by §, 5 .

0

OxY, but similar for B — (1, K™ )%, )

( lllustrated for K — my
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B. Flavor-breaking scenario: Very light neutralinos _
Dreiner et al ‘09

Beyond MFV, the flavor-breaking comes from squark mixings.

5\/7(0 Effective couplings: | 5" (12 v5)d ® Xy,YsX
1
X

D i

s(Axy5)d ® x(1x75)x

12' +.,0.,0
Kt —>mn X1X1

FT T T T T ]

Region 11
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B. Flavor-breaking scenario: Very light neutralinos _
Dreiner et al ‘09

Beyond MFV, the flavor-breaking comes from squark mixings.

5\/7(0 Effective couplings:  5y" (12 y5)d ® Xy, 75X
1
£ s X

D i

s(1xys)d ® y(1x£ys)x

12' +.,0.,0
. Kt —>mn X1X1

d/\\x‘f 6l

Region II




Invisible 4/4

C. Flavor-blind scenario: Weakly-coupled new photon

b2 1 - 1_
L =eA“(§uy“u—§dy“d—§syusj

Problem 1: The EW transition strongly suppresses the rate.

102 107! 1
Br(K, — nlyp)*® =1.273(34)x10° o |10
) I
, s 04 — e I g
— Br(K; enoyy)z—leO 0 10 10
o 2 107 107
A bound in the 10! range means 107 107
o /lo<107 10~ 10°9
C 10 |51 o M i ot -10
which is already excluded... 107°% 2 i 10
ma (GeV)

(Remember: Br(K, — nOVV)SM ~10~ 1 ) From Essig et al, ArXiv:1001.2557
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C. Flavor-blind scenario: Weakly-coupled new photon

Iayv4 2— 1_ 1_
L =eAH(§uy“u—§dy“d—§sy“sj

Problem 2: The LD dynamics strongly suppresses the rate below 2.

T | T T T T | T T T T | ™=

7*| T T T T | T T L

Region II

Ok 1 | | | | 1 1 1 1 | 1 1 1 1 | | | 1 1 1 1 1 1 1 1 ]

0 0.1 0.2 0.3 0.4 0.5

So there is very little sensitivity, no matter the mass of .
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Conclusion

With the very rare vv modes one naturally probes several NP effects:

Lepton flavor violation: P — P V'V’

Within MFV, P — PVv'v’ and P — P’¢" 7’ are both tightly
constrained by ¢!/ — ffy , making them too suppressed to be seen.

R-parity violation: Tree-level effects possible from AL =1 couplings.

Within MFV, AL couplings are negligible, and loop-level FCNC
from AB couplings are very suppressed (except maybe for b — s ).

New invisible states: P — P’ +missing energy

Competitive bounds if these states have flavor-breaking interactions,
or if they couple to top quarks (?), but not if they couple to light quarks.

The main message: Let's keep an open mind and /ook for the unexpected!



