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Outline!

KP->up Golden mode !
Ks->"pp!
Ks>"" eel

Ks->Hppp!

Questions on hyperons and taus
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Rare decay modes of the K mesons in gauge theories

M. K. Gaillard* and Benjamin W. Leet
National Accelevator Laboratory, Batavia, Illinois 60510}

(Received 4 March 1974)

Rare decay modes of the kaons such as K —ujl , K —=mvF K -—=vyy, K = ryy, and K - re?
are of theoretical interest since here we iré observing hlghor-ordcr Weak and electro-
magnetic interactions. Recent advances in unified gauge theories of weak and electromag-
netic interactions allow in principle unambiguous and finite predictions for these processes.
The above processes, which are “induced” |AS! =1 transitions, are a good testing ground for
the cancellation mechanism first invented by Glashow, Iliopoulos, and Maiani (GIM) in order
to banish /A S|=1 neutral currents. The experimental suppression of K ; —~ i and nonsup-
pression of K ; — vy must find a natural explanation in the GIM mechanism which makes use
of extra quark(s). The procedure we follow i{s the following: We deduce the effective inter-
action Lagrangian for A +® ==+l and A + R~y +v in the free-quark model; then the appropri-
ate matrix elements of these operators between hadronic states are evaluated with the aid of
the principles of conserved vector current and partially conserved axial-vector current. We
focus our attention on the Weinberg-Salam model. In this model, K — uji is suppressed due to
a fortuitous cancellation. To explain the small X, -K ; mass difference and nonsuppression
of K;= vy, it is found necessary to assume m,/m,: <<1, where my is the mass of the
proton quark and mg: the mass of the charmed quark, and m . <5 GeV. We present a phe-
nomenological argument which indicates that the average mass of charmed pseudoscalar
states lies below 10 GeV. The effective interactions so constructed are then used to esti-
mate the rates of other processes. Some of the results are the following: K¢ — vy Is sup-
pressed; K g - ryy proceeds at a normal rate, but K, — ryy is suppressed; K ; — =7 is very
much forbidden, and K* - »*v7 occurs with the branching ratio of ~10™'%; K* — =" ¢7 has the
branching ratio of ~10”%, which is comparable to the presently available cxporlmnul upper
bound. The predictions of other models are briefly discussed. Relevant renormalization

VALUE (10‘9) CL% DOCUMENT ID TECN
<9 90 1 AAIJ 2013G LHCB
« » « We do not use the following data for averages, fits, limits, etc. «

< 0.032 x 10* 90 GJESDAL 1973  ASPK
< 0.7 x 10° 90 HYAMS 1969B OSPK

1 AAWJ 2013G uses 1.0 fb™! of pp collisions at 4/5 = 7 TeV. They obtained B( K§ — p*u~ ) < 11 x 107 at 95% C.L.



Ks->UUL

Ecker Pich O90

Ks No CP conserving Short Distance due to Furry Theorem
Gaillard Lee

7

LD  5x%x10' 1% 30%TH err

Short Distance
SM 10 °|! (Vs V)¢ " 10 %3

NP few 10 11 allowed

LHCB

< 8! 10 Y 90%CL




Ks->HU: how to Improve the
THEORY error

K / Dispersive treatment d¢fs! ! and Kg! !l *I’
Gilberto Colangelo, Ramon Stucki, and Lewis C. Tunstall

7

LD  5x%x10' 1% 20% TH err

Ks! Tpp
Ks! HUpM
Ks! eeyp

Kg! 1l



K->

- (K] > pu™ YT(K] > 7*77)

A w- X VALUE (107%) EVTS DOCUMENT ID TECN C
M 3.48 + 0.05 OUR AVERAGE
P, . [( . o) (k )] 3.474 +0.057 6210 AMBROSE 2000  B871
i 1P o 3.87 +0.30 179 1 AKAGI 1995  SPEC
\ 3.38 +0.17 707 HEINSON 1995  B791
\ * » » We do not use the following data for averages, fits, limits, etc. » « »
y(k, »2) ylk o) 3.9 +0.3 +0.1 178 2 AKAGI 1991B  SPEC In.
(a)
A R

AV

B(KL! prp' )exp = (6.84% 0.11)" 10 °

l(k, jp) = (kp,0)

y (k0 '6,'7("2-‘” KL I /y/y |exp known
(b)

FIG. 7. Leading contributions to A +:—y +¥. To lead-
ing order in M;™?, the diagrams in (a) reduce to those
of (b).

Gallard Lee Dispersive calculation: Re A, Im A



We do not know the sign of

AKL ! 21 Yo = AKL !t "0

A(K, |

2! )+ A(KL I
1 1

1)

#g! 20))
1

AKL!D "OHAaC%T 21))

Kaon Decays in the Standard Model!
Vincenzo Cirigliano (Los Alamos), Gerhard Ecker, Helmut Neufeld (Vienna U.), Antonio Pich, Jorge Portoles , refs therein!
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| K | 1] ‘ReA‘ + ‘ I mA ‘ Absorptive calculation!
' ( L - - ) \ model independent

Subtracting from expt the Absorptive contriiy 2 7 14 <

0.98+ 0.55 = |ReA|l* = (! (M:)+ ! gqiopt ! 5.12)

1SM 1 =1.96(L11! 0.929



RBC-UK QCD

e/e=(1.4+7.0)-10" (ReA°]=

(7€), =(16.6+2.3)-10°* (Re Ao

Buras K->2!
31.0 + 6.6
ReA,
= 22.4
ReA, oxo

Buras, Mainz




C t situation of ! /! Red,
urrent situation of ' /'k s, (B0 a,
RQAQ
T | T T T T T T T T | T T T T | T T T I: | T T T :I | T T T T | T T T T | T
[ : : | p2 (3/2)
5968/ | | OM I R L 561/2 1 1.6, 883/2 1 0.9
) %8+ | | PT S P B2 16, BE'?P 1 0.9
).%&+ + | PTwith minimal hadronic app. m— : - Bé“ 21 3 Bé3’ 2| 35
10%&,1 - dual QCD dpproach €= — : : 1 BW2 < gB/2) 4
10 9%%12%$345689 |- + Lattice (J=2) ¢ — : : . 3?1/2) <_B(§/2) <—0 y
i , , | s < B <.
15<=>12%8,1 % b . i Lattice (I:@,Z) 1 BY? =057 B2 =0.7¢6
0@ @%&;1 | . i+ proper matching with ReA0,2 and SD .
=AB%&, : . : + proper RG elolution i
"/(,6#AD$9%&'/© : . ]
AD/,6:".A9%¢&'/ © . k : . : .
ADEF6:".A9%& —— .
—BGH6#ADS9%&, : — | Observed values
!":)":r'('$0/08L'(0/0)I $ ﬁ |
THR A N N AN R N N NN O TR AR A AN B |: [ I :I T T TN T TR N SR A N B B |

-5 0 5 10 15 20 25 30

large N limit (convention) G E}(/EK X 104
Bél/Z) _ Bé?’/z) -1
dual QCD prediction ReA, EXp. I PT dual QCD Lattice (1=0,2)

B!/?1 B/ <1, B/? =08 ReAz 2245+ 005 | 14 160+ 15 31.0+11.1

The epsilonO/epsilon tension and supersymmetric interpretation
Teppei Kitahara Karlsruhe Institute of Technology (KIT), Xlith Meeting on B Physics, 23 May, 201Rapoli, Italy 4/ 17



Kel Yamamoto, FPCP201
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Can we study K°()? ==

pp! KK’ X
pp! K" "X 1 K% "X

I SM (—)
0.8* \ — D=0
j — os
| \ I 1
0.6- — 1
- = |
—e T ~ SIzsao
e P O4F T7-===ZZZZzzzzocoooo
0.2F
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Neutral kaon decay time ¢ [75] Neutral kaon decay time t [7g]




¥ Short distance interfering  with Large CP
conserving LD contribution !!

¥ We may be able to study the time evolution of K ©

by tracking the associated particles (K - )

A(KL! p'p”)"A(K2 ! ptp”)
spin " H
" Tm[A¢]y7a AE!! # 27 sin® Oy (Re[At]yza + RefAclyc)



Short distance window

1. 10—

8.10%2F

6.1012}

4.10%2}

2.10%12¢

B(KS — M+/1'_)eff

—
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> tmin

-

t1na:r —1
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GD , Kitahara!
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2\
0

BR (K ->py) limit at 95%CL [x10°]

prospects

D. Martinez Santos, FPCPC

¥ Extrapolating from Run-I result
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K= ([(S) T (TFO)[+[_

e short distance << long distance LD described by form factor W
Kool W' =Grpm3(a; + biz) + W' _(2)
\_/
l — 1, LSY
7
(li,bif\/ O(l), Z:—2
f f . mK

e Observables '(K™ — nTeTe™), I'(KT — 7w um), slopes

® a; O(p4) a4 N14 — N15, as ~ 2N14 -+ N15 Ecker, Pich, de Rafael
@ bz O(p6) G.D., Ecker, Isidori, Portoles

e a,, b, in general not related to ag, bg

afP = —0.578 £ 0.016
averaging fsavour P = —0.779 £ 0.066




Kg — 771~ at NA48/1 Collaboration at CERN
e Kg— mlete™ 7 evts observed (with 0.15 expected bkg evts)

B(Ks — mete ) mpe>165 Mev = (3.0775 £0.2) x 1077

ag| = 1.087737

o Kg— mutu~ 6 events observed

B(Kg — 7TO,LL+,LL_) = (QQt}g T 0.2) x 1077

as|,, = 1.547 535 + 0.06



G. D'Ambrosio Theory of Kaon Physics

0

K; — 7’¢te” : summary

Br(K;, — n’ete™) < 2.8-107'% at 90% CL KTeV

CP conserving NA48

Br(K; — wlete™)< 310712

K ¢

V-A® V-A = (n’ete |(5d)v_a(ée)v_a|KL) violates CP



2 oex + 3 ) I A,
| \o= ViV

1\- S ¢ - (I

TB(KS — nlet e )= 4.6a%. % 109

Possible large interference: ag< —0.5 or ag> 1; short distance probe even for ag large

— _

ImA I\ °
12) + 3)|* = |15.3 a.zs — 6.8 17(7;_ - as + 2'8( 17(7)1-4':) . 10712

117.7+ 9.5 + 4.7 . 10712




Ks— mOu u sensitivity study

CERN-LHCb-PUB-2016-017

Diego Martinez Santos, FCCP 2017
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Osrar [107]

sensitivity study

AXENCIA DE
j acion @ o
o

V. Chobanova et al,
CERN-LHCbh-PUB-2016-017

sensitivity to BR

Normalize yields to Kg !
30 '. ! ! '
' o FULL
“1T\ 7 channel
o JC0 6 R S -------- ------ -
1.5+ \f,-xf.:w | Tg
=
LI J SR— i e e B e e S -
0.5+ LJ ——————— . : —
00 .‘ : : :
0 20 40 60 80 100
8TRIG L [fb-‘l]

LHCb Upgrade, 100 % eff

3.0

~ channel
1.5 L NA48(+)_
T NA48(-)

! : ! : !

PARTIAL

TRIG

g CL[fb"]

LHCb HL-LHC

100 fb'1100 % eff
or 300 fb133 % eff

23



Ks! !°uu short distance?

I'(cos! i, > 0)! I'(cos! g,, < 0)
I'(cos! i, > 0) + I'(cos! g,, < 0)

O
K! MH
ALy (2) =

¥ sensitive to short distance physics!

¥ several background to control ( '« |as|?



Ksg! t*1puum 10
Ks! 1717 ee™ 10 °

v F( Kg —> 7[+ﬂ_e+e— )/Ftotal

VALUE (1077) EVTS DOCUMENT ID TECN COMMENT
4.79 + 0.15 OUR AVERAGE

4.83 +0.11 +0.14 23k 1 BATLEY 2011 NA48 2002 data

4.69 +0.30 676 2 LAl 2003C  NA48 1998+1999 date

« s s \WWa An nnt 11ca the nllnwinn Aata fnr avaranace fite limite ot~ « o »



K(px) — m(p1)m(p2)v(q)

e Lorentz + gauge invariance = Electric (E) and Magnetic(M ) amplitude

A(K = mmy) = F* [EQ,KO,m + Mgy, ,,0° KO°]

e Unpolarizated photons
d°T

~ |E|?+ |M|?
d2dm |E|* + | M|
|E?| = |ErB|* + 2Re(E7gEp) + | Ep|”
}
Low Theorem = E;g ~ % + C Ep, M chiral
¥

tests



K*1 1510

Dalitz plot NA48/2

Inner Bremsstrahlung Interference Magnetic DE
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K+_> I 4 Oee
Starting from CP conserving 1B, DE

Cappiello Cata GD Gao

. (MeV) BJ[10°°] B/M BJ/E B/BE B/BM
2m 418.27 71 4405 128 208
55 5.62 12 118 38 44
100 0.67 8 30 71 36
180 0.003 12 5 -19 44

0.06 0.08 0.10 0.12 0.14 0.16
*
E’}’

0.10 -

|
0.08 - '[-.;.

0.02

0.06 0.08 0.10 0.12 0.14 0.16
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Kg!
Kg!

Vv

eeup
eeee

Interesting channels

SMLD # 2% 1014
# 101
# 1010

GD,Greynat, Vulvert



Hyperons

¥ Hyperon semileptonic decays/Vus determination!

¥ Search for resonance (Hypercp) ! — pup



= =MV, A= puu,
* (& = Ay, VI(E" = Ax7) « (A =pu v, WI'(A - Nx)

VALUE (10~") CL% EVTS DOCUMENT ID TECN COMMENT

VALUE (10~%) EVTS DOCUMENT ID TECN COMMENT
03501 OUR FIT 1.57 + 038 OUR FIT
0.35 20135 1 YEM 1974 HBC Efective denom =2859 157 £ 008 OUR AVERAGE
*** We do not use the following data for averages, fits, lmits, eic *** 14 205 14 BAGGETT 19728 HBC K patrest
<23 20 0 THOMPSON 1980 ASPK Efective denom =1017 24308 9 CANTER 19718 HBC A"I,m'w
<13 DAUBER 1969 HBC 13207 3 LIND 1964 RVUE
<12 BERGE 1966 HBC 15212 2 RONNE .1964 FBC
References References
THOMPSON 1980 PRD2125 Swdies in the BNL 21 GeV/e Negative Hyperon Beam BAGGETT 19728  ZPHY 252 362 Measurement of the A — pu~ &, Branching Ratio
YEH 1974 PR D10 3545 Observation of Rare DecayMooosoth Hyperons CANTER 19718 PRL 27 %9 Branching Raio for A _.,,“:,
DAUBER 1969 PR1791262 Production and Decay of Cascade Hyperons LIND 1964 PR 135B1483 Experimental investigason of V — A in Leptonic A Decay
BERGE 1966 PR 147945  Some Properties of =~ and =¥ Hyperons Produced in RONNE 1964  PL 11357 Branching Ratio for the Muonic Decay Mode of the A Hyperon
17GeVi
& info see fit info

@ Most data in the p-channel is very old (60’s and 70’s)! dBr/Br ~ 10% — 100%

A—p YT —n =05t =" A

Expt. | 0.189(41)  0.442(39)  0.0092(14) 0.6(5)

SM-NLO 0.153(8) 0.444(22) 0.0084(4) 0.275(14)

@ Good agreement between SM and data = Bounds on €& and ¥

J. Martin Camalich (CERN) NP prospects with hyp’s



Possible tau i1Issues

¥ Leptonic universality ! |
¥ QCD tests! %o
¥ Vus!

¥ Lepton [3avour universality

Experiment
LEP

CLEO
BaBar
Belle

Belle I

Number of 1 pairs
~3x10°
~1x107
~5x10°8
~9x108
~1012

e , u

V,,V
e’ ‘_u




Passemar 16

The lepton universality tests give strong constraints on type-X (lepton-
specific) 2HDMs ) Model favoured to explain the g-2 discrepancy

& Y T Y M. Endo@b2tip’15
AHH: --=~ N
. : AH H: v,.ZW Barr-Zee contribution
U — S 7 U —e Y with A enhances muon g-2
|:> Contribution to LU : Large Neg||g|b|e
4 | (/T U, h rf'r I/T\‘\
gu _ 1+ 87 T~ T~
Ye 1 - A‘r—)c ,'1i E /I 1‘[i E €
— 1.0018 + 0.0014 _ » _ »
\ | 1/
: T Vr 7 Vr
gr _ 14+ A, T T
Ye B 1 + A;t—)u H* § L H* i e
= 1.0029 + 0.0015 <, <, )
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Figure 5: Evolution of 90% CL upper limit on LFV in 7 decays vs. approximate number of r decays studied.



Higgs couplings to ue

Harnik Kopp Zupan 1209.1397

10' Outside of
10° LHC reach.
107!
10~ Proeing

"natural’ models.

( projection )

10-210-10-510-510-“10~ 210~ 210~ 10° 10!
| Yeul



Our LHC limit
(ATLAS 7 TeV, 4.7 fb )

Higgs couplings to tu

e ——— —
-—
-

-

S0 A e

SLO

S0

1072
1Y r |

107!

LHC h—=TM cives
dominant eound.

(currently just a theorist’s
re-interpretation)

‘Nnatural models” are
within reach.

RH, Kopp, Zupan 1209.1397



Higgs couplings to te

* teis similar to 7u.... but: Harnik, Kopp Zupan 1209.1397
10°
107!
Our LHC lim it "
Electron EDM is 10-2 :-(ATLAS Llcv.4.70 )

Interesting here!

-———
- “

coldRe Lt i

lO—SL_S bt ‘_4' :3 ._12 + - .
105 104 107 1072 10! 10

|Yerl




Aktmannshofer & StraubO14,
Crivellin,GD, Heeck 15

Interplay H!1 ul 1 3

cos(ap3—P23) =0.25,a=1/3

0.05
Motivated by B-anomalies!
ZO-model with 2 higgs in!
Lmu-Ltau model 0.04 R
tan(B,;) = 40 -
S
__0.03 Q
5 S
= \'
7 —
0.02 _s§
0.01

0.00




Conclusions

¥ My personal view: we are just at the beginning
In exploring the potentiality: See KS->pu, also the
iImprovement for Ecal (I did not discuss much ee In
the Pnal state)!

¥ New ideas In this sector came out recently



Crivellin

R(D™) and b->stt with Leptoquarks ===

* Large couplings to the 2" generation needed in
order avoid collider bounds.

* Cancelation in b>svv needed: C1)=-C3)
R. Alonso, B. Grinstein and J. Camalich, 1505.05164

B.>TtT
R(D) 20
R(D) 1
o R(D’)z(:y very
A  strongly
— B, enhanced

10 12 14 16 18 20
R(D"YR(D")su



Kaon physics

Tests of CPV already among most stringent (ek, €)
Near future improvements mostly due to theory (Lattice)
More progress foreseen in rare decays

= KT 5 atvp, K — nlvi

= rare K decays at HL-LHCb? Amosie, PeS(FPCP20TS01e
PDG Prospects
Ks— puu <9x107%at90% CL (LD)(5.0£1.5)-1072 NP< 10!
K. — up (6.84+0.11) x 1077 difficult : SD << LD
K¢ — pupup — SMLD ~2x1014
Ks — eepu — ~ 107! } NP?
K — eeee — ~ 10710

Ks > atmutu - SMLD~ 1014






SD depends from a crucial sign

u
Y o
KL _\-,-\_'7\"
—
Ly
Y : L SE—
u
(a)
S W u S u S n
> VAVAVAVAVANY . > L ) w > T\ . u’c ’t
L Z i N Z d
ugct LV, uc,t v SANNNK W PNANANNK
fJ[ - ) >~ i -
- \/ VAVAY - - : w - ”
d W T d u d n



'~ (6.85+ 0.80+ 0.06)" 10 °(+),

B(K, | + .1 —
(KLE T oM =g 114 149+ 013)" 10 9(#),

B(Ks — MW" ' )sm = (4.99(LD) +0.19(SD)) x 10 *
=(5.18+ 1.50+ 0.02) x 10 *?



We need FIGHT DE/IB~ 10~°

IB DE..,
Ks > ntn 1072 <9-107° E1l
10~ (0.44 + 0.07)10°°
+ +,.0
K" = nhny (AI:%) PDC M1,FE1
% s ata 10°° (2.92 + 0.07)10°° M1,
L T (cpv) KTeVnew VMD

+, = -

CPV is only from IB K, (also measured in K;, - w7 e’ e )

BUT IB suppressed in K and Kr.



Kt — ntnly

A(K — nry) = F" [EQ, K8, + Me,, ;0" K9]

FE'1 and M1 are measured with Dalitz plot

o8°T _ 8T'yp ,,.,+ E1\ 11,2

OT oW T OW*
i (124 + |44 w

= (- px)(q - p4)/(mimy)

A=AKt o xtx%)



0.8 t

0.6 +

04

02

NA48/2 CP violation

Dalitz plot analysis crucial

SM < 0(10—5) Paver et al.

NP S 0(10_4) Colangelo et al.

0 20 40 60 80 100

NA48/2  <15-1073 at 90% CL

BUT NOT in the interesting interf. kin. region (statistics)



[(L — 7T+'/T_"}’* — '/T+'/T_€’.+€f Sehgal et al; Savage,Wise et al

7t (p1)
e Mip=2%ey*(1—+°) ¢ H,
K*(P) ™ (p2)
o HH = Fipi+ Foph + F5 e**Ppy1,ponqs
‘(q) et (ky)
I —(k ) @ F1,2 ~ E F3 ~J J_[

e Interference ' M novel compared to K, — w7~

e £ M known from K — "7~ (IB and DE)



I(+ — 7T+'/TO’}"* —> W+7T06f+€ Cappiello, Cata,G.D. and Gao,

R(Ep M*)
|EB[* + [M]¥

the asymm. not as lucky Egp >> M:

B(K+)[B ~3.3x107°% ~ 50 B(K+)M

Short distance info without having simultaneously K+ and K, asymm.
in phase space, ( P-violation) interesting! No e-contamination

interesting Dalitz plots (at fixed ¢*) to disentangle M from Eg

at ¢ = 50MeV IB only 10 times larger than DE



