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0 | Motivation

The Higgs discovery provides the
final piece of Standard Model, but...
many guestions left unanswered

Theoretical puzzles: origin of e'weak symmetry breaking, strong
CP, scale hierarchies,... [insert your favourite puzzle here]

Phenomenological puzzles: dark matter, baryon asymmetry...
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0 | Motivation

The Higgs discovery provides the
final piece of Standard Model, but...
many guestions left unanswered

Theoretical puzzles: origin of e'weak symmetry breaking, strong
CP, scale hierarchies,... [insert your favourite puzzle here]

Phenomenological puzzles: dark matter, baryon asymmetry...

No direct signals of physics beyond the Standard Model at Run 1,
but several indirect hints for new physics in the B-sector...
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0 | Motivation

New Physics in semi-leptonic B-decays?

e 2-30 deviations from SMinB — K*utpu~
|[Descotes-Genon, Hurth, Matias, Virto (2013)]

e 2.60 evidence of Lepton Flavour Universality Violation (LFUV):

Br[B — Ku*p™]

K)=— S = (0.745109%9 £0.036  [LHCDb (2014
RE) Br|B — Kete™ 07450 074 | o
Rsm(K) = 1.003 £ 0.0001 [Bobeth, Hiller, Piranishvili (2007)]

» Combined 3.90 evidence of LFUV in B — D" ru._ decays:
R(D)exp = 0.391 4 0.041 £ 0.028 Rsm (D) = 0.297 £ 0.017
R(D*)exp = 0.322£0.018 £0.012  Rgy(D*) = 0.252 £ 0.003
[HFAG (2015)] [Fajfer, Kamenik, Nisandzic (2012)]
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0 | Motivation

New Physics origin of LFUV?

b — s transitions governed by effective AB = 1 Hamiltonian:

AGp
V2

* For semi-leptonic decays, need vector and axial-vector operators

Hesr = V%bV{';ZCB )Q; (1)

Qy = eﬂg 5y (1 —5)b] Y [fyf]

32 e
2
e B _
Q1o = 393 57" (1 — 5)b) Z s
b=e,

* Explanation of B-anomalies requires 09 o~ O(1)
|[Descotes-Genon, Hofer, Matias, Virto (2015)]
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0 | Motivation

New Physics origin of LFUV?

 Many models, but much of the focus on those which can generate
current-current interactions ~ (5v.Prb) (uy™ 1)

7' bosons Leptoquarks ¢
q 14

H
q ¢

[Crivellin, D’Ambrosio, Heeck (2015);
Glashow, Lane, Guadagnoli (2014);
Buras, De Fazio, Girrbach (2013)
Buras, Girrbach (2013)...]

* Same type of NP is (in principle) correlated with kaon sector

14

[Calibbi, Crivellin, Ota;
Alonso, Grinstein, Camalich:
Bauer, Neubert (2015)...]

 E.g. Z'interactions can produce effects in €' /e [Buras, De Fazio (2015)
Buras (2016)]
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 Many models, but much of the focus on those which can generate
current-current interactions ~ (5v.Prb) (uy™ 1)

7' bosons Leptoquarks ¢
q 14

H
q ¢

[Crivellin, D’Ambrosio, Heeck (2015);
Glashow, Lane, Guadagnoli (2014);
Buras, De Fazio, Girrbach (2013)
Buras, Girrbach (2013)...]

14

[Calibbi, Crivellin, Ota;
Alonso, Grinstein, Camalich:
Bauer, Neubert (2015)...]

Can rare kaon decays test NP explanations for the B-anomalies?
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11 Constraining LFUV and LFV at NA62?

Consider analogous processes to those relevant for B-anomalies:
« Key mode for LFUV: K* —»a%¢T¢=, {=pore

* Spectrum measured, but PDG average of ™ ¢~ mode
dominated by E7/87 measurement (scale factor = 2.6):

Br[KT — 7mtete™] = (3.00 £ 0.09) x 10~*
Br[KT = ntu" ] =(9.44+0.6) x 107°

» Also have neutral decays: Kr.s — €14~

Br[Kg — n’ete”] = 3.017:5 x 107 No spectrum,
Br[Kg — m0utu~] =2.9715 x 1079 prospects for LHCb?

Br[Ky — mete™] < 2.8 x 1071 Future measurement
BI’[KL — 7'('Olu+lu_- < 3.8 % 10_10 at KOTO or NAXX?
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11 Constraining LFUV and LFV at NA62?

* Also have pure leptonic modes:

Br[K; — putp~] = (6.844+0.11) x 107°

Br[K; — ete ] =97¢ x 10712

(For dispersive analysis of K¢ — ¢7¢~ see R. Stucki’s talk)

* Key modes for LFV:

Br[ KT —ntpute™

Br[KT — ntpu~ e

NAGZ2 projection —

<1.3x107  (ES865, E7T77)

<5.2x107Y  (ES65)

Br[KT — 77 ute ] < 0.7 x 10717

« Compare with Br[K; — uFeT] < 4.7 x 10712  (E871)
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2 | Weak interactions at low energies

Consider low energy scales 1 < myp.. and decouple heavy quarks
Grp i
,Ceff — T T = Udvus Z C’L(M)QZ(M) (AS — 1)

* Wilson coetfficients decomposed as follows

ViaVis
VUdVJs

Ci(p) = zi(p) + 1yi(p), 7=
* Consider analogous semi-leptonic operators to B-sector

Qs = Qrv=[57"(L—)d > [ty.0]

b=e,u
Qo <= Qra=[v"(1—)d] Y [tru7st]
b=e,u
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2 | Weak interactions at low energies

* Non-perturbative methods required for evaluation of matrix
elements like <"}/*7T’£eff’K> [Lattice prospects covered in C. Sachrajda’s talk]

* In xPT3 : amplitudes calculated via asymptotic series
A= {AL0+ANL0+ANNL0+...}

« Powers of O(mx) momentum and my 4.5 = O(m%)
* Expected rate of convergence |Anvo/Avro| ~ 0.3

 In 07" channel, corrections large due to final-state interactions

[Pion scattering and “marriage” to dispersion theory covered in G. Colangelo’s talk]
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2 | Weak interactions at low energies

* Inleading order with U = U(w, K, n) :

L5 = g2Qg(UOUT) + go7Qar(UOUT) + h.c

weak

At NLO, many (unknown) low energy constants
Loeak = ZN@
« AI =1/2 rule = “octet dominance” |gs/ga7| =~ 22

e Disentangle contact terms from final-states interactions?

* A lattice measurement of the K — 7 amplitude on-shell is free
from re-scattering effects: [Crewther (1985); Crewther, Tunstall (2015)]

(7|[F5, Hweax] | K ) , non-zero momentum transfer ¢, = O(mg)
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31 LFUVand K+ — nX¢ty—

« Amplitude dominated by K+ — 7&~* transition

K—|—

O(p°)

[D’Ambrosio, Ecker,
|sidori, Portoles (98)]

[Ecker, Pich, de Rafael (87)]

e Chiral dynamics contained in vector form factor:

Vi(2) =as +biz +Vi™(2),  2=q*/mk
| | dl’ 2
* Probe LECs in a4 and b4 via spectrum: 7 X Vi (2)]
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31 LFUVand K+ — nX¢ty—

At lowest order xPTs5:

gs
— 1 b, =
ay = Cr ——(1/3 —w4), n G r 60

Curse of the LECs

R 2

. . 1 p
3 [ 14(#)—N15(M)+3L9(H)]‘|‘§1anmﬁ

Wy =

: 2 2
Estimates based on VMD = by /ay = miy/m; ~ 0.4
|[D’Ambrosio, Ecker, Isidori, Portoles 98)]

Can we disentangle long- and short-distance effects?

_ > 2T\ 2
Qrv = [7"(1=5)d] Y [yul] <= &P = vaudv* Cov

8%

l=e,u
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http://arxiv.org/abs/hep-ph/9808289

31 LFUVand K+ — nX¢ty—

» Observe: in SM af same in both modes,
so difference (if any) must be due to NP

aMM . aee

C,LL,LL o Cee — o + +
TV TV T N
27r\/§Vuqus

» Fits to E865 and NA48/2 spectra

af’f — —0.584 4+ 0.008 ai“’ = —0.575 £ 0.039

e Can correlate with B-sector coefficients via
Minimal Flavour Violation (MFV) hypothesis:

a,u,u — q€¢
Cyt —Cy = -t~ 19479 «— PN =01
: : V2ViaVys ’ b

 Determination of aZ” —al" requires improvement of O(50 — 100)
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41 LFUV and Kg — 70" ¢~

 Analysis similar to K* — 7=¢7¢~ with analogous vector FF;

Vs(z) = as + bgz
» No spectrum measurements, so use VMD and fit a% from rates
ag| = 1065037, || = 154230

* Sign of ag key input in indirect CP violating component of K, decay

Br[K; — mete] |CPV

2
=12 2 SA . S
= 10 {14.8’&5‘ T 6.2‘&5’ <1O4> ! 2-5(1O4> } )

Br[K; — nutpu”

”CPV

2
_ —12 2 %)\t %)\t
~ 10 {3.5|as\ +1.5|ag (10_4) + 1.1(10_4) }
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51 LFUVand K, — ("¢~

* Probes axial-vector interactions

* At lowest order, transition mediated via pseudo scalar poles

X

y
Wo’ n, 1 [Gomez Dumm, Pich (98);

K . Knecht, Peris, Perrottet, de Rafael (99);
Isidori, Unterdorfer (03)]

ES

Y

* Dispersive component of amplitude (normalised to K — ~vv):

1 (1 —0 Be—1
FE’dISp_‘lﬂe ‘g ( 5@>+5£L <5e+1>

2
\ LECSs strike again!

s Ty
(1) = xv~ (1) + Xsp

| - 3 log — +
125, T A8, Tl
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51 LFUVand K, — ("¢~

* Can we disentangle long- and short-distance eftects?

. a (2 t/2
GFVudVUSC%\L]{) = 7 <7WZ;3> XNP
K

* Look for difference between lepton modes

Q 21 t/2
C«,u,u _ (e — Y pnp . ee
A A FrGprpVyaV.r (7TTTL?<> (X X )

e Correlate with B-sector using MFV

o or.. \ /2
(Bmi _ Biee _ Y pp o ee
10 10 FrGpViaVy: <7Tm§( (X X )
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51 LFUVand K, — ("¢~

* Naive fit to measured rates yields two solutions per channel

Channel x (Solution 1) x (Solution 2)
ee 511103 —(57.5fi(5)j§)
L 3.75 £ 0.20 1.52 £0.20

* Suppose uncertainty can reduced by factor of ~ 10:

XM =X ~1.3+£1.3 Ciot — CP* ~ 35435

e Caveat: Fit assumes x"" = x°“ to all orders

* Corrections of O(me/my ,.) likely to be important
[Masjuan, Sanchez-Puertas (2015)]
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61 LFV decays

* Apart from tiny effects due to neutrino oscillations, LFV not
present in SM

 Amplitude factorises, so no problems with LECs

 Key modes

Br[K; — pFeT] o {|CES 12 + |CES %)

4% 7A
Br[K* — mtpFe™] oc {|Cf7 1 + [CF4 17}

* Bounds on amplitude correlated with B-sector coefficients

Kr — pFefT Kt s atufe™ K — 7% FeT Kt — ot puFeT (NA62 projection)

(ICH 2 +|CEe ) <1.3x107° <2.2x107° <5.1x107°
1/2

(EAERTEAR) < 0.040
(IC5He? + |C’f‘rf)”“°e|2)1/2 < 0.71 < 12 < 35

< 2.7

* Strongest bound from K; — pFeT but...remove GIGATRACKER?
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7 | Summary

e Several anomalies in B-decays hint at New Physics of LFUV origin

* The MFV hypothesis implies correlations between Wilson coefficients
and B-sectors

* These correlations can be tested at NAG2! (K™ — 77" 1~ key)

 Complementary searches for LFV decays also correlated

K; — uFet Kt = ntpFeT

* Three logical possibilities:

1. New Physics explanations for B-anomalies + MFV implies
signal at NAG2 sensitivies

2. It searches negative at NAG2 can rule out MFV solutions

3. If signal seen near current sensitivities can also rule out
MFV
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One final prediction...

WINE ’IA.STING
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