UK hep Forum
14.11.2013

Martin Gorbahn
University of Liverpool



Main Characters



Main Characters

Decay

SM

NP




Main Characters

Decay SM NP
K*— n*vv | Z-Penguin & Box MEA 100 TeV
Ki—=mbv @1-loop, Ve Ve  ERMEV 100 TeV

Kp & K3

W= @ tree, Vs

EW precision 10 TeV




Main Characters

Decay SM NP
o K*— n*vv | Z-Penguin & Box MEV 100 TeV
«2@@ Ki—=mbv @1-loop, Vs Via  ERMEV 100 TeV
K & Ki3 W= @ tree, Vs EW precision 10 TeV I
€K AS=2 Box P MEV 1000 TeV I
Q\\\é&\% /e Penguins & Boxes| CERMEVY =10 TeV .
ATLAS, CMS tree, loop NP coupling to g,u,...




Main Characters

Decay SM NP
o K*— n*vv | Z-Penguin & Box MEV 100 TeV
«2@@ Ki—=mbv @1-loop, Vs Via  ERMEV 100 TeV
K & Ki3 W= @ tree, Vs EW precision 10 TeV I
€K AS=2 Box R MEV 1000 TeV I
/e Penguins & Boxes| CERMEVY =10 TeV

| ATLAS, CMS tree, loop NP coupling to g,u,...




A simplified Z” example



A simplified Z” example
K— mtov N
g
d/ U
K+ o [ gz 12 (Mz)*
Ky o« (Im gsaz’)? (Mz)*



A simplified Z” example
K— mtov N
g
d/ U
K+ o [ gz 12 (Mz)*
Ky o« (Im gsaz’)? (Mz)*




A simplified Z” example

K— mov K Mixing

S v S d
\ 7’ Only \ 7’ /
left-handed '\/\/\/
/ currents / \
d v d S
Ko [gsaz 12 (Mz)* ek & Im (gsaz)? (Mz')?

Ky o« (Im gsaz)? (Mz)*

B(K, »n"v




A simplified Z” example

) K— mov N ) K Mixing q
\ e N
left-handed '\/\/\/
/ currents / \
d U d S
Ko [gsaz 12 (Mz)* ek « Im (gsaz)* (Mz)?

Ky o« (Im gsaz)? (Mz)*

£V

15}

vy [10° 1)

10}

B(K,»n"v




B(K, »x%vv)[10°")

A simplified Z” example
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Previous and current measurements constrain the
parameter space of new physics.

These constraint are obviously model dependent.
What new information can Kaon decays provide?
— New physics sensitivity of Kaon observables
— The suppression in the standard model

and the accuracy of the theory predictions
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Why are Kaon Decays so rare?

Before the charm quark: why are the two Branching ratios
Br(Kp — pp ) ~6.84(11) - 1072 Br(Ky — yy) ~ 5.47(4) - 1074

so different in size?

Ki — u* u: The 2 us are in J=0 state — no 1 y coupling

d > > 8%
S —<

G /\Ferml — GF(X O(GF(X)
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The GIM Mechanism

GIM: charm quark to suppress neutral currents

1 1 1

d— u >
W;M ﬂj_mu ﬂj_mu ﬂj_mc
S — Cutoff is then m.2

Quadratic GIM explains the smallness of Br(Kp — pu ™)

m2

C
2
M7y,

suppression of light quark contributions

: Me .
The resulting m>Gz log —— is known at NNLO [MG, Haisch *07]

M.,



Contributions to Ky — u

No quadratic suppression for K; — yvy

d — > 0% d \VAVA \
Wécuv >®Q Gr log —2=P
Mc
S — < v S

(same for photon penguin)




Contributions to Ky — u

No quadratic suppression for K; — yvy

d — > 0% d \VAVA \
Wécuv >®Q Gr log —2=P
Mc
S — < v S

(same for photon penguin)

[sKp — '
dominated by short distances (SD)?



Contributions to Ky — p"pu™

No quadratic suppression for K; — yvy

d — > 0% d \VAYA \
Wgcuv >®<}W Gr log —2=P
Me
S — < v S

(same for photon penguin)

[sKp — '
dominated by short distances (SD)? No!

v / including top
—u

W; b Br(KL = ) ~ ((—0.95 £ 777) + %7) 1079

I A

Y . Dispersive Absorptive
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Rare Kaon Decays

Ki — u'p

K — vy

e E———

Ks =l 1™

Kp — il |

SD
<CP Vlolatmg NLO QCD

[Buchalla et. al. "95]

| Z 1
W.

KL — Ks &
Kg— 711

8 [Mescia et. al. 06]
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[Isidori et. al. "04]
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— top-quark dominates }\&1 22

-

A =0(0.2)

m.?/ Mw? suppression 1 A A3
o - o( )

K—=mvv

FCNCs which are dominated by top-quark loops:

b—s: b—d: s—d:
V5 Vil oc A2 'V Vig| oc A3 Vi Vea| o9

are extremely suppressed (A%) for Kaon decays

Kaons test new physics up to O(100) TeV
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Matching (NLO +EW):

[Misiak, Urban; Buras, Buchalla; _/
Brod, MG, Stamou11] d

Qv = (stypdr)(viy" ve)
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Matching (NLO +EW): 1.56 | NLO, 4np :
[Misiak, Urban; Buras, Buchalla; /~ I 3
Brod, MG, Stamou\ll] 2>€ 1.54 S . .
Qv = (sLyudo) vy vi) Lozt ‘5
) S T ]
After 2011 uncertainty below 1% 148 ;:“_:.':_'.'_'.i_'.:‘.:.'_'.‘_‘.'_‘.'_'.:'.:.'_-.-_:.-_-.-_-.:-.:.—_-.—_-.-_-.-_—.;-.;.-;.-_-.-__-.._..rz.

1.46
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S W 1% S
S wvwwwwwwe
u,c,t
U.,C,t' YE, U, T
AV
w7

Z ViaF(xi) = Vg Via(F(xy) —

Matching (NLO +EW):

[Misiak, Urban; Buras, Buchalla; _/
Brod, MG, Stamou'11] ¢

Operator
/ Mixing (RGE)

Matrix element from Kj; decays

(Isospin symmetry: Kr—m® e* v)
[Mescia, Smith]
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K+ —= 7t v v from Mw to m.
39 ¢

P.: charm quark contribution
to K* —= 7t 0 v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)
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P.: charm quark contribution
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Series converges very well

(NNLO:10%—2.5% uncertainty)
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this scale dependence

No GIM below the charm quark mass scale
higher dimensional operators UV scale dependent

One loop ChiPT calculation approximately cancels

5P = 0.04 -
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K+ — 7t 0 v from Mw to m-

39 ¢

P.: charm quark contribution
to K* —= 7t 0 v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)

| 36 |
NNLO+EW [Buras, MG, Haisch, _

( g —
= -
~ ///
-
//
e
e

Nierste; Brod MG] 35 :

this scale dependence

No GIM below the charm quark mass scale
higher dimensional operators UV scale dependent

One loop ChiPT calculation approximately cancels

5P = 0.04 -

[Isidori, Mescia, Smith “05]

Could be calculated on the lattice
[Isidori, Martinelli, Turchetti “06]

- 0.02



K — 7 U v: Error Budget

BRth(K+—mtt0ov) = 8.2(3)(7) - 10-1
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K — 7 U v: Error Budget

BRHN(K*—mtov) = 8.2(3)(7) - 1011 BRth(Kp —m00v) = 2.57(37)(4) - 10-11

BRexp(K+*—mttov) = 17(11) - BRexp(K+—1tt0v) < 6.7 - 108
101 g787, B949 08 [E391a "08]
NA62 aims at 10% accuracy

delta Pcu
14 %

Xt
7 %
Parametric
18 %
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ex: CP violation in Kaon Mixing

- I M
€K (7)ol K1) ex = e'P¢ sin <|>e - 1)

((771) —0|Ks) ’\ A

from experiment mall

MMMy = <KO| HIAS|:2 |]_<O> o % J d4X <KO| H|AS|=1(X) H|AS|=1(O) |]_<O>

dispersive part

s W d
] [ (+75(1)%): Adem/Mw? +
R
(+40(6)%): AcArm2/My? ~ Nei 3-loop RGE,
y W . log(me/ Mw?) + Z—IE)()p Matchﬁng
. Brod, MG 10
i Local Interaction: nec: 3-loop RGE,

Q = (5uyudi)(Suy*dy) (A56)%): Adem/Mw2 il ol

Lattice:  (K°|QIK®) [Brod, MG "12]
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Long Distance €x

. 7 d 4 0 =0
[ dteaty (K| T{H (@) B} K
Integrate over ta < txy <ts
d s [Christ et. al. 13]

C, U

Exploratory study for AMk and ideas for €x

Use Ay Arinstead of Ac Ay
AuAy finite after GIM & charm — renormalise AS=1 Operator

Au At log divergent — renormalise AS=1 & AS=2 Operator,
i.e. match Lattice to continuum perturbation theory.



Residual Theory Uncertainty
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Residual Theory Uncertainty

After Lattice QCD & NNLO progress: .. dominant uncertainty

ek is very important for phenomenology:
Future improvements are expected from Lattice QCD and
interplay with perturbative QCD

lex| = 1.81(28) - 1073

parametric eX:p. 223(1) y 10_3

43 7

V& dominates parametric
uncertainty
uncertainty in Bk sub-leading




K — 7w 0 v and ¢k in the MSSM

The MSSM has many sources of flavour violation
encoded in the squark mass matrix

M% _ M%LL ./A\Jr .FLVJr
Clea-enn

In MFV no large effects are expected

Z Penguin sensitive
to up-type A-terms [Collangelo, Isidori "98]

X 4
4
_|‘_’
VaN

The supersymmetry breaking A mass terms Vi Ao

contribute to the numerator of the amplitude

|6
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Constraintson K — o v

fic models:

in a speci

ing

Decoupling property can be surpris

ek M2  K—=mov x M?

For non-zero up-type A1z & Axs

Em.Hx?mDm.H

300

lightest stop mass

|
600

400

(M)min (GeV)

|Isidori et. al. "06]
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Correlations with ek

The chiral enhancement of the RS with common down-type bulk mass
scalar (sr di)(dr sr) operator [Plot by S. Casagrande]
10 — ; S
oy s Yy B o ;‘;:'.?:"';,_:-\ S3

breaks the ex & K1, — 00 v, but
there is a correlation with €/ ¢

s
v
—
-

204

n yv(y)) [l(l ”I

ek constraint can still lead to
interesting restrictions of the model
parameter space for Kt — tt v v

- .

The Higgs production channel puts = :
severe constraints on these type of
models



Leptonic and Semileptonic

Observables: K(t) =101, K—= 110

Observables: K(t) —1lvy & K—mlwvy

[Marciano “04]

+
F(ng(fy)) Voo |? femg (11— mg/m%( : s reg
e )~ |Vial fme \T=mgmez ) < Oem)
£2(v) " e |Cirigliano, Giannotti,
Neufeld "08]
G2m?3 2
F(KEB(W)) — 1527_‘_5( CK Sew ‘Vus‘2f—|— (0)2 ]§<(>\+,0) (1 + 5§U(2) + 56[35116)

Isospin breaking effects:
Flavianet 10



Leptonic and Semileptonic

Observables: K(t) =101, K—= 110

Observables: K(mt) — 1lvy & K —mlwvy

- [Marciano "04]

)2 X (1 + Jom )

|Cirigliano, Giannotti,
Neufeld "08]

Ko\ 2
e1n

Isospin breaking effects:
Flavianet 10




CKM Unitarity

["(Kys) Vus!f(0) = 0.2163(5)
(Ko Vuslf ) 9758(5)
(7’[12) Vud|f7r
\/ud‘2 =+ ‘Vus‘2 =+ ‘Vub‘z —1

3 Equations, 4 Unknowns (Vys, Vus, £+(0), fx/fx)

20



CKM Unitarity

["(Kys) Vus!f(0) = 0.2163(5)
(Ko Vuslf ) 9758(5)
(7’[12) Vud|f7r
\/ud‘2 =+ ‘Vus‘2 =+ ‘Vub‘z —1

3 Equations, 4 Unknowns (Vys, Vus, £+(0), fx/fx)

f.(0) from Ngp=2+1

. MILC 12
Lattice ILOCD 12
gives fx/fr; JLQCD1

V..V RBC/UKQCD 10
us, Yud  RBC/UKQCD 07

20



CKM Unitarity

["(Kys) Vus!f(0) = 0.2163(5)
— Vus €
_(Ku) K =0.2758(5)
(7’[12) Vud|f7r
\/ud‘2 =+ ‘Vus‘2 =+ ‘Vub‘z —1

3 Equations, 4 Unknowns (Vys, Vus, £+(0), fx/fx)

f,(0) from Nr=2+1 f/f-from  Np=2+1 Ng=2+1+1

Lattice 1 oo Lattice  RBC/UKQCD12  HPQCD 13A
. JLQ , Laiho 11 MILC 13A
gives fx/f; JLQCD1I find £.(0) wLC10
MILC 11
V.. V RBC/UKQCD 10 JLQCD/TWQCD 10 510  10E
us, Vud RBC/UKQCD 07 Vus, Vud RBC/UKQCD 10A
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CKM Unitarity Test

Test unitarity: Ackm = ‘Vid‘ -+ ‘Vas‘ -+ ‘Vﬁb‘ — 1
Lattice for Ng=2+1

FTAG2013

f"‘(O) and fK+/f7'c+ . 0.230
Ackwm = -13(15) 102 S

0.226}

Vud (n B decay) and £,(0):
Acxm = -8(6) 104

Vud (n B decay) and fx+/fri: .0
Ackm = 0(6) 10

s ]
=
N 0.224

lattice results for fy./f ., N, =2+1+1
lattice results for f,(0), N, =2+1
BN lattice results for fy. /f ., N, =2+1
L] lattice results for f,(0), N; =2

B (attice results for fy. /f.., N, =2
L] lattice results for N; =2 +1 combined
(] lattice results for N, =2, combined

unitarity
nuclear 3 decay

0.218

0.96 0.97 0.98 0.99 1.00 1.01
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CKM Unitarity (Model Independent)

|Cirigliano et. al. "09]

My
ANP

> corrections

ANp > My Neglect O (

Use SU(2)®U(1) invariant operators [Buchmiiller-Wyler “06]
(plusU(S)5 flavour symmetry)

O = (*o*U(@yuo®a) O = - (y*o®l)(lyo®l)
Constrained from EW precision data [Han, Skiba "05]

Gr(u — evv) — Gp(l — 2“11 N — Gy

Gg(d —uev) — C2;2F(1 — Qa{q)) —> G}?L

Redefine



CKM Unitarity (Model Independent)
&)

CKM
Unitarity

23
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CKM Unitarity (Model Independent)
&)

G _ 2/ 27T
F— MZsin?20 (1—AF)

Before My measurement
Ar dominates uncertainties

After Myu: sinOw MSbar
important parametric

uncertainty

| | ”/‘ISf C ble t
CKM 1;3 o .. omparable to

Unitarity %) unitarity constraints
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Conclusion

High intensity experiments and high precision theory
prediction lead to competitive constraints on

physics beyond the standard model.

On the theory side progress is expected from Lattice QCD on
the calculation of previously sub-leading non-perturbative
effects. This will also include a matching of the Lattice results to
the continuum.

The upcoming searches for rare Kaon decays will test so far
unconstrained parameter space of new physics.
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