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Outline

® |ntroduction: CC interactions and physics beyond the
Standard Model

® Vs from K decays:

® Vs from KI3
® |mplications of Cabibbo universality tests for new physics

® Model independent analysis

e SUSY



CC interactions and BSM physics

® |n the SM, W exchange = only V-A structure, universality relations

Lepton universality
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CC interactions and BSM physics

® |n the SM, W exchange = only V-A structure, universality relations
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SUSY, Z,
charged
Higgs,
leptoquark,

® BSM: sensitive to tree-level and loop corrections from large class
of models = “broad band” probe of new physics, with BSM

effects scaling as Ackm ~ (V/N\)?



Paths to Vud and Vs
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Paths to Vud and Vs

(0 —>0" _
Vud + 0 n— pev T — UV T —= /2,-*,\;5* 728
(T~ —=mev)
Vs K—m/lv A — pe\_/ K — uv T.% hS,VT
\- / ’ (inclusive)
® Theory golden modes: only V current contributes (A(p4)|7'~,.¢'| B(pg))

® Normalization known in SU(2) [SU(3)] symmetry limit

® Corrections start at 2nd order in SU(2) [SU(3)] breaking

Ademollo-Gatto
Berhends-Sirlin

® Currently, most precise determinations of V4 (0.02%) and Vs (0.5%)



Paths to Vud and Vs
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® BothV and A currents contribute: need experimental input on <A>
(e.g. B-asymmetry)

® F[ree of nuclear structure uncertainties

® Probe different combinations of BSM operators (compared to 0* — 07)



Paths to Vud and Vs

0" —=0° - ([ A _
VUd (n,i . JL'OQV) n— pev T — UV T — /2.-*,\;*&5* 7
T— hV
Vis K—mx/lv A — pev,... K — uv . S,T
A )| (inclusive)

/

/

® Purely A transition: <A> < decay constants (from Lattice QCD)

® |nput on Fk/Frn = information on ratio Vud/Vus

® Probe different BSM operators than V-channels



Paths to Vud and Vs

0" —0" — i A
Vud + 0 n— pev T — UV T —= /2,-*,\;5* 728
(T~ —=mev)
V _ % T — thr
A — uv . .
- K=ty e “ y(mcluszve) D

® Use OPE to calculate inclusive BRs

/

® [nformation from exclusive modes, too

® See talk by E. Passemar



Vs from K— TTlV decays

K={K* K" ¢={e,p}
- ,. D
CG? S, M3 I -
. 2 T TEW K 121285 raxi2 Ky N 1 i o AKE 5 K
Tk = C TR Vas| " [F2 ™ (O)]5T77(N)-[142 Ay +2 Agp o)

- J

--- EXP input
--- TH input

® Experimental input:

o FLAVIANET paper [1005.2323, Eur.Phys.]. C69 (2010) 399]
® Updates: M. Moulson’s talk at CIPANP 2012



Vs from K— TTlV decays

K={K*, K" (=
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electroweak correction:
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Vs from K— TTlV decays

K={K*" K" ¢={e,pu}
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t = (PK — Px) / 1 in SU(3)y limit (m,;=my=my)

[(77— (pe)| 57K (pi)) = f5 ™ () (pk +Pr)p + f5T (1) (P — D)y j

® f{+(0) is the key hadronic parameter

® Discuss effect of SU(3) breaking later on



Vs from K— TTlV decays
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t = (px — Pr)°

fro(t) = f+(0]

® Various parameterizations of the form factors exist

fD ( t ] =t
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(polynomial, pole, dispersive)

® Phase space integrals consistent within uncertainty



Vs from K— TTlV decays
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K={K*" K" ¢={e,pu}
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Long-distance EM corrections: /
AEM
4 l‘ 7 I
",
WW < g”“\< %i‘ + ok / K, +0.50(11)%
J “—> K+e; +0.05(13)%
%/ _____ sy - K,  +0.70(11)%
N 2 ‘2 ) K+ 3 +001(13)o/0

e ChPT to O(e?p?)

V. Cirigliano, M. Giannotti, H. Neufeld:
JHEP 0811:006 (2008)

® Use fully inclusive prescription for real photons

® Uncertainty estimate: LECs (100%) + higher chiral orders

Anantharayan-Moussallam 2004,
Descotes-Jenon Moussallam 2005



Vs from K— TTlV decays
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Vs from K— TTlV decays

K={K*" K" ¢={e,pu}
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ChPT to O(p*) relates this to ratios of the light quark masses:
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Vs from K— TTlV decays

K={K*" K" ¢={e,pu}
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® Predict Asup) from quark mass ratios:

m, /i = 24.7 + 1.1, m,/m = 27.4+0.4
Q=207+12 Q =228+12:
Asup) = 29 £ 04) % Asup) = 24+ 0.3) %

A. Kastner, H. Neufeld, 2008 FLAG 2010



Vs from K— TTlV decays

K={K*" K" ¢={e,pu}
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® Predict Asup) from quark mass ratios:
m, /i = 24.7 + 1.1, mg/m = 27.4+0.4
Q=20.7+12 Q =228+12"
Asu(z) = (2.9 + 0.4) % Asu(z) = (2.4 + 0.3) %
A. Kastner, H. Neufeld, 2008 FLAG 2010
® Extract Asup) from data + EM corr: constraint on quark masses
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~0.15% from TH




Vs from K— TTlV decays

® Experiment + rad. corr. (+ SU(2) corrections)

0.213 0.214 0.215 0.216 0.217
' | ' | ' | ' | ' |

K, 3 !
K, 13 .

Ks o2 : @Vus| £(0) = 0.2163 + 0.0005}
K3 - 0.25%

K* 3 |
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SU(3) breaking in f+(0)

e CVC + Ademollo-Gatto theorem: fi\mﬁ_ (0) =1 =0 ((ms — my)?)
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chiral expansion



SU(3) breaking in f+(0)

e CVC + Ademollo-Gatto theorem: ff%_ (0) =1 =0 ((ms — my)?)
K7 /v

Ji (U) =1 + f,ﬂ o f' BT chiral expansion

N | | J

| [
gt . 5 Y R
O(my)  O(my)

I3

® One-loop graphs in EFT 6 | .
, (T — My )”
® |[st order in mg, 2nd order in (ms-m,) = Joh m.
® No local operators, UV finite, free of uncertainty [ e _“.()22‘—.]

Gasser-Leutwyler'85



SU(3) breaking in f+(0)

e CVC + Ademollo-Gatto theorem: f+ (0) =1 =0 ((ms —my)?)
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LECs not fixed by chiral symmetry:

| ,
(M2 — M2 | (LZ(M))? o
é 6 S o [ -r._;-“ — CT,(M,) — C5,(M,)

[ /]fsl %o >1>(i A /p I _().()()2“] rely on quark model, large-Nc estimates, LQCD
2—loops / e 3 114 Large and positive chiral loop contributions
[,/}6 (M,) = 0.0113 ] @ n=M,

Bijnens Talavera 2003



Nf=2+ 1

N=2

SU(3) breaking in f+(0)

® Lattice QCD calculations vs ChPT + models:

f.(0)
095 096 097 098 099 1.00
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: A | Cirigliano 05 [183]
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FLAG 2010



SU(3) breaking in f+(0)

e Nf=2+I Lattice QCD: RBC- UKQCD
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f.(0)= 0.959(5) = | Vus = 0.2255(13) |  0.58%




V./V 4 from K= pv/ 1T — uv

Marciano ‘04, VC + H. Neufeld 2011
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V./V 4 from K= pv/ 1T — uv
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® Extraction of Vs/Vud requires:

® Fy/Fn:lattice QCD in the isospin limit + isospin-breaking

corrections (ChPT)

® |ong-distance radiative corrections: Oem = -0.0069(17)

e To O(e?p?) in ChPT they are UV finite, no LECs.
Uncertainty due to higher order corrections



SU(2) breaking in Fx/Frn

F? F?
e SU(2) breaking to O(p*) in ChPT: ngi 72 E (1+6su)
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Gasser-Leutwyler 1985 — VC- Neufeld 2011 \ \ \ /
Meson masses in the

isospin limit




SU(2) breaking in Fx/Frn

F? F? -
e SU(2) breaking to O(p?) in ChPT: F’g* =25 (1+dsue)
T 0
4 N
& 4 1 M,
N 0 .\

Gasser-Leutwyler 1985 — VC- Neufeld 2011 \ \ \ /
Meson masses in the

isospin limit

\/§ Mg — My,
e = t S V3 _ 0.0116(13) , Fx/F.=1.193(6)  FLAG 2010

4 m,—m AR

63U(2) = -0.0043 (S)input (I I)higher order



SU(2) breaking in Fx/Frn

F? F? -
e SU(2) breaking to O(p?) in ChPT: F’g* =25 (1+dsue)
Tx ™
4 )
; 4 1 M2
Osu(g) — \/§€ |:—§ (FK/FW — 1) —I— 3(471')2F2 (J[IQ( — *\[7% — A[ﬁ 111 \[IE):|
N 0 .\

Gasser-Leutwyler 1985 — VC- Neufeld 2011 \ \ \ /
Meson masses in the

isospin limit

\/§ Mg — My,
e = : V3 0.0116(13) , Fyx/F, =1.193(6)  FLAG 2010

4 m,—m AR

63U(2) = -0.0043 (S)input (I I)higher order

® SU(2) breaking from N=2 (ETM) lattice QCD RM123 collaboration 2011

SSU(Z) =-0.007/8 (6)Iattice (4)Kaon EM mass splitting



Fc/Frr from lattice QCD

Fi / F_
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® Putting pieces together

V. IV, =02316(12)| —— 0.52%




Summary on V 4andV

Flavianet WG ’10,

Vus om:. T . | T ——

VVC-Neufeld '11

0.227

0.226

0225

0224

[Vus|(Ki3)

Theory dominated
errors



Summary on V andV

Flavianet WG 10, VC-Neufeld '11

Vas ™

Fit result

Vi = 0.97425 (22)
Vus = 0.2256 (9)

0.227

0.226

\
oms] 1
_ [Vas| (Kis) - .
= - Ackm = (I £6)«10
o3l [Vud| (07 07) = i Error equally shared between Vud and Vs

T A T T N S T AT W N S T [N 10 TR T ' N TN TN TN S NN TN SN SN S |
0971 0972 0973 0974 0975 0976 0977

® Great success of the SM: confirms large EWV radiative corrections,
would naively fit Mz = (90 £7) GeV !! [from Sew] Marciano



Implications for BSM physics

4 . 3 )
g r ‘) , -~ [3)¢
H""-uD|d 1 G'(F ')“2 — 14+ A
- T 7 _CKM
1 =10 l T BR(‘XOUC C;(}‘fl)-z
N\ J
Heavy fermion Exotic .Gauge.
mixing muon decays ur!wertsallty
. violations
V.p| < 0.03 . N .
BR i < 0.001 Constraints on TeV
I ] < 0.0: le SM extensi
|U.n| <0.03 ) 95%, C.L. scale SM extensions
95% C.L. > g

Stronger than direct limits

BR(u" — e .v,) < 0.012



Model independent analysis

® Setup: integrate out heavy BSM degrees of freedom.
Parameterize BSM interactions via SU(2)xU(|) gauge-invariant
non-renormalizable operators built out of SM fields

E A
SM particles BSM partic|
- "
Mgsm o >
I :
I T s b
Eexp << MBsm >(>< /0\
(
: stop at dim=6
Lepr = Lsy + Z — Ox
X &




V. Cirigliano, M. Gonzalez, J. Jenkins: arXiv: 0908.1754

® Ackm is sensitive to four operators™*:

-

N\

Gauge
invariance

Gauge

v~200 GeV
N
1 aB) . . 2l B 5 B ‘
Acky = 4 (O” — Q. — oF afoq)) Gy _
/ _J
Vertex correctlons/ /
N
i(o"D*o®p)) (Iy.0°l) 05) =i(p' Do) (@1.0%)

** Consider only U(3)°-invariant operators = no problems with FCNC.



V. Cirigliano, M. Gonzalez, J. Jenkins: arXiv: 0908.1754

® Ackm is sensitive to four operators:

V~200 GeV
4 )
4 (62— a® —a® 4 4@ @
N / AN Y
4-fermion operators / \
4 (3) | = - ) 4 ~(3) T (= a A
Oy’ = 5(17,'-'“0“1)(l*;--poal) qu = (Iv"o"1)(@Vu0“q)
2 (L - Gauge 4 £/ IL IL Gauge s dr
/\< Invariance \/ \/ invariance \/
. | B A(a _/\ .
Y, U1 L T, l; VL
\ J \ J

; vt g : U
(1) e ()
T ) o4 ([L

® Relevant operators affect other precision EW observables!



In this framework, we can assess the significance of Ackm constraint vs
other EWV precision observables in a model-independent way

) What is the range of Ackm allowed by precision EW tests!?

E_ 95x107% < Ackm < 0.1 x 1077 } 90% C.L.

EWV precision data alone would leave room for large Ackm!

Direct constraint implies |Ac«v| = 1.x10° @ 90% CL



® |n this framework, we can assess the significance of Ackm constraint vs
other EWV precision observables in a model-independent way

2) W
7

I T T L T
(0]

nat is the strength of Ackm constraint? Same level or better than
hole observables (effective scale A > |1 TeV @ 90% CL)

2 : -
of T i I { [ I $ {
1 @
P : _l_ | '[ .
T —
2 ;
° { ks } — (‘)(3)
=9 E i - [(1
4= ] B ' ' : . : ' Dramatic improvement
2 : i - 4 over LEP2 and APV
of = = I x (] T i
: Deviations as large as
T | 1 Ackm ~0.01 could be
g f— — — — — blamed on this
, J ] operator
0 T E A k)
P 5 :
o 1 : 1 1 1 1 1 T 1 1 1 1 1
tot ¢KM| MW  Zline bc QFB pol DIS QW hadLEPmuLEP tauLEP eOPAL WL3



Universality and SUSY

® MSSM: box and vertex corrections induce non-universal
corrections to the V-A CC operators

® S,PT operators suppressed by insertions of Yukawa couplings




Universality and SUSY

0.002

0.002 : — .
Light selectrons, i‘ hLight S?Uirks,
heavy squarks & E eavy sleptons
0.001 r smuons .
= .\ .: o
S 0t » A :
< . . .
e,
Os..
0.001 . '
Light smuons, / ° e
heavy squarks &
selectrons
'0002 L 1 ]
-0.002 -0.001 0 0.001
Ae/p

Bauman, Erler, Ramsey-
Musolf, arXiv:1204.0035

Before EVW + LHC
constraints

® |Interesting correlation between Cabibbo universality and
lepton universality: infformation on sfermion spectrum

® FEssentially squark-slepton and selectron-smuon universality



Universality and SUSY

Bauman, Erler, Ramsey-
Musolf, arXiv:1204.0035

0.002 . — .
e
Before EW + LHC
: : Light squarks .
Light selectrons, H ght 59 ’ constraints
heavy squarks & < heavy sleptons
0.001 r smuons |
p= %
> 0r A I C )
& . urrent (future?)
< | -sigma
;s..
0.001 : “
Light smuons, / T
Future
heavy squarks & .
| -sigma
selectrons —
k
-0.002 ' ' '
-0.002 -0.001 0 0.001 0.002
Ae/p

Interesting correlation between Cabibbo universality and

lepton universality: infformation on sfermion spectrum

® FEssentially squark-slepton and selectron-smuon universality



Bauman, Erler, Ramsey-
Musolf, arXiv:1204.0035

Universality and SUSY

0.001 . : '

Light squarks, After EW + LHC

Light selectrons .
: h leptons, constraints
heavy squarks & €avy sleptons

NE!
00005 | smuons / GO I

P>
3 0+ * R 1 Current (future?)
< . « | -sigma
- S — .s. 1
0-0005 Light smuons, /
Future
heavy squarks & ,
| -sigma
selectrons —
k
-0.001 ' ' '
-0.001 -0.0005 0 0.0005 0.001
Ae/u

® [Effects in the MSSM are small.

® Probing MSSM parameter space requires improved precision



Summary

® CC universality tests are a “broad band” probe of new physics

® Th. developments in extraction of Vs since Chiral 2009

e KI3: new lattice calculation of f+(0) [RBC-UKQCD]

® KI2: isospin breaking in Fix/Fr

® BSM physics reach: Ackm = (I £ 6)«10

® Model independent EFT analysis: Cabibbo universality
probes effective scale A~ TeV

e SUSY: probe squark, slepton spectrum. Effects of few 10



Extra Slides



V4 from 0" — 0* nuclear B decays

- f(Q) (1+ RC)

. ft(14+ RC) =

2984.48(5H) s
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V4 from 0" — 0* nuclear B decays

.
2T (2,5 2984.48(5) s
1 Gy|Vud|"me |, i — o 2984.48(5) =
_ = . fF(Q) (1+ RC) - JFi(14-8C) = T
t mlog2 7 ( e l" udl2
\
(1+ RC)=(1—-4¢c) (1+9g) (1+ Ar)

(fIT4ld) = V2(1 = 6¢/2) Nucleus-dependent Nucleus-independent
Coulomb distortion rad. corr. short distance rad. corr.
of wave-functions (Z, E™ nuclear structure)

] _ Ap ~ 2.4%
dc ~ 0.5% op ~ 1.5% i
Marciano-Sirlin ‘06
Towner-Hardy Sirlin-Zucchini ‘86
Ormand-Brown Jaus-Rasche ‘87 "

PH
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V4 from 0" — 0* nuclear B decays

-
—t) - o) [ o ‘ o < . =
1 GulVad™me (14 Ren - 298448(5) s
— = 3 Q) (1 4+ RC) - ft(1+ RC) = V.2
t 7 log 2 | | ; 'ud|
~ [
. Towner-Hardy, Sirlin-Zucchini, Marciano-Sirlin
) “Ar “Rb
3090 14 22 g m 48, 44 :
b (@) Mg K™ “V *Co -[f‘t (1 _|_ ]’)( r)
so80f “C  *AI" *Cl*Sc *Mn *Ga 3100
3070..- ! 3090 + i B
3060 | 3°°°: if L EI } &
' 3070 F )
3050 | { !+‘!I!I _ I{{ i |
] aasn Biisonsassne o el oot Bl S i
3040 | ii . 5 10 15 20 25 30 35
§ Z of daughter nucleus

030 Lttt e e e
5 10 15 20 25 30 35
Z of daughter nucleus

[ Vud — 097425 (22)} Townwer-Hardy 2009




® mu=md,

Isospin symmetry limit

e=0

® Choice for the values of isospin symmetric meson masses

e

\

M? = Mo

1
M = (Mgs + Mo — M2s + M)

\

_/

® TJo leading order:

r

\

M 72( = 2Bogm. M }2{ = Bo(mg +m).

~

_/

~ 1
m=g (Mg + Mmyg)

Subtraction of
higher order EM
effects produces

tiny changes in Osu()



Fk, Fri: one loop results

g D

Frs = Fo{l +2 (L (1) (M2 +2M%) + Lt (1) M?] __ V3 ma—m,
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Neutron decay and V4
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e Nf=2+] Lattice QCD: MILC preliminary
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- continuum NLO

continuum NNLO (fit, Asqtad data only)
a=0.12 fm (N, = 2+1 Asqtad configurations)

a=0.09 fm (N, = 2+1 Asqtad configurations)
a=0.12 fm (N, = 2+1+1 Hisq configurations)
a=0.15 fm (N; = 2+1+1 Hisq configurations)
Extrapolated value from NNLO Asqtad fit
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® Best fit central value f+(0) = 0.97, error estimate 0.35-0.5% [no
volume extrapolation yet]



