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Tau decays as probes of SM & beyond

Lepton flavor universality

Charged lepton flavor violation

eg T — uy

No SM background

Pon D~ (F 1"y, )Wr +h.c.
>

Determination of the SM parameters

Hadrons

— dy=V ,d+V,s

Tests of CP violation



CP Violation in tau decays

ar ['t" > nKp) —T(z7™ - 7 Kw,)
A (2 ntKgo )+ 1 (7 = nKsv,) Bigi, Sanda, PLB 625, 2005

This asymmetry is nonzero is the SM, and comes from CPV in neutral kaon mixing

Using
—plP=1q)
|Ks.) =plK°%) £4q|K°) ~ 2Re(e)
>k P>+ 1q?

Indirect CPV paramater
(~107)

The SM prediction is Aip(SM) = 2 Re(e)
= (0.33+0.01)%



CP Violation in tau decays

~ 30 disagreement between theory and experiment

Afp(SM) = (0.36 £0.01) %,  Afp(Exp)=(-0.33£0.21 £0.10) %
BABAR Collab., 1109.1527

After taking into account exp.
conditions and time efficiencies



CP Violation in tau decays

~ 30 disagreement between theory and experiment

Afp(SM) = (0.36 £0.01) %,  Afp(Exp)=(-0.33£0.21 £0.10) %
BABAR Collab., 1109.1527

After taking into account exp.
conditions and time efficiencies

A sidenote:
The same dynamics also yields CPV for D meson decays

(Dt > Kgnt) = T(D™ = Ken™)

A
b ['(Dt - Kgat)+1'(D~ = Kgz™)

~ — 2 Re(e)

Experimental and SM values for CP asymmetry in D meson are consistent with each
other

Ap(SM) = (-0.332 £ 0.006) %, Ap(Exp)=(—-0.41=%=0.09)%



Extraction of Vus

Branching fraction

HFLAV Spring 2017 fit (%)

K v,

K~ 7°v,

K~ 21°%: (ex. K°)

K 37%: (ex. K°,n)
_ =50

™ K v,

_50
7 K 7,

7 K%, (ex. K°)
K'h™h™htv:

K nu,

K- m°nu,

7 K nu,

K~ wvs

K-dv, (6 — K*K-)

K~ ov, (¢ — KSKL)

K n mtv: (ex. K° w)
K-m~n* 7%, (ex. K° w,n)
K—2r2ntv, (ex. K°)
K—2r2ntn%, (ex. K?)

0.6960 + 0.0096
0.4327 =0.0149
0.0640 = 0.0220
0.0428 = 0.0216
0.8386 = 0.0141
0.3812 = 0.0129
0.0234 £ 0.0231
0.0222 + 0.0202
0.0155 =+ 0.0008
0.0048 = 0.0012
0.0094 + 0.0015
0.0410 £ 0.0092
0.0022 £ 0.0008
0.0015 =+ 0.0006
0.2923 + 0.0067
0.0410 +=0.0143
0.0001 + 0.0001
0.0001 += 0.0001

X, v,

2.9087 = 0.0482

via exclusive mode:

BR(z —» Kv,)/BR(z — 7v,)

via inclusive mode:

T—> X +u,




Status of Vus

K.s, PDG 2016
0.2237 + 0.0010

K,, PDG 2016
0.2254 + 0.0007

CKM unitarity, PDG 2016

-

—

o
0.2258 + 0.0009
: o | t — s incl., HFLAV Spring 2017
0.2186 = 0.0021
—— T — Kv /1t — nv, HFLAV Spring 2017
0.2236 = 0.0018
—— t average, HFLAV Spring 2017
0.2216 = 0.0015
—_—— e e
0.22 0.225
'Vusl Spring 2017
Vil = 0.22582(89) from /1= Vg (CKM unitarity)
| Vsl = 0.2186(21) —3.1o from I'(z™ = X v )
| Visl k. = 0.2236(18) —1.1o from I'(z™ - K v)/T'(z™ - n7v,)
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New physicsin 7T = § ?

The low-energy effective Lagrangian

B 4Gy
2

AS=1 - 7
A D——V, [CL T Ury,S. + Cl‘e/ T y" Ver * URY SR

S = _ S = .
+ CL TRI/,L.L' MRSL + CR TRI/,L.L . MLSR Scalar

+ CrTRO, V1 " URO,,SL ] + h.c. Tensor

IntheSM: ¢ =1 and rest coefficients are zero



Vus extraction from
EXCLUSIVE mode
is almost consistent

Tensors !!

Nature of NP interaction?

K, PDG 2016
0.2237 = 0.0010

K, PDG 2016
0.2254 + 0.0007

CKM unitarity, PDG 2016
0.2258 = 0.0008

t — s incl., HFLAV Spring 2017
0.2186 = 0.0021

t — Kv /Tt — v, HFLAV Spring 2017
0.2236 = 0.0018

t average, HFLAV Spring 2017
0.2216 = 0.0015

‘ Spring 2017 \

NP keeps two body decay unaffected, but

modifies inclusive rate

—

Vus extraction from
INCLUSIVE mode
is anomalous

(K~(9)150,,u|0) =0 For 7— K

No antisymmetric structure is possible



Nature of NP interaction?

Need interference of two amplitudes to yield non-zero CP asymmetry

1 +4 = 1A e (j =
Acp < |A|+ A |° = |A, + A, |° A= AT, (j=12)
= —4|A,||A,|sin(5) — &) sin(8)" — &,") Both strong and weak phases

are necessary

T—> Kt v,

2
dl’

— X

ds

: No strong phase in scalar-vector interference

£(5) <cv 2 cS>
mr(ms _ mu)

2
‘ fi()ey — T(s) ‘ Relative strong phase in tensor-vector interference

Only tensor operator can generate direct CPV !
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Inclusive Hadronic Tau decay

4G _
gNP D__VusCT[TR

CuleL - MRO-,uySL]

Key observable is

Hadrons

e (/H = l*"“d d + I*"“‘\, )

_ I'(z = v, + hadrons)

R, = ﬁ
F(T —> v e” ﬂe)
RNS RS
SU(3) breaking quantity OR_ = ! _ 7

Correction from :

m, < m, , (5s) < (i)

SM _
5RT = 0.242(32) E. Gamiz et. al, PRL 94 (2005) 011803
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Inclusive Hadronic Tau decay

Lnp D———=V, ¢ o, V.1 " Ups, Sp

uv Uv

4G, ]
¥

Key Observable iS Hadrons
M_T_“ d, =V / d + VS
[ + hadrons ...~
R, = S ) i
['(t—>v,e 1,
RNS RS
SU(3) breaking quantit OR, = —— -
= g |Vud|2 |Vus|2
In presence of
tensor contribution: Pure tensor term
/
N : (0| (itu + 35| 0) :
5R1,theory ~ OR>™ — 2881 Re[C7] — 18| CT|

m;

. 12
V-T interference term /



CPVin 7= Kt v,

Y [t > 7aKp,) —T(z~ - 2 Kg,)

¢ Tet - rtKw )+ 1(z— = 7= Kgu,) Devi, Dhargyal, Sinha,
PRD 90, 013016 (2014)

2

« J ds'k(5) | £u(5") | | By(s") | sin[8,(5") = 67(5")]

K

. SW
“BSM _ sin oy | cr|

CP " T BR(zr - K¢rv,)

...................... Vector and Tensor Form factors :
Contribution from K*(892) and K*(1410),
dominated by elastic K*(892) resonance

10}

BW fit to Belle data

Can be parametrised by Omnes function

s [ 6(s)
Q(S) = CXP{ ;[ S’(s’ _ S) }

In elastic region: Watson final state theorem
Phys. Rev. 95 (1954) 228
5.(s) = 67(s) = 87%(s)

|£.(s)£.(0)|
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CPVin 7= Kt v,

Y [t > 7aKp,) —T(z~ - 2 Kg,)

¢ Tet - ntKgw )+ 1(t— = 77 Kgu,) Devi, Dhargyal, Sinha,
PRD 90, 013016 (2014)

2

« J ds'k(5) | £u(5") | | By(s") | sin[8,(5") = 67(5")]

K

. SW
“BSM _ sin oy | cr|

CP " T BR(zr - K¢rv,)

...................... Vector and Tensor Form factors :
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dominated by elastic K*(892) resonance

10}

BW fit to Belle data

Can be parametrised by Omnes function

s [ 6(s)
Q(S) = CXP{ ;[ S’(s’ _ S) }

In elastic region: Watson final state theorem
Phys. Rev. 95 (1954) 228
5.(s) = 67(s) = 87%(s)

|£.(s)£.(0)|
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Vector-Tensor interference vanishes up to inelastic corrections!! 14



CPVin 7= Kt v,

Inelastic effects start around K*(1410)
resonance

Inelastic phase shifts can’t be extracted from
experimental fits

We take the following assumption:

o7(s) — 0,(s) = a X Arg[BW (K*(1410))]

Phase from elastic K*(892)

.0
L 4
’0
*

_________
-
’4

———————
____________

BW fit to spectrum

(Belle) v
Estimate of inelastic
effects by Cirigliano et al |

Belle collab., PLB 654, 65 (2007)
Cirigliano et al, PRL 120, 141803 (2018)
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Implications from SM Gauge Invariance

Low—energy = ~

Z o D Cp TR0,V * URO,,S], m <<v<A
EW gauge inv. p U,
' o
C > i 7 sHY 4 = L
gTDﬁfaﬂyeRe g 0" ug+h.c. Sy

C — S MU = 7 MY
— —2 (UT,LO-//!DTR)(SLO- MR) — VMS(TLO-;H/TL)(MLG MR) + h .C.

17



Implications from SM Gauge Invariance

Low—ener = ~
Z, i =D cp TR0,V " URO,,ST m <Kv<A
EW gauge inv. p <yf>
3= 7
v
C
< Diﬁa ep €’ 3 6"™u, +h.c QZ:<L>
T =32 " OweR q, R - C. Sy
Cr._ I _ .
— ﬁ [(UT,LO-/AVTR)(SLO- MR) — VMS(TLO-,MI/TL)(MLO- MR) + h .C
*—
Bound from neutron EDM |Imc;| S 107 U U

Cirigliano et al, PRL 120, 141803 (2018)

No heavy BSM explanation is possible for Acp anomaly 2?2!!

18



Breaking the no-go theorem !!

Matching of low energy EFT operator to
Gauge invariant operator is not unique

19



Breaking the no-go theorem !!

Matching of low energy EFT operator to
Gauge invariant operator is not unique

EW gauge
4G _ o
——— Vs Cr [(U’L'L 6, Tg) (5 0" up)

V2

invariance

F o -
- = [(@HT) G, rR] ((G.H) 6" uy]

A

AL [(DT,L 0,, Tg) (5 o™ ”R)]

No Neutron EDM operator
(Thanks to the Higgses)

Heavy BSM explanation is possible for Acp anomaly

20



A toy UV model

(SUB)c, SUR2)w)y (UM gy U(D)uy U(1)eg U(1)es
B 3,1)_1 /3 0 1 0 0
B¢ 3,1) 3 -1 0 0 0
N 1,1), 0 0 -1 0
Ne¢ 1,1), 0 0 0 1
P, 3,1)y 5 0 +1 0 -1
D, 1,1), 0 0 0 0
2 HT
): _______
MB$
. <
u’ ' ®, T
> J
Ko
) _______
& / H
4k k-k-k
L (g, Hes) (¢5Hu)
My Mpm?

l Fierz Transformation

P D k H'qyB® + ky HESN + ky @ ul N

+ky D/ €SB + ks O u; B + kg CD;egNC

1 HT
. o __I_
MB>¢<

TC " D ) u’
= Y

Fou
> 1 ______
&

1 1
L (@H ) (64He5) —+ (quH 0w (£, 65)
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Summary

Tau decays offer unique possibilities to test the SM and beyond.

We have explored the possibility of addressing the anomalies in Vus and
CP asymmetry in tau decays via NP in a model-independent analysis.

A single effective tensor operator can account for both CP asymmetry
and Vysanomaly.

EW gauge invariance implied constraints from neutron EDM are not
general and arise only in particular class.

As a proof-of-principle, the UV model demonstrates how to generate
the dim-8 gauge invariant operator, avoiding the dim-6 one that
contributes to neutron EDM.

22



Summary

Tau decays offer unique possibilities to test the SM and beyond.

We have explored the possibility of addressing the anomalies in Vus and
CP asymmetry in tau decays via NP in a model-independent analysis.

A single effective tensor operator can account for both CP asymmetry
and Vysanomaly.

EW gauge invariance implied constraints from neutron EDM are not
general and arise only in particular class.

As a proof-of-principle, the UV model demonstrates how to generate
the dim-8 gauge invariant operator, avoiding the dim-6 one that
contributes to neutron EDM.

Thank you
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Back-up
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T : The Heaviest Lepton

Mass : 1776.86(12) MeV  PDG 2018

Lifetime : 290.3(5) fs PDG 2018

The only known lepton heavy enough to decay into_both leptons
and hadrons

PDG 2018 lists 244 various decay modes of the tau

Decays to lighter leptons ¢ — ¢p,u_ (£ =e,u) : 17 % each

Decays to hadrons t — hadrons+v, : 65%

Largest BR Ty, : 25%

25



NP in Hadronic Tau decay

Dv?

4Gp . . . .
Z eff — = ﬁ us [SLV” U - UTL}/MTL] + AL [SLG,WMR U 0 TR
[V *'D , 1 b
v=\x) W cp s a complex number
Im ¢y . Contributes to CP asymmetry

Recr & Imey  : Contributesto 7 — X,

26



Calculation of R,

0| @n's4q - py

1 d°p,
Zn: [(t > v.n) = [ o 32E Z Z {

Can be written in term of spectral functions using:

Pl = | 2275 - p, UHETIAD

= (¢"q" - " a°)p}\ (@D + 4"q" p ) ()

Spectral functions are equal to imaginary part of the associated correlators

Optical theorem

I1,,(@) = | a1 TV )0

— 2217(1) 2 (0) 2
= (q"q" — 8" a1, (g7 + ¢"q"11;%, (g7

27



Calculation of R,

2
" ds s Ky
RXN) = 127|V m@|gw[ <1———> <1+2—3>hmﬂW@+Jmn@@)

2
0 m? m m:

Braaten, Narison, Pich’92 ' Im(s)

Analyticity of II : making use of Cauchy theorem

ds S S
RXNS) = 6ix|V, “@|&W$ 1 - 142 D (s) + ITOs) ,
|S|:m12 m’% m’g m’?

Use of OPE:

()= ). = S)m D Cs, ) (Op(w)

D=24,.. dimO=D

28



New Physics in R’

Vector-tensor interference

The tensor contribution: /‘\ term

d i I
RE,BSM = 67| V|’ fi; m—s (1 —%> — 12 Re[C7] al

my

¢ Pure tensor term
+16|C/|? <1 + —> (H(Q) -+ H<R>)

T T

2
: M, (—0%) ~ ——(0]|gq|0
Using (=07 Q2< 19910) Ignored mass and @, corrections

N,
N = 118 = - 7€ log(@

2 Craigie, Stern, PRD 26, 1982

29



Calculation of Vus in SM

g RNS RS

R, = —— —— : SU(3) breaking quantity, depend on m_

| Vud | | Vus |
m3(m;)
SR~ 24 Spyy 7 A(a,)
RS
| Vis| = RNS - Sew : EW corrections, A(a,) : known upto @(QS)
— — OR,
\ | Vudl
6R, = 0.242(32)  Gamiz et al, hep-ph /0612154

-

Experimental information

R =0.1633(27) RN =3.4718(72) | Via| = 0.97417(21) HFLAV report 2017

v

us

o

= 0.2186 = 0.0018,, + 0.0010 —3.1 0 away from unitarity!

theory
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CP Violation in tau decays

In the SM, 77 (z7) decay first into
a K°(KY) state

In experiments, intermediate K is not
observed directly, rather defined via a final

+ - - ~ :
ntn~ state with m__ ~ m;, and decay time 7

Therefore, CP asymmetry depends on the integrated decay times
and can be expressed as (reconstructed over a time interval #; <73 <1, )

jtz dtIC(K(t) — znn) — T(K(t) — 7n)
Abp(t), ) = —

2 dT(KO(t) — zx) + D(KO(t) — 7x)

Grossman, Nir, JHEP 04 (2012) 002
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Form factors for 7 = K¢ v,

Vector and Tensor form factors are parametrized by Omnés function

s [T 6(s)
Q(S) — €Xp{ ;[ S’(s’ B S) }

with phase taken from Belle’s fit

£.(s) = £,(0) Q(s).
By(s) = By(0) (s),

Cirigliano et al, PRL 120, 141803 (2018)
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Decay Rate CP Asymmetry

BABAR result reanalysis

fi
Y i v A= NA| + LAy + A3 F
easured asymmetry A = 1t .
| T T3
3

A=(-0.27x£0.18+0.08) %

BABAR: A =—A;,=Ap (valid in SM)

Ap=(=036%023%0.11)%

Correct extraction of asymmetry assuming NP in the signal :

T > ﬂ_ngT (signal)
T > K‘ngf

v~ — 7 K°K%,

Ap=1(033x£0.0)%

BABAR correction factor = 1.08

Put A,=(-033%£001)% andextract A; = (—0.33 £0.21 £0.10) %
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