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Tau Physics
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The SM of particle physics
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Some problems with the SM

» The SM does not explain the mass of the neutrinos
» The SM does not explain dark matter
> It does not explain dark energy

P It does not explain the matter-antimatter asymmetry in the
universe
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The Tau lepton

The Tau is the heaviest lepton. Due to its large mass, it is the only
lepton capable of decaying into hadrons (mesons).

1.777 GeV/c?
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Semileptonic decays of the Tau lepton

77 = (n/K) v,
T — 7r*7r0VT,
T — 7r_77(/)1/7-,
7T =71 Ksu;,
T s iy,
etc.
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Semileptonic decays of the Tau lepton

7= = (7/K) vy, S. Aoki et al 4
1= = 1~ 7%, < Miranda, Roig®

T — Tr_n(')z/T, « E.Garcés, Villanueva, Lépez — Castro, Roig °
7~ — n~ Ksv;, + Rendén, Roig, Toledo’
T~ — 0Tl v+ A.Guevara, Lépez — Castro, Roig 2
etc.

*S. Aoki et al., Http://flag.unibe.ch/ (2019 version).

®J. A. Miranda and P. Roig, JHEP 1811, 038 (2018).

®E. A. Garcés, M. Herndndez Villanueva, G. Lépez Castro and P. Roig,
JHEP 1712, 027 (2017).

7). R., P. Roig and G. Toledo Sénchez, Phys. Rev. D 99, no. 9, 093005
(2019).

8A. Guevara, G. Lépez Castro and P. Roig, Phys. Rev. D 88, no.3, 033007
(2013).
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Tau Physics

v

v

Provides a clean enviroment to study low energy QCD effects
It is important in the searches for lepton flavor violation

Important in the determination of Vs to complement K3
decays and in the determination of ag

Important in the studies of lepton universality
Important in the searches for new physics

Important for providing an independent evaluation of aﬁVP’LO
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Effective Field Theories
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Effective Field Theories

1 1 1
ﬁ(eff) :[:SM_FfES_i_i ﬁ

A A2 Le +

L7+
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Fermi Theory for the Weak Interaction

Gr
H=——Ji
V2

Where,

G &°

V2 8MZ,

=" (1= 5)ve + " (1 =)y + Vigdy" (1 —s)u+hc+ ...

The scale of new physics in this case is the mass of the W boson.
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Motivation for the work
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Motivation to do this study

» There is a 2.8 o discrepancy between the 7" — 7T K7, rate
asymmetry measured by BaBar
(AZe® = —3.6(2.3)(1.1) x 1073) ? and the one coming from

the expected value due to KO — K® mixing
(ATC’,‘EM =3.6(1) x 1073) 10 where

Nt = 7" Ks) = T(77 — 7 Ksvy)
MNrt - atKsp) + (7~ = 7= Ksv,r)

T
cP —

» The K m~ spectrum, particularly the first few Belle data
points cannot be explained within the SM.

°J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 85, 031102 (2012)
Erratum: [Phys. Rev. D 85, 099904 (2012)].
101 I. Bigi and A. I. Sanda, Phys. Lett. B 625, 47 (2005).
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7~ — Ksm~ v, spectrum

LI I n \‘\ AN E |
06 08 1 1.2 1.4 1.6 1.8
Vs [GeV]

Figure: Distribution of 7= — Ksm~ v, events measured by Belle!!

12

'Belle Collaboration, Phys. Lett. B 654 (2007) 65.
12A. Pich, Prog. Part. Nucl. Phys. 75, 41 (2014)
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Motivation to do this study

» The main motivation to do this work was to probe that
semileptonic tau decays are really important in complementing
traditional low-energy probes such as nuclear 3 decays,
semileptonic pion and kaon decays, and also high energy
measurements at the LHC.

» Show the importance of semileptonic tau decays as golden
modes at Belle-Il.

> We wanted to check if a purely exclusive global analysis is
consistent with an inclusive+exclusive global analysis

» Do the first global analysis for |AS| =1 in the tau sector
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EFT analysis of the 7= — (K7) v, decays
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Effective theory analysis of 7= — v, is

The effective lagrangian density constructed with dimension six
operators and invariant under the SU(2); ® U(1) group has the
following form,

1
£ = Lo+ " Za;O;
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Effective theory analysis of 7= — v, is

We can explicitly construct the low-scale O(1GeV) effective
lagrangian for semi-leptonic transitions as follows:

_ GF Vus
V2

X N TYu(1 = ys)vr - G[y* — (1 — 2€R)’y“75]s

ﬁcc =

(1 + € +€R)

+7(1 —s5)vr - O[és — €pys)s
+26770,,(1 — v5)vr - L_IO"LWS] + h.c,

where € =¢; /(1 + €, +¢€g) fori=R,S,P, T.
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Amplitude

Due to the parity of pseudoscalar mesons, only the vector, scalar
and tensor currents give a non-zero contribution to the decay
amplitude 13

M =My + Ms+ Mt

GF VsV SEw
V2
% [LyH" + esLH + 267 L,y H™] |

(1+€L+€R)

where the leptonic currents have the following structure,
L= (P Jru(1 = 75)u(p)
L=a(p)(1+s)u(p),
Liw = U(Pl)gw(l +7s)u(p),

13EA. Garcés, M. Herndndez Villanueva, G. Lépez Castro and P. Roig,
JHEP 1712, 027 (2017).
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Amplitude

The Hadronic matrix elements for 7= — K%~ v, are given as
follows,

_ Axr
HI' =(m~ K%|57u(0) = Q"Fy(s) + =" q"Fo(s),
H =(r~ K°|5ul0) = Fy(s),
H! =(n~ K°(50"" u|0) = iFT(s)(PlPy — Pk PK),

where g = (pr + px )", Q" = (pk — pr)* — B5=g", s = ¢°, and

2 2
Aj=m; ms.
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Amplitude

Similarly for the 7= — K79, decay we have,
) o0 —
ﬁFé,{+,7rT (s) = Fo},<+7,rT (s).
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Squared amplitude

The unpolarized spin-averaged squared amplitude is given by:

:G[%"VUS‘ZSEW
2
x (Moy + M1y 4+ Mg + Moo + My + M77)

’M|2 (1+€L—|—6R)2
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Vector and Scalar Form Factors

Here we benefit from previous works for the VFF and SFF cases.
The VFF is taken from ref. * and the SFF is taken from ref. 15.

1#D. R. Boito, R. Escribano and M. Jamin, Eur. Phys. J. C 59, 821 (2009).
15M. Jamin, J. A. Oller and A. Pich, Phys. Rev. D 74, 074009 (2006).
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Tensor Form Factor

For the TFF we obtain its normalization at zero momentum
transfer using xYPT with tensor sources 1 and Lattice data 17 and
its energy dependence using a dispersion relation!®.

i{m™

) = Qz (prg PO pﬁ) :

Fr(s) _ S/SC” , o o7(s)
Fr(o) ~ &P [7? L T —s—ig|

where sy = (mgo + m, - )2.

Q. Cata and V. Mateu, JHEP 0709, 078 (2007).

17|, Baum, V. Lubicz, G. Martinelli, L. Orifici and S. Simula, Phys. Rev. D
84, 074503 (2011).

8. A. Miranda and P. Roig, JHEP 1811, 038 (2018).
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Tensor Form Factor
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Figure: Modulus and phase, |F7(s)| (left) and §7(s) = d,(s) (right), of
the tensor form factor, Fr(s). On the left plot, the dotted line
corresponds to sqr = 9 GeV?, the dashed one to s.,: = 4 GeV?, and the

solid one to sq,; = M2.
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Dalitz Plots

\|

02 04 06 08
s(Km)/m?,

Figure: Dalitz plot distribution |M|2,, in the SM: Differential decay
distribution for 7= — Ksm~ v, in the (s, t) variables (left), and in the

(s, cosh) variables (right)
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Dalitz Plots

0.8
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s(Kr)/im?, s(KrT)/m?,

d
cos 6

g

Figure: Dalitz plot distribution A(és,ér) in the 77 — Ksm~ v, decays:
left-hand side corresponds to the (s, t) variables and the right-hand side
corresponds to the differential decay distribution in the (s, cosf)
variables, both with (és = 0,ér = 0.6).

In the previous plot we have defined,
|M(és, ér)> — |M(0,0)2
|M(0,0)/2

A(és,é7) =
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Decay rate

dr G2’Vu |2M$SEW S 2
ds = 3gamss (LTt er) (1 B ME) N i i)

X [Xva + €sXs + ér X1 + €%X52 + @27-X7—2] )

2s
SIFo(s)2 e + IFL I (14 3 ) A2 )

Xva = 2 ol
3 A
X — F 2 Kr
s sM, o(s)l ms —mg’
6 . 2 2
X—,— = SM (S)F+(5)])\(57 mﬂva)7
A2
X F 2_ T Km
52 = 2M2| O(S)‘ (ms mu)2 ’

. 2 s 2 2
X2 = ;|F7-(5)| (1 + 2/\//3) A(s, mz, my) .
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Decay Rate
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Figure: The K%7~ hadronic invariant mass distribution for the SM (solid
line) and és = —0.5, &7 = 0 (dashed line) and és = 0, ér = 0.6 (dotted
line). The decay distributions are normalized to the tau decay width.
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Forward-backward asymmetries

1 d’r 0 d’r
A . fO dcost) dsdcosf f—l dcost dsdcosf
kr(s) =

31/A(s), m2, my)
AKﬂ'

T 282[Xya + esXs + E7XT + 2 Xg2 + 2 X12]

(14 i, ) e [ Rl 4

T

1 d2r 0 dirr -
fO dcost dsdcosf + f—l dcost dsdcosf

Re[Fr(s)Fo (s)]
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Forward-backward asymmetries

Figure: FB asymmetries: SM (solid line), €&s = —0.5, €7 = 0 (dashed
line) and és = 0, ér = 0.6 (dotted line).
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Limits on €5 and €1

r—ro

A= o

= aés + BT + 7e: 4 6é%

where we obtained the following results for the coefficients:

a € [0.30,0.34], B € [-2.92, —2.35], y € [0.95,1.13] and
5 € [3.57,5.45].
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Limits on €5 and €1

Eg ér

Figure: A as a function of és for é7 = 0 (left hand) and of &7 for és =0
(right hand) for 7= — Ksm~ v, decays. Horizontal lines represent the
values of A according to the current measurement and theory errors (at
three standard deviations) of the branching ratio (dashed line) and in the
hypothetical case where the measured branching ratio at Belle-1l has a
three times reduced uncertainty (dotted line).
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Limits on €5 and €1

0.8
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Figure: Constraints on the scalar and tensor couplings obtained from
A(1™ — Ksm~v;) using theory and the measured value reported in the
PDG, with their corresponding uncertainties at three standard deviations
(solid line). The dashed line ellipse corresponds to the case where the
measurements error was reduced to a third of the current uncertainty.
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Limits on €5 and €1

A limits és(ér =0) ér(és =0) €s er
Current bounds | [-0.57,0.27 —0.059,0.052] U [0.60,0.72 —0.89,0.58 —0.07,0.72
Future bounds —0.52,0.22 —0.047,0.036] U [0.62,0.71 —0.87,0.56 —0.06,0.71

Table: Constraints on the scalar and tensor couplings obtained through
the limits on the current branching ratio at three standard deviations
using the current theory and experimental errors and assuming the latter
be reduced to a third ('Future bounds’).
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Limits on €5 and €1

When we make the fit to the whole spectrum we obtain,

Best fit values €s T X2 X2 in the SM
No i =5,6,7 bins | (1.3+0.9) x 1072 | (0.7 £ 1.0) x 1072 | [72,73] | [74,77
i=5,6,7 bins (09+1.0)x 102 | (1.7+1.7) x 102 | [83,86] | [91,95

Table: Best fit values to the Belle spectrum and branching ratio of the
77 — Ksm~ v, decays

19 The previous limits translate into bounds of the corresponding
NP scale A =~ [2,5]TeV, while Kaon physics may reach O(500)TeV
20

A~ v(Viysés 1)~ Y2

1D, Epifanov et al. [Belle Collaboration], Phys. Lett. B 654, 65 (2007).
%M. Gonzalez-Alonso and J. Martin Camalich, JHEP 1612, 052 (2016).
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What about CP violation?

gsv _ 2sind¥(er|GE|Vus|*Sew
P 256m3M2T (T — Ksy)

2

/s ds| (s)||Fr(s)[sin (54 (s) — 67(s))

K

)\3/2(5, m72'l'7 m%{)(Mg — 5)2
52

In agreement with Ref. 21 we confirmed that it is not possible to

understand the BaBar Acp measurement.
BSM -7
AT S8-1071,

which is a slightly weaker bound than the one reported in the
previous reference (ABSM <3.1077)

2y, Cirigliano, A. Crivellin and M. Hoferichter, Phys. Rev. Lett. 120, no.
14, 141803 (2018).
38/91



Global analysis
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Effective theory analysis of 7= — v, aD (D = d, s)

We can explicitly construct the low-scale O(1GeV) effective

lagrangian for semi-leptonic transitions as follows: 22 23:
GeViyup _ _
Lee = ~Z22 N1+ (= )er - B (1= %)D

+erTYu(1 = %) s - 0y (1 ++°)D
+7(1 = 4°)vr - G(e — €py°)D

+e7T0u(1 = 4°)vr G0 (1 = 4°)D| + h.c.,

2T, Bhattacharya, V. Cirigliano, S. D. Cohen, A. Filipuzzi,
M. Gonzalez-Alonso, M. L. Graesser, R. Gupta and H. W. Lin, Phys. Rev. D
85, 054512 (2012).
25 Gonzalez-Solis, A. Miranda, J. Rendén and P. Roig, Phys. Lett. B 804,
135371 (2020).
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One-meson decay modes 7~ — P~ v, (P = m, K).

G2|Ve, 22 m3 2\ 2
Nr~ =7 v) = Vil Fr e <l—m”)

167 m2
X (L4 06I" + 207 + O(e7)? + O(57T€T))

T

where f is the pion decay constant, the quantity 67 accounts for
the EM radiative corrections and the term A”™™ contains the
tree-level NP corrections that arise from L. that are not absorbed
in Ve,
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One-meson decay modes 7~ — P~ v, (P = m, K).

The product GgVyp in L. denotes that its determination from
the superallowed nuclear Fermi 8 decays carries implicitly a
dependence on € and € that is given by 24

GeVip = Gr (L +€f +€R) Vup ,
For the channel 7= — K~ v, the decay rate is that of Eq. (1) but

replacing de — \755, fr = fx, my — mg, and 677 and A" by
67K and ATK, respectively.

2*M. Gonzalez-Alonso and J. Martin Camalich, JHEP 12, 052 (2016)
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Two-meson decay modes 7= — (PP') " v,.

dr _ GEVplPmiSew (s
ds 38473s

2
) )‘1/2(57 ml237 m.%”)

2
mz

x [(1 LG — €+ R ) Xua

—l—eng + 67-;—XT + (Eg)zxsz + (6?—)2X72:| ,
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Two-meson decay modes 7~ — (PP’)~

1 FPP ()12 A2
Xva = 252{ (CPP/) |Fo™ (s)I"Akpr
v \2 £PP 2 2s 2 2
+ (CPP/) |F+ (5)| 1+ ? )\(5, mp, mP/) s
_ 3 S FPP’ App
Xs = R(QDP/) Fo" (s)I? g — ma’
6 / / *
Xr = [FT7 () (FE7 ()" [A(s, mp, mpi)
_ 3 S FPP’ App
Xs2 = ﬂ (CPP’) | ( )| m7

4 PP\ 2 s 2 2
X = SR (14 5o ) Ao o),
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Tensor form factors

For the tensor form factors FFP'(s) we have? 20,

, , Scut g’ 5PP’ /
FEP'(s) = FE (0) exp [ / T”] ,
™ S

. S (s—s—i0)

where sy, is the two-meson production threshold for the lightest

pair of mesons with the same quantum numbers as the given pair
PP’

F?P,(O): ChPT with Tensor Sources+Lattice

Q. Cata and V. Mateu, JHEP 0709, 078 (2007).

] Baum, V. Lubicz, G. Martinelli, L. Orifici and S. Simula, Phys. Rev. D
84, 074503 (2011).
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New Physics bounds from AS = 0 decays

from the 7~ — 7w~ v, decay rate alone, we obtain the following
constraint,

2
m
€ —€ —€p—€——— T ¢, =(—0.12+0.68) x 1072,
L L R R mz(my + my) p=( )

Input: fr = 130.2(8) (FLAG)?"; 6™ = 1.92(24)%?28 2930,
|VE,| = 0.97420(21) (B decays, PDG).

2'S. Aoki et al. [Flavour Lattice Averaging Group], Eur. Phys. J. C 80, no.2,
113 (2020).
%R, Decker and M. Finkemeier, Nucl. Phys. B 438, 17-53 (1995).
V. Cirigliano and |. Rosell, JHEP 10, 005 (2007).
%0J. L. Rosner, S. Stone and R. S. Van de Water, [arXiv:1509.02220
[hep-ph]].
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Global analysis for AS = 0 decays

» the high-statistics 7~ — 7~ 7%, experimental data reported

by the Belle collaboration, including both the normalized
unfolded spectrum and the branching ratio.

» the branching ratio for the decay 7= — K~ K.
» the branching ratio for 7= — 77 v,

The x? function that is minimized in our fits is

_ — 2
N — P BR: — BRI\
2 Z( o ) +< )

P O'NEXD O-BRfer);p

X 2 2
. (BR}?K - BRW) . <BR§; - BR$§P> |

9BRyP O BRSXP
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New Physics bounds from AS = 0 decays

The bounds for the non-SM effective couplings resulting from the
global fit are found to be (in the MS scheme at scale y = 2 GeV)

€L~ €l ter— €k 05+0.6%23402 404
2 +1.1+40.1
R+ ammmy P | _ | 03+05555 g5 +£0.2
67’
S

%1072,
9.7102 +21.5709+0.2

+1.1 40.0
—0.1402+11400 4 95

-
€T
31

1.stat. fit uncertainty, 2.pion VFF, 3.quark masses, 4. TFF

31if we use the 7 channel we reproduce the limits in E. A. Garcés,

M. Herndndez Villanueva, G. Lépez Castro and P. Roig, JHEP 12, 027 (2017).
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New Physics bounds from |AS| = 1 decays

from the 7= — K~ v, decay rate alone, we obtain the following
constraint,

2
my

— "KL = (—0.41+0. 1072,
e TP (-0 93) x 10

€L —€[—€R—€R~

Input: fix = 155.7(7) (FLAG)?; 67 = 1.98(31)%3 343°;
V2| = 0.2231(7) (PDG).

325 Aoki et al. [Flavour Lattice Averaging Group], Eur. Phys. J. C 80, no.2,
113 (2020).
*R. Decker and M. Finkemeier, Nucl. Phys. B 438, 17-53 (1995).
34V Cirigliano and I. Rosell, JHEP 10, 005 (2007).
%J. L. Rosner, S. Stone and R. S. Van de Water, [arXiv:1509.02220
[hep-ph]].
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Global analysis for AS = 1 decays

> the 7= — Ksm~ v, Belle spectrum together with the
measured branching ratio, BR)Y = 0.404(2)(13)%.

» the branching ratio of the decay 7= — K nu;
(BRi, =1.55(8) x 107%) .

» the branching ratio of the decay 7= — K~ v;
(BRSY = 6.96(10) x 1073).

_ _ 2 2
N — feP BRIh — BRS®
X2 — 2 : ( k k ) + ( Kn K7r>

P TBRE

28 2 (O'¢ 2
) (B/re;g7 - BRK;’> s (BR;I,; - BRTKP>

g BRY 9BRSP
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New Physics bounds from |AS| = 1 decays

In this case, the limits for the NP effective couplings are found to
be (in the MS scheme at scale = 2 GeV)

€ — €L T€r —€R 054+15+03
m2
G+ s | _ | 04£09£02 < 10-2
€ 0878 +03 ’
e 0.94+0.7+04

1.stat. fit uncertainty, 2. TFF
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New Physics bounds from a global fit to both AS =0 and
IAS| =1

+1.0 +0.2
29 06 TS +06 +0.0 +04 53

0.5 1.3 1.2 40.9
7.1 £49 too 12 H3 02 19

+1.9 +1.7 -+19.0 —2
7.6 +6.3 £0.0 *yg ré 200 TZP [ x1077,

50 95 135 57 £00 +02 g

-05 402 198 +0.0 400 +0.6 +0.1

1.stat. fit uncertainty, 2.pion VFF, 3.CKM parameters, 4.rad. cor., 5. TFF, 6.quark masses
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Comparison between different probes for the €'s
2 35 53 2

0.04F v v
12
0.02}
T>Knv, | el __LHC 3
e ""“"-,.'. s =
. K ~
3 0.00— [ 2 1 e
el l 15 &
B Bt S L1t <
L A .
=002+
Hyperon d 12
-0.04

2004 002 P.oo 0.02 ‘ 0.04
l\E;“ /

36

%M. Gonzalez-Alonso and J. Martin Camalich, JHEP 1612, 052 (2016).
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Conclusions
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Conclusions

» Both the BaBar Acp anomaly and the / = 5,6,7 Belle data
points cannot be explained by heavy NP contributions.

» This work highlights that hadronic tau lepton decays remain
to be not only a privileged tool for the investigation of the
hadronization of QCD currents but also offer an interesting
scenario as New Physics probes.

» In general, our bounds on the NP couplings, are competitive.
This is specially the case for the combination of couplings
€] — € + € — €%, which is found to be in accord with 37 and
€7, that can even compete with the constraints set by the
theoretically cleaner Ky3 decays.

37V. Cirigliano, A. Falkowski, M. Gonzalez-Alonso and
A. Rodriguez-Sanchez, Phys. Rev. Lett. 122, no.22, 221801 (2019).
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Conclusions

» As for €, it is impossible to compete with the limits coming
from Kjy3 decays (the decay 7~ — 7 nu, has not been taken
into account because the lack of data).

» T — mnv, is good constraining e€s but is limited due to lack of
data.

» 7 — 7wy, and T — wKv, are good constraining €.

» We have performed the first global analysis for |AS| =1 in
the tau sector.
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Gracias
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Parameters of the SM

where we have a total of 19 independent parameters:
» 3 gauge couplings (g, &', gs)
» 6 quark masses
» 3 masses for the charged leptons
» 3 mixing angles from the CKM matrix
» 1 CP phase also from the CKM matrix
>
>

2 parameters from the scalar sector (12 and \)

fqcp
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Dimension Six Operators

(Backup)

X8 ©® and ¢*D? P
Oc | fEapralralr | 0, (¢le)? O,y (" @) (Ipere)
Oy | rAeaialair || 0.0 (ere)atete) Ous (&) (Gpur)
Ow | IRwhwlrwke | O, | (p7 Do) (¢1Dup) | Oup (¢"e)(@pdre)
Op | IKWIWIrwke
X2 WX W2t D
Opis oGl G Ouw | (Lare)rloWl, | O (1D @) (¥,
0.z PoGacm | Op | (oe)eBu | O9 | (#HD] )0y,
Opw | eleWLWi | Ou | @o"TAu)EGh | Op | (oD, @)erter)
O | eleWiLwi | Ow | @ou)r'aWh, | 09 | (oD, )@ e)
Ous | ooBuB™ | O | @o"u)FBu || 08 | @iD! )@ va,)
Op5 | #eBuB™ | Ouw | @r"TAd)eGh || Op | (21D, o)p"u)
O,w pirtowl, B Ouw | (@pod )T e Wh, || Opa | (£1iD, @) (dyy*d,)
O.wp | ¥''e W/, B Oup (Fpo™dr) o By Opua | (& Dyp) (@ndy)

Figure: Dimension-six operators other than the four-fermion ones, 32.

8 JHEP 10, 085 (2010).
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Dimension Six Operators

(LL)EL) (RR)(RR) (LL)(RR)
On (el )7 ly) Oce (Ever)(Ever) Ore (hule)(Eer)
0% (@) (@7"ar) Ouu (ittt} (7" 1) O Loyl ) (e ue)
o | @)@ ' a) || Oum (dpydy)(dsy*dy) O (bl ) (doy¥dy)
oy, (Ll ) (@7 r) Ocu (Epyuer) (tsy*ur) Oy (@) (B er)
o | Gt @) | Ouw @) (dordy) O | (@) @ u)
OR | @ma)datd) | O | @)@ T )
O | (T hu) (i TAds) | OF | (@yan)drdy)
O | (@ a) (" TAdy)

(LR)(RL) and (LR)(LR)

Ols(tq (’2’91‘)(&9’7;,)

O | (@u)ejn(asd)

0% | @TAu)en(@TAdy) 59 operators
Oligu | (Ber)esn(@ue) (2 family & B conservation)
02, | Bowe )o@ o™ u)

Figure: Four-fermion operators 3.

¥ JHEP 10, 085 (2010).
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Effective Lagrangian

4G o L
Lee = A Vs [(1 + [vilee)oyuver iy s + [VReelLyuveL GRY SR

+ [st]eclrver RS + [sR]eclRVeL TLSR

+ [tL]MZRO'MVI/u_L_IRO'MVSL} +h.c.,
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Operators

and vertex corrections

e

(3)
Ohﬂq

(Iv*o°1)(@v,0%q)
(€e)(dq) + h.c.
(Lne)e® (q@pu) + hec.

(Lao" €)™ (Guo ) + hec.

i(p"eD,p)(uy"d) + hee. |

= i(¢p'D"0"¢)(g1u0"q) +h.c..

62/91



Operators

1- -
oy = GRAIGERD (60a)
OS) = -i[pr“a”:p)(ff;.-Pa“l)+h.c.. (60b)

In terms of the coefficients of the above operators, the low-energy effective couplings
appearing in Lo (see Eq. [2) ave given by

Vil = 2V [ad], + 2V 601, -2V 0], 61)
Vi [Urly; = — lbeely; (61b)
Vi - [SL]tEij = - [d!qh‘m (61c)
Vi - I‘?lej = —Vin [équ];[J.n?_ (61d)
Vi ltele; = — [&m;ﬁ . (61e)
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ChPT with tensor sources (Backup)

L4 = /\1<tiyf+u,,> — i/\2<tiyuuuy> + /\3<tiyt;,> + /\4<tff_y>2 .
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Interpretation of subtractions

1
Fy(s)=1+ 6(r2>7\r/s +cls? +dYs + ..

1
() =601, o = 5(a2+ad)
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Amplitude (Kn") case)

The hadronic matrix elements are given by,

H = (K V5u0) = FE1"(s) | (1)
He = (K Olsyrulo) = €Y Q“FI ™ (s)
Akr )
n Cﬁw( : )qHFO" (s). 2)
o _ — (|2 _ ik
HY = (K™n"|50™ul0) = iFx " (s)(p}) Pk — PikPyn) -
(3)

where q“ = (pk + Py ), Q (Pn 0 — Pr)* (AKn n/s)q"
s = g? and Aj = m2 — m , and with the Clebsch-Gordan

s _ s _ 2
coefficients: CK o = \E CKﬁ = —% and CKn, =2
The process is analogous for KK.
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Two-meson Form Factors

For the Kn(’) case we have 40,

Kn®)
Fy

(s) = cosOp(sin Gp)Ff“(s) , (4)
where, fp = (—-13.340.5)° 4
and %2,

s 1 52

FE™(s) = F£™(0)exp [a1m2 + S g

$3 [T 5—}:#(5/)
T /% O (s s —i0) | ®)

“OR. Escribano, S. Gonzalez-Solis and P. Roig, JHEP 10, 039 (2013).

“IF. Ambrosino et al. [KLOE], Phys. Lett. B 648, 267-273 (2007).

“2D. R. Boito, R. Escribano and M. Jamin, Eur. Phys. J. C 59, 821-829
(2009).
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Two-meson form factors

For the KK case we have 43

~ 3 Scut 5KK
~ a2 o S ' + (s)
2y [ g
Gst s T /4,,,2 "5 —s—i0)|
(6)

FfK(s) = exp

43S, Gonzalez-Solis and P. Roig, Eur. Phys. J. C 79, no.5, 436 (2019),
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Two-meson form factors

For the scalar form factors we also take advantage from previous
literature, for the F{™(s) we use 44 for the FOKK(S) we use 45 46 47

and for FX7(s) and FKW(/)(S) we use 48

#4S. Descotes-Genon and B. Moussallam, Eur. Phys. J. C 74, 2946 (2014).

#°Z. H. Guo and J. A. Oller, Phys. Rev. D 84, 034005 (2011).

%Z. H. Guo, J. A. Oller and J. Ruiz de Elvira, Phys. Rev. D 86, 054006
(2012).

47Z. H. Guo, L. Liu, U. G. MeiBner, J. A. Oller and A. Rusetsky, Phys. Rev.
D 95, no.5, 054004 (2017).

“M. Jamin, J. A. Oller and A. Pich, Nucl. Phys. B 622, 279-308 (2002).
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Tensor form factors
For the tensor form factors FFP'(s) we have

, ’ s [t s’ §PF(s
F?”(s)zFﬁ"w)exp! e ] )

T . 5 (s—s—i0)

49 50

where s;1, is the two-meson production threshold for the lightest
pair of mesons with the same quantum numbers as the given pair
PP’ and we have the normalizations,

- C A
FE(0) = (ffcs)ﬁg, (8)
_ C’
Ao = () m ©)
FER0) = %2 (10)

%90. Cata and V. Mateu, JHEP 0709, 078 (2007).
50| Baum, V. Lubicz, G. Martinelli, L. Orifici and S. Simula, Phys. Rev. D
84, 074503 (2011).
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Tensor form factors

4
%3

FE o)
ok 1 (s) [ Degree |

0.1
0.0 0.5 1.0 L5 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Vs [GeV] Vs [GeV]

Figure: Normalized absolute value of the tensor form factor FTK"(/)(S)
(left), for seuy = 4 GeV? (dotted line), 9 GeV? (dashed line) and

0 ,
Seus — 00 (solid line), and tensor form factor phase (5?" (s) (right).
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Effective theory analysis of 7= — v, aD (D = d, s)

The effective lagrangian density constructed with dimension six
operators and invariant under the SU(2); ® U(1) group has the
following form,

1

72/91



Effective theory analysis of 7= — v, aD (D = d, s)

The low-scale O(1GeV) effective lagrangian for semi-leptonic
transitions is given by, 515253:

G -
Lcc = —iVuD(l + e+ €R) [T’yu(l — ’ys)I/T

V2
Ay — (1 - 28r)Y"°] D
+7(1 — 7°)v, U(és — épy°)D
+2e7Tou, (1 — s L_IO"LWD} + h.c., (12)

where €& =€;/(1+ ¢, +€g) fori=R,S,P, T.

Sy, Cirigliano, J. Jenkins and M. Gonzalez-Alonso, Nucl. Phys. B 830,
95-115 (2010).

525, Gonzélez-Solis, A. Miranda, J. R. and P. Roig, Phys. Rev. D 101, no.3,
034010 (2020).

5E. A. Garcés, M. Hernandez Villanueva, G. Lépez Castro and P. Roig,
JHEP 12, 027 (2017).
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Amplitude for two-meson decay modes 7= — (PP') v,

M = My+Ms+Mr

GV,
= FU\E}ESEW(]."FGL"FGR)

x [LyH" + &sLH + 2e1L,, H*] | (13)
where the leptonic currents are defined by:
Ly = a(P)yu(1—~°)u(P), (14)
L = a(P)(1+~")u(P), (15)
Ly = a(P)ouw(l+ ) u(P). (16)
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Amplitude for two-meson decay modes 7= — (PP') v,

and where the hadronic matrix elements are given by

H = (K-K%dulo) = FK K(s), (17)
HY* = <K_KO|J’)’MU|O> = C;L/fKOQMFfiKO(S)
A _
b G (B) R, (18)
H*Y = <K_KO|JJMVU‘O> = iF¥7K0(5)(Pf<0Pf< - pﬁp;’(o%

(19)
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Two-meson Form Factors

3 o) 1(/
- (0% S O7(s
F F(S) = exp |x1S + 7252 4+ — A dS/ 1( ) 5

2 T Jamz  (8')3(s' — s —i0)

(20)
54 55 56

%S, Gonzalez-Solis and P. Roig, Eur. Phys. J. C 79 (2019) no.5, 436.
®A. Pich and J. Portolés, Phys. Rev. D 63 (2001), 093005.
%D. Gémez Dumm and P. Roig, Eur. Phys. J. C 73 (2013) no.8, 2528.
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Two-meson Form Factors

FE™(s) = exp

0o 1/2
@ 5  5"(s)

T

57 58 59

"D, R. Boito, R. Escribano and M. Jamin, Eur. Phys. J. C 59 (2009) 821.
*8D. R. Boito, R. Escribano and M. Jamin, JHEP 1009 (2010) 031.

%9R. Escribano, S. Gonzalez-Solis, M. Jamin and P. Roig, JHEP 1409 (2014)
042.
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Two-meson form factors

For the scalar form factors we also take advantage from previous
literature, for the FF™(s) we use 60, for the F/K(s) we use 6! 02 63

and for Ff™(s) and F{"( )(s) we use 4

89S, Descotes-Genon and B. Moussallam, Eur. Phys. J. C 74, 2946 (2014).

®1Z. H. Guo and J. A. Oller, Phys. Rev. D 84, 034005 (2011).

627. H. Guo, J. A. Oller and J. Ruiz de Elvira, Phys. Rev. D 86, 054006
(2012).

63Z. H. Guo, L. Liu, U. G. MeiBner, J. A. Oller and A. Rusetsky, Phys. Rev.
D 95, no.5, 054004 (2017).

4M. Jamin, J. A. Oller and A. Pich, Nucl. Phys. B 622, 279-308 (2002).
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Tensor form factors

For the tensor form factors FFP'(s) we have® 0,

/ / Scut dS, (SPP/ (5/)
FPP'(s) — FPP 5/ as o7 22
T (s)=F7r (0)exp 7). S —s—i0)| (22)

where sy, is the two-meson production threshold for the lightest

pair of mesons with the same quantum numbers as the given pair
PP’

F?P,(O): ChPT with Tensor Sources+Lattice

Q. Cata and V. Mateu, JHEP 0709, 078 (2007).

®]. Baum, V. Lubicz, G. Martinelli, L. Orifici and S. Simula, Phys. Rev. D
84, 074503 (2011).
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Tensor form factors

|FEK(s)/FFR(0)
W £ wn (=2}

6!,(K(s) [ Degree |
=)
(=]

o)

50¢

8,0 0.5 1.0 1.5 8.0 0.5 1.0 1.5 2.0
Vs [GeV) Vs [GeV]

Figure: Normalized absolute value of the tensor form factor FXK(s)
(left), for scuy = 4 GeV? (dotted line), 9 GeV? (dashed line) and
Seut — 00 GeV?2 (solid line), and tensor form factor phase 65K (s) (right).
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Limits on €5 and €1

The upper part of the table are the new results and the lower part
are our previous results

Decay channel és(ér=0) ér(6s=0) és ér

™ = Ky [—0.38,0.16] [-1.4,-0.7]U[-4.7,8.5] - 102 [-0.7,0.5] [-15,0.1]
= K v, [~0.20,0.05] [~7.6,14.9] [~0.21,0.05] [~10.4,17.7]
™~ = K~K%; | [-0.12, —0.08] U [0.08,0.12] [-0.12, —0.06] U [0.92,0.99] [-0.2,0.2] [-0.12,0.98]
T~ =1 10U, [-1.33,1.31] [-0.79,-0.57)U[-1.4,1.3] - 102 [-5.2,5.2] [~0.79,0.013]
™~ = (K7)"vr [-0.57,0.27] [~0.059,0.052] U [0.60, 0.72] [-0.89,0.58] [-0.07,0.72]
™ =, [-8.3,3.9]-1073 [-0.43,0.39] [-0.83,0.37] - 1072 | [-0.55,0.50]
T oy [~1.13,0.68] - 102 ler] < 11.4 [-1.13,0.67] - 1072 | [-11.9,11.9]

Table: Constraints on the scalar and tensor couplings obtained (at three
standard deviations) through the limits on the current branching ratio
measurements. Theory errors are included.
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Important Data (Backup)

e Belle data (2008)
10¢ — Our it E
“ 1
e
“g 0.100+ 4
0.010¢ E
0.001¢ ‘ ‘ ‘ ‘ ‘ L3
0.0 0.5 1.0 1.5 2.0 2.5 3.0
s [GeV?]

Figure: Belle measurement of the modulus squared of the pion vector
form factor as compared to our fits .

67
68

"M. Fujikawa et al. [Belle], Phys. Rev. D 78, 072006 (2008)
®8S. Gonzalez-Solis and P. Roig, Eur. Phys. J.-C 79. no.5- 436 {2019)
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Important Data

— Fittor > Ksr v,

10%g

— Fitto T K, f

« Unfolded 7Kg v, Belle data
o 17 =Ksnv; excluded fit points

1000}
® 'Unfolded' v~ =K 75v_ Belle data

M 7 =Ky, excluded it points

100}

Events/bin

B L A F R T A
Vs (GeV)

Figure: Belle 7= — Ksm~ v, (red circles) and 7= — K~ nu, (green

squares) measurements as compared to our best fit results in (solid black

and blue lines) obtained from a combined fit to both data sets. The

small scalar contributions are represented by black and blue dashed lines.

69 70 71
%D. Epifanov et al. [Belle], Phys. Lett. B 654, 65-73 (2007)
K. Inami et al. [Belle], Phys. Lett. B 672, 209-218 (2009)
"IR. Escribano, S. Gonzélez-Solis, M. Jamin and P. Roig, JHEP 09, 042
(2014). 83/91




Comparison between different probes for the €'s

0010F— — -

(Gonzalez-Alonso, Naviliat-
Cuncic & Severijns 18)

\ 4
o 0.005} -

Non-trivial U 0000 N -----F---------q - —--H------ a
constraints B decays
fromt
1
decay!! _000s| /. ]
A= v (Vyq8) 2
-0.010

Z0002  -0001 0000 0001 0002
(54 Pablo Roig

It is important to remerber the result G. Aad et al. [ATLAS], [arXiv:2007.14040 [hep-ex].
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Limites para €s y €t

0.04F v o
" \ |
0.02} .
t->Knv, [ o LHC 13
o“‘- s -
K ~{5 S
3 0.00— 2 J e
~ .:-: B :‘.5 %("‘
i it - 3
-0.02} S
Hyperon decay 2
-0.04 A

2004 002 000 002 | 004
G

72

M. Gonzalez-Alonso and J. Martin Camalich, JHEP 1612, 052 (2016).
Or B> «Z» <% IS

85/91



Leptoquarks

F Spin  SU(3). SU(2), U(l),;, Dimension-6 operators
Sy -2 0 3 1 2/3 O Ono.Owga. Oy g
_ Oetugs Ocnvua
s -2 0 3 1 8/3
s =2 0 3 1 —4/3 O,
Sy -2 0 3 3 2/3 O
V -2 1 3 2 5/3 O Ouga
v =2 1 3 2 ~1/3  Ony O Oixy
R 0 0 3 2 /3 O Ouig
R, 0 0 3 2 1/3 O, Oxng. O, Ol
U, 0 1 3 1 1/3 O, Onu. Outga, Orxvug, Ocnua
Uy 0 1 3 1 10/3
Uy 0 1 3 1 —2/3  Owg
Us 0 1 3 3 13 o

Table 10: Coupling constants and operators appearing in generic neutral-current (2) and
charged-current Lagrangians (3).
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anomaly?
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Inelasticidades

Estimacién de inelasticidades en la fase del TFF 73

08 1 12 1.4 1.6

V5 [Gev]

By, Cirigliano, A. Crivellin and M. Hoferichter, Phys. Rev. Lett. 120, no.
14, 141803 (2018)
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Dalitz plots

\|

03 04 05 06 07 08 09 10 03 04 05 06 07 08 09 10
S(KK)/ 2 S(KK)/m2

10

cos 6

-10 0
03 04 05 06 07 08 09 10 03 04 05 06 07 08 09 10
S(KK)/m? * S(KK)/m?

Figure: Dalitz plot distribution of A (és,é7) for 7= — K~ K%, with
(és = 0.10,é1 = 0) (left panels) and (és = 0,ér = 0.9) (right panels).
The lower row show the differential decay distribution in the (s, cos )
variables.
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Forward-Backward asymmetries

0.7F =
A
/’ \
\
06 R
1 1
i 1
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U A} -~
} ‘. -~
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1.0 1.2 1.4 1.6

Figure: Forward-backward asymmetry for the decay 7= — K~ K%, in
the SM (solid line), and for és = 0.1, €7 = 0 (dashed line), and
€1 = 0.9, és = 0 (dotted line).
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Spectrum

0.100 ¢

\/; (GeV)

Figure: Invariant mass distribution for the decay 7= — K~ K%, in the
SM (solid line), and for és = 0.1, é = 0 (dashed line) and

€s =0, ér = 0.9 (dotted line). The decay distribution is normalized to
the tau decay width.
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