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Outline

1. A novel approach on tau decays
Algebra method

2. First applications on tau decays
a) Scalar resonances

b) Axial-vector resonances

— testing the nature of these resonances within the chiral unitary
approach

¢) Polarization amplitude



1. A novel approach on tau decays

Pseudoscalar (P) Vector (V)
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Motivation

1) Tau decays have been instrumental to learn about weak interaction as
well as strong interaction.
2) Several modes are well measured, 7~ — v,PP and 7~ — v, PV.

3) Surprisingly, there are no 7=~ — v, VV reported in the PDG

— we wonder whether there is some fundamental
reason for this experimental fact ???

a) P and V mesons differ only by the spin arrangement of the quarks
— possible to relate the rates of decay for 7~ — v, PP,PV,VV

b) one important issue is charge symmetry
G-parity

The G-parity plays an important role in these reactions. We offer
a new perspective into this issue.
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Algebra method [EPJA55(2019)20]

The derivation requires some patience, but we succeed
using Racah algebra!!!

1) no any free parameter

2) relate the different processes
a) relevant form factors would be the same
b) Yet, the structures can be very different for the produced P or V

Finally we obtained the analytical amplitudes for each
reaction

1) We evaluated the branching ratios of rates for PP, PV & VV
cases —> good agreement with experiment

2) make some predictions of invariant mass distributions and
branching ratios of rates
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Diagrams for elementary 7~ — v.du decay (left)
Hadronization through gg creation with vacuum quantum numbers (right)

W d ,m

uu u[ii us
M= | di dd ds
siu  sd s
Cabibbo-favored du production
3
du — Zd[], qi = My My = (M-M)21

i=1
Cabibbo-suppressed su production

3
Sﬁ—)ZSC_]iqiﬁ:M3iMi1 = (M’M)31

i=1

Hadronization of the primary du
pair to p_ljoduce two mesons

Vr
d,m N
wW- gs J,M
o~
q,53— s

For the hadronization, we use the "7, model
1)L. Micu, Nucl. Phys. B 10, 521 (1969)

2)A. Le Yaouanc, et. al., Phys. Rev. D 8, 2223 (1973)
3)F. E. Close, An Introduction to Quark and Partons,
Academic Press, 1979

The *P, model has been widely used in the
literature and recently it has been found very
instrumental to address different problems in
hadron physics 2
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Cabibbo-favored du production

1 1
(P-P)y = +%(w777+777r7)+%(ﬂfnukn/ﬂ*)—i-KOK*,
16, m0p~ | mp” 0 g
P-V = —(r + 7 w) — +—+7+KK .
Y A A RV, BV S
(V'P)21 = P 0+;+ , ! ( p7T —+ wmr™ )+K*0K7
V2 V3 f T
| _ 1 _ _ _
V-Vim = P’ —r%p )+ (P —wp )+ KK M

Similarly, Cabibbo-suppressed si production:
(P-Plai, (P-V)si, (V-P)i, (V-V)a
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Weak matrix elements in Standard Model (SM)

H=CL"Q,,

where C containing weak interaction

constants and radial matrix elements.
L* is the leptonic current

L L
LY = (i, |y

= ¥ yslur)
Q¢ is the quark current
0" = (ualy" — " vsva)

For the evaluation of the matrix element
0, we assume that the quark spinors are
at rest in that frame

=(5)n=(2)

Qo X'|x) =
0 = (Xlalx) =N

Denoting for simplicity,

/u/

-y

The amplitudes
S =X 0,0
=7 MOM*+ ° MON*+ N Mg+ N N;

where we sum over the final polarizations of the
mesons produced.

L"" is easily evaluated in [PRD92(2015)014031]
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p-wave production

assuming d, u quarks are produced in their ground state

—> this leads to a negative parity gg state, which makes
the pair of mesons after the hadronization to be
produced in p-wave.

[Later we find that production is compatible with ex-

periment of decays]



Table 1 M, matrix elements in p-wave

PP J=0J=0 My=0

PV  J=0,J = My = (_1)7M7M/%qYl,f(MJrM’)(q)(SMO

VP =10 =0 My=(=)"MM g _arimr) @) o

VW U=1,J=1 My= (71)*M*M/i3C(lll;M,M’,M+M’)qY17,(M+M/)(z})
Table 2 N, matrix elements in p-wave

PP J=0J=0 Nu= J£a¥1,u(@)mdmo

PV J=0J=1 N, :(71)1*"”’%qYl,H,M/(q)C(lll;M’,fu,M’fu)JMo

VP J=1,0=0 N, :(—1)*M%qYlyu,M(q)C(lll;M,—;L,M—;L)(SM/O

VW U=LJ =1 Nu=Zq¥, w @{(=D S

+2(=1)"MC(111;M, —p, M — p)C(11; M, —M — M’ + i, —M + )}

with ¢ = p, — p,, where p,, p, are the momenta of the mesons produced.

It is the value of M, = O for PP and G-parity —> what makes the matrix

elements zero for the 7= — v, 7 7(n’) channels
We show from a different perspective that 7~ — v,.7 7(n’) are forbidden

by G-parity —

with results obtained through different methods

11/42



Table 3 Signs resulting in the My and Ny

amplitudes by permuting the order of the
mesons in p-wave production

PP PV VP \AY%
My 0 - - +
Ny = 4 A —
1) Taking the 7~ 7" channel
It comes with the combination 7~ 7% — 77—, As a

consequence N, adds for the two terms and we have
a weight 2% for the 7~ 7" channel

2) For interesting 7~ 7 channel

It comes with the combinations 7~ 7 + n7—, and
then the combination of the two terms cancels =—>
do not have 7~ 7 production

Table 4 Weights for the different channels after
taking into account the M; M, and M, M;
components after the hadronization

Channels h; (for My) hi (for N, W)
= 0 V2
Tn 0 0
T 0 0

p-wave production and G-parity

Table 5 Contributions of the different
non-strange MM, pairs. The cross indicates
non zero contribution for 7= — v PP decays

Channels G-parity M, Ny
w0 + 0 X
TN - 0 0
7 — 0 0

1) Taking into account the G-parity of the

mesons, we can associate a G-parity to all
nonstrange MM, pairs.

2) on the other hand, the G-parity can be
established from the original Ji pair and the
operator producing them, 1 or o;
The G-parity for quarks belonging to the
same isospin multiplet is given
G — (_1)L+S+I
L=0,1=1
S = 0 for the “1” operator
S = 1 for the “o;”” operator
—> G-parity negative for the 1 operator

positive parity for the o; operator
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s-wave production

Since the masses of these mesons are larger, the resulting momenta for
the mesons are much smaller and the p-wave mechanism will lead to
very small widths. Certainly, in this case, s-wave production shall be
preferable.

For 7~ — v,PV and 7= — v, VV production, two mesons with
negative parity and s-wave have positive parity
— This means that the du must be produced in an L' = 1 state.

[Later we find that production is compatible with experi-

ment of and decays]




M, matrix elements in s-wave

PP /=0 = My =0
RVARI=10%/ 4= Ah::%ﬁ
VP J=1J=0 M= g
Vo U=1J0=1 My= =2 C(IL;M,M M+ M)

N, matrix elements in s-wave

PP
PV
VP
\'A%

J=0,J =0
J=0,0 =1
J=1,J =0
J=1,1 =1

Ny = %ﬁ&uo Smro (=1)7H
Ny = —(=1)7 }47,6(111 M, = M = 1) b

Ny = (=1)7* \/4 LC(111; M, —p, M — 1) Spr0

Nu_%%{(sMu'Fz(—l) - M/C(lll M, —p, M — 1)

xCUUAL—M—AW+%—M+uﬂ

Signs resulting in the M, and N,, amplitudes by permuting
the order of the mesons in s-wave production

PP PV VP \A

¥ = = ¥
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The analytical amplitudes for each
reaction in s-wave production

1) PP,J =0,/ =0

_ 2 2
1 1 12
D= <47r> (EE ,,3) o @)
2) PV,J =0,/ = 1;VP,J=1,J/ =0

2

= 5 1 1\’ 1 P>\ -
DD = ( 4ﬂ) [(ETEV +p?) Shi + (EE - 3) h,}@-b)

3) VW, i=1,0' =1

EZW:L LY (E.E +pz)h?+z EE, _P\P (2-¢)
m,m, \4m v P2\ 3 !
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h; and h; coefficient

Table 6 h; and h; coefficient for different channels with the two
final mesons in s-wave production

channels h: (for M) hi (for N,)
T po 0 ﬁ
T w V2 0
7r0p7 (2) -ﬁ
np 7 0

r_— 2
np Ve 0
K*OK*~ 1 1 Axial-vector resonances
p=p° V2 0
pw 0 V2
nkK*~ 0 - % tan 0,
n'K*~ % tan 6, 7z tan 6,

Scalar resonances
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The final differential mass distribution

dr ~ 2m2m,
M (MM) (27 szPlZZIrI 3)

where p,, is the neutrino momentum in the 7 rest frame

/\]’/2<I7712_, HZ%. Mm\ (M Mv)) —~ /\I2< inv (M Mﬁ) ’nfzwx ) Infzwz>

')V — ) —
! 2M, . 2Miy (M M)

and p; the momentum of M, in the M,, M, rest frame.

Then by integrating Eq. (3) over the MM, invariant mass, we
obtain the width | more details can be found in EPJAS55(2019)20]
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Comparison with invariant mass distributions

Invariant mass distribution for

7~ — v, KJK~ decay (PP)

[arb.units)|

0
|
==
5=
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Miny (KK ™)

The agreement of our results (a) with experiments
is relatively good, particularly taking into account

the very different shape

5

[GeV]

(PV)

Invariant mass distribution for

T — v;nK*~ decay

10

(PV)

[arb.units]|

dr

AMiy (nK*)

—— Belle
=+ (a)
— ()

Miny(nK*™)
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Again the agreement with experiment is good, and
the shape of the distribution is very different to

the one of K~ KV (PP)
conclusion

supports our
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The obtained results

4 From the comparison of our results with experiment
for rates of branching ratios and invariant mass distri-
butions finding that

a) PP case, p-wave production
b) PV and VYV cases, s-wave production

4 predictions for unmeasured decays

Comparison with other theoretical approaches

our results are in line with the results of other approaches
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2. Interesting applications -Part A

+ Triangle Singularity + The Chiral Uni-
tary Approach

— testing the nature of scalar f,(980) and a((980) resonances

In the chiral unitary approach that the f;,(980) and a((980) are dynami-
cally generated resonances from the interaction of pseudoscalar mesons in
coupled channels
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7™ = v £(980) (ag(980))

G-Parity
7 fo(980) ap(980)
- + —

From the work [EPJA55(2019)20] we obtair
the results for the J = 1,J’ = 0 case, whicl
correspond to the 7 — v, K*®K~ decay

a) 7 fo(980) will proceed with the
N; amplitude

Note that while M, is the same for VP and b) while 7 a((980) proceeds with
PV productions, N; changes sign. This sign the M, term

is essential for the conservation of G-parity c) there is no simultaneous

in the reaction. contribution of the two terms in

. . . . these reactions
Signs resulting in the M, and N, amplitudes

by permuting the order of the mesons in s-
wave production

This we shall see analytically when

evaluating explicitly the amplitudes for

PP PV VP \'A" the next processes ...
AN/IO = s s — Experimentally, the branching ratio
B oF - - t B(r— K KT) = LT(r —
v KPK™) = (21404) x 1073
It was shown that the order in which the vector We obtain

£ = (2.10 £ 0.40) x 107> MeV 7,
where the errors come from the
essential to understand the G-parity symmetry of  upcertainty of B(r — v, K*°K ™)

and pseudoscalar mesons are produced is

these reactions
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Diagram for the decay of 7= — v, 7 7 7~

(see ZHAO Qiang’s talk at 11:30, Oct.9 2019),.,



Triangle Singularity (TS)

if three intermediate particles are on shell and K* and 7~ are
parallel —> the mechanism generates a singularity in the ampli-
tude for zero width of the K*, or a peak if the width is consid-
ered

L. D. Landau, Nucl. Phys. 13 (1959) 181;
Coleman, Norton, Nuovo Cim. 38
(1965)438;

More details in M. Bayar, F. Aceti, F. K.
Guo & E. Oset, PRD 94, 074039 (2016)

ma, q

TS at the physical boundary can be obtained by solving the equation

1

(/nnJr - W /\(Mz'”l%‘”]%)' (/(,7 = ()) EJ 71)5)

9on+ — Y9a—> with

where E5 = (m3; +m3 — m3)/(2ma3) and p5 = / \(m3;, m3,m3)/(2ma3)
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TS in simulating a resonance

requires very special kinematics process dependent !!!

In explaining successfully the COMPASS “a;(1420)” peak

[1] Mikhasenko, Ketzer & Sarantsev, PRD91,094015;

[2] Aceti, Dai & Oset, PRD94 (2016) 096015

“a(1420) peak as the 7fy(980) decay mode of the a;(1260)

In some particular modes, the production rate is enhanced by the

presence of a TS in the reaction mechanism.
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Evaluation of the triangle diagram

o In the chiral unitary approach

we calculated the KK — 77 (7%) amplitudes

o The K* — K vertex is obtained from the VPP Lagrangian
Evpp = —lg <VH [P, 8MP]>

with the coupling g given by g = my/2f, in the local hidden gauge approach,
with my = 800 MeV and f,;=93 MeV. The equation is rather general and it can
be obtained as well in massive Yang-Mills theory . From Eq. (0.6), the vertex
K* — K is of the type e[k — (—q — k)].
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d’q 1 1 ak ) 1
t, = 24 gky_ 1 0
L f (27) Bur et wy— K —wyey —wiex +ir’§* ( + kl* ) POtwp— twyt —&°

1 2POwK, +2k0wK+ —2(wg— Fwpt N (wg— Fwpt Fwix) 9

0_ — 101 T
Pl—wy— —wpq —kO+ie PO—wyex —w— Hi—K*

X

(qmax - q*)

Explicit filter of G-parity states

For the production of 77 £,(980) == negative G-parity

<~ 2 THAT AT*
ZZM = LN N} & |2tk ptn|’
c? 1,\1 1
— E.E, — —p*| = KRt &% |2tk prm— |
meU( 3p>3(47r)2 087 2tkes k= et

For the production of m~ag(980) == positive G-parity

_ ) -
Z Z f° = LMy Mg & | 2tx k- pon’

Cz 2 1 2 2 2 2
= E.E, + = k=t 2tg+x-
mrmy, ( rev b ) 6 (47T)2 | Ll & | S 26/42




For 7= — v,m~ w7~ decay, the double differential mass distribu-
tion for My, (7+7~) and My, (7 fy) is given

1 d’T 1 1 2m2m, N~—
N — k / Nﬂ- T v t2
T, dMim (7 fo)dMimy (=) (2n) T, Pr 9™ “app2 iz 22l

10F 7 ' R
- Y
NPOR ) M) o |
2Min (7o) ’ T e M
1/2 2 (- . ' )
;A mE,my, M (7 fo)) ST R .
I’u - 3 53 B 3 o
2mr = o[ S \ |
- M2 (ntm=),m2, m%) = N ‘ ., ]
Tnt = 2Mipy (™) ’ Ll \"-. ]
1200 B0 oo 100 1600 1700

My (7~ R) [MeV)
o It can be observed that Re(#7) has a peak around 1393 MeV, and Im(#7) has a peak around 1454 MeV, ¢
there is a peak for |r7| around 1425 MeV.
< The peak of the real part is related to the K* K threshold
© The imaginary part, that dominates for the larger 7~ R invariant masses, to the triangle singularity

Note that around 1420 MeV and above the triangle singularity dominates the reaction
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double differential mass distribution

For the 7~ — v,m~ 77~ decay  For the 7~ — v, 7y decay

i 12 .
Z > L 1

= 8 1 2 4L —b
i © I | ¢
= S

. 6f . = 08f .
L .

I

S F |
=L |

LS
g L |
L 2p 1k

< " SO L. a4 SRR LN, w
" 800 850 900 950 1000 1050 1100 1150 1200 800 850 900 950 1000 1050 1100 1150 1200

Miny (™) [MeV] Miny (7°7)  [MeV]

© The distribution with largest strength is near Miy, (7~ R)=1417 MeV
© A strong peak in the 7+~ mass distribution around 980 MeV corresponding to the fy(980)
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The branching ratios

In order to give a branching ratio for what an

experimentalist would brand as 7~ fp(980) or

7~ ap(980) decay, we must integrate the strength B(r™ = vrm ™ fo(980); £0(980) — w7 )

of the double differential width.

_. 15 —
T —R=f
Z - R =
g
=1
b 1r
o
=

3
k05
=z T

< R ..

S| BT,
- P LI PR =

1200 1300 1400 1500 1600 1700

My (7™ R)

MeV]

Integrating - over My (7~ R) we obtain
1

dr
R v (7"7 R)
the branching fractions

= (26+0.5) x 1074
B(t™ — v ap(980); 29(980) — 7°n)
=(7.14+1.4) x 1073

Since the rate of fy — 7070 is one half that of

1 fo—=mtn,so

Bt~ = vrmfp(980)) = (3.9+0.8) x 107*

The errors in these numbers count only the relative
error of the branching ratio.

These numbers are within measurable range since
branching ratios of 10~ and smaller are quoted in
the PDG for the 7 decays.
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2. Interesting applications -Part B

+ Triangle Singularity + The Chiral Uni-
tary Approach

—> testing the nature of axial-vector resonances in the = decay

In the chiral unitary approach that the f;(1285), b;(1235), #;(1170),
h1(1380), a,(1260) and two poles of the K;(1270) are dynamically generat-
ed axial-vector resonances from the interaction of vector-pseudoscalar (VP)
mesons in coupled channels.
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Diagrams for the decay of 7= — v, 717 A,

with A axial vectors




Explicit filter of G-parity states

G-Parity
P £ (1285) D1 (1235)
— + + For G-parity positive axial states:
h, (1170) I, (1385) a, (1260) .
— — _ 2 c?
DD =5 @y §(ErEv — 3p)
a) 7 £1(1285) and 7w b;(1235) will &K |ga kx| |tL(K*K*)|2

proceed with the N; amplitude

b) while 74, (1170), 7 h;(1380)
and 7 a;(1260) proceeds with
the M, term

For G-parity negative axial states:

i = E.E, S
c) there is no simultaneous ZZ' | ”‘T"’“ (4")2 5 5 ( ks
contribution in these reactions [(—1)ga gegtL(K*K*) — 2D(—1)ga, prtr(pp) |

Experimentally, the branching ratio

1
B(r — v, K*K*") = F—F(T — 1, KK*") = (2.14+05) x 1073

T

We obtain & = (5.0) x 10~#MeV !
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The final branching ratios

The branching ratios for 7= — v, 7" A

B

hi(1170) 3.1 x 1073
a;(1260) 1.3 x1073

by(1235) 2.4 x107*

f1(1285) 2.4 x107*

hi(1380) 3.8 x107°

The branching ratios for 7= — v, K~ K; decays
B
Ki(1) 2.1 %107
Ki(2) 4.1x10°°

These numbers are within measurable range!!!
[details in PRD99 (2019) 096003] i



2. Interesting applications -Part C

Polarization amplitudes

L.R.Dai & E. Oset, “Polarization amplitudes in 7= — v-VP decay beyond the Standard Model”

[arXiv:1809.02510 & EPJAS54 (2018) 219]
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Application of the established formalism

[EPJAS5(2019)20]

o7 — U VP
@ project over spin components
e M, M’ are the third components of the K** and K, respectively,
K°|J=1 M=0,+1
K- |J=0 M=0
e The quantization axis is taken along the direction of the
neutrino in the 7~ rest frame.
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We obtain the 7 decay amplitude
for different spin M components

[EPJAS54(2018)219]
1) M=0
S ue= mflm, é (4;)2 (36-£, )
) M=1
PP mTImV é (4;)2 [3E/E, + 0" + (3B, + E-)p|
3) M=-1

= é 471r)2 [3E-E, +p* — (3E, + E-)p)

—~
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The final differential width for each M

ZTT

dar 2m:2my, 1 I 2
e = ——5 PuD1 lt|”
SR TP

inv

where p,, is the momentum of neutrino in the 7 rest frame and p; of K**in the K*°K ™ rest frame

03 ; ;
. — M=+l

%) — M=0

= oasfk —_M=1
=

=

A 02 -
o

&S]
=

PRI L I L . L )
T4 145 15 1.55 1.6 1.65 17 175
(K*OK™)
ME [GeV]

= We show the individual contributions are different for each M
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Ratios divided by the total differential width R
—> propose the measurement

inv

drl’
K*0) ‘szl

different contributions
1 for each M

| line (d): the difference

— a big sensitivity of

magnitude

R = dr’ | g+ dar | 0+ dar |
(k*0x—) M=+1 (k*0k—) M=0 (K*0k—) M=—1
inv dMinv am;

the difference 1[—% | =

R (K—K*0) M=+1 (K—
dm:; am
myv 1mnv
1 T
—_—(a) M= +1
— ) M=0
08| — @M=-1 |
= (d) difference
T
06|
=7
Tk g
S oaf
—l
02| =
01 i R 15 65 A
(}(*01< )
an [GGV}
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Consideration of right-handed quark currents

¢ The literature about models beyond the Standard Model (BSM)
is large and this is not the place to discuss it

¢ Some models BSM have quark currents that contain the combi-
nation

The above models could be accommodated with an operator

a(y" —"ys) + b
=(a+b) {7“ - Z;Zv“%} =" —aykys.

we will study the distributions for different A/’ as a function of «
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The new differential widths Bsm)

[EPJA54(2018)219]

H M=0

S = oty { (B ) 20 (65— )}

2) M=1

— 111
S = —— {(ETE,, 4 p?) + 2a(Ey + E;)p + 2EEy + (Ey — E-)p] a2}

3)) M= -1

1 ) )
ZZ’ I E-E, +p*) — 20(Ey + Er)p + [2E-E, — (Ey — Er)p] 02}
" mymy, 6 (4ﬁ)3 {< P o )p ( p) o f
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dr

dr

dr

R gp KK

R gp{EKD

— S
R gy KD

MEED) [Gev)

a=05 a=038
T 1 T
—(a) — ()
—(b) —(b)
—(c) 108f — (1
—(d) —(d)
06 B
_— \
0.4 B
L aoa- J
S U ———
l‘/l ]‘5 l‘ﬁ 1‘7 U 1‘1 1 l‘ﬁ 17
a=10 (SM) a=12
; ; 1 T
— () — ()
—(b) —(b)
— (o) {08 —©
— ) — ()
06| ]
. \
,_—> 02
l‘d 15 A‘G L7 U l‘d 15 I‘G 1
a=15 a=-05
T 1 T
— () —(a)
—(b) — ()
—© —©
—q | % — ()
\ !
[ ——
l‘d 1‘5 l‘b l‘7 -t l‘d L5 l‘b L7

MEED (Gev]

let us see the difference

M=-1)

Ta LB 15 1s 16 e L7 1’

MEED [Gev]

Individual contributions depend
strongly on different o

case (d): very sensitive to the
change of «

—> This magnitude should be
easy to differentiate experimen-
tally
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