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Let me try to get your attention. ..

Assume you couldn’t care less about K — wéT4—...
...why should you still listen?
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Let me try to get your attention. ..

Assume you couldn’t care less about K — wéT4—...
...why should you still listen?

What are those "related decays" in the title?

e it's really mainly about the ¢*¢~ part

e the radiative correction factors we calculated can directly be
used also for w — w%%UTE~, ¢ — nlTL~ ...

e the non-trivial part concerns e*e™ final states—
| believe the associated problems have not been appreciated in
calculations of radiative corrections to
e.g. ™ — vete™ Kampf, Knecht, Novotny 2006
or 7w — eTe™ Vagko, Novotny 2011
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The physics case: K — wlT4~

e flavour-changing neutral current process; rare:

BR(KT — nTete™) ~3x 1077, ~ 10000 events at BNL + NA48/2
BRIKT — nrutu™) ~8 x 1078, ~ 3000 events at NA48/2

BR(Kg — 74T ¢~7) =~ 3 x 107, handful of events at NA48/1
more to come from dedicated K — nvv experiments (NA62 etc.)

B. Kubis, Radiative corrections in K — mete— p. 4



The physics case: K — wlT4~

e flavour-changing neutral current process; rare:
BR(KT — nTete™) ~3x 1077, ~ 10000 events at BNL + NA48/2
BRIKT — nrutu™) ~8 x 1078, ~ 3000 events at NA48/2

BR(Kg — 74T ¢~7) =~ 3 x 107, handful of events at NA48/1
more to come from dedicated K — nvv experiments (NA62 etc.)

e Standard Model: one-loop, penguins s — dy*: 5“70;75 g

\ _ /
NP
T

. e > K — m~ forbidden by gauge invariance
., > Koy form factor F(s) o s
— essentially point-like Kn¢* ¢~ vertex
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The physics case: K — wlT4~

e flavour-changing neutral current process; rare:
BR(KT — nTete™) ~3x 1077, ~ 10000 events at BNL + NA48/2
BRIKT — nrutu™) ~8 x 1078, ~ 3000 events at NA48/2

BR(Kg — 74T ¢~7) =~ 3 x 107, handful of events at NA48/1
more to come from dedicated K — nvv experiments (NA62 etc.)

e Standard Model: one-loop, penguins s — dy*: 5“70’775
N
i 7 > K — 7 forbidden by gauge invariance

., > Koy form factor F(s) o s
o = essentially point-like Kw¢*¢~ vertex

e Chiral perturbation theory: leading contribution at one loop

Ecker, Pich, de Rafael 1987
> Las=1.em lOW-energy constants

> 7t~ P-wave only non-analytic piece

> "effective” O(p®) calculation
D’Ambrosio, Ecker, Isidori, Portolés 1998
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K (k) — w(p)€t(py)€ (p_), dilepton spectrum

s=(k-p?=@s+p-)*, t=@+p-)*, u=(+p-)
e essential form factor information resides in dI'/ds:

dl'  o?|F(s)]?
ds  3(4m)> M7

4 2m?
A3/2(M§<,S,M§)\/ il (1 - ﬂ) (1+ AQ)

S S

radiative corrections expressed in terms of AQ2 = O(a)
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K (k) — w(p)€t(py)€ (p_), dilepton spectrum

s=(k—p?=(s+p), t=p@+p), u=@+p-)
e essential form factor information resides in dI'/ds:

dU  o?|F(s)|* 3 4m? 2m?
— = AN/2(MZ s, M2\ /1 — —L (14 —£) (14+AQ
ds 3(47T)5M[7( ( Ky S 71') + S ( + )

radiative corrections expressed in terms of AQ2 = O(a)

_K__KE:“%_K__Y%K__%E K i%f X I ~
rt rt a2
//” . Z& P & e*'K' %\ rt
K}MK K _ { - ot -
e
Vax

o AQ(Kgs — 7" 0*L7) | indl'/ds
o AQ(KT — ntite-)

S
‘\ \ o cancel in dI'/ds

contribute to ¢/~ asymmetry

full form factor

B. Kubis, Radiative corrections in K — met e~ p.5



Some general basics on radiative corrections

e (virtual) photon loops contain infrared divergences:

2

p++1 l pi =m / d4l 1
— X
b D= (2m)* [(p+ + 1)? = m?][(p- — 1)? —m?]I?
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Some general basics on radiative corrections

e (virtual) photon loops contain infrared divergences:

p++1 pt=m’ / d4l 1 d4i
X
2

j— l
po — Pt =m

o 2ppl+ P[-2p_l+ 22 )

. .. m7
regulate with finite photon mass m., = log — terms
m
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Some general basics on radiative corrections

e (virtual) photon loops contain infrared divergences:

2

p++1 pi =m / d41 1 d?4l
) (

2m)d 2pl + 12][—2p_l+ 22 ] A

p- — pe=m

. .. m7
regulate with finite photon mass m., = log — terms
m
e add bremsstrahlung (finite detector resolution!)

p 2

Emax 3 Emax 3
p+1 [ d-1 1 / ﬂ 1 Emax
. / 210 (2pl)? = R My

m~ m~

max

m

combine both contributions to log = Infrared finite!
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Some general basics on radiative corrections

e (virtual) photon loops contain infrared divergences:
2

p++1 z pi =m / d4l 1 d4i
— X ~J _
) (2m)* [2p4 0 + 2][—2p_1 + I2]I [

p- — pe=m

regulate with finite photon mass m., = log ™ terms
m
e add bremsstrahlung (finite detector resolution!)

p 2

Emax 3 Emax 3
p+1 [ d-1 1 / ﬂ 1 Emax
. '/mw 210 (2pl)? = R My

m~

max

m
e Vvast simplification: "soft-photon approximation"

combine both contributions to log = Infrared finite!

Emax 73
. . max (2]
neglect [ except in the denominators: / e | o< Emax — My

M~

neglects terms of O(E.x), correct including O(E?° )
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Kg — 7TO[,L+[L_, soft-photon approximation

0.041 — E'=5Mev -
— E'=10MeV -
|A 003_ cut _
30 — E, =20MeV ~
=t
=
/I\ 0.02- -
7))
\'d
N
C 0.01- _
<
0.00
1/2
s [GeV]
e dominated by Coulomb singularity \/ﬁ, otherwise small
v

e loop corrections ultraviolet-finite, no counterterm required
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K¢ — wl%eTe™, soft-photon approximation

_ E:;Ut =5MeV
0.05F i
_ E;:Ut =10 MeV
— m — EX=20Mev
.Y 000 ' | |
)
o : 0.3
= 1/2 |
A s [GeV]
n -0.05F -
N
N
@
<]
-0.10} i
-0.15

e huge radiative corrections — why??

e characteristic width of Coulomb pole m? = hardly visible
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Kg — 7TO[,L+[,L_, no soft-photon approximation

0.04}- . E;’“t:SMev .
. E;’“tzlo MeV
" 0.031 - E™=20MeVv -
= y
+
01 1
=
A 002F -
7)) i
\
o]
S o001 -
0.00——

sﬂz[GeV]

e corrections to soft-photon approximation (dashed) below 0.2%
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Kg — mleTe™, no soft-photon approximation

0.05r

_. E$Ut:5MeV

. E;:Ut =10 MeV

_. E;M =20 MeV

0 N
+@ 000 > : | , i ,
S . 0.3
= I 1/2 |
A s [GeV]
¢ -0.051 -
<
G -
<
-0.101 _
-0.15

e corrections to soft-photon approximation (dashed) sizeable

e overall correction factor still very large
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The KLN theorem and mass singularities

Kinoshita 1962; Lee, Nauenberg 1964
e enhancement of eTe™ vs. u*u~: mass singularity??

e Kinoshita—Lee—Nauenberg theorem:
no mass singularities in total/inclusive transition probabilities
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The KLN theorem and mass singularities

Kinoshita 1962; Lee, Nauenberg 1964

e enhancement of eTe™ vs. u*u~: mass singularity??

e Kinoshita—Lee—Nauenberg theorem:
no mass singularities in total/inclusive transition probabilities

2

1 1— —
AQ .- = g{1_2[10g6+( )3 6)]10g5—210ge—|—%—2Li(6)
T

(3= 9og (-9 = =] L+ 0(m,
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The KLN theorem and mass singularities

Kinoshita 1962; Lee, Nauenberg 1964
e enhancement of eTe™ vs. u*u~: mass singularity??

e Kinoshita—Lee—Nauenberg theorem:
no mass singularities in total/inclusive transition probabilities

1 1 —€)(3 - 2
AQ .- = g{1_2[10g6+( )3 6)]10g5—210g6—|—%—2Li(6)

s 4
1 — 11 —3
+ 26[(3—6)10g(1—6)— . 6]}+(’)(me)
2F nax mg
€ — 5:
NG s

84

e inclusive limite — 1 = all logd terms vanish, AQ;,q = =
v

e Mass singularities « log o present for e < 1

e soft-photon approximation: neglect O(e) terms
= no log ¢ cancellation for e — 1
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Kgs — wVete™(v) inclusive

— Ej“t = 5MeV
0.05- _ Ej“‘ = 10 MeV
i _ E§Ut:20 MeV -
CE ! — inclusive
+ OOO | : i |
)
o 0.3
= i 1/2 ]
A s [GeV]
0 -0.05 -
N
N’
G | |
<]
-0.10~ -
-0.15

e the more inclusive the bremsstrahlung, the smaller the correction
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Collinear singularities and the restricted Dalitz plot

e origin of mass singularities in bremsstrahlung well understood:

1 1 me—0 ].

pl (@ —Iplz)A]  |p|[(1 - 2)

p = /p? +m2, diverges for z = cosf., — 1

e collinear singularity for radiation of photons off light particles
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1 1 me—0 ].

pl (@ —Iplz)A]  |p|[(1 - 2)

p = /p? +m2, diverges for z = cosf., — 1
e collinear singularity for radiation of photons off light particles

e experimentally: cannot discriminate collinear photons
(as one cannot discriminate soft photons) = have to cut on 6.,

e hard collinear photons lead to mass singularities « log m.
unphysically enhanced radiative corrections shown so far
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Collinear singularities and the restricted Dalitz plot

e origin of mass singularities in bremsstrahlung well understood:

1 1 me—0 ].

pl (@ —Iplz)A]  |p|[(1 - 2)

p = /p? +m2, diverges for z = cosf., — 1
e collinear singularity for radiation of photons off light particles

e experimentally: cannot discriminate collinear photons
(as one cannot discriminate soft photons) = have to cut on 6.,

e hard collinear photons lead to mass singularities « log m.
unphysically enhanced radiative corrections shown so far

e consider Dalitz plot for sub-decay

v*(V/35) = et (pr)e  (p-)v(l) , s172 = (px +1)?*, s3=(p+ +p-)?

S1+8y+83=5+2m2~s
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Dalitz plot:

0.10 s, [GeV] 1

0.00

[Neo]s-Ts
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Dalitz plot: one massless particle
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Dalitz plot: three (nearly) massless particles

collinear div.
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Dalitz plot: three (nearly) massless particles
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Kg — weTe™ (v), angular cut

L 1 -3 - 1 — cos 0,
Aﬂe+e— — g Z_9 lOg €_|_( 6)( 6) log,u+ LY = COS Ve~
w4 4 5

° E,Cy”t = 20 MeV fixed

0.00 e note: logd — log i

e Mmass singularity

o % translated into

T phase space singularity
002 (RG resummation of
! phase space logs in

v SCET...)

a’ -0.03 ;

< e note: log == ~ —13

S
o
1—cos 20 ~ —3.5

-0.04 2

log

e approximation m, = 0
-0.05 (dashed) very accurate
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Dalitz plot: three (nearly) massless particles
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Dalitz plot: three (nearly) massless particles
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Kgs — wlete™(7), O+ cut

e all singular parts of the bremsstrahlung (soft + collinear) occur
for eTe™ back to back = single cut on 6.+.- can cure both

e dimensionless cut = A€Q_+.- constant in massless limit (dashed)

0.00 : } : | , | ,
0.3
1/2
s [GeV]
I/‘\
QO _
T
=
I
cut _ 0
¥U) - ee+et— —_ 160 |
cut _ 0
S — ee+et. =170
cut _ 0
3 — 6, =175

-0.04
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Summary / Conclusions

e Don't use the soft-photon approximation for ete~ final states!
> hard collinear photons lead to enhanced logarithms
> their coefficients not reproduced in the soft approximation
> angular cuts (on 6., or 0.+.-) required
> compact analytic forms available in the massless limit

e 11~ final states simpler, soft approximation justified

e radiative corrections for the dilepton spectrum dI'/ds are simple
sums of corrections to hadronic and leptonic current

e NoO ultraviolet counterterms required

e universal correction factors A2 for dilepton spectra identical for
vector meson conversion decays w — w0t ¢~, ¢ — nfT¢~ etc.

e consequences for existing studies of Dalitz decays
7V, n — vete™ should be investigated
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Spares
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Hadronic-current corrections: KT — 7T+[J,+[J,_

0.051-

0.00

e additional contributionto K+ — ™~ increases
AQ(Kg — mutp™) by 1-1.5%
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Kgs — wVete(v), small-mass approximation

— E'=10MeV
0.05- — log(m) .
— log(m) +m?
- V2N — - log(m) soft
- k .
+G) 0.00 < I I I | I !
ol 0.2 0.3
I 1/2 l
A s [GeV]
o -0.05 .
N
N
G I ]
<l
-0.10 -
-0.15

e log m. enhanced terms totally dominate
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070~ or t — u asymmetry

e radiative corrections linking leptonic and hadronic current are
oddinvy=t—u = cancelindl'/ds

0.000

-0.005

+ + -

-0.010

(K> mp'y)

\Y

A

-0.015

-0.020

As) = (

0.30

ds

—
0.35

1/2
s [GeV]
/r\:
/ |
/7
/ 1]
/ |
/ I
// :7
s I
A\l 1
|
+
I
_ |
//’ \\ H
\ |l
\N_~ \

)1 / dv sgn(v)

0.000—

-0.015

d*T
ds dv
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