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Motivation

Why is B — K¢t¢~ interesting?

Lepton Flavour Universality (LFU) predicted by SM.

One can thus define lepton flavour universality ratios, such as
RKZ
2 dr(B—>K;L+pf)
qmax 2
Ric [@Rins 0 ]—qunin dq de”
K |9mins 9max| = 2 oon S dl(B—Kete—) ’
fz dq — d¢

Dmin

where g2 = (£+ 4 ¢7).
SM predicts Rk = 1, whereas LHCb reports

Rk [1.1GeV?,6GeV?] = 0.84610 03575513
This represents a 3.1 o deviation from the SM.

= Hints to Physics beyond the SM.
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Why are QED corrections to B — K¢t ¢~ important?

Expected to be small, since & ~ 2.1073.

Due to kinematic effects, QED corrections are of O(2) In iy, [Note:
Moreover, Rk is a theoretically clean observable, since hadronic

uncertainties cancel in the ratio.

Therefore, need to make sure QED corrections properly accounted
for in experiments (PHOTOS).

Also, precise determination of CKM matrix elements.

Based on 2009:00929, with G. Isidori and R. Zwicky.
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Introduction /Motivation

Bordone et al. (1605.07633) already performed a calculation to
estimate QED corrections to Rk.

However, our work represents a more complete treatment
since

» We work with the full matrix elements (real and virtual),
starting from an EFT Lagrangian description. Hence, we can
capture effects beyond collinear In i, terms, such as In fk
which are not necessarily small.

P> Results at the double differential level are given, and hence
they can be used for angular analysis (moments).

> We present a detailed discussion on IR divergences, and
demonstrate explicitly the conditions under which they cancel.
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Differential Variables

Pr o

pp-RF

— (40P, c=—-— ( DU ) [“Hadron collider’] ,
[“B-factory”] ,

2
(=4 "
4, ¢} = P2 .

do = (PB*PK)v COii(‘[le;K‘)qo—RF

where g — RF and gop — RF denotes the rest frames of g = ¢1 + (>
and qo = pg — px = q + k respectively.
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Differential variables and cut-off

Implement a physical cut-off on the photon energy (based on the
visible kinematics),

:5% > mQB (1_6ex)7

where
Pg = me2e. = (P8 — k)? = (t1 + &> + pr ).

Since there is no photon-emission in the non-radiative rate, there is
no difference between the {g°, ¢;}- and {q3, co }-variables.
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IR Divergences

Split the differential rate as follows

T z07,0e)  dTO o~ A 4 )
= — i Qi (Hij + Fi7 (dex O(e*),
de2de, d?de, T w ZJ:Q @ (Hf + 7y (G )) +0O(e7)

where d?T' O corresponds to the zeroth order differential rate and
‘H and F stand for the virtual and real contributions
respectively.

o A A 1 .
p Z QiH; = mepel,sQBﬁnge[A(z) AL
1J

a A A 1
—>QQFE = ,nB/d‘Dvﬂa\A(”F,
i
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IR Divergences

The integrals are split into /IR sensitive parts which can be done
analytically and a necessarily regular part which is dealt with

numerically.
d’TMO () | (ko)
My = oo (A +ALD) + any
a derO S C)\a a
F (o) = FP(ws) + FMD ) + aF ()

dqg?dcy
with 7:1,(-1-5) (7:[( )) and f( ) (]-"Shc)(a)), containing all soft

)

(hard-collinear) smgularltles whereas AH and AF are
regular.

We adopt the phase space slicing method, which requires the
introduction of two auxiliary (unphysical) cut-offs ws ,

w
éE{5€X7wS7WC}7 ws<<]-, j(l
S
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IR Divergences and Cancellation

Phase Space slicing conditions

k-£172 S wcm,z;

All soft divergences cancel between real and virtual, independent of
the choice of differential variables.

In the phase space slicing method, they are replaced by In(ws),
which then cancel in the sum of the F terms.
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IR Divergences: Hard Collinear Real

In the collinear limit (k||¢1), the matrix element squared

factorises:
1
| gll)lv‘2 (k ) Pf%fv( 2)| A3, co)I? +O(m§l) ,
(0) 2 _ 140 5 : )
where |A®)(q5, co)|* = |-A NN A 1 and Pr_y¢,(2) is the collinear

part of the splitting function for a fermion to a photon

Pmm( 2)= <1+z ) '

1—2z

z gives the momentum fraction of the photon and lepton.

by = zly,
k=(1-2z)l
which then implies
¢ = zq3
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IR Divergences: Cancellation of hc logs

In {g3, co} variables,

2r 2rLO R
dzi _d (9) G2 In iy, x ¢,
dqggdco In g dqodco s ! 1
where
cO— 34 oz 2 3 _
o = |5 +2In2(ws)| +|-1-2InzZ(ws)| +|5-2| =0
2 Fhe) 7 L2 7
On the other hand, in {g?, ¢;} variables,
d?r « A
m - %(Q€1 KhC(q CZ) In mél + 042 th( 3 C[) In m[2) s

where Ki.(g?, ¢/) is a non-vanishing function.
After integration over q*> and c;, the above vanishes.

However, with a cut-off §.,, collinear logs survive in both

differential variables!
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IR Divergences: Structure-dependent terms

Q@: Do we miss any In rfiy contributions due to structure
dependence, by doing an EFT calculation?

A: No, gauge invariance ensures that there are no such additional
contributions.

However, using the EFT analysis, we do not capture In m effects,
which can be quite significant (LCSR approach: ongoing
work).
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We consider relative corrections. For a single differential in
d_
dq?’

b
(63

drEON\ 7! dl (5ex)
A(a) 2. 5ex — ex
IR ( dq3 ) dq3

where the numerator and denominator are integrated separately
over f_ll dc, respectively.

It is important to integrate the QED correction and the LO
separately as this corresponds to the experimental situation.
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Results: B° — K°%*¢~ in g?

Rel. size of O(a) corrections, B” — K°¢*¢ Rel. size of O(a) corrections, B” — K¢+~
0.04F T T T T .
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002}
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» In photon-inclusive case (¢ = 6.2¢, dashed lines), all IR
sensitive terms cancel in the q(2) variable locally.

» (Approximate) lepton universality on the plots on the left.

» Effects due to the photon energy cuts are sizeable since
hard-collinear logs do not cancel in that case. More
pronounced for electrons.
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Rel. size of O(a) corrections, B~ — K (*(~ Rel. size of O(a) corrections, B~ — K~ ("(

0.10
0.04 — G = 0.1 XY —_— el =01 ===,
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In the charged case, however, we see finite effects of the O(2%)
due to In Mk “collinear logs” which do not cancel.
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Results: Distortion of the B — K¢t ¢~ spectrum

Distortion of the B — K¢t¢~ spectrum due to 7-radiation

Rel. size of O(a) corrections, B~ — K e'e” Rel. size of O(a) corrections, B~ — K ete™

AO (R 5ex)

-0.05+

-0.10

Effects are more prominent in the photon-inclusive case
(dex = 615¢) since there is more phase space for the g2- and
qg—variables to differ.

= Can be problematic for probing Rk in q° € [1.1,6] Ge\?
range, due to charmonium resonances!
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Results: LFU and Rk

The net QED correction that should be applied to Rk according to

our analysis amounts to
misc=5.175 GeV misc=4.88 GeV
ArKMM B B Al gee | ' B

Aqep Rk =~ ~+1.7%

Kip |qzei16)Gev?  kee |qze(i1,6)GeV?

Well below the current experimental error reported by LHCb.

However, effect of cuts can be significant. In Bordone et al.
(1605.07633), in addition to the above energy cuts, a tight angle
cut was also used, and a correction to Rx of

AQEDRK ~ +3.0% |,

was reported.

= Highlights the importance of building a MC to cross-check
the experimental analysis (ongoing work)
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» B — K¢t¢~ differential distribution through Monte Carlo
[ongoing].
» Fixing ambiguities in the UV counterterms, and

structure-dependent corrections (including In Mk
contributions) [ongoing].

» Analysis of moments of the angular distribution. Higher
moments sensitive to QED corrections [ongoing].

» Calculation can be extended to other spin final states, such as
K*.

» Charged-current semileptonic decays (B — D/v).
Unidentified neutrino in final state makes it hard to
reconstruct B meson and to apply a cut-off on photon energy.

The END
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EFT

We use an EFT, for B(pg) — K(pk) £t (£2) ¢~ (¢1).

Lt = gen 'V +he.
EFT £0), ovmin ol ;
Vi :Z o (=D°)"[(DuB")K + B'(D,K)] ,
n>0

where D,, is the covariant derivative and fj(E")(O) denotes the n'h
derivative of the B — K form factor f..(g?).

Hy(a5) = (K|VilB) = fi(ad)(pe+pk)" + - (q3)(ps —px )"
= (K|V;TT[B) + OCe),

L, =06, V,=5y,(1—s)b,

Co(10)
4

G
Beff = —TI%ACKM, M=+4"(Cv+ Cavs) Cyay=a
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IR Divergences: Structure-dependent terms

The real amplitude can be decomposed,
AD = Qo) + 540

into a term @1 ag)

remainder §.A1).

with all terms proportional to @gl, and the

26*-514-;5*%
2k

(1 _

ay, = —egeri((1) M- Ho(qg)| v(£2) ,

which contains all 1/(k-¢1)-terms.

The structure-dependence of this term is encoded in the form
factor Hy.
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IR Divergences: Structure-dependent terms

The amplitude square is given by

STIADE = 37 SAVE - Q2 3 (ol P +2Qn Rel> AV,

pol pol pol pol

where it will be important that A() is gauge invariant.

The first term is manifestly free from hard-collinear logs
In my,.

We use gauge invariance and set £ = 1 under which the
polarisation sum

S e = (—gu + (1 — Okuky /K2) = —guy

pol
collapses to the metric term only.
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IR Divergences: Structure-dependent terms

The second term evaluates to

A ~» O(m2) + O(k-11) A
/ddD,y @Y a2 = /d% Q2 Z(lk-£1)2 = 0(1) Q2 Inmy,

pol

where we used k — /1 = O(mfl), valid in the collinear region.
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IR Divergences: Structure-dependent terms

We now turn to the third term.

Using anticommutation relations, k — {1 = (’)(mfl) in the collinear

limit, and the EoMs, we rewrite 32) as

B 4e* 41+ my ¢*
o) = —eguri(t) | “ L Ho(ad) | ()

Gauge invariance k- A1) = 0 implies ¢1- A = O(ma) in the
collinear region
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IR Divergences: Structure-dependent terms

(1)

Therefore, the first part of ay, contributes to

(% O(m7)
(k- 0))? +c 2Qele( )

Qo Re[Z.A(l)aE 1= ¢ 1le
pol
where X € {B, K, (>}

(1)

The second part of ay, contributes to

O(m2) 'A A O(m1)
k- 01)2 +C2Qlex(k';1)

QuRe[y_ AWa" ] ¢ Q7 o

pol

Thus, using gauge invariance, one concludes that §.4() (indicated
by terms o< Qx in the above ) does not lead to collinear logs.
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Results: B® — K%t¢~ in ¢,

We consider relative QED corrections. For a single differential in
d
gz

Y
(03

Lo\ 1
AP (2; 5ex) = <ch 2 > dz(%x)
q; 93

where the numerator and denominator are integrated separately

over f_ll dc, respectively. In addition, we define the single

differential in i

2 -1 2
% 42rLo y 2) /qz 2T (Sex) 2
q

2 dqg2dc, 9a 2 dqg2dc, 9al,, -

A(a)(caa [qi q%]; dex) = (
a1

where the non-angular variable is binned.

It is important to integrate the QED correction and the LO
separately as this corresponds to the experimental situation.
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Results: B® — K%t¢~ in ¢,

is orrecti R0 ]t - . . _ o
008 Rel. size of O(a) corrections, B” — K'(*( Rel. size of O(a) corrections, B’ — K¢
— m. =01 0.15 \ N
— 002*‘\ . \‘ — e, e = 0.1 [=m——— Me, Gex = 0! ‘I
B W T mu b =01 B \ 7 Y
= NS w010 \ My, bex = 0.1 | ===== My G = 50
= 0.00 = \ J/
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i - \ AN 7
N 002 o 005 \ . / ¥
= =] . ~ - X
— =T s U " -
< B S L =
S o000
<
-0.05
-10 -05 0.0 05 10
c c

Enhanced effect towards the endpoints {—1,1} is partly due to the
special behaviour of the LO differential rate which behaves like

x (1 —c?) + O(m?) and explains why the effect is less pronounced
for muons.

Even in ¢;. Almost even in ¢y (up to non-collinear effects).
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Results: B® — K%t¢~ in ¢,

» of O(av) corrections, B — K¢t Abs. size of O(a) corrections, B" — K%(*(

Medx = 01 |===== M, Gox = 1061 «10- . S
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Results: B~ — K /T~ in c,

Rel. size of O(a) corrections, B~ — K (*¢ Rel. size of O(a) corrections, B~ — K ('
0.10 M, Gex = 0.1 0.15 ‘I MesBex = 0.1
— \
B —_— 0 =01 = Vo mu e =01
<005 < od0f \
g = \
= = \
000 - o 005 .
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= 005} =
e S
= A oo /_,_’————‘
~0.10 ./

» Same comments as before apply.
» More enhanced than the neutral meson case.

» ‘Collinear’ In mk odd in co/cp.
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Results: Distortion of the B — K¢t ¢~ spectrum

To understand the distortion better, consider the following analysis
in the collinear region:

A8, co)l* o £ (5)* = £(a?/2)*.

Since z < 1 in general, it is clear that momentum transfers of a
higher range are probed.
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Results: Distortion of the B — K¢t ¢~ spectrum

For example, when ¢, = —1, maximising the effect, one gets
¢

2 2 2
=5——>; — P+ G’ |
cr=-1 q2 +5exm23 (qO)max q° + Oex B

2,,.(q°)

For dox = 0.15, g2 = 6 GeV? one has (qg)max = 10.18 GeV?

— Problematic for probing Rk in g* € [1.1,6] GeV? range, due
to charmonium resonances!

Furthermore, in photon-inclusive case, the lower boundary for z
becomes zine(cr)|m—0 = G* such that (g3)max = m3.

= Entire spectrum is probed for any fixed value of g°
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