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Motivation




Motivation

* ForB— X,¢", a thorough phenomenological analysis
iS available in the market [Huber, Hurth & Lunghi, 15']

e A similar study for B — X ¢t ¢ is in order (for Belle
II). What's new?

Py'y = (dy" Pru)(ay,PLb) not CKM suppressed for b-d transition ©

o new NLO & NNLO QCD corrections [Greub et al, 03; Seidel, 04]

o ' [Ali, Hiller, Handoko & Morozumi 96'; Ligeti &
new POWQF’ COFI"QC'l'IOI"IS Tackmann 07; Benzke, Turkczyk & Hurth, 17']

o new log-enhanced EM contributions [Huber, Hurth & Lunghi, 07]

o five-body processes at the quark level (totally new)

4



Motivation

5 body 3 body
d [
\V/ - - s
b > > d
Py = (dy" Pru)(uvy,Prb) Py = (dy" Ppb) (Ly,0)
ViV Pk CT VS ViaVin|*C§

o Formally, M\*a?k? vs X*k? (Cy ~ k), 5-body is necessary to
complete NNLO

o Numerically, Ma?k? vs Ma?k? (Cy ~ ayrk), LOY
only suppressed by phase pace
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Calculation



Calculation

P 1 /\A\ APS

me

o Write down the decay amplitude
o square it

© and make the phase-space integration
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Amplitudes

Leff :»CQCDXQED (U, d7 S, C, ba €, U, 7_)

_ 4G_Fv* Vi (CLPY + CYPY) + AGF 1 120 Ci(1) P;
\/§ ud ¥ u 1+1 2+ 2 \/§ td i:3 () 9
Pl = (dpyu T un) (@ TbL), Po = (dru Yo Vs T0L) 20, (@y" 4243 T ),
Py = (dpyur)(azaby), Pr = @ o(d20"br) Fp,
P3 = (CZL%L[?L) Zq(QV“C])7 Ps = @' b(jLJWTabR)GZw
Py = (dpv,/T%r) 32, (v T%q), Py = (dryubr) 22,(1v"1),
Ps = (CZLW/Lquz”Yu:sbL) Zq(ChMV”QVMSQ)a Pio = (CZLVMbL) ZZ(Z_VM%Z)'



PLY% = (qT1g)(dT2b)

Amplitudes

q
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pv

. = (qT'1q)(dT2b)

J mb(CZLUWT“bR)GZV

" 1672

Amplitudes

4 X6
q q
o~
95 v
> €+
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Amplitudes

P = (qT1q)(dT2b) 4 X6
P8 — 1697T2 mb(CZLUWT“bR)GZV 4
(- ¢+ - ¢+
Poso = (diube) (07" (15)0) \\/ 42 \\// ¢ 2% 2
Y g
b > q b > q
d d
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Amplitudes

P = (qT1q)(dT2b) 4 X6
Pg = 1697T2 mb(CZLU’LWTabR>GZV 4
P10 = (dryubr) (0" (vs)0) 4 x24+2x%x2
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PLY% = (qT1g)(dT2b)

Py g my(dpot' T r)GY,

" 1672

P10 = (dryubr) (0" (vs)0)

o (&
1672

P7 mb(CZLO'/”WbR)FMV

Amplitudes

4 X6

4 x2+2x%x2

I
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PLY% = (qT1g)(dT2b)

J mb(CZLU’LWTa’bR>GZV

Pe =
5 1672

P10 = (dryubr) (0" (vs)0)

€

P =
T 1672

mb(CZLO"LLVbR)FILLV

Amplitudes

4 X6

4 x2+2x%x2
2+4+4

In total, 50
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Amplitudes

P\ = (qT1q)(dTab) 4 %6
. Amplitude square
PS — 1697T2 mb(CZLUMVTabR)GZV 4
o 50*%50 = 2500 (only for u)
Poro = (diyabr) (07" (35)0) Ax242x2 o 42%42 (for s)
O 42%42 (for d)?
= 16(;2 my(d10" bR) Fiu 2+4+44

In total, 50
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Amplitudes

P = (ql'1q)(dT'2b) 4% 6
. Amplitude square
P8 — 1697T2 mb(CZLa“”T“bR)GZV 4
o 50*%50 = 2500 (only for u)
Pyo — (d2,b0) (7" (05)0) Ax242x%2 o 42%42 (for s)
O 42%42 (for d)?
Fr= 1632 miy(dLo* bR) Fu 2+4+4+4 ©  84%84 (for d)

identical particle

In total, 50
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Amplitudes

Rules to reduce terms

color conservation

what vanishes in the sense of exchanging fermions

P

As = Au(Qu->Qs), Ad(I) = Au(Qu->Qd)
Qu+ Qd + Qs =0
3 3

power counting up to a;k
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Power counting

( P1-6

P

Amplitudes
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Cog ~ 0.04K + 2004k + ...

(~ ask)

Cio ~ 0.0055% — davgk + ...
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Phase space integral

e Start from

5
_ d3 Di 4 ¢4
[avs =[] e (28 S
1=1

=1

A = [A[f ({pi - p;}) + Re (Afi ({ps -M‘W

d°p;

Under the phase space int. /H 2732,

Py is even, p;* are odd

> Re (AR({pi - pi})iewpol PiPip7) must be odd

o /dCI>5 Al = /d% JAIF ({pi - ps})
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Phase space integral

The integral formula (xumar 691

5

dgpz 44
dd 2 5 — ;
[ 2= [ 1L g 2o zp
7.‘.2mg 1 toy t3_|_
d d d d d d dt
4(2@11/0 3/ / / “/ “/ “3/ /

(1—ul)(l—U2)(1—U3)\/(1—772) (1- ) — (w2 — m&)?
1

\/(1 —132) (1 —€&3) — (w3 — m3&3)2/A(1, 52, —s1 + 52 — ug + 1)
1

\/A(l,tg,tg — U1 — U9 + 1)\/)\(1,83, —S1 +83 — Ul — U9 + 2)7

X

X

=Y mi)? (py — pnt1)? (o= ) )2
Sn - 2 9 un - 2 9 tn - 2 .
my my my
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Phase space integral

Pi - Py :>f(8,t,U)

pr-pp 1—s1 pa-pp 1—wur ps-pp 1—uz pa-pp 1—us
m% o2 m% 2 m% 2 m% 2
pr-p2 l—si+sy—u1 pi1-p3s uir—Sa+s3—1la p1-ps  ta—S3—13
m? ' 2 ©om? ' 2 ©om? / 2 ’
p2°§03 >1+752 ul U2,p2.p4:1 to +t3 U3 Y
my 2 2 L

An exercise of counting numbers

No. of integral variables:

One p-product redundant?
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3*5 - 4
/

5
-54(1% - sz)
i=1

/@%)Qmg

No. of independent p-products: 4*5/2 -1 =09
-3 =28

™

3 space angles




Phase space integral

One p-product redundant?

The answer Is yes.

In the dim-4 space-time, at most 4 independent momenta, so

5

> cpi=0

1=1

det

/p1'

P2
P3

P4
\ %5

P1 p1-
"P1
"P1
"P1
"P1

p2
p3
P4
D5

P2 P1

"P2 P2
"P2 P3
"P2 P4
"D2 D5

P3 P1

"P3 P2
"P3 D3
"P3 P4
"P3 D5

P4 D1

"P4 P2
"P4 D3
"DP4 P4
"P4 D5

D3 - P4 {111 term@:l: v/ [2179 terms]
e

ps

"P5
%)
"P5

'p5)

The solution is only the first part, according to [Kumar, 69’],

and this is wrong!
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Phase space integral

Kumar’s method

/d4p45 (p1) 6 ((po — P1-4)7) 0 ((p6 — P2—a) — t3) 0 (D6 — Pa)* — us) Py

= (ap1—3 + Bpa—3 + ypp)"' X I

4 deltafix p4 © ps = ap1-3 + Bp2—3 + VDb [Kumar, 69']

The key point: the 4 delta don’t fix one p4 point,
but two (two solutions).

pa(l) + pa(Il) = api_3 + Bp2—3 + Yo
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Results

One example (dominant)

[(de 0w Py |b) |

First, | show the results before phase space integration
(without expression of p3*p4 substituted).
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Results

One example (dominant)

[(de 0w Py |b) |

First, | show the results before phase space integration
(without expression of p3*p4 substituted).

Then, let's have a look at the result after the integration,
(with only one variable s, the dilepton mass square,
unintegrated.)
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Results

One example (dominant)
[(de 0w Py |b) |

First, | show the results before phase space integration
(without expression of p3*p4 substituted).

Then, let's have a look at the result after the integration,
(with only one variable s, the dilepton mass square,

unintegrated.) [




IR divergence

Pio interference with others

To cancel the divergence

3 body, 2 loop 4 body, 1 loop
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Numerical results (preliminary)

Branching ratio (5 body compared to 3 body)

M}, 1, 6] GeVZ|[1, 3.5] GeV?
B(5) [10719] 9.6 9.3
B(3) [1078] 6.8 3.8

B(5/3) 1.4% 2.4%

Percentage of other contributions

1/mb corrections 0.2%
1/mc corrections -1%

log-enhanced QED corrections 5% (e), 2% (muon)
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Summary and Outlook



Summary and Outlook

e Five-body contribution to the B — X, ¢/7¢~ branching
ratio has calculated to be percentage level

 Yet IR divergence to be canceled

e Forward-backward asymmetry will be calculated
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Thank you for your attention!




