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Penguin amplitudes in QCDF

(5 | Hon|B®) = Aun {Nu[as(rm) + ad(nm)] + Ao a§(em)}
— (77 Hert [B°) = Arr {Mu[oa(nm) — af(r7)] — Aca§(mm)}

(r KO Hon |B7) = Ag Al + 2 af]

(K| Hen |B) = Ag[ M (01 + ) + X8 o

@ Main motivation: direct CP asymmetries at NLO

@ Penguin amplitudes to NLO
af(rr) = —0.029 — [0.002 + lv +[0.003 — lP+17 + 77 low
+ [g25s] {[0.001].0 + [0.001 + 0.000i] v 1ip + [0.001] w3 } = —0.024739%8 + (—0.012189%);
a§(nr) = —0.029 — [0.002 + lv - [0.001 + lP+177 + 77 flowe

+ [g255] {10.001]L0 + [0.001 + 0.001i] 4y pp + [0.001]3 } = —0. ozs*g oo -+ (—0.00613055)i
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@ (O(70) diagrams at NNLO.

o Example: Genine’ penguin dagrams




Kinematics

@ Kinematics:

uq uq P2=q¢?>=0
2

o Fermion loop with either m =0 or m = m..
e Genuine two-scale problem: &, m3/mg
e Threshold at & = 4mZ/m?

@ Choice of suitable kinematic variables crucial
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Insertions
@ Quite some book-keeping due to various insertions

Q2 | ‘ Qs N i ‘ Qs—s |” ‘

7

7

@ Focus on Q{"° and Q;"° insertions
@ Regularize UV and IR divergences dimensionally. Poles up to

@ Reduction: Integration-by-parts relations, Laporta algorithm
[Tkachov'81; Chetyrkin, Tkachov'81] [Laporta’01; Anastasiou,Lazopoulos’04; Smirnov'08; Studerus,von Manteuffel’10,'12]

o Obtain a set of 29 master integrals
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Computing the masters

@ Use differential equations in canonical form [Henn'13]

@ Found canonical basis for all masters, including boundary conditions v/
e First example of canonical basis in case of 2 different internal masses
o Found analytical solution in terms of iterated integrals v/ [Bell, TH'14]

ued ued T ulise?

@ Benefits of canonical basis
o No fake higher weights
@ QCD amplitude much simpler
@ Suitable for convolution with LCDA
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Results: Penguin Amplitudes

@ Preliminary numbers: Only Qq » contribution. Inputs from enekei o9

aj(rK) = —0.029 + [0.004 — 0.014/]xro + [ InnLO
+ [ga4s] {[0.001]L0g, + [0.001 + 0.002/]x0sp + [0.001]ws3 }

= (~0.0247G5%) + (—0.019*G5)i

a§(rK) = —0.029 + [-0.001 — 0.008/]n10 + | InnLo

+ (o445 {[0.001]L0g + [0.001 + 0.001/xLosp + [0.001]3 }

= (~0.033755%3) + (~0.01075:%0%)
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Results: Amplitude ratios

Ratio NLO NNLO
% —0.121 - 0.021i —0.1247333 + (—0.02673942)i
P, . .
f —0.035 — 0.009i —0.0414392 + (—0.0147351%)i
Pxy . ! 02611
Tm: —0.038 — 0.005i —0.04073318 + (—0.00973028)i
Ppr . .
ﬁ 0.040 + 0.002i 0.03613%% + (—0.0015.333)i
CT"j: 0.317 — 0.040/ 0.32079233 + (—0.03073:3%9)i o
' @ Preliminar
Cor 0.165 — 0.064i 0.17673:15% + (—0.05418142)/ y
g ‘ ‘ numbers: Only
T:/” 0.219 — 0.064 0.21213157 + (~0.062"413)i Q 2 contribution.
%: 0.092 — 0.080i 0.112+0.1%9 1 (_0.085+%1%2) Inputs from
T [Beneke,Li, TH'09]
T: 0.821 4 0.016/ 0.810752%2 + ( 0.010155%2)i
ag(7K) B _ ; _ 40.022 | (_ 40.029y 7
PO sy e 0.085 — 0.019i 0.0873 332 + (—0.02113.922%)i
ag(rK*) B B ; _ 10.015 | [ £0.023;
) Tl 0.029 — 0.005i 0.030*3.0%% + (—0.007:3.023)i
o5(pK) i +0.039 +0.030 ¢
— 0.037 + 0.004i 0.034 +( 0.001 i
ai(pp) + az(pp) Toz1 T ( To'030)
(K>
a5(pK") ~0.023-0.010i  —0.0277%%7 4 (~0.0123%4)i

ai(pp) + az(pp)
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Results: BR and Acp

@ Preliminary numbers: Only Q> contribution. Inputs from jseneke,Lim0g]
@ Branching ratios (1st line, in 107°)
@ Direct CP asymmetries (2nd line, in 1072).

NNLO NLO Experiment
B o m 543753 R 55 050 5.33 548105
—0.185.68 507 G0z 0.1 -0.09 26133
By mta 747155576 a0 G 7.30 5101538
~931 506 3% oe w01 767 8173
B0 08gEarantn  osms 13908
4427797832 87 48
B or KO 160809RSENTING T 1494 2079797
067°013 0% 0% 0 062 1573
B oK esTgRBBNETE ser 120447
958132210100 0% 8ss 403
B orko 1401 QERREe T e 195793
TONBET N 8% e1s 824y
BoRO  seUIERnEE sat 094f
_4.47+1:05+3.39+0.23 +4.09 _4.47 _q+10

—0.98 —2.08 —0.17 —3.83 -10
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Conclusion

@ (@ »-contribution to penguin amplitudes oy and o at NNLO ready

@ Solution to master integrals in canonical basis enables results which are
almost completely analytical and numerically accurate to high precision.

@ Preliminary results

@ NNLO shift in amplitudes is rather sizable
@ Shift in amplitude ratios, BRs, CP asymmetries is moderate
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