NNLO QCD corrections to radiative B meson decays
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Introduction: radiative B-decays

Interpolation in the charm quark mass

NNLO (O(a?)) counterterms: no interpolation

Bare NNLO calculations: an enterprise

Summary



FCNC process = bounds on beyond-SM physics
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Photon energy spectrum in inclusive measurements

Recent bounds on M+ ; [arXiv:1702.04571]

Belle, [arXiv:1608.02344]
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Background grows for smaller E.

in 2HDM II

M+ > 580 GeV at 95%C.L.
M+ > 440 GeV at 99%C.L.

Branching fraction; HFAG [arXiv:1612.07233]
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Extrapolated to Ey = 1.6 GeV
—— 3.36+0.23
HFAG 2016 [ 3.32+0.15
HFAG 2014 i 3.43+0.22
Babar 07, 12, 12 N 3.28+0.20
Belle 09, 14, 16 N 3.41%0.28
Cleo 2001 — . 3.2940.52
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SM Prediction; [arXiv:1503.01789]

uncertainty 6.9%

B(B — X:7) 5 s1.6cev = (3.36 £0.23) - 1077

Interpolation uncertainty is 3%.

Belle-11 Better accuracy is expected, ~ 3%.
Non-perturbative | 5% O(A/myp), [arXiv:1003.5012]
Parametric 2% | s (Mz)(0.75%), B5P(1.49%), CKM(0.12%), ...
e 3% Q:, Qy matrix elements
dependence
Higher order
ﬁNNLO 3% 115(2.0GeV), 110(2.0GeV), 1o (160GeV)




Theoretical framework

Decoupling of W, Z, t, H? = effective weak Lagrangian
Q1 = (SpyuT%r)(epy"Tby) Q3 = (5.v7ubL) Zq((ﬁ”(ﬂ
Lo = AG R th Z Ci(1)Q Qo = (Spyucr)(CLy"br) Q4 = (507, T%1) Zq(q’y“Taq)

e
Qr my (500,br) FH”

~ 1672 Qs = (51Yu1Vu2Vu3br) Zq((i“/“lv“Qv“?’Q)
Operators basis: Chetyrkin, Misiak, Miinz, 1996 Qs = 1642 (ELUAWTabR) GFE Qs = (§L7M1”yu27u3TabL) Zq(qvulvu27N3Taq)
current-current | photonic dipole gluonic dipole penguin
|Cr| :|Crz|: |Cs| ~1:3:1/2 Q1,2 Q7 s 3,456
Cl,z(mb) ~ 1 C’7(mb) ~ —0.3 Cg(mb) ~ —0.15 03,4’5,6(?7%) ~ 0.07

Higher-order EW and/or CKM-suppressed effects (|Vy, V.. /VisVis| < 0.02) bring other operators.

The matrix elements can be effectively evaluated in perturbation theory

) Non-perturbative
I'(B— XsY)E,>B, =T'(0—= XPY)E >EB, + ~ (£5)% b € B = B~ (bt) or B°(bd)
arXiv : 1003.5012

Provided that E is large (~ my/2) but not close to endpoint (my, — 2Ey > Agcep).
Ey ~mp/3 ~ 1.6 GeV is now conventional.
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(b — X7 - O (1) CM (1) G ( B, Ho ~ M /2
(b= XEY)B, >, ;1 )G (1) Gy (B o) P

Y i _ 2 2
K,,;j = Gf,;j/G,Sfml z = mg/m;,

At NNLO Kﬁ), Kﬁ), K( )depend on z. The central value of z ~ 0.056.




Interpolation in the charm quark mass

8
(0) (0) (2) (2) _ p(2)Bo (2)rem
Z Ci (Mb)cj (Hb)Kz'j (Eo, ) = Py = sz J"‘fz J
i,j=1 BLM “Non-BLM
@ BLM with arbitrary charm quark mass 5.' Egeri{i,CM.G Lrjll::AM 'N?etlﬁglr?::sl\ﬁ.r’v\zliosf;lggg

@ Non-BLM by interpolation in m. assuming BLM at m,. =0 M. Steinhauser, M. Misiak, 2006
M. Czakon, P. Fiedler,

T. Huber, M. Misiak,
@ Non-BLM by interpolation in m,. with explicit calculation at m,. = 0 T schugmeier,
M. Steinhauser; 2015

1 0.175¢F ' '
L U = BR™*'? |BR
] 0.15¢
[EJrEE}/
P, ,
P 1 0.125¢
s U
- ASYIMp -7
2006 T
0.075¢
Uinterp
0.08
0.025¢
. m/m ] | | | _ n./m,, |
0.6 0.8 1 0.2 0.4 0.6 0.8 1

Interpolation uncertainty estimate remains unchanged w.r.t. 2006 (+3%)
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Sample diagrams for bare and counterterm NNLO contributions

Such contributions are obtained from four- and three-loop propagators with unitarity cuts.

S, 879, 8799, 5749



Loop calculations: general methods

Revealing and getting rid of infinities ......
. Regularization
e - o Renormalization
Singular Cage
[ LOOP CALCULUS |
. 'Tensor Reduction‘
Reduction to =~ '
g % Mis = 8P Reduction Chetyrin,
Feynman parameters, \
Smirnov 99, Tausk 99 Mellin-Barnes,
Diagramatic expansion,

Binoth, Heinrich 00

ey Sector decomposition,
Moch, Uwer, Weinzierl 01

Mested sums
etc...

% Py

Direct methods Indirect methods

( DEs ] Difference Eqs

Laporta 01




Calculational method

Reduction to master integrals

FIRE [A. V. Smirnov, arXiv:1408.2372]
REDUZE |[C. Struderus, arXiv:0912.2546]

dizMn(z’ €) = Z Ry (2, €)M (2, €)

Boundary conditions at large =z

MB method, MB.m, M. Czakon

Asymptotic expansions, exp, M. Steinhauser

3-particle cut 2-particle cut
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Im(z) ¢ ZVODE
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w=1/z

Higher order terms using power-log ansatz % Ili(w,€) = Z Cinmr€"wLog" (w)

n,m,k




NNLO Counterterms: no interpolation 527;22

Renormalization 1

~ 3 (2 ~ £ 2)b: ~ = [ 7 0 ~ =1
a,Gy +alGy = Z”“’Z”"TZW{ 2s% (;:} 4 (295 — 1)s° [zm(;}]”i s Gy

27 ':s =27 T T

+ @, (225 — 1) G + 20 207 (G + st G

Tt

= Ayl 1)bare

—|‘532_-'255h Ty _|_ Z Z;gj [(“1“}) _|_':,1 fzﬂ ;j]% birc}}

7=1,....,6,11,12

—|—2ﬁ (n‘h) 325( . ].) _(—wi];]ban_FO( )

12 Ggl7) _ G(1)2P n G(1)3P

Qs = ag/dm = g7 /167?
Cy)ll — [ ,ulh."'u.»] f"lu,iT rL)(rL I'flufl TI”“J F“Tﬂ ) - ]-E](’Jl § = 4?I'j;ﬁﬁ,-:;

F”-h
Q12 = (SLYu1Vu2YuscrL)(Cr AL ) — 160,

The Gij’s correspond to Gij’s once we replace C°%’s with C’s.

GJ? vanish for 7 =1,2,11,12

Now, m. = 0 counterterms are known to all order in € except G’fé), [AR, PhD thesis].

G?P (2) = go(2) + egi(2) + O(?)  G5*7(2) = —ﬂ + fo(z) + € f1(2) + O(€?)
GLOo (2) =0 — €(2090(2)) + O(e?)  GW2P(z) = @ +eei(z) + O)
G (2) = jo(2) + €r(2) + O(?)  GR™2P(z) = —i + —r 1(2) + ro(2) + er1(2) + O(?)

3e2



Results: 3-body for 0 =1

GS7%F (2) = go(2) + €91(2) + O(€?)
G (2) = 0 — €(20g0(2)) + O(e?)

G (2) = jo(2) + €1(2) + O(2)

?r'l
(_a _ Fz4+ 322+ 22(1 — 2z) s L + 22(62% — 42 + 1) (T—LE), for z < 1,

27
gO(z) — 4 4 14 8_2 , 8 16 2 2 1
| —=—32z+32 +Ez(1—23)tA +?z(ﬁz — 4z + 1) A°, for z > 7,

where s = /1 — 4z, L:]n(l-l—s)—%lnalz, t =+4z — 1, and A = arctan(1/t).
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Dots: solutions to the differential equations and/or the exact z — 0 limit.

Boundary condition for the numerical DE’s is at z = 20.

At z = 1/4 we have the charm production threshold, and the DE’s have a singular point there.

Agreement with numerical solution of differential equations over wide range of z.

Blue curves: large-z asymptotic expansions above z = 20.

Red dots: Exact z = 0 results and numerical results from the DE’s at the physical z.

Green curves: known asymptotic expansions either at large z or at small z.

This provides a test of our DE algorithm that is aimed at to be used in bare NNLO

calculation where no analytic expansion at small z is going to be available.



Results: 2-body
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This provides a test of our DE algorithm that is aimed at to be used in bare NNLO

calculation where no analytic expansion at small z is going to be available.



Bare NNLO Contribution: an enterprise

2)bare
Gi7ar(2)

M. Misiak, A. Rehman, M. Steinhauser, --- in progress

Q, LG

$7, 879, 8799, 8749

Required same techniques as used /mentioned above,
but problem is much more complex.

Generated diagrams (437 families),

Constructed amplitudes from QGRAF output,

Performed partial fractioning whenever necessary,

Changed routing of momenta for comparison purpose,

Marking all possible unitarity cuts for each class of family,
Performed Dirac algebra with FORM, and performed color algebra,
AR all inputs for IBP reduction agreed with Misiak.

We got four-loop two-scale scalar integrals ~ 58, 5309.

Ongoing work: Reduction to master integrals with available C+4++ codes

FIRE and REDUZE. Furhter, LiteRed by [R. N. Lee, arXiv:1212.2685]
exploits symmetries to speed up the reduction

[For most difficult families: expected need is 100 GB RAM and 1 month CPU]

Future challenges: Calculating three-loop single-scale masters

that will appear in the automatized asymptotic expansions
required for evaluating boundary conditions at m. > m,.



@ The B — X,y process constrains extensions of the SM in a strong manner.
At present, its observed branching ratio agrees with the SM well within 10.

O However, K 57), K (7) are currently included with the help of interpolation in the

charm quark mass. Completing the calculation of K ﬁ), Ks (2 ) for arbitrary z to

remove +3% uncertainty caused by interpolation is necessary.

@ A calculation of the counterterm contribution to K( )( ), K( )( ) has been

presented. Such contributions are obtained by evaluating three-loop
propagator diagrams with unitarity cuts.

@ B.re calculations of K ﬁ)(z), Kéi)(z) for the physical value of m. are at the level
of IBP reduction.



Branching ratio; PDG, 2014 B(B — XS'V)gfgl.GGeV = (3.40£0.21) - 1074

r F(B' — Xov)+ F{B+ . Xﬂ')
3 + — :

I'(B° = X,4)+T(B" = X.v)
‘ 2

CP-averaged decay rate: [, =
2

Isospin-averaged decay rate: I'=(Ty+1.)/2

Isospin asymmetry: Agy = (T —T1)/(Ty+Ty)

0+
+ T_f 1 —— '.F'f

rp = ft/f% = 1.059 £ 0.027 r, = 75+ /750 = 1.076 % 0.004

CP- and isospin-averaged branching ratio: B(B — X,y) = 75T (l + v, LA 1 —ry T’T)
' 1

A breakdown of parametric uncertainties in the SM prediction

B(B — X_er) 1.50% my 0.27%
a (Myg) 0.75% m () 0.57%

Mt pole 0.19% my/m, 0.37%

A= S 0.02% Lz 0.69%

A = s93/5%, 0.01% 7 0.03%
F 0.12% 5 0.74%

7] 0.01% P s 0.05%

Uncertainties due to the higher-order O(a?) corrections

() a () _ oy (1) \° _
— = ~(0.093, ( AL ) ~ ().0087, ( P ) ~ ().00081
T T ™
47* .
roi(z) = -1 — — — 224+ 0(=%).

81
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