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Introduction: radiative B-decays

Interpolation in the charm quark mass
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@ NNLO (O(a?)) counterterms: no interpolation
@ Outlook of bare NNLO calculations
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FCNC process = bounds on beyond-SM physics
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Photon energy spectrum in inclusive measurements

Recent bounds on Mg+ ; [arXiv:1503.01789]

in 2HDM II
Mg+ > 480 GeV at 95%C.L.

Mg+ > 358 GeV at 99%C.L.

Branching fraction; HFAG [arXiv:1412.7515]uncertainty 6.5%

BABAR [arXiv:1207.2690] ; E, > 1.8 GeV

1500 L B B B B B - T
| BB Continuum ]
| control control _

3 oo +~H— i

o r ]
—

STt H |

£ _L_H- + E

o5 ] - _

I.I=J L i

ol -—1—-'_{_"!" . i

+ I
BABAR (arXiv: 1 207.2699), Elphoton) = 1.5 Gav '_1—:_{_' +
| i i i | i i i i i | i i i i |
1.5 2 2-5 3 3.5
E* (GeV)

Background grows for smaller Ej.

B(B = X.7)5%1 6cev = (3:43£0.22) - 1074

Extrapolated to Ey = 1.6 GeV

15 [ 3.36+0.23
HFAG 2012 —-— 3.43+0.22
Babar 2012 - 3.3210.35
Babar 2012 — = J 3.52+0.55
Belle 2009 i 1 3.50x0.44
Babar 2008 t T - 3.90+1.11
Belle 2001 b 3.6920.95
Cleo 2001 | 3.28+0.52

B(B — X.v)(107%)

Belle-11

Better accuracy is expected in 2017.

SM Prediction; [arXiv:1503.01789]

uncertainty 7.0%

B(B = X.7)3M 1 6oy = (3.36 £0.23) - 1074

Interpolation uncertainty is 3%.

Non-perturbative | 5% mostly O(asA/my)

Parametric 2% | as(Mz)(0.75%), B5iP(1.49%), CKM(0.12%), ...
Charm mass 3% Q1, Qy matrix elements
dependence

Higher order
NNNLO

3% wp(2.0GeV), 11:(2.0GeV), 110(160GeV)




Theoretical framework

Decoupling of W, Z, t, H° = effective weak Lagrangian
Q1= (Spv,T%)(cLy"T 1) Q3 = (51vubr) Zq(ﬁ“@
Lop = 26T 75 VoV, Z Ci()Q; | &= Brmen)enhn) Q1 = (5L T"be) Y (@ T%)
_ v
< b (510, 0r) Qs = (51 ym M2 sbr) 3 (@7"17"*9"%)

~ 1672
5 a apv B “ ~ u
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Operators basis: Chetyrkin, Misiak, Miinz, 1996 Qs = 1672

current-current | photonic dipole gluonic dipole penguin
|Cr| : |Cr2| s |Cs| ~1:3:1/2 Q1.2 Q7 s QD3.4,5.6
Cl’z(mb) ~ 1 C’7(mb) ~ —0.3 Cg(mb) ~ —0.15 03,475,6(77%) ~ 0.07

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

The matrix elements can be effectively evaluated in perturbation theory

) Non-perturbative
F(B — XS’Y)E7>E0 = F(b — X§’7>E7>Eo + ~ (ﬂ:5)% b e B = B (bu) or B°(bd)

arXiv : 1003.5012
Provided that Eg is large (~ m;/2) but not close to endpoint (my — 2Ey > Agep).
Ey ~my/3 ~ 1.6 GeV is now conventional.

8

Db = XV eom =N D ()O3 () Gy (Fo,m) 10 = ™2
i,j=1 0 =1—2Ey/my

Y i _ 2 2
K,,;j = Gf,;j/GZeml z = mg/mj

At NNLO Kﬁ), Kﬁ), K( )depend on z. The central value of z ~ 0.056.
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Interpolation in the charm quark mass

as () \" n o as(p) \ " )
Ci(/ib)_%(?b> Ci( )(,Ub) and KU 7;)( A ) KZJ
8
(0) (0) (2) (2) _ p(2)Bo (2)rem
Z Ci (Mb)cj (Hb)Kz'j (Eos ) = P —sz J"‘fz J
1,7=1 BLEQ[ YNon—BLM
@ BLM with arbitrary charm quark mass D Clgati. - Lako A Marohar 1 Wise. 1999

@ 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 1 schupmeier
M. Steinhauser; 2015
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Interpolation uncertainty estimate remains unchanged w.r.t. 2006 (+3%)



Sample diagrams for bare and counterterm NNLO contributions

s, 879, 8799, 5749



Calculational method

Such contributions are obtained from three-loop propagators with unitarity cuts.
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NNLO Counterterms: no interpolation 527;270

Renormalization 1
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The G~j’s correspond to G-j’s once we replace C°™’s with C’s.

G'f,[;) vanish for j = 1,2,11,12

Now, m. = 0 counterterms are known to all order in € except G\l 47 , [AR, PhD thesis].

GS*F(2) = go(2) +equ(2) + O(2) G’ (=) = —2 + fo(2) + € f1(2) + O(?)
G5 (2) =0 —€(2090(2) + O(?) G2 (z) = @ +eer(2) + O()
G (2) = do(2) + €du(2) + O(%)  GP™P(z) = —i + —'r L(2) + T0(2) + eri(2) + O(€?)

3e2



Results: 3-body for 0 =1

G577 (2) = go(2) + €g1(2) + O(€?)
Griz (2) = 0 — €(20g0(2)) + O(e?)

G (2) = jo(2) + €41(2) + O(€?)

?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.



Outlook of bare NNLO Contribution K25 (2)

in progress

Required same techniques as used/mentioned above.

but much more complex.

BCs using automatized asymptotic expansions at m,. > my.

Higher order terms using power-log ansatz

I;(w,e) = Z cmmke”meogk(w) w=1/z

n,m,k

2-body

number of scalar integrals ~ 20,000

number of masters ~ 500

$Y, 879, 8799, $74q



@ The B — X,y process constrains extensions of the SM in a strong manner.
At present, its observed branching ratio agrees with the SM at better than 1o.

o However, K§7),K( ) are currently included with the help of interpolation in the
charm quark mass. This causes about + 3% uncertainty.

@ Completing the calculation of Kg), K( ) for arbitrary z = m?/mj to remove +3%
uncertainty is necessary.

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

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



Branching ratio; PDG, 2014 B(B — X.7)5"2, gcev = (3.40 £ 0.21) - 1074

- B~ — Xoy)+ (BT = Xiv)
; + = -

I'(B° = X,4)+T(B" = X.v)
: 2

CP-averaged decay rate: T —
2

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

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

0+
—|— T_f 1 —I— '.F'f

Vf = f+_/f”“ = 1.059 £ 0.027 r, = TB+/TDH = 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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