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Introduction B(Bs — ptu™)

b W
Z [
T
s s W
exp. results:
o until 2012 only upper limits [CDF, DO, Atlas, CMS, LHCb]
o first evidence 2012 [LHCb]
o latest combined results [LHCb and CMS at EPS 2013]

B(By — ptu™)=(2940.7) x107°

strong reduction of error expected in the next years

B, — utu~ very sensitive to physics beyond the SM, e.g. 2HDM, MSSM, . ..

recent progress in determination of fp, from lattice calculations
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Effective theory approach

@ B-meson decays occur at low energies p < My,
e integrating out heavy particles: W+, Z, top quark

L ur
(3
Lot = Loopxqep(leptons and five light quarks) + NZCnQn

n

Qa = (b7a758)(EY Y1)
Qs = (byss)(fp)
Qr = (byss)(iysm)

@ matching

I I I "
- @ + @(%)
s >:\( b s b My

full theory effective theory
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Branching ratio

@ instantaneous branching ratio

t=0 |N‘2M3 f% 2 2 2
BU=(B, = wtp) = —— 2= T, [IrCa —uCpl® + [uCs (1 = r?)]
v VaVsGEME  2m, _ My,
2 ’ MBS ’ mp + ms
@ time-integrated branching ratio [De Bruyn et al. 2012]
— B[t:O] B, — utu—
B(BS N ,Uz+l1/7) — ( s 12N )
1—7p,ATs/2

@ Standard Model: )

M
Cs,p are suppressed by MES

_ O M, ()2 @
Ca =0 + "ol (47r) o+

= Bl=0(By = ptp~) o< [Cal?

LO: Cff) = %Yo(:ﬂ) [Inami and Lim 1981]
NLO: quw [Buchalla and Buras 1993, 1999; Misiak and Urban 1999]

01(4”) — CKv(") + Cia(’"‘)
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W-boson boxes

C};V’(n)

due to the unitartity of the CKM matrix

o off-shell 1LPI amplitudes in full and effective theory
@ external momenta to zero — tadpole diagrams

@ spurious IR-divergences on both sides

a) matching in d # 4 dimensions — evanescent operators
b) matching in d = 4 dimensions — light quark masses as IR regulators
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W-boson boxes: Matching in d dimensions

@ spurious IR-divergences regulated with dimensional regularisation

o IR-divergences cancel in matching procedure
BUT: additional poles in € at intermediate steps

@ evanescent operator [Misiak and Urban 1999]
QE = (Mo Yoz Yors 158) (Y727 y51) — 4Qa

QE =0 in d = 4 dimensions

o limit d — 4 after matching
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W-boson boxes: Matching in d dimensions

calculation on full theory side

e project on Dirac structures of Q4 and QF in full theory diagrams
W,(n) E,(n)
= OA7bare and C(A7bare
@ three-loop vacuum integrals with two different mass scales: m; and My,
@ 1L and 2L exact mass dependence

@ 3L results for different expansions

a) Taylor expansion in mass difference: Mw = my
6

M3
w=1— "% up to order w'
mi

b) Asymptotic expansion: My < my

y = Afn"t" up to order y*2
generate Feynman diagrams: QQGRAF [Nogueira 1993]

asymptotic expansion: Q2E/Exp
[Harlander, Seidensticker, Steinhauser 1998 and Seidensticker 1999]

FoOrM package [Vermaseren 1991]
for 3L tadpoles with one mass scale: MATAD [Steinhauser 2001]
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W-boson boxes: Matching in d dimensions

calculation on effective theory side
e in effective theory all loop diagrams vanish (massless tadpoles)

@ but: UV counterterms are needed to get rid of IR-divergences on full
theory side

@ renormalization in effective theory

CaQa +CEQE — 2z, (CAZNNQA +CAZNEQE + CE ZpNQa + CEZEEQ£>
(a) (b)
l\/ l\/
/s b\ /s b\

e Zyn =1 (quark current conservation)
o Zpn=oas(...)+a2(...)+0(a?)
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W-boson boxes: Matching in d dimensions

matching formulae for Wilson coefficients: (Q = ¢, t)

2
Cre = a+azy)y o (52) (@) i + sar ]

_ZEN C‘E’Q + O (ag’)

o AZy: difference of wave-function renormalization constants in full and
effective theory

o Z:M: a, renormalization constant
e AT: contributions from top-quark mass renormalization

s = a§5) is gauge coupling in 5-flavour QCD
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W-boson boxes: Matching in d = 4 dimensions

alternative approach for matching

o

matching in d = 4 dimensions — no evanescent operator
b- and s-quark masses as IR-regulators

1L and 2L loop amplitudes in effective theory
asymptotic expansion: mg << my

in full theory two different expansions:

mg <K my < My < my

ms K my K My ~ my

renormalization of full theory and effective theory amplitudes
matching of UV finite results in d = 4 dimensions

after matching: mgy — 0 and my — 0

same results for matching in d # 4 and d = 4 dimensions
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W, (2
Results for C' 2)
top-quark 0.0—\\\
contributions AN Ho=My

black solid lines:

M2
3 <1
m

t
up to O (ww)

w=1-—

blue dashed lines:
y= My <1

mg

up to O (y12)

charm-quark _5ooL
contributions

0.0 0:1 012 0:3 0:4 015 0.6
y =My /my
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Z-boson penguins

@ background field version of the 't Hooft-Feynman gauge for the
electroweak bosons

@ no contributions to evanescent Wilson coefficient C'¥

@ same expansions in masses as for W-boson boxes

-
@ electroweak counterterm already at LO % z
s b

@ quark triangle diagrams at three-loop level
— special attention on 5
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Z-boson penguins: Electroweak counterterm

@ electroweak counterterm Lagrangian

aw GpMyy
‘C’counter =1 4\/§7T2

( c*l;‘/CS Zs,sb + V;lk)‘/ts Z;,sb) BLESL

@ determination of ZQQSb

(a) w

s i : ‘j b s b s b
u, c,t

o CT insertion sbZ into tree-level
o CT insertion sbZ, sbg and sb into 2L diagrams with top-quark loop
(a) . 0, , (©, v
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Z-boson penguins: Fermion triangle contributions

@ ~5 in axial-vector coupling in triangle loop
@ trace evanescent operators [Gorbahn and Haisch 2005]
@ no evaluation of trace in the triangle loop
= following structures in the results
Y YpVo¥s @ Yuys Tr (v APY7 v vs5)
Yo¥p Yo @ Yu¥s Tr (v Py *s)

@ trace evanescent operators: Q‘FQ =0ford=4

QY = (v Yerorss) (@vuysi) Tr(v/ APy " ys) + 24 (by*s) (s i)
QY (Byovp¥o ) (B ys i) Tr (v yPy7 vH5) + 24 (by" s s) (y,vs 1)
= Wilson coefficients for Q¥ Qf and Q4

cross-check with Larin's method [Larin 1993]
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Results for C’j‘@)

Ci’(z) grows as m? for large values of m;
= 42 % is plotted

black solid lines:
M2
<1

up to O (wlﬁ)

w=1-—

blue dashed lines:
Yy = Mw 1

me

up to O (y12)
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Matching scale dependence

0.215 ‘ ‘ OB ‘
50 100 150 200 250 300
Lo in GeV

Blnnco (ko = mi(myt)) = 1.002 - Blnio (1o = mi(mt))
B|NNLO(MO =80 GeV) =1.014 - BlNLO(MO =80 GeV)
BlnnLo (o = 40 GeV) = 1.10 - B|nrLo(ro = 40 GeV)

scale uncertainty for pg € [3my, 2my]

NLO QCD = 1.8%
NNLO QCD = 0.2%
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B(Bs — ptp~) in the SM

+ known NLO EW corrections [Buchalla and Buras 1998]
[Bobeth,Gambino,Gorbahn,Haisch 2004]
[Huber,Lunghi,Misiak, Wyler 2006]

missing full NLO EW corrections — 5%

some input parameters and uncertainties

@ fp, = (227.7+45)MeV  — 4% [FLAG]
o IVt*l;Vtsl =0.0416 £ 0.0009 — 4% [CKMfitter, Gambino and Schwanda 2013]
® M;=(173.1+0.9)GeV — 1.6% [PDG]
o .

adding errors in quadrature — 8%

B=0(B, — utu~) = (3.62 £0.29) x 10~

full NLO EW corrections

[C. Bobeth, M. Gorbahn, E. Stamou, to be published]
common update of BR in the SM
NNLO QCD corrections

[TH, M. Misiak, M. Steinhauser, to be published]
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Introduction B — Xy

— non-perturbative contributions
(B = Xo7) 5y >m0 =T (b= XE) |5, >0 + ( ~ £5% [Benzke et al. 2010]

exp. world average: measured at CLEO, BELLE and BABAR
B(B — Xs7)|B,>1.66ev = (3.43£0.22) - 107" [HFAG 2012]

SM NNLO prediction:

1672

B(B — Xs7)|p, >1.66ev = (3.15+£0.23) - 10~* [Misiak et al. 2006]
__° 5 ohV i 2
Q7 =2 (51,0"*"bR) Fuv
Qs =2 _m, (SLo"Tgr) G, b, s
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Two Higgs Doublet Models

@ SM + additional Higgs doublet ( two Higgs doublets)
@ physical basis: h, H, A and HE

@ interaction between charged Higgs HE and quarks:

3
L= (2\/§GF)1/2 Z u; (Aumul V'ijPL - Admd]. V;']'PR) d]'H+ + h.c.

i,j=1
2HDM Type Il (e.g. MSSM):
1 1 9
Ay = —— = with  tang = <¢(2)>
Ag  tanf < ¢ >

Wilson coefficients: C; = Ag A}, ... + Ay A}, ..., terms with A% are suppressed with m

@ matching: 2HDM
@ running/mixing: same as in SM [Misiak et al. 2006]

© on-shell matrix elements: same as in SM
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Calculation of C7 and Cy to 3L

Cr: amputated 1LPI Green function b — s+ ~ 350 diagrams for 3L
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Calculation of C7 and Cy to 3L

2 loops:
Wilson coefficients to 2 loops [Ciafaloni, Romanino and Strumia 1997]
[Ciuchini, Degrassi, Gambino and Giudice 1997]
[Borzumati and Greub 1998]
3 loops: [TH, Misiak, Steinhauser 2012]

three-loop vacuum integrals with two different mass scales
my and Mg+
Q@ Mpy+ > my: asymptotic expansion (mt/MHi)lo
@ Mp+ ~ my: ordinary Taylor expansion (M7, — mf)16
Q@ Mpy+ < my: asymptotic expansion (MHi/mt)w
matching;:

same matching formulae as in the SM [Misiak and Steinhauser 2004]
and similar to the C'4 formulae
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B(B — Xg-) in 2HDMs
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AGAY

analog results for C7 4, %, Cs a,4x and Cg 4, ax
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Results for C7: AgA%
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analog results for C7 4, %, Cs a,4x and Cg 4, ax
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Results for C';:

AGAY

@) b | / ;= = = My>m
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analog results for C7 4, %, Cs a,4x and Cg 4, ax
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Matching scale dependence in 2HDM Type Il

partial NNLO in 2HDM Type Il without C;S

AB = Boupm — Bsu

2)ef, 2HDM () [Misiak et al. 2006]

1.04—

B
(=] (@]
o N

o

©
-

~N

0.96

o904} ;!

ABR( o) / ABR(My )

0.92+] -

tan =50, My = 400 GeV

- - 4
-_— .

............ LO

- = - NLO

partial NNLO
NNLO

0.90L-— :
100 200

300 400 500 600 700 800

uo in GeV
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Uncertainty band in 2HDM Type Il

500 1000 1500 2000
My in GeV

tan 8 > 2: B is almost independet of tan 3
tan 8 < 2: B increases for smaller tan 8 = strengthen lower limit on Mg+
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Uncertainty band in 2HDM Type Il

4.5 ‘
tan 8 =50
2HDM

3.0

500 1000 1500 2000
My in GeV

tan 8 > 2: B is almost independet of tan 3
tan 8 < 2: B increases for smaller tan 8 = strengthen lower limit on Mg+
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Uncertainty band in 2HDM Type Il

4.5

tan 8 =50

BR » 10

500 1000 1500
My in GeV
tan 8 > 2: B is almost independet of tan 3

tan 8 < 2: B increases for smaller tan 8 = strengthen lower limit on Mg+
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Uncertainty band in 2HDM Type Il

My in GeV

tan 8 > 2: B is almost independet of tan 3
tan 8 < 2: B increases for smaller tan 8 = strengthen lower limit on Mg+

Lower bound

Mg+ > 360 GeV with 95% CL
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Conclusion

B(Bs — pt ™) in the SM
@ three-loop corrections to C'4

@ B(Bs — pTp~) to NNLO accuracy in QCD
= no remaining QCD scale uncertainty

@ full NLO EW corrections  [C. Bobeth, M. Gorbahn, E. Stamou, to be published]
common update of branching ratio (work in progress)
= significant reduction of perturbative uncertainties

B(B — X47) in 2HDMs

@ C7 and Cg to three-loop order in Two Higgs Doublet Models
= consistent NNLO estimation in 2HDMs

@ reduction of matching scale dependence
@ lower bound on charged Higgs mass in 2HDM Type II:

Mp+ > 360 GeV with 95% CL J
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