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| Flavour-Changing-Neutral-Current (FCNC) B-Decaya

B-Meson System (PDG) Bt = (ub) BY = (db) B9 = (sb) Bl = (cb)

FCNC Decays

Initial and final state hadrons contain quarks of differeaadlur but same charge

e down quarksector s —d, b—d, b—s

e up quark sector c—u, t—u t—c

In the SM (Standard Model) flavour-changing interactionsesd-level are
Louaw ~ Ve (@iy* Prd; )W
FCNC decays are> "LOOP suppressed” in the SM!
In the limit Voxn — L FCNC'’s are absent in the SM.



Examples of FCN(3-decays § — s)

Bs — pp

B —{Xs,K*}+7~, b— s+ gluon

B —{Xs, K, K*} +vi

B — {Xs, K,K*} + 11

Bs — Bs

Bs — vy, Bs—lU+~, (Ay— A+I)
SM diagrams governing FCNB-decays

(leptonic) ~ 10~? (SM pred.)
(radiative) ~ 10~4 (exp.)
~ 1076 (SM pred.)

(semi-leptonic) ~ 10—% (exp.)

(mixing)

New Physics (NP) diagrams could give comparably large dmritons!



Why B decays?

e heavy quark physics = physics of heavy hadrons - theorBtibatter
accessible

e flavour physics - understanding of flavour in the SM and beyond
= CKM-matrix + quark masses

e CP-violating observables in the-system
e testing quantum structure of the SM guark mass effects at loop level
e constraining parameter spaces of NP scenarios
Where?
e B-factories:Belle at KEK andBaBarat SLAC
e CDF and D@at Tevatron B,-mixing: AM,, AT'y; By — uji;...)
e LHCh (and ATLAS, CMS)at CERN



Problem: Disentangling EW and QCD interactions

Multi-scale problem

e B meson (in restframe) my ~ 5 GeV
e EW interactions (virtual¥ -exchange) My, ~ 80 GeV
e QCD interactions (hadronic bound state) Aqcp ~ 0.5 GeV

Hierarchy:Aqcp < my < My

Construction okffective field theories (EFTtp decouple stepwise
short-distance from long-distance interactions

Can be done in perturbation theory (PThig(x:) down to energy scales
u 2> 1 GeV



| EFT of AB=1 decaya

Why EFT’'s?Problem:Large Log’s in PT from QCD and QED radiative
corrections for theories with widely separated scales M|
b c

2 2
Amplitude:| A(b — s) ~ GrVcekm ( otasln o o2 In” o )

M? M?
2 2
: N my 2%

2

= PT questionableactual expansion parameter |8 In % ~ 0.67

2
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How to construct the EFT?

At scales,/s ~ my ~ 5 GeV < My, Mz, m; EW interaction (analog to Fermi
theory of 3-decay) isshort-distance-like = point-like interaction

"Integrating out” = Decouplingf heavy degrees of freedofif Z, t) using
= Operator Product Expansion (OPE)

4G
Lot = Larpxacp(u,d,5,¢,b,e,1,7) + —=Vorm Y CiO0i + Y G50,
\/5 SM NP

C; ... Wilson coefficients = effective couplings (short-distance

O, ... operators (long-distance) describing dynamics aof, s, c,b, e, u, 7. ..



Structure of operators of th& B = 1 EFT of the SM?

b c b c
W — \\/ current-current op.
AN 012 ~ [ 7uPr e 7Py b
b S
b W S _
\\// QCD and QED penguin op.
ehEmet T aN Os.a5.6 ~ [8 yuPL b] 3, [a 7" Pr.r d]
q q q g 05?,4,5,6 ~ [§ Y PrL bl Y., Qqlqd V" Pr,r g
W b s b s
wet\ fuct — electro- & chromo-magnetic op.
07,8 ~ mb[§ O‘,WPR b]G“y
79 Y g
b S

wet NTu et — X semi-leptonic op.

O,10 ~ [5 7, Pr ] 30, [1 {1, 75} ]



Calculation of Wilson coefficient$Matching” in PTG {1, a, a2, e, e crs }

AT (m, Ci, o) = A" (m, M, po)

1. uo renormalization scale> Inm /M = Inm/puo + In po /M

2. EFT = Full Theory=- same long-distance:(-) dependence
=In(m/uo) cancel andC' = C' (M, uo) independent ofn

3. Convergence of PT jio ~ M = In(uo/M) ~ 0 = Matching scalgu

2 3
(0) (1) s @ s A3 (1) | Qels ~(2)
C(po) = C + —Cs +(4W)C +(4W)C + —Ce e Y+

[Buchalla/Buras], [Misiak/Urban], [Bobeth/Misiak/Urbf [Buras/Gambino/Haisch], [Gambino/Haisch]
[Misiak/Steinhauser]



Renormalization Group Equation (RGE) (u%IL - &T> C(u) =0

Anomalous Dimension Matrix (ADM)

2 3 4
_ Qs (0), Qs (1), %X _(2), %X _(3) (1) , Qels (2)

"Running” to long-dist. scal@s | C(por~ m) = U(us, pto, s, cte, 5)C (o~ M)

Resummation of large logarithnhs all ordersn

QCD: LO — aZ In™(up/po), N2LO — a? In""2(up /o),
NLO — o In™ (jup/ o), N3LO — af 1™ (up /o)

QED: LO — aeIn(up/po) @2 In™(up /o)
NLO — ae In(up/po) af ™ In™ 1 (/o)

QCD: [Chetyrkin/Misiak/Minz], [Gambino/Gorbahn/Haisch], [Gorbahn/Haisch], [edmn/Haisch/Misiak],
[Czackon/Haisch/Misiak]

QED: [Baranowski/Misiak], [Bobeth/Gambino/Gorbahn/stzh], [Huber/Lunghi/Misiak/Wyler]



Summary of EFT

2
e Matching + Running = | L339 (u) + O ( )

e factorization of short-distance interactions (of heavgrées of freedom- 1.()
into effective couplings (= Wilson coefficients)

=Log (o) ~ >, Cilpo, o) Os (pp)

e long distance interactions (light degrees of freedom;) described by
effective vertices (= operators);

o Ci(uo, uy) Wilson coefficients calculable in P "RGE-improved”

e NP included by additional matching calculation idte( 1o, 1)

Ready to calculate observables using EETProblem: hadronic matrix elements:
non-perturbative hadronic input



‘ Inclusive DecaysB — X, + {v,1l} - Heavy Quark Expansionl

1 . )
dl = ——S d[PS](2m)*6@ (pp — px. — @)(B|(iLeg) | Xs7) (v Xs|iLog | B)
2M g b

I optical theorem— absorptive part oB — B

1 .
dFde[PS](27T)45(4) (B — px, — @) Im(B|T{L ;L }|B)

local OPE becauser, > Aqcp

N s \\\ ;’//
q N /g q S~ .7 q A
s / ‘o CD
= + o=
mpy
b b hb hb

z; = Wilson coefficients at scale ~ m;,

A~ — — Zai = A
ST (Ll L ~ 21 (80) + 2 (bgao GO+ 3 25 (g arit) + 0 (222 )
b b

mp



1
2
b

(BIT{L;Lex}|B) = (B[bb|B) +

(B|b(iD)*b|B) +

1
— 2Mp |1 A 3\
B|:‘|‘2mg(1‘|‘ 2}

hadronic matrix elements (ME): A\; = (—0.3+£0.1) GeV?, Xy = 0.12 GeV?
Agep \°
Mp

=Aqcp /mep corrections known up to 3rd ordgrhay/Georgi/Grinstein], [Falk/Luke/Savagel,
[Ali/Hiller], [Buchalla/lsidori], [Bauer/Burrell]

dI' ~ parton result + O

= similar power correctiond qcp /m. are known up to 2nd order
[Buchalla/lsidori/Rey]

<B|b(gsa G)b|B) + ...



ME at parton leveb — sy andb — sll (virtual + real corrections)

2 3
: Xs 7 r(1) *s (2) s (3)
e QCD:(1+ — Mg’ '+ ——Ms"7" + ——M <O >
Q ( A S (47‘(‘)2 S (47‘(‘)3 S ) tree
[Asatrian/Asatrian/Greub/Walker], [Ghinculov/Isidéurth/Yao],[Bieri/Greub/Steinhauser],
[Misiak/Steinhauser]

Og 09

[ ] QED (1 -+ %Me(l)) < O >tree
7

including collinear logarithmsin(m; /my)
[Huber/Lunghi/Misiak/Wyler], [Huber/Hurth/Lunghi]



|B%Xw|

SM prediction at NNLO [Misiak et al. arXiv:hep-ph/0609232]

BB — Xv]sm = (3.15+£0.23) x 107*  for E, > 1.6 GeV

uncertainties added in quadrature
e 5% non-perturbative
e 3% parametric
e 3% higher order (perturbative)
e 3% mec-interpolation ambiguity (3-loop ME of 4-quark operators)

Experimental result

B[B — XsY]exp = (3.55 £0.24709 £0.03) x 10°* for E, > 1.6 GeV



NP example:
2-Higgs Doublet Model (2HDM)

new parameters) -+, tan 3

B x 10% for tan 8 = 2 o5, % 104

45 ' ‘ ‘ ‘ ‘ I\/l|_|>200 GeV
4.25¢ ] 0.35] 250 1
4} ] 0.3/ 300 ]
3.75¢ ]
hep-\ph/ 0603003
3 5t 1 0. 25¢ 400 ep
3. 25¢ ] [
- ] 0.2 £50
0. 15}
2.75¢ | | | | | | | ] 900
250 500 750 1000 1250 1500 1750 2000 ‘ ‘ ‘
8 3 3.2 3

. 4 3.6 3.8 4 4.2
M+ [GeV] B x10%

dashed = SM prediction, dotted = experimental result [Misiak et al. arXiv:hep-ph/0609232]

M; > 295(230) GeV at95(99)% C.L. in the 2HDM



q

2

o) + Q1o

*

dF[B — Xsll_] G%’mg,pole “/ts‘/tb‘2 (046)2 (1 - §)2 { <4 4+ §> ~
S

ds 4873

4

—_ 2 —_
(14 28) ( Gs (5)|” + |38 3)

+

2 ~ - J'Brems
) +12Re (57 (3)C8™()") + }

= (p,— + p;+)? ... invariant mass of th&t [~ -pair 5=q°/mj



dB/dq® x 107
[GeV_2]

0 é 16 1‘5 2‘0 0 é 1‘0 1‘5 26
¢*[GeV?] [Ghinculov/Isidori/Hurth/Yab
NNLO QCD corrections

e change of thé8/dq? by —20% (—25%) in low-g? (high-¢?) region
e 1 p Uncertainties from:20% (+15%) to £6% (+3%) in low-¢? (high-g*) region
NLO QED corrections

e inclusion of NLO QED corrections~ reduction of uncertainty o£8% due to choice of
ae(my) ~ 1/133 or ae (Myy) ~ 1/128 at LO in QED B(B — X;ll) ~ a?)

e collinear logs: enhancement B{ B — Xspuji) by +2% andB(B — Xsee) by +5%



low: ¢ € [1, 6] GeV? high: g% > 14.4 GeV?

B(B — Xgee) = (1.64£0.11) x 107% | B(B — Xse€) = (0.21 +0.07) x 10~°
B(B — Xspji) = (1.594+0.11) x 1076 | B(B — Xspji) = (0.24 +0.07) x 10~

Experimental information IntegrateddB[B — Xll]/dg? x 10~6
> € a2, 40 as) Belle BaBar Average
[(2m)?2, (my — ms)?] 414+08+09 56+£1.5£1.3 4.5+ 1.0
low: [1, 6] GeV? 1.49+0.507035 1.84074+05  1.6+0.5
high: > 14.4 GeV? 0.4240.127005  0.540.257005  0.44 +0.12

expected final accuracy at-factories~ 15%

Cuts in experimental analysis

e ¢°...1(2m,)? < ¢ and “around charm-resonances” (theory)

o Mx_....Mx,6 <2GeV[Belle]andMx 6 < 1.8 GeV [BaBar]
= to suppress backgrounds - for example: c¢(— seTv)e ¥
= extrapolation beyond cut with Fermi-Motion model [Ali/iil]



Forward-backward asymm

etry

dA[B - X M 42T
d cos 0
dq? d cos 0;

0, = <(pB, p;+ ) in dilepton c.m.s.

position of zero:

o B— X ufi:

g5 = 3.50 £ 0.12 GeV-
e B — Xgeée:

g2 = 3.38 £ 0.11 GeV?
[Huber/Hurth/Lunghi]

No experimental results yet.

dl’
dg?
NNLO + QED
Q.15 " ~
0.10, J
0.05/ &
dA/dg® S
——— 000, »
dB/dq 0,05 " y 4
[\ v
040\ P 4
015, Nes®
o (GeV)



NP example:
Minimal Supersymmetric SM (MSSM)

2.0}
§ ERY:
= x
X R
% L6
>< ><w> . [
1 1
o
= 2 14
Q Q
1.2}
1.2 1.4 1.6 1.8 2.0 0.1

0.22
Br(B — X I*17) x 10° 5

low-¢? B[B — Xl1l] for Minimal Flavour Violating (MFV) MSSM scenario  [Bobeth/Buras/Ewerth]



‘ Exclusive Decays 5, — M—Ll

The SM prediction

2

_ _ w12 g2 My 2
B(Bs — pm)sm ~ [V VisI® fp, 72 1Col

- - - B
"Helicity suppression”

main uncertainties from decay constant
fB. = (240 £ 30) MeV (lattice) (0|sv"5b|Bs(pB)) = ip's B,

SM prediction B(B; — pji)sm = (3.86+0.15) x 107°

Experimental information

[CDF + D@, 2007] B(Bs — ufi)exp < 8.0 x 1078 (90% C.L.)
[CDF + D@, HEP 2007] B(Bs — pi)exp < 5.8 x 107 (95% C.L.)




Experimental prospects at LHC féts — pfi for SM rate

e LHCb: 5¢ discovery of SM prediction with 1¢b—! (5 years)~ 100 events
e Atlas/CMS: 5¢ discovery of SM prediction after 5 yearg (130 f6—1)
NP example: New operators

Additional dim 6 operators t&, — I

O10= (57" PLb)(Inusl), O5= (5Prb)(1l), Op= (5Pgb)(Is),
Ob= (sPLb)(Il),  O%= (5Pb)(Iys1)
For example in the MSSM "neutral Higgs penguin” N w0 %

mym
SM: suppressed  C% ,, ~ —5— NS
’ Mg, H* i,d,d ™~/ H*id.d

. l
MSSM: enhanced?S’P ~

A0 ’
for high tan 3 > 40 T~




2 2 5 2
o GFaeMBS fBSTBS

BBy — ll) = 1= BB 2oy, v 2
4m2 Cl o Cl/ 2

% 1 — l S S

M%S mp + Mg

. / m
In some NP scenaria8l , ~ —C%
’ my ’

"Model-independent” analysis of NP i{Cgf, Ch} ..
O

contours enclose values of
B(Bs — pji) < {0.5,1,2,4,6,8,10} x 10~8
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‘ Exclusive Decays 5 — Klll

Observables Normalized angular decay rate 8f — Kl for | = {e, u}

1 dl'y[B — KIll] 3 l , 1 l
I [B — Kl dcos 0 4( 1) (1 — cos” 0) + 5t H + App cos

integratedy® € [¢2 ;. grayx] @nd

2 ! dq? 2 ! dq?

qmln min

2 _ B 2 _ B
e /qmax o2 dU[B — Kpji / tmax 5 dU[B — Keé]
q

SM predictions integrated for lowy? € [1,7] GeV? [Bobeth/Hiller/Piranishvili]

FM =0.0221 £0.0003, F&~0, AL,~0, Ry =1.0003 0.0001

e Observables defined as raties Hadronic uncertainties cancel!!!
e 'L, ~ m? "(Quasi-) Nulltest” of the SM
e Ry sensitive to non-universal lepton flavour interactionsdmeySM



Experimental information [BaBar]

FL = 0.81170-2% 4+ 0.46 (lepton-flavour averaged ard > 0.04 GeV?)
(R —1) = 0.24 +0.31 (¢* > 0.04 GeV?)

Model-independent NP analysis Bf, and R

including non-SM operators t8 — Kl forl = {e, uu}
OX) = (5PrLb)(ll), O = (5Prb)(ysl), = Cgp, ChQ
and using constraints 80% C.L. from

o B(Bs — eé) <5.4x107°

o B(B — X.ee) = (4.7 +1.3) x 10~ % integrated for® > 0.04 GeV?

o B(B — Xsuji) = (4.34+1.2) x 10~ % integrated forg® > 0.04 GeV?
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Contours of3(B — Xypji)pe < {1.75,2.0,2.17} x 1079 (left),
B(B — Xsee)nq < {1.75,2.0,2.25,2.35} x 107° (right)



|Summaryl

e Nowadays EFT oAB = 1 decays includes: NNLO QCD and NLO QED

Standard Model

e Inclusive decays> HQE =- uncertainties of predictiorss 10%
e EXxclusive decays> non-perturbative uncert., but also precise observables
e Currently all SM predictions are in ballpark of experimédmesults
Testing the SM and searching New Physics
e "Indirect search” —testing NP at quantuum level
e "Model-dependent” and "Model-INdependent” analysis arailable
e FCNC B-decays provide "(Quasi-) Nulltests” of the SM

e FCNC B-decays can place serious constraints on NP parametersspace
(B — XS’% BS - Hﬂ? < )

e Complementary search for NP to "direct searches” at callide



