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e Implications of the latest measurement of Bs — up

e Radiative and semileptonic penguin decays

— Inclusive B — X /t¢—
— Exclusive B — K*¢+ ¢~
— Signs for lepton non-universality

— Correlations between b — s¢¢ and b — svr



No guiding principle in the flavour sector
ESIL-I — ‘E'G‘auge (Ai: @L'z) + E’H-i.ggs (d}? Vi, “)
|Vus| = 0.2, |V,p| = 0.04, |V,,3| = 0.004 versus gs =~ 1,g~ 0.6, g ~0.3

e Approximate symmetries (Froggatt -Nielsen)

e Geometry in extra dimensions (Randall-Sundrum)

e Ambiguity of new physics scale from flavour data

N ew
L= L”Gauge + ﬁH-iggs + Z fi
i

o®) 4
NP



Implications of the latest measurements of Bs — upu




Implications of the latest measurements of B; — uu

Observation:

BR(B; — puTp7)=(2.9+0.7) x 107

BR(B® — ™) =367} x 10710
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Recent theory effort to eliminate perturbative uncertainties of 7%

NLO QCD corrections

Buchalla,Buras 1999, Misiak, Urban1999
— NNLO QCD corrections

Hermann,Misiak,Steinhauser arXiv:1311.1347

Leading-m¢s NLO electroweak corrections
— NLO electroweak corrections

Buchalla,Buras 1998
Bobeth,Gorbahn.Stamou arXiv:1311.1348

Experiment versus T heory

Bs, =~ =(2940.7) x 107°
B.," = (3.65 £ 0.23) x 10~

By, " = (3.6T1%) x 10710

By," = (1.06 £ 0.09) x 101




Error budget:
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Implications of the latest measurements of B; — uu

Agpm ~ my/my < AHU,AD ~ tan3 3

b Wol. + T




Constraints on CMMSM Mahmoudi,Neshatpour,Virto arXiv:1401.2145

CMSSM - tan =40, A =-2 m,
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Black line correponds to direct search: ATLAS with 20.3fb—1



Constraints on CMMSM Mahmoudi,Neshatpour,Virto arXiv:1401.2145

CMSSM - tan B=20, A =-2 m,

] Allowed
L_1BR(B —up)
B B-K up

[CIBR(B—X.y)
B BR(B—1v)

500 1000 1500 2000
m,, (GeV)

Black line correponds to direct search: ATLAS with 20.3fb~1



Radiative and semileptonic penguin decays




,

‘I‘ Separation of new physics and hadronic effects
My

. short-distance physics

: perturbative
QCD +

_________ I p=few = Agcop

long-distance physics
nonperturbative

AqQcD
Operator product expansion: Factorization of short- and long-distance physics

-~

¢ Electroweak effective Hamiltonian: H.ff = —45-5 > Ci( s Mpeany) Oi(pe)

o = MZ_ >> Mz 'new physics' effects: C(Mw) 4 CN“(Mw)

How to compute the hadronic matrix elements O;(u =my) 7



How to compute the hadronic matrix elements O;(u =my) ?

Inclusive modes B — X,y or B — X (T¢~

e Heavy mass expansion for inclusive modes:

Mp— o0

M(B— Xsv) "2=7 [(b— XPortony)  Arenrert- A2 o h /mi

No linear term Agcop/my (perturbative contributions dominant)




Inclusive modes B — X,y or B — X /¢

e Heavy mass expansion for inclusive modes:

Mp— o0

M(B— Xsv) "2=7 [(b— XPortony)  Arenrert- A2 o h /mi

No linear term Agcop/my (perturbative contributions dominant)

An old story:

— If one goes beyond the leading operator (04, Og):
breakdown of local expansion

A dedicated analysis:

naive estimate of non-local matrix elements leads to 5% uncertainty.
Benzke, Lee Neubert,Paz,arXiv:1003.5012
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Latest improvements of inclusive B — X lti—

BEevond existing NNLL QCD precision electromagnetic corrections
were calculated: Huber Hurth,Lunghi,Nucl.Phys.B802(2008)40 and work in progress

Corrections to matrix elements lead to large collinear Log(my/my)

(+2.0%) low ¢
(—6.8%) high g2

(+5.2%)  low ¢

SBR(B = Xuty™) =
( won) { (—17.6%) high ¢’

OBR(B — XeeteT) = {
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Until very recently:

‘Latest’ Babar and Belle measurements of inclusive B(b — si/)

Belle hep-ex/0503044 (!11) (based 152 x 10°BB events)

Babar hep-ex/0404006 (!!1) (based 89 x 10°BB events)

1
(th™") >1ab™!

1200| On resonance :
- |——KEKB ~ ——PEP-I| Y(5S): 121 tb‘i
' i | Y(4S): 711 fb~
Y(2S): 25 b !
800 - Y(1S): 6 fb !
: Off reson./scan:
. . ~100 fb!
. ~ 550 fb!
0+ On resonance :
' Y (4S): 433 b
. Y (3S): 30 fb*
200 Y(2S): 14 fb !
[ Off resonance:
- ~54 fb!
0

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

Two new analyses from the B factories:
New Babar analysis on dilepton spectrum arXiv:1312.3664
New Belle analysis on AFB arXiv:1402.7134



Forthcoming theory analysis including all three Huber,Hurth,Lunghi

independent angular observables (z = cosf)

e Observables

T 3 [+ 2 Hr(@) + 22Ha(@?) +2(1 - 2) ()]

dg2dz ~ 8
dArg
= 3/4 Hy
Ay — 5/ ()
0.5 :
3 b
| S8
i B =
[ e
| 3
:. -03 > < >
0 s 10 15 20 055 5 10 15 20

q [Gev2] [Ghinculov, Hurth, Isidori, Yao] g [Gev2] [Ghinculov, Hurth, Isidori, Yao]

Low-g? region: 1GeV? < g2 < 6 GeV? High-g? region: g2 > 14.4 GeV?



Forthcoming theory analysis including all three Huber,Hurth,Lunghi
independent angular observables (z = cosf)

e Dependence on Wilson coefficients Hr(g?) o< 2s(1 — 3)2[|Cg + 2 C7|2 + |C10|2]
S

Ha(g%) x —4s(1 —s)® Re [010(09 + § 07)]

Hp suppressed in Iow-q2 window H.(g%) x (1 —8)2[|Cg+207|2+|610|2]

e Devide low-¢2 bin in two bins (zero of Hy4 in low-¢2)

e Most important input parameters

miS = (4.691 +£0.037)GeV,  To(Mc) = (1.275 + 0.025)GeV
Vi Vip/ V|2 = 0.9621 +0.0027,  BR™ = (1051 +0.13)%

b—cev

e Perturbative expansion (NNLO QCD 4+ NLO QED) s K = Qem/ Qs

A = & [ALO + asAno + aﬁ ANNLO + O(Qg)]
+ K2 AT+ as AT, + a2 A o + O(a?)] + O(°)



Forthcoming theory analysis including all three Huber,Hurth,Lunghi
independent angular observables (z = cosf)

e Collinear Photons give rise to log-enhanced QED corrections Qem Iog(mﬁ/mﬁ)

e Higher powers of z in double differential decay width
— Definition of H; 7 Sensitivity for QED observables ?

e Size of logs depend on experimental set-up
P = (pe+ +Pp-)° VS. G = (Pe+ + Pr— + Pryicon)?

— We assume no photons are included in the definition of ¢2
(di-muon channel at Babar/Belle, di-electron at Belle)

— Babar’'s di-electron channel: Photons that are emitted in
a cone of 35 mrad angular opening are included in g2

Monte Carlo techniques needed to estimate this effect

5|
o 1 :1 65% [ higc:lzp&r +Pe— +p‘rcoll L 1 — 68%
ee

1
Ly q=Pet +Pe— +Preey

B |
q=p.: +pP_.—
e e =Pyt +P,—



Forthcoming theory analysis including all three Huber,Hurth,Lunghi
independent angular observables (z = cosf)

Monte Carlo analysis
(event generator EVTGEN, hadronization JETSET, EM radiation PHOTOQOS)
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Forthcoming theory analysis including all three Huber,Hurth,Lunghi
independent angular observables (z = cosf)

Results

Low-¢2 (1GeV?2 < g2 < 6GeV?2)

BR(B — Xgee) = (1.67 £0.10) 10~° (preliminary)
BR(B — Xsup) = (1.62 £ 0.09) 10~° (preliminary)
Babar:BR(B — Xll) =

= (1.60 (40.41-0.39)5t4¢(+0.17—0.13) 5y5¢(£0.18),,,04) 107°

good agreement with SM



Forthcoming theory analysis including all three Huber,Hurth,Lunghi
independent angular observables (z = cosf)

Results

High-¢2, Theory: ¢2 > 14.4GeV?2, Babar: ¢2 > 14.2GeV?
BR(B — Xsee) = (0.220 £ 0.070) 10~% (preliminary)
BR(B — Xspup) = (0.253 +0.070) 10~° (preliminary)
Babar:BR(B — X ll) =

(0.57 (40.16 — 0.15) 544t (4+0.03 — 0.02) gyys¢) 107°

20 higher than SM Comparison with B — K*¢¢/ data >>>



Further refinement

e Normalization to semileptonic B — X /v decay rate with
the same cut reduces the impact of 1/my corrections in

. 2 . . . o
the high-¢© region significantly. Ligeti, Tackmann arXiv:0707.1694

Theory prediction for ratio (preliminary)
R(s0)ee = (2.25+0.31) 103
R(s0)up = (2.62 +£0.30) 103

e Additional O(5%) uncertainty due to nonlocal power
corrections O(as/\/my)



Forthcoming theory analysis including all three Huber,Hurth,Lunghi
independent angular observables (z = cosf)

Further results inunitsof 10~ (preliminary)

Hi[1,3.5]ee =0.64 + 0.03 H.[1,3.5],, =0.68 + 0.04
H;[3.5,6]ee =0.50 £ 0.03 H.[3.5,6],, =0.53 + 0.03
HL[1,6]ee =1.13 +0.06 H.[1,6],, =1.21 +0.07
Hr[1,3.5]ee =0.29 + 0.02 Hr[1,3.5],, =0.21 £+ 0.01
Hr[3.5,6]ee =0.24 + 0.02 Hr[3.5,6],, =0.19 + 0.02
Hr[1,6]ee =0.53 & 0.04 Hr[1,6],, =0.40 +0.03

Ha[1,3.5]ee = — 0.103 £ 0.005  Ha[1,3.5],, = — 0.110 + 0.005

HA[3.5,6]ee =+ 0.0734£0.012  H[3.5,6],, =+ 0.067 + 0.012

Ha[1,6]ee = — 0.029 + 0.016 Ha[1,6],, =— 0.042 +0.016

Total error O(5 — 8%). Still dominated by scale uncertainty



How to compute the hadronic matrix elements O(m) 7

Exclusive modes B — K*y or B — K*eti—

Naive approach:

Parametrize the hadronic matrix elementsin terms of form factors



Exclusive modes B — K*y or B — K*¢t¢—

QCD-improved factorization: BBNS 1999
T;{i} — CS} o + OB @ Téi:’ D Qg i+ + O(A/my)

Existence of ‘non-factorizable’ strong interaction effects

which do not correspond to form factors



Exclusive modes B — K*y or B — K*¢t¢—

QCD-improved factorization: BBNS 1999

T;{i} = C‘Sj Ea + 0B ® Tf} R Qarcr + O(A/my)

— Separation of perturbative hard kernels from process-independent

nonperturbative functions like form factors

— Relations between formfactors in large-energy limit Charles et al. 1998

— Limitation: insufficient information on power-suppressed A/mj terms
(breakdown of factorization: 'endpoint divergences')

Phenomenologically highly relevant issue
general strategy of LHCDb to look at ratios of exclusive modes

Egede, Hurth , Matias, Hamon,Reece,arXiv:0807.2589 arXiv:1005.0571
see also Altmannshofer et al.,arXiv:0811.1214; Bobeth et al.,arXiv:0805.2525



Kinematics

e Assuming the K* to be on the mass shell, the decay B? — K*%(— K—xt)¢ti-
described by the lepton-pair invariant mass, s, and the three angles 6;, 8., ¢.

After summing over the spins of the final particles:

diT 0
= ——J(q% 6,,0x, )

dg?2dcosO;dcosOp dp 327

J(q%, 61,0k, 0) =
= Jygsin? O + Ji.cos? O + (Jagsin’ O + Jo. cos? O ) cos 20; + J3 sin? O sin? 8; cos 2¢
+ Jy sin 20 sin 26 cos ¢ + J5 sin 20k sin 0] cos ¢ 4+ ( Jgs sin? O + Jg. cos? A5 ) cos B
+.J5 sin 20 sin 6; sin ¢ + Jg sin 205 sin 26; sin ¢ + Jq sin? O sin? @; sin 2¢

Ji = Ji( Aip/r, AL/Ry AoL/R) Ay = (Hu FH.1)/V2, Ag=Hy



Careful design of theoretical clean angular observables
Egede, Hurth,Matias, Hamon,Reece,arXiv:0807.2580 arXiv:1005.0571

— Dependence of soft form factors, £, and &, to be minimized !
form factors should cancel out exactly at LO, best for all s
— unknown A/m; power corrections

Al o= ADL”_‘,D (1 —|—CJ__~||_~[|) vary ¢; in a range of £10% and also of £5%

q°(GeV") a?(GeV’)
The experimental errors assuming SUSY scenario (b) with large-gluino mass
and positive mass insertion, is compared to the theoretical errors assuming the SM.



Careful design of theoretical clean angular observables
Egede, Hurth,Matias, Hamon,Reece,arXiv:0807.2580 arXiv:1005.0571

— Dependence of soft form factors, £, and &, to be minimized !
form factors should cancel out exactly at LO, best for all s
— unknown A/m; power corrections

A o= AiJhﬂ (1+cy0) vary ¢ in a range of £10% and also of +5%

q° (GeV’)

Optimised basis of clean (formfactor-independent)
observables: Pi Descotes-Genon, Hurth, Matias, Virto arXiv:1303.5794



Definition of P,

(A ([ Al (A
n| = Aﬁz* ) n| = —Af* ? ng = A(})zt

no|®—ny? s
Py = 2 2 ’~
|n-l—| + |Tl||| 2']23
o Re(nfng) s Redefinition:
2T P+ T8 - T
=PiV1—-P =
P Im(ni n) Jo ! V—JacJ2s
3 = 21 .12 AL >
+ |n 4.J5, J:
|n||| |n_L| 2 R’r,EPS ,—1+P1 _ : s
Re(nf)n”) V2., V —J2cJ2s
4 = —— = , 7
\/|n|||2|.n_0|2 \/_J2c(2J2s _ JB) .P’ = F, vV 1— P =— !
° ’ l 2\/ —J20J2s
B Re(nin,) B BeJs
T VIRl V25c(2)as + J)
Im(-n.g n) BeJ7
6 —

VPP /~25c(2s — J5)



Measurements of forward-backward asymmetry in B — K*utpu—

14

2]
backward forward

Theory I Binned
- HCD

—T T I Excellent agreement with SM
at current level of precision.

However:

Many more angular observables
iIn B — K*up to be measured,
more sensitive to NP than AFB.

New flavour structures needed !

10 15 0
q° [GeV</c] LHCDb arXiv:1304.6325



First measurements of new angular observables
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First measurements of new angular observables LHCb arXiv:1308.1707
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LHCb Anomaly

a statistical fluctuation, an underestimation

of A/my corrections or new physics in Cqg 7

C;7 (B— Xsy) Cio (B—putp)



LHCb Anomaly Hurth, Mahmoudi arXiv:1312.5276,1411.2786

e Power corrections: No strict theory: A’ = A;(1 + C;), 10%

C;

3% on the observable level: 4.00
More realistic: 10% on the observable level: 3.60

Dimensional estimate, some soft arguments

Assume 30% : 2.20 Descotes,Matias,Virto arXiv:1307.5683

e Validity of QCDT and of perturbative description
of charm loops: [1GeV?2,6GeV?],
but local bin is ¢2 € [4.3,8.63]GeV ?

e Issue of charm loops Khodjamirian et al. arXiv:1006.4945

Only soft gluon (but no spectator) contributions
iIncluded yet



e Analysis of factorizable power corrections
Descotes,Hofer, Matias,Virto,arXiv:1407.8526

(") = P [61(6°) ~ §(@)] + DA (@) + DY),
2 E 2 s (2 A2 (2)/.2y — MK* 2
Ao(q”) = — iI(q°) + AAG*(¢°) + AAy(q7) §7(@7) = ——A(a)

Only central value of power corrections fixed

Present error (without knowing the correlations)
In the LCSR calculation of formfactors too large

Nonfactorizable power corrections still open



e Analysis of factorizable power corrections
Descotes,Hofer, Matias,Virto,arXiv:1407.8526
mpg

As(q°) = A £1(q%) = §(¢®)] + AAS(¢°) + AAZ (7).
2 E 2 as (2 Ay 2 (2), 2\ _ MK* 2
Ao(q”) = — §1(q°) + AAy*(q7) + AAG(q7), §7(@7) = ——A(a)

Only central value of power corrections fixed

Present error (without knowing the correlations)
In the LCSR calculation of formfactors too large

Nonfactorizable power corrections still open

e Suggestions beyond guessing numbers

Direct calculation of QCD formfactors including correlations
see Altmannshofer et al.,arXiv:0811.1214

Methods used in an analysis of B — KW/
Kjodjamirian,Mannel,Wang,arXiv:1211.0234

Kjodjamirian et al.,arXiv:1006.4945



e If new physics (negative Cg and less significant
nontrivial C-‘g) then 1t I1Is compatible with

the hypothesis of Minimal Flavour Violation

& (GeV?)

MFV predictions for P, P,, and P



e Global fit to the NP contributions ¢C; in the MFV (Update)

effective theory
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e Crosscheck with Inclusive mode
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e Future opportunities:

(Update)
LHCb upgrade: 5fb=1 to 50fb—1

Super-B Factory Belle-1I: 50ab1
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e New physics explanations

® "The usual suspects, such as the MSSM, warped extra
dimension scenarios, or models with partial compositeness,
cannot accommodate the observed deviations ..... "

Gauld, Goertz, Haisch arXiv:1308.1959:1310.1082
Altmannshofer, Straub arXiv:1308.1501

Coefficient lo 20 30

cF [—0.05,—0.01]  [-0.06,0.01]  [-0.08,0.03]
Co" [—1.6,—0.9] [—1.8,-0.6] [-2.1,—0.2]
Clo (—0.4,1.0] [—1.2,2.0] [—2.0, 3.0]
chF [—0.04,0.02]  [=0.09,0.06] [—0.14,0.10]
cor [—0.2,0.8] [—0.8,1.4] [—1.2,1.8]
chy (—0.4,0.4] [—1.0,0.8] [—1.4,1.2]

Model-independent analysis Descotes,Matias,Virto arXiv:1307.5683

e 10 solutions: Z' -models (331-models....): only change Cq

Descotes,Matias,Virto arXiv:1307.5683
Altmannshofer, Straub arXiv:1308.1501
Gauld, Goertz, Haisch arXiv:1308.1959:1310.1082

Buras,De Fazio,Girrbach arXiv:1311.6729
Altmannshofer,Gori,Pospelov,Yavin arXiv:1403.1269



e SUSY are compatible with the anomaly at the 20 level

Overall fit at the 1o level  Mahmoudi Neshatpour,Virto arXiv:1401.2145
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Let us wait for the new LHCDb analysis based on the
3fb—1 data set !



Signs for lepton non-universality 7

_B(B" = K'u'yp)

Ry =
K= BBt = Ktete)

= 0.745100% (stat) & 0.036 (syst) LHCb; arXiv:1406.6482

2.60 deviation from SM Hiller, Schmaltz: Ghosh et al.: Biswas et al.:
Straub et al.:Hurth et al.:Glashow et al.

Global fits to the b — s// data Hurth,Mahmoudi,Neshatpour,arXiv:1410.4545

Fit results for two operators Tensors, scalars difficult, sign for tension in Cj
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Fit results for four operators Larger new physics contributions are allowed within 1o
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/
Adding C‘% or primed operators does not improve the fit !



{C“,C;”,Cg,Cée} Larger new physics contributions are allowed within lo
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Best fit point: x> : 52 (52) 42 (50)

Fit improved by 2.60 Assuming that this specific four-operator scenario is
correct, the one with the two-operators is ruled out by 2.6c



{Cy, G5, Clo, Co}}
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Again XQ favours the non-universal extension against the universal one
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Correlations between b — st/ and b — sy Buras et al.,arXiv:1409.4557

Gauge-invariant effective theory:

Q) = i@ ypa)HID'H, Q'Y = (G a)Tr"L) .
QS’J = i(q " qr YH T DFroH Q((,?) = (qr " qr. YUy 7alL)
Qg = i(dpyudr YH'D*H | Qar = (dryudr )(IyML),

Qie = (dpyudgr )(Ep~'er) , Qqe = (q1, a1, )(€rYer) .



Correlations between b — st/ and b — sy Buras et al.,arXiv:1409.4557

Gauge-invariant effective theory:

Q1) = i@ ) H'DPH Q' = (@pvuar)T"1p) .
Qg’q) = i(qr yum" qr YH'DFro H Qé?) = (@ " qr )Up*7alL)
Qpra = i(dpyudp YH'DFH Qa = (drpvudr )UryML),

Qie = (drpvudr )(Eper), Qqe = (g1, vuar, )(€per) .

Match on standard electroweak effective theory:

O = Pr(r) D)(TH0) Of3 = GwPr(r) b (Tr*s0) .
2 2
Or = ——5FWPLb) (1 —8)v), Op = ——5(F1uPrb)(1*(1 —75)v).



Correlations between b — st/ and b — sy Buras et al.,arXiv:1409.4557

Gauge-invariant effective theory:

Q(l) = i(qr,vuqr, )H'D*H , Q(l) = (gL qr )UHL) ,
er?q) = i(qp v qr, YH DFrH Qg?) = (qr " qr YAy 7alL)
Qpa = i(dpyudp )H'DMH , Qar = (drpyudr )UryML),

Qie = (dpvudr )(Erer), Qqe = (g1, vuqr, )(€pYer) .

Match on standard electroweak effective theory:

O = Pr(r) D)(TH0) Of3 = GwPr(r) b (Tr*s0) .
2 2
OL = 55 P b) (A (1 —vs)v), Op = 16”2(5'7;‘1[’3 b) (v (1 —s)v) .
Cr CSM+’”(1) ’”(3) + <z, Cr =2q+2 ez = 5(c1) +cigy)
Co = C3M + e +c“> +aP) —(ez, Ch=Csetia—C & = Yena
Y —_ SM n _,\,(1) ~(3) v/ _ ~ o~ ~ . 2
CX]_O —_ C].O qu qu +CZ, C].O — Cde Cdl +CZ (= 1—48w%0.08

No model-independent correlations via gauge-invariant operators



MFV hypothesis
Buras et al.,arXiv:1409.4557
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MFV hypothesis
Buras et al.,arXiv:1409.4557
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Correlations exist if additional assumptions made:

data. Blue: ¢z, green: ¢

i.e. NP only through flavour changing Z couplings: ¢z, E,’Z



