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CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

3
Im[Vy Vg ViVl = Jekm Y. €ikm €in Jckm ~ O(107°)

m,n=1

Status of flavour physics in the pre-LHC(b) era:

All measurements (Babar, Belle, Cleo, CDF, DO, ...)

of rare decays (AF = 1),
of mixing phenomena (AF = 2) and
of all CP violating observables at tree and loop level

have been consistent with the CKM theory.

Impressing success of SM and CKM theory !!



CKM mechanism of flavour mixing and CP violation: Vekm, Jokm
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3
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Status of flavour physics in the pre-LHC(b) era:

Of course there have been so-called puzzles, tensions,
anomalies in the flavour data at the 1,2,0or 30 level.

For example: Tension between B(B — 7v) and sin 3.

Mixing phase in Bs — Bs mixing ........

Impressing success of SM and CKM theory !!



CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

T his success is somehow unexpected !!

Mgusy Mgysy ) 51?7 5
Photon, £
.r‘~3§
= b b

Flavour-changing-neutral-currents as loop-induced processes are
highly-sensitive probes for possible new degrees of freedom

Impressing success of SM and CKM theory !!



CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

3
Im[Vy Vg ViVl = Jekm Y. €ikm €in Jckm ~ O(107°)

m,n=1

LHC(b) has not changed this, in contrary !!

All measurements (Babar, Belle, Cleo, CDF, DO, LHC(b),...)
of rare decays (AF = 1),

of mixing phenomena (AF = 2) and

of all CP violating observables at tree and loop level

are consistent with the CKM theory.

Impressing success of SM and CKM theory !!
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T here is much more data not shown in the unitarity fits which confirms
the SM pedictions of flavour mixing like rare decays (AF = 1)



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

AFlavour > ANP 7



Implications of the latest measurements of Bs — upu




Implications of the latest measurements of B; — uu

Observation:

BR(Bs — ¢ 7)) =(2.9+0.7) x 10~

BR(B? — ptpu™)=3611% x 10710
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LHCb-CONF-2013-012, CMS-PAS-BPH-13-007

Stephanie Hansmann-Menzemer



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; NLO electroweak corrections Buchalla,Buras 1998
— NLO electroweak corrections 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,

;2000_'I'I'I |'I' I'I'l'l'l'l'l
) L ] Allowed
S : Egﬂ(%—mu)
£ 1500 B EIBR(B—HS(S'-()
[l BR(B—1v)
1000
/IZAIQ
500 ‘ G-
| I IR Al. ) I L | I s | | e | |

500 1000 1500 2000
m,, (GeV)

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




o

‘I; Separation of new physics and hadronic effects
My

. short-distance phvysics

: perturbative
QCD my,

--------- I pu = few = Agco

long-distance physics
nonperturbative

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

¢ Electroweak effective Hamiltonian: H.ff = —45'-25 > Ci( s Mpeany) Oi(pe)

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

How to compute the hadronic matrix elements O;(p = m) 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 new 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 ¢
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Until very recently:
‘Latest’ Babar and Belle measurements of inclusive B(b — st/)

Belle hep-ex/0503044 (!11) (based 152 x 10°BB events)
Babar hep-ex/0404006 (!!1) (based 89 x 10°BB events)

Integrated luminosity of B factories

fb_l
( ) >1ab™!
1200 [ On resonance:
Y(5S): 121 !

Y(4S): 711 b}

L - i i |
L

Y(3S): 3fb!
Y(2S): 25 b
800 | Y(1S): 6 b’
s Off reson./scan:
_ | ~100 fb™*
. ~ 550 fb!
400 - On resonance:
[ Y (4S): 433 b’
. Y(3S): 30 fb'
200 Y(2S): 14 fb !
P 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

independent angular observables (z = cosf) Huber,Hurth,Lunghi
r . 2 2 N 2 2 2
102 d- =3/8 |[(1+2")Hr(q") + 22Ha(q") +2(1 —27) HL(q")]
dl’ dA
— = Hr(d®) + Helq"). — =3/4Ha(q")
dq dq



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
independent angular observables (z = cosf) Huber,Hurth,Lunghi

Low-¢2 (1GeV? < ¢ < 6GeV?)

BR(B — Xgee) = (1.67 £0.12)10~° (preliminary)
BR(B — Xgup) = (1.62+0.11)10~° (preliminary)
Babar:BR(B — Xgll) =

= (1.60 (+0.41-0.39) 54t (+0.17—-0.13) 55(40.18) ;09 107°

good agreement with SM



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
independent angular observables (z = cosf) Huber,Hurth,Lunghi

High-¢2, Theory: ¢2 > 14.4GeV?2, Babar: ¢2 > 14.2GeV?
BR(B — Xgee) = (0.221 £ 0.069) 10—° (preliminary)
BR(B — Xspup) = (0.162 £ 0.069) 10~° (preliminary)
Babar:BR(B — X/l) =

(0.57 (40.16 — 0.15) 444t (40.03 — 0.02) 5ys) 107°

20 higher than SM

Comparison with B — K*¢¢ data >>>



Further refinements:

e Normalization to semileptonic B — X, /v decay rate with
the same cut reduces the impact of 1/my corrections in
the high-q2 region significantly. Ligeti, Tackmann arXiv:0707.1694

Theory prediction for ratio (preliminary)
R(s0)ee = (2.26 +0.30) 103

R(so)up = (2.634+0.29) 103

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



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: EBENS 1999
17 = CY¢, + ¢p @ T @ ¢y i+ + O(N/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: EBENS 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

— 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:0807.2580 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¢

However: Subleties in measuring the 12 coefficients J,



However: Subleties in measuring the 12 coefficients J,

e Angular distribution functions: depend on the 6 complex K* spin amplitudes

Ji = Ji( Air/r, A|L/Rs AoL/R) A =(Hy1 FH1)/V2, Ay=Hyp

¢ By inspection one finds: J1s = 3J9g, J1e = —Jop

Moreover, Jg. =0 TOr Mjepton, = O

12 theoretical independent amplitudes A,

7

< 9 independent coefficient functions J,



Symmetries of J; = Ji( Air/r, A|L/R, AoL/R)

Angular distribution spin averaged !

e Global phase transformation of the L amplitudes
Al =€ A g, Ay =e P A, Agp =eF Agg
¢ Global phase transformations of the R amplitudes

’ ; ’ : # ;
AJ_R = -EEIH:IHAJ_R, A"R = EWRA”R, ADR = EMJ:'RADR

¢ Continuous L-H rotation

’

A, = HcostA,p +sinbAY 4
A p = —sinfAY; +cosbA| R
Ay, = +cosfAgp —sinfAL .
A;]R = +sinfAy; + cosfApr
Ay, = +cosfA) —sinfAT

r

A”R = —I—Sinﬁ'ﬂﬁL—l—cﬂsEA”R.
Only 9 amplitudes A; are independent in respect to the angular distribution

Observables as F'(I;) are also invariant under the 3 symmetries |



Additional symmetry

Observation -correlations in the Monte-Carlo fit between different A;-

guided us to fourth symmetry:

elPL () cosft) —sinf cosh 16 — sinh 16
n, = : ) ) L P L
¢ 0 e PR sinff cos® —sinh 0 cosh 6

m= (AR AR), my= (Ah AR ny = (aF AR

where ¢r., ¢or, @ and 6 can be varied independently

T here is an additional non-trivial relationship between the angular
distributions J;

Jls — BJES J]_,: = —.jr;r,: ch — E{EJIS + 3'}3] (4J§ + J?) + (EJ]-S B BJE':] (JEE + 4J§)

16752 — 9 (472 + Ji 2 + 4J2)

Jos(Jads + JrJs) + Jo(JsJ7 — 4J4J5)
1672, — 0 (472 + JZ, +4J2)

— 36

Egede,Hurth, Matias,Ramon,Reece,arXiv:0807.2580 arXiv:1005.0571



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

¢ Observables have to respect all symmetries of the angular distribution

e Good sensitivity to NP contribitions, i.e. to fof

e 5Small theoretical uncertainties

— Dependence of soft form factors, £, and ef”, to be minimized !
form factors should cancel out exactly at LO, best for all s

— unknown A/m; power corrections

Al o= ’M .0 ( +'-‘1.||.ﬂ) vary ¢; in a range of £10% and also of +5%

— Scale dependence of NLO result

— Input parameters

¢ Good experimental resolution

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



Careful design of theoretical clean angular observables
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SuperLHCB/SuperB can offer more precision

Crucial: theoretical status of A/my}, corrections has to be improved



Comparison of NP reach of old and new observables
Egede,Hurth,Matias,Ramon,Reece,arXiv:0807.2580 ,arXiv:1005.0571
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and positive mass insertion, is compared to the theoretical errors assuming the SM.



Definition of P,

_ (A _( At (%
ny = Aﬁ{* y, N1 = —Af* , N = A(})z*

P =y

P = = .
L PP 20
Py = = B ;
|n|||2 + |'n._L|2 8 Jos . 7,
=PV1—-P =
P Im(ni n) Jo ! V—JacJ2s
3 = 2 1 n. 12 AL °
+ |n 4.J5, J:
|2 + |ny| > H,EP5\/W=2 s
p Re(-n.f)n”) V2., V —J2cJ2s
e ——— , 7
\/ln"|2|n0|2 \/_J20(2J23 T -]3) .P, = P, \V 1-P =— !
o DY
P Re(-n.f) n,) B BeJs
T VP V=202 + )
Im(-n.(‘; n) BeJ7
6 —

VPP /~25c(2s — J5)



B — K*¢t¢— observables in the high-¢2 region

Grinstein,Piriol hep-ph /0404250, Beylich,Buchalla,Feldmann arXiv:1101.5118
Bobeth Hiller,van Dyk arXiv:1006.5013,1105.0376

local operator product expansion is applicable (g% ~ m?)

the leading power corrections are shown to be suppressed by (A/my)2 or as\/m;,

Magnitude of A/my can be estimated due to existence of an OPE/HQET

Formfactors at high-qz: extrapolation, future unquenched lattice results

thus, small theoretical uncertainties,
but less sensitivity to short-distance

Wilson coefficients than in the low-¢? region

The theoretical treatment in the low- and high-¢g2 based
on different theoretical concepts.

= the consistency of the consequences out of the two sets
of measurements will allow for an important crosscheck.



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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of A/my corrections or new physics in Cqg 7
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LHCb Anomaly Hurth, Mahmoudi, arXiv:1312.5267

e Power corrections: No strict theory: Al = A;(1 4+ C;), |C;] 10%
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

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

e Issue of charm |OODS Khodjamirian et al. arXiv:1006.4945

Only soft gluon (but no spectator) contributions
Included yet



e If new physics (negative Cg and less significant
nontrivial C3) then it is compatible with
the hypothesis of Minimal Flavour Violation

no new flavour structures beyond the SM Yukawa needed

' 15 20
& (GeV?) & (GeV?)

MFV predictions for P>, P,, and Pg




e Crosscheck with the high—q2 region:
hadronic uncertainties better under control (OPE)

New lattice calculations are nicely compatible
with the best fit solution in Iow-q2 region

CVP =-10406; Cq=1241.0
(low-¢2: C&'F € [-1.6,-0.9]; C; € [-0.2,0.8] (10))

Horgan,Liu,Meinel, Wingate arXiv:1310.3887
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e Crosscheck with
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Exclusive observables

Inclusive observables

inclusive data of 2004 only

dilepton spectrum arXiv:1312.3664
New Belle analysis on AFB arXiv:1402.7134



-6
=] 3-30

=3 & X =
£ 03] Mo E
' ]

T :
@ 0.2F E

oC ;
m 3 —
0.1 E

051""1'1'l"'l'l"'l'l'[""llll-lll.llEX'lO-s

0 1 2 3 4
BR(B—X; 1 u)loqu

Assuming 13% uncertainty for the

final combined result of B-factories

e Future opportunities:

T 01 (LI L B B I B AL B BN L BN B B
:':r L B3c E
— - 1 —]
=. : ° ]
+ N -
S — -
Ty E
T 0.1E 5
(48] [ ’
¥l -:
< .02 =

: 1 .
_0. '.1.1.1.|.|.1.1.|.|.|.1.|.|.1.'x10
%.2 -0.1 0 0.1
o

AFB(B_)XS HH )Iow q°, bin2

Future measurement of AFB at

the Belle-II Super-B-factory

LHCb upgrade: 5fb—1 to 50fb~1

Super-B Factory Belle-II: 50ab1



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

cP [—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]
Cio [—0.4, 1.0] [—1.2,2.0] [—2.0, 3.0]
P [—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]
Croy [—0.4,0.4] [—1.0,0.8] [—1.4,1.2]

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

e 1o solutions: Z' -models (331-models....): only change Cqg

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
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 !



