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Interest in Rare B-Decays

Rare B Decays (b — s, b — dy, b ﬁ3_£+£_, b— déte™...)
& Particle -Antiparticle Mixings (B" - B?, BY - BO ) represent

Flavour-Changing-Neutral-Current (FCNC) Processes

In SM, No Tree-Level FCNC Processes allowed:
Induced FCNC transitions require Loops (Penguins, Boxes);
Governed by GIM Mechanism = Sensitivity to Higher scales (my,...)

Provide valuable information on the top quark couplings
= Vi, Vis, Vip & Test CKM unitarity

A Laboratory for QCD Technology (HQET, Lattice-QCD, QCD-SR)
May reveal New Physics, such as Supersymmetry

Of great topical interest for the past, present and planned experiments
(CLEO, LEP, Tevatron, B Factories, BTEV, LHC)
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Estimates of B(B — X, +v) & |V;,|

GF
xfg c 1_,,21;}1 iFa(x;)q" "8, (meR + m,L) b

L=(1-7)/2 R=(1+7)/% z:=m/my

Inami-Lim Function

M(b = s+y) =

Fa(z) = 24(:_ 7 [E.:t:{ﬂm —9)Inz — (z — 1)(82° + Ba — ?}]

CKM Factors

Ai = VaVi; CKM Unitarity: > A =0

=Lt
Since Ay/A: <€ 1, CKM Unitarity implies A, ~= —X;
—
W V.
e Xg th 'ts

x  (Falxy) — Fo(ze)) ¢"e" 8oy (meR + mL) b

—= I'(b = s + ) depends on m; and A; = Vi V%
Since my; known, B(b — s + ) measures the CKM ratio |A;/ Vi)




B(B — X.v) in LO & NLO

A truly cooperative effort by several groups!

LO Anomalous Dimension Matrix [Ciuchini et al.; Cella et al.; Misiak]
NLO Anomalous Dimension Matrix [Chetyrkin Misizk,Miinz]

NLO Virtual Corrections in ME [Greub,Hurth,Wyler]

Matching Conditions [Adil,Yae; Greub,Hurth; Buras,Kwiatkowski,Pott]
Bremsstrahlung Corrections [Greub, A.A.; Pott]

E~-spectrum [Greub;A.A ]

Scale dependence, E.-spectrum [Neubert, Kagan]

F{B_'}'T‘i'xa}
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B(B — X,vy) = | |“* B(B — X fuvg)

SM (pole mass): B(B — X.v)
= [(3.35 =+ 0.30) x 107%(|V;:Vis/ Vis| /0.976)?

SM (MS mass): B(B = X,v)
= [(3.73 £ 0.30) x 10~|(|V; Vis/Ves| /0.976)

Expt.(LP '01): B(B — X,v) = [(3.22 £0.40) x 107*
— |<42] = 0.96 & 0.075
i
[cf. Unitarity fits: |ﬂf—1;”’i = 0.976 £+ 0.010]
[

Using the present measurements
Vel = 0.04 &£ 0.002, |Vi| =~ 1.0

—  |Vis| = 0.038 & 0.003
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fit. to the data.

10



Hard Spectator Contributions in B — (K™, p)y

e Spectator corrections due to O+
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B — py Decay
[Parkhomenko,A.A.; Bosch, Buchalla]
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AR(p~/K™) = 0.003 & 0.159
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B — K*vy in the LEET-Approach

e Consider B — V~7%; In general 7 Form Factors

Ao(q?), Ai(g%). As(d?), V(g?), Tl(qg) TE(GE} T3(q
Eyv = —‘E (1— —q'g— + —g
o Large Energy Effective Theory (LEET)
[Dugan, Grinstein '91; Charles et al. '99]
For Large By ~ mp/2, ie., ¢°/m% < 1; Symmetries in the Effective
Theory = Relations among FFs:

Jelg®) = CLeéi(d®) + Cé(g®)
o LEET-symmetries broken by perturbation theory

Factorization Ansatz:
[Beneke et al.; Beneke & Feldmann]

fi(a®) = Cré () + Ct(d®) + @5 @ Tr ® By

Perturbative Corrections:

¥
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Asymmerties in B —; py Decays
[Parkhomenko,A.A.; Bosch, Buchalla]
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e Direct CP-Asymmetries Agpﬂ:p'l'"}"} and Agp(,ﬂ”’}*}

e Annihilation Contribution important in Agp[p:‘:*ﬂ

+ . B(B”—p y)—B(BT = p')
Al B{(B~ — p~7) + B(Bt — pT)

2Py (A} — e 4 AV
M | Aro)

Acp(p=y) =

¢ Annihilation Contribution small in Agp{;}nﬂ

Acp(p"1)(t) = a s cos(AMt) + a_, ssin(AMgt)
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B — (X, X246~ in SM

If the invariant mass 8 = (£7 4 £7)2 of the lepton pair is away

from endpoints and resonances, (s = 'rni,mfb,,,.,; mi, mi]

theor. status for

e dilepton inv. mass spectrum %

o forward-backward charge asymmetry Apg(s)
at similar level as BR(B — X y):

e NLL QCD corrections (Misiak; Buras,Miinz).

¢ NLL matching cond. have a large +£16% matching scale
(pw) dep.

s Could be removed fw(Bobeth, Misiak, Urban (1999) ) by
NNLL matching (two-loop).

¢ But the prediction for the BR has a £13% () renorm. scale
dep. — two-loop matrix elements needed, e.g.

o G(as) —we— Leop Virhual Coaneckiews
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Inclusive B — X ¢T/~ in NNLO in SM

Dilepton Invariant Mass

(1=3Y"

P 2
dU(b — Xs6T67)  [aem\? CFME pore | Vit Vi
d3 47 483

({1 + 25) (|i‘§ﬂ2 + [:‘i‘fﬂr 2) +4(142/3) |5.$ff|2 + 12Re (G?ffcgﬁ*})

5'?1’]’ = (l—l—aﬂ(#}myfﬁ)),d

-:na{.u] (C, O p(Ms) + P ED (s Hﬂtu:lpm{g)) :

et _ (1+ -:zs:f}wg{ﬁj) (A9 + To A2, 3) + Ug h(1, 3) + Wa h(0, $))
_as(p) (G, 'FO(3) + o FO)(s )+ A EO); })
47
Gt = (1 + “i‘%g(g}) Ao,

o h(mZ, 3) and wg(8)
[Bobeth, Misiak; Urban NP B574 (2000) 291]

o wr(4), and F{59(3)

[Asatrian, Asatrian, Greub, Walker; Phys. Lett. B507 (2001) 162; hep-ph/0109140]



[Asatrian, Asatrian, Greub, Walker; Phys. Lett. BSOT (2001) 162; hep-ph/0109140]
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* A7, Ag, Ag, Ag, T, Ug, Wy are linear combinations of the Wilson coefficients
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|AA., Lunghi, Greub, Hiller, DESY 01-217: hep-ph/0112300]
in the MNNLO Calculations

4 =2.5GeV o= 5 GeV pﬁ
o 0.267 0.215 0.180
(¢!, clth (—0.697,0.241) (—0.487, 0.207) (—0.326,0.184)
{G"ﬁ_ [”} (1.046, —0.028) (1.024, —0.017) (1.011,—0.010)
{Am} f. ) (—0.353,0.023) (—0.312,0.008) (—0.278, —0.002
ﬂr,?r}, Ay | (0.577,—-0.0524) | (0.672, —0.0301) (0.760, —0.0277
(aly, iy | (0.109,-0.00520) | (0.0914, —0.00198) | (0.0707, —0.0002¢
.r_-.‘:”} —0.164 —0.148 _0.134
Am} 0.618 0.706 0.786
E 0 4 (4.287, —0.218) (4.174, —0.035) (4.177,0.107)
{T?‘-” T?l} (0.114, 0.280) (0.374, 0.252) (0.575,0.231)
s, U': 3'} (0.045,0.023) (0.033,0.015) (0,022, 0.010)
W'i':”' Wm] (0.044, 0.016) (0.032, 0.012) (0,022, 0.008)
](%DJ' ) (—4.592, 0.379) (—4.592,0.379) (—4.592,0.379)




|Asatrian, Asatrian, Greub, Walker; Phys. Lett. B507 {2001 162; hep-ph/0103140|
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Figure 3: Reduction of scale-dependence in O, )
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Abstract

We update the branching ratics for the inclusive decays B — X 85F and the
excclusive decays 8 — (K, K1, with £ = ¢, 1, in the standard model by ineluding
Lhe explicit (e, ) and Agonfmy corrections. This framework is wsed in conjunetion
with the current measurements of the branching ratios for B —= X v and B — K¢t
decays and upper limits on the branching ratios for the decays B — (K% X006 10
work out bounds on the Wilson coefficients &, O, Cg snd & appearing in the eifective
Hamiltonian formalism.  The resulting bounds are found to be consistent with the
preddictions of the standaed model and some varianes of supersymmetde theovies. We
illustrate the constraints on supersymmetric parameters that the corrent data on race
F decays implics in the context of minimal Aaver violating model and in more general
seenarios admitting additional flavor changing mechanisms,  Precise measurements
of the dilepton invariant mass distributions in the decays B — (X, K*, K6 in
particular in the lower dilepton mass region, and the forward-backward ssymmetry in
he dociys B (X, B4, will greatly help in discriminating among the SM and
arious superaymmetric Lheories,
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Power corrections in B — X #T¢ decays

e 1/my corrections [A. Falk et al., Phys. Rev. D49 (1094} 4553; AA. Handoko,
Morozumi Hiller, Phys. Rev. D55 (1997) 4105; Buchalla, Isidori, Rey; Nucl. Phys
B511 (1998) 594]
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e 1/m. corrections [Buchalla, Isidori, Rey; Mucl. Phys. B511 (1998} 504
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AR, Lunght, Greub, Hilen
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Figure 4: Relative size R(3) of power corrections in
B — X, 076" decays: SM (solid), Cr = —CSM (dashed)
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Figure 5: Partial (dashed lines) vs. full (solid lines) inv.
dilepton mass for B — X.ete™. Left plot (3 € [0, 0.05])
the lowest curves are for p = 10 GeV and the uppermost ones
for p = 2.5 GeV. Right plot: i1 dependence is reversed

e Scale-dependence in NNLO reduced

L E(B — XSE+E_)HNLD < B(B — X,f-"ﬁ_)mg

® The choice ¢ = 2.5 GeV reduces the NNLO corrections: hences used
for 5 > 0.25



B (K, F)LE

Hadronic matrix elements and form factors for
semileptonic B decays

B — X, X =V, P (vector, pseudoscalar) K, K~
2 currents, g = pgp — Px

I‘:l =l —iyal. Fi = ouvg (1 -+ v5)
(P|sT,5|B)) D finf-
(P|sTib|B) D fr

(v

<V ‘El"ib

sT b

B)) D VA4 Ag

BY > T,T5Ts
10 non-perturbative g°-dependent objects C Fo E-c.'('va)

e quark models Jaus, Wyler,Colangelo et al,Melikhov et al

¢ QCD sum rules Colangelo,DeFazio, Santorelli, Scrimieri

o HQS and data Isgur,Burdman,Ligeti, Wise

e LCQCD sumrules for heauj—;’cﬁlight transitions Aliev et al,Ball,

Braun '98 , Ball, andoke,  Wlle, AR, 49
check :T1(g® = 0) = 0.38 agrees with B — K™~ data 1 LO

error: 15% at ¢* = 0 to 20% at ¢, = (mp — mf)z | F
Howea NLO Con eclious Ld—*—{je. m RaE a;
l——g:. K-Cﬁ-ﬁ-‘-!t“-'l'i 1.6 = ()% h il
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Figure 1: LOSA form fectors with theoreficel uneertainties for the B — K fransilion as o
functfon of . Sobid, dotted and doshed curves correspond 1o fi | fr, fo, respectively. Renormil-
ization seale for fo f8 p = my.

(b)

Figure 2: LOSE form factors with theoretical uncerfainties for the B — K* transition as a
function of &. In (o), the solid, doited, doshed and short long dashed curves corTespord to
V, Ap, Ay, Ay and in (b)) the solid, dotted and dushed curves correspend to Ty, 1o, Ty, respee-
tively. Renormalization scale for T s g = my,



Observables
1. B—= K

dilepton invariant mass spectrum, § = qzjmi;g (mg = 0):

F

dT s 2y .
— ~ |ViVi|” (1C™ f+ + ———C* fr]” + |Crof+|®)
3 1+ 1mp

e no f_ contribution for m, = 0

o |C:F| < |Co™|, |C10| and no kinematical enhancement:
roughly % =il F 2 [—12% effect from C° fr |

e relate to V-A charged current B — wfuyy decays, determine
| Vas/ Vi, Vap| Ligeti,Stewart Wise '98

@ Sensitivity to new physics:
B — X.v data imply |C7°%| ~ |Eq§'if| two possible branches
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Figure 6: The dileplon inverinnt moss distribution in B — K’ p— decays, using the form
factors from LCSR as o function of 5. Al resonant o states are parametrized as in Ref. (28]
The solud hine represents the SM and the shaded area depicts the form factor-related wneer-
tainties. The dotied line corresponds {o the SUGRA wmodel with By = =12, I, = 1.0% and
R = 1. The long-short deshed lines correspond to an allowed point in the paremeler spuce of
the MIA-SUSY model, given by By = —0.83, Ry = 0.92 and By = 1.61. The corvesportding
pure S spectra are shouwn in the lower part of the plot.
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Figure 7: The dilepton tnvariant mass distribution in B — K utu™ decays, wsing the form
Jactors fram LCSR as o function of 5. All resonant o2 states are paramelrized as in Ref f2af.
The lzgends are the same as in Fig. 6.
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2. B3 K’

2 distributions, dilepton invariant mass spectrum

e no Ag contribution for my = 0

e C;* /5 enhancement in low 3 region, contributes with
~ —30%, photon pole is dominant for qz < 1GeV?

Like B — K, the following combinations of WC's are involved:
1[:11]2'! Icgeﬂ'r.a! |G?¢E|2, HE(ET\‘:ECQEE}

Forward-Backward asymmetry App ( }L{{:L}’LP_&-EJ Hﬂﬁcj“""; '.
i ~ cosf, 8 = <d(pg, p+) in dilepton CMS
dAprg 4(8)  d4r o dl’
= — dii 14k
d3 fn TRl L
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e probes different combinations of WC's than dT"/d3
e proportional to Cyg (sign)
e has characteristic zero 8; below mﬁﬂ

- dA ddp .
e normalized FB-asymmetry —dl;-E- = —dg-ﬂ 5{'%;- equivalent to

energy asymmetry Cho,Misiak, Wyler, Ali et al '96



#1
position of Appg zero: LS

Re(Co® (30)) = —’:‘*ﬂ ﬂff{:‘:f“ (1 — thy) + Z}Sﬁj}u + )

80 = 0.10 (or g* = 2.9GeV?) in the SM

no Arg zero if C7% > 0 (G2, < 0)
BF —laded

very small/uncertainties Burdman 'EI'B_;thE«::-rntati+r:‘eu||11.ur justified in
Large Energy Effective Theory (LEET) Charles et 2l '08

expansion in 1/ E, FE : energy of final hadron

valld far from zero-recoil point

theorem: B — P,V heavy-to-light transitions at lowest order
in 1/mg, 1/E, O(c,) can be expressed in terms of 3 universal
functions ¢, €1, ¢

ratios involved in the zero in LEET:

L _ _ltmy 3 };F
A 1+mE — 3 1 — m?
T _ 1
Vi 14w
Ne hadronic uncertainty, all ¢; cancel Ball, I lfe., F&J..t;

[ ‘3#[;) _g,mig}{t:‘.ﬂ s

(Ln Lewest Ondev)
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A Model-independent Analysis of B — X v

Assume ?—EE’}'} a sufficient operator basis also for Beyond-the-SM physics
Shifts due to Beyond-the-SM physics in C7.g{pw )

Define:

ot

G?,S(ﬂw]
2% (nw)
with C3%(uw) = C7y (pw) + C1g (uw)

Ryg(pw) =

Set the scale pw = My, and use RGE to evolve
Rrs(pw) — Rrg(us)

Current Data — Tight Constraints on Ry (at 95% C.L.)

0.78 < R7(2.5 GeV) < 1.25
—1.55 < Ry(2.5 GeV) < —1.2

Data allows a larger range for Rg(2.5 GeV)



in

B O[2.5 GeV]

[A. A., C. Greub, G. Hiller, E. Lunghi, hep-ph /0201049
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A Model-independent Analysis of B — X T/~

Assume 'HE}"‘} a sufficient operator basis also for Beyond-the-SM physics

Shifts due to Beyond-the-SM physics only in Cy(pw ), Ca(pw),
Colpw), and Cio(pw)

: BSM Coefficients: R; — 1, Rg — 1, C)F, & CNP

RGE == modificications in Gu'gff, Gh‘f:'fﬂ. é‘ﬁ{f

Impose constraints from R7(us) and Rg(us) from B — X, Data
Use Data on B — (X,, K, K')&"¢~ BRs to constrain C3"F and by

Two-fold ambiguity due to the sign of C;H =— Two-fold ambiguity for
G and €



Two Supersymmetric Models & Implications for Rare B-D

¢ Minimal Supersymmetric Standard Model - Minimal Flavor Violation
(MSSM-MFV)

e MSSM Studies of B — X.v, B — X_.£T¢™ in terms of C;
Bertoloni et al. "91; Cho,Misiak,Wyler; '96; Lunghi et al. '99; Goto et
al.; AA, Lunghi, Greub, Hiller, ‘01

o No New Flavor-Changing Structure

e Gluinos & the First Two Generations of Squarks Assumed Heavy

e SUSY Parameters; p, Ms, tan 3, Mgt M;,, 0;

o MSSM-MFV Effects Small on Cy and T

For C.?ff <0
Cy" " (uw) € [—0.10,40.11]

Clo' Y € [0,+1.3]
o MSSM-MFV Effects also Small for C5F > 0

e No Large Deviations from SM Expected in MSSM-MFV
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Figure 8: Ry (M) = CF (M) /C3M(My) vs. mass of
the charged Higgs
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Figure 9: R¥(Mp) = CX(My)/CEM(M;) vs. the mass of
the lightest stop in MFV models. The chargino contribution is
essentially proportional to sin 0z tan B for not too small sin 07



!Extended MFV mndelsl

e Heavy squark—gluino mass spectrum

e The MFV condition is not imposed

Using the MIA it is possible to
show that only 2 insertions can

play a role
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Decay Quark Process Aep
B = wta— b — diud sin 2(ac — A4)
BY = DTD~ b— fed —sin 2(8 + 8,)
—E> B — ¥K, b— &cs —sin 2(F + 84 + w)

wa B(AY &1

Solid triangle corresponds to the CKM unitarity
condition VgV, 4+ Vea V4 + Vig Vs = 0. The angles (o —
B4) and (B + f3) are measured; o, 8 and 0, may then be
reconstructed from knowledge of |Vi,|.
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Figure 10: The ratio R{py/K*y) = B{B — p3)/B(B = K*%) as a function of arg Oty
(in degress) in the Extended-MFPV model, satisfying the present erperimental upper bound
gy K ) < 0,28 (ot 905 C.L.). The solid lines are obtained for p and i set to their central
vatues and for |5; ;| = 6, 0.55 and 0.25. The shoded region in the lop curve vepresents
the 1 o uncerfainty due to the fit of the unitarity triangle. The dashed lines indicate the 1 =

SM prediction. M
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Figure 11: The isospin breaking rafio A es o funciion of arg da, (i degrees).  See the
capiion in Fig. 13 for further caplonations,
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Figure 12: The C'F asymmelry in B= = =7 as a function of argldy,., ) (in degrees), See
the coption tn Fig. 10 for further seplonations.
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Figure 10: Bounds on 4z, as a function of M;,. 6; = Oissetto
0 and the mass of the lightest chargino is set to M, , = 100GeV
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Figure 11: Bounds on dz,; as a function of M;, . 8; = £0.15,
tan 3 = 4 and the mass of the lightest chargino is set to

M,, = 100GeV



Summary

SM is in comfortable agreement with data on B — X,~; a non-trivial
CKM unitarity test

Supersymmetric theories also in agreement with datal
Two-fold ambiguity on the sign: C3** > 0 and C'' < 0 solutions
allowed; will be resolved in FCNC semileptonic decays

SM is in agreement with the present limits (and one measurement) in
semileptonic rare B-decays B — (X,, K*, K)¢T¢~

Theoretical precision in exclusive decay compromised by the imprecise
knowledge of form factors; Inclusive decays B — X.£T¢~ under
theoretical control

Despite theoretical uncertainties, the experimental sensitivity on rare
semileptonic B decays is already strong enough to provide non trivial
bounds on the SUSY parameter space

Dilepton invariant mass distribution and Forward-Backward asymmetry
crucial measurements in rare B-decays

— precise determination of Wilson coefficients

= Precision tests of SM in flavour physics, or discovery of BSM-
Physics; Supersymmetry is a case in point



Table 3:

Rare B decay branching ratios in the SM and experiments

Decay Modes

B(SM)

Measurements and 90% C_L. Upper Limits

& (B=,B") = xsy
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(3.35 % 0.30) x 10~ 7

(TOL27) %1077
(T.4+2.7) x 105
(1.6 +1.2) x 10~°
(0.5 —1.2) % 10™0
(0.3 — 0.6) x 107©
(0.3 —0.6) x 107©
(5.4 £1.5) x 10~°
(1.0 +0.6) %1076
(6.9 £ 1.0) x 109
(3.4 +2.5) % 10~7
(4.2 +0.7) x 1075
(2.1+1.5) %107
(0.3 +0.12) = 10~ 5
(1.6 +0.5) % 1078
(1.2 +0.4) % 105
(4.0 &+ 1.03 x 1072
(2.341.5) x 1076
(3.2 4+ 1.6) x 1079
(1.1 + 0.55) x 1072
(9.0 & 4.0) x 1077
(4.0 £ 2.0) x 1073
(7.4 1.9) x 1077
(3.14+1.9) x 1078
(3.5 + 1.0) x 10— 2
(1.5 4+ 0.9) » 1010
(8.0 + 3.5) x 1~ 14
(3.4 +72.3) x 10712

(3.22 + 0.40) x 10~ [CLAL BE]
(4.44 + 0.35) x 107° [CL,BA,BE]
(3.82 £ 0.47) % 107 ° [CL.BE]

< 1.3 x 10~ [CLEO]

< 5.6x 1077 [BELLE]

< 0.92 % 102 [CLEO]

< 2.9 % 10~% [ALEPH]

< 10,1 % 1079 [BELLE)

< 19.1 % 10~% [BELLE]

0757925 4 0.00 x 1078 [BELLE]

—0.21 .
<51 %1079 [BELLE
< 3.0 x 10~% [BELLE
< 7.7 % 10—% [ALEPH]

.

< 1.1 x10~2 (3]
< 3.8 1072 [L3]

=

< 7.7 %1077 [CDF]
< 2.6 %1077 [CDF]




