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Before going to my talk on inclusive raieé—decays, | would like to mention that even
Daniel managed to publish a paper in PRD withitations

PHYSICAL REVIEW D VOLUME 52, NUMBER 7 1 OCTOBER 1995

Atomic alchemy: Weak decays of muonic and pionic atoms into other atoms

C. Greub and D. Wyler
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S. J. Brodsky and C. T. Munger
ford Linear Accels Center, if University, Stanford, California 94309
(Received 9 May 1994)

The rates of weak itions b electr ic bound states, for example, (7*e™) —
(nTe")uu, and the exclusive weak decay of a muonic atom into an electronic atom, (Zu~) —
(Ze™ )vube, are calculated. For Z = 80, ivistic effects are shown to increase the latter rate by a

factor of 50 compared to the results of a nonrelativistic calculation. It is argued that the conditions
for producing the muonic decay in neon gas (Z = 10), where the branching ratio for the decay
per captured muon is 1.7 x 10™°, can be realized using cyclotron traps, though the prospect for a
practical experiment seems remote. In lead the same ratio would be approximately ~ 1 x 107%,

In addition to providing detailed infc ion on the high tail of the wave functions
in atomic physics, these decays of QED bound states provide a simple toy model for investigating
ki icall 1 i i in ive heavy hadronic decays in chromodynamics,

such as B —+ K"y or B — wev.
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The reason certainly is, that Daniel had a bad collaborattis work!



Let me briefly tell why we worked on this alchemy-topics.

During my postdoc time in Zurich, around 1992, we formuladembvariant
constituent-quark model to describe the exclusive trenmst

B — mev B — pev.

The B— meson was modelled as a state consisting-afuark and a massless spectator
Rest-frame of thd3—meson:  ¢: 3-momentuny;, b: 3-momentunm—py )

We required that the energiesiefquark and of the spec. add up to the mass of the
B—meson:

p+\/m2+p2:m3; (P = 1Pql) -

This only works when we considérquark mass to be dependent;an

my(p) = \/mQB — 2mpp

The essential feature is that the four-momenta-efuark and of the spect. add up to the
four-momentum of thé3, however at the cost of a momentum dependerguark mass.



For the B— meson stat@l 5 ) we used the representation

d>p, 1
va) = vams [ G0 Wpf)zpo o 97 0, b (00, )= (01, O (23 ][0

where the wave-functioyi(p) describes the momentum distribution of thequark. For
f(p) suitable An&tze were chosen.

The quasi-free consituents can be boosted in a straigtdfdrway, leading to a
description of a movindg3—meson.

For the light mesons in the final state we used a picture of @vallel light (anti)quarks
sharing the four-momentum of the mesgn= 6z(1 — x)).

This construction allowed us to calculate the decay foratefis and the branching ratios
In a manifestly covariant way.

When doing this work; visited Zurich. He was unhappy with our concept of
variableb—quark mass:This B—meson has no binding and falls apart™



In order to learn how to describe ex@ —decays properly, Stan suggested to first discuss
transitions of electromagnetically bounded systems, as e.g

(7re™) — (uFe”) + v, or (Zp~) — (Ze ) +v, + Ve
We referred to such processes‘ammic alchemy; because 'atoms’ are transformed into

other atoms.

The description of these decays, however, soon becamercadm itself.

| don’t want to go into this now, this easily would cost me 161h But please read our
paper in

| am sure, on the 70th birthday of Daniel it will have/V citations(V is the number of
participants of this meeting).
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Introduction to incl. rare B-decays
By definition,rare decayareloop-inducedn the SM.

The decay — s+ Is a specific example of such a decay.
b — s+ does not exist at tree level.

However,at the one-loop leveb — sy does occur in S¥

typical diagram(e.m. penguin)

—

-tests SM at the QT level
-sensitive to certain CKM matrix elements

-sentistive to new physics (new particles in the loop)

The loop-induction naturally suppresses the BR. As we kroav\talue compatible with
the exp!!



Theoretical framework to calculate BR(B — X,7)
B — X v is aninclusive decay— theoretically clean.
HQE:T'|B — Xsv] =T'[b — sv(g)] + corr. nAgcp/me.
- no linear corrections iAo p/my, When restricting to local operators

- Corr. start a0 (Ag - p/mj); they are related to the motion of thequark inside the
meson

There are, however, contributions which scale kikém,)A /m;, induced by (non-local)
light-cone operatord )

But let us first discuss the main contribution: the feeguark decay'[b — X v].

Well-known: This partonic decay rate is significantly enhanced)yD-effects



When exchanging gluons, there ar&arge logs
2

(%) log" m—’; M = my, my . leading logs (LL)
.@ T M )
(%> log"~1 b next-to-leading logs (NLL)
T M22
as n n_2 mb
— ] 1 —= NNLL
( - ) °S e

To get a theoretical branching ratio is of similar precisierthe present measurements, on
has toresumLL, NLL and NNLL terms.

To achieve this resummation, one first constructeépctive Hamiltoniarand then
resums the logs usingGE technigues.

The effective Ham. obtained bintegrating out heavy particleln SM: top-quark /W, Z.



Forb — sy (b — svyg) one gets the following Hamiltonial, ¢ ¢:
4G
H = ——F Vip V- Z Ci(p

The operators are:

O1 = (cLpY"bra)(5LaYucL3) current-current operator

Oz = (CLaY"bra)(5LaYuCL3) cCUrrent-current operator
O3z — Og  Gluonic penguin operators (also 4-Fermi operators)

O7 = =mp(p) (50, Rb) FHY phot. dipole
Os = 125 my (1) (Sa0,., T3 Rbg) G*4  gluonic dipole

C'; (1) are determined through tmeatching procedure.e. one requires that certain
amplitudes in the full theory are id. to those in the effeztieory.



Let’'s look at the structure of the eff. Hamiltonian:
Hepp Z Ci(1)Oi (1)

H. ¢ iIndependent of:, while C; andO; depend onu:
— RGE forC;(p):

d . .
e Ci(p) =7;; Ci(1);  vi; : anomalous dim. matrix
7]

Matching usually done at high scalgy, i.e. uyw ~ O(mw ):

full theory and mat. el. of op. have same large log'’s:
Hw -
Corr. toC;(uw ) rel. small.

RGE

py = O(my):  mat. el. of op. don't have large log’s: They are containedant; (us).



Calculation of BRB — X,+) consists of three steps:

LL NLL NNLL

-matching afu = pw: — Ci(puw) a)  al o’
-RGE: — C;(up) [with uy = O(my)] al  a? o
-calc. of matrix elementX,v|O;(us)|b) a2 ol o’



Comment on the NLL results

The calculation of the branching ratio at NLL order was adgea complicated enterprise
where many groups were involvedlso Daniel was involved in the calc. of the two-loop
matrix elements associated with » [For this work we did get citations]

TheseNLL QCD calc.were completed in 1998.

Also certain classes of electro-weak corrections wereutated (Czarnecki, Marciano;
Neubert, Kagan; Baranowski, Misiak; Gambino, Haljsch

In 2001, Gambino and Misiakealized that the NLL BR has a rather large theor.
uncertainty & 11%) related to the renormalization scheme/scale which is teed...

It became clear that a NNLL calc. is necessary to removeéntlis scheme dependence.
Recently, the most important contributions at NNLL were lfzred!!

Contributions which are expected to be less important nioai@r, are in progress now.



Ingredients for the NNLL calculation

Matching:needed toa? precision.

This means in particular a 3-loop calculation in the fullagheto fix C7(uw ) andCs ()

[O(10%) diagrams]:

— done by Misiak and Steinhauser, hep-ph/0401041.
For other operator®(a?) means two-loop. Done some time ago.

— matching complete for NNLIb — s+!



Anomalous dimensionsneeded up te.’ precision.

e (O; — Og)-sector
done by Gorbahn and Haisch, hep-ph/0411071.

e (O7,Og)-sector
was finished in 2005 by Or
Gorbahn, Haisch and Misiak, hep-ph/0504194.

e most difficult: mixingO2 — O7, O3 — Os: 0,

about 22’000 4-loop diags! %@i
Done in 2006 byCzakon, Haisch and Misiak, hep-ph/0612329

— 8 x 8 anomalous dimension matrix complete for NNLL precision!



Matrix elements of),: needed up te.”

At ordera? the following subprocesses are involved:

b— sv;b—5vg;b— sv9g; b— syqq

The decay width can be decomposed into various interfessofcthe form(O;, O;). Let’s
look at a few of them:

e (02, O7)-interference is numerically very crucial.

Only the fermionic contributions are known exactly at NNLtder:

O, . .
§ " The virtual corrections were calculated by
QO“\}” for massless quarks in the bubble.

W

The bremsstahlung corrections in this approx. are alsdadolaiexactly

Later, also massive gquarks in the bubble were taken intoust¢o



The non-fermionic corrections are extremely difficult tdccdate:
o, RSN m.-dependence extremly hard to get.

w "N obtained a result for the unphys

casem. > my, using HME techniques.

They then formulated an extrapolation procedure to theiplls:., which they tested at
the NLL level

By comparing different versions of the extrapolation pihge, they conclude that their
result should be accurate within3% (at level of BR).

At the moment exact calculations are in progressigr= 0 ,)which will
Improve the extrapolation procedure.

| hope that even exact calc. will come for physigal and make the extrapolation obsolete!



e (O7, O7)-interference
The first paper on this was published by

According to the optical theorem, ti®~, O)-contribution to the decay width can be
obtained by taking the absorptive (imaginary) parb-ofuark self energy. Partial list of

such diagrams: 1

ST gg (] mb‘
GG@ 2 @WWJ‘ @\

é@ﬂﬁﬁb‘ @é‘ &W g@mﬁfm
@6@““ % LLQ}

calculated the imaginary parts of these diagrams by lodmigaes.

We calculated independently the individual cuts of e, O~) interference, i.e. the
subprocessds— sv, b — svg, b — sygg andb — syqq ( )&

The results are identical.



e (O7, Og)-interference

So far, only the fermionic corrections with massless bubbiserted in the
gluon-propagator entered the prediction for the NNLL BR.

Recently, published a paper on the fermionic contributions,
Including the mass effects in tle- andb—bubbles.

The full O(a?) corrections are not known yet. But they are in progress ahdafew Ml
have to be double-checkedq )%



NNLL results

Recently the known individual NNLL-pieces were combinedoi#enom. paper was
published in

As expected, the large uncertainty due to the renorm. gcalat whichm.. is

renormalized), gets drastically reduced at NNLL.
4
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Also the dependence on the scalgegets drastically reduced at NNLL.

4

3.8t :
LL
= 36
X
= - NLL

3.2¢




At NNLL we obtain ( )

BR(B = X% s16 cev = (3.15£0.23) - 107"
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In the theory result various errors were added in quadratize
1. 3% higher orders (scale dependences)
2. 3% m. extrapolation
3. 3% parametric: fromu,(mz), me(m.), BR €tc.

4. 5% due to a new class of non-perturbative corr. which scaledij%‘;



Comment on the non-local power corrections

There are power corrections which scale Idgenf—b They arise for example in the
(O7, Og)-interference through the mechanism shown beloae( )

}/& 7/@

O~-side: energetic photon is directly emitted from the opmrat

Og-side: a gluon is emitted from the operator. It goes into argetic photon by emitting
two soft quarks.

The two 'vertical’ propagators have virtualities of ordey A



This mechanism leads tao-local four-quark operatorike
=) qeqhy(0)I'rq(tn) g(sn)I'rhy(0) tri-local operator

h,: b-field in HQET;q, ¢: SCET fields located on the light-cone defined by the dir@ctio
of the emitted photon.

If these 4-quark operators were local, their matrix elemerduld scale likg A /my)3. In
the present non-local situation, the two 'vertical’ progtgs introduce two powers of the
soft scaleA in the denominator, leading to a scaling likgm,.

The matrix elementsB|O;|B) are very difficult to calc. Naive model estimates point to a
small red. of the total decay rate. The uncertainty (at thel lef the decay rate) is
estimated to be aD(~ 5%). The authorsl( )8iress that it is

very difficult to really substantiate this number!



Comment on the photon energy cut-off effects

The NNLL result
BR(B — X¥)|E,>1.6 cev = (3.15£0.23) - 10~*

given above was derived in fixed-order perturbation theory.

In 2004 pointed out that thehoton energy cuk, induces an additional scale
A =my —2E, twice the width of the observed energy window

Numerically,A =~ 1.4 GeV (for £y = 1.6 GeV).

Accounting for the photon-energy cut properly, requiredisentangle contributions
associated with theard-scaleu;, ~ my, thesoft scaleuyg ~ A and theintermediate scale
1; ~ v/ Amy, set by the typical invariant mass of the hadronic final state

In the present applicatioA ~ 1.4 GeV can be treated as a perturbative scale, allowing to
construct a multiple scale Operator Product Expansion (MSOP



In 2006, Becher and Neubaused this framework tcesum those leading and
next-to-leading logef 6 = A /m,; which arenot power-suppressdih 9).

Power-suppressed terms on the other hand were retaine@thdieler perturbation theory
[O(a?)] (resummation of power-suppressed log’s not yet avaijable

Combining this calculation with our fixed order results Mtlg@t a BR which somewhat
smaller (but it lies in the error bars of our result):

BR(B — Xs7)|g,>1.6 cev = (2.98 £0.26) - 10~*  Becher-Neubert 2006

Note: Misiak(arxXiv:0808.3134 pointed out that only resumming the non
power-suppressettiogs is misleading, because these terms are not reallydamnynant
numerically. Therefore, before the resummation of the pesuppressed terms can also
done, the fixed order result is probably more reliable.



Summary on B — X,y

At NLL order the BR forB — X+ has a large uncertainty related to the defnof

Recently a first NNLL estimate of this BR was published, withre uncertainty gets
drastically reduced.

The matching calc. for the Wilson coefficents are completeéNit L.
Also the anomalous dimensions are completely known.
There are missing matrix elements, e.g tbe, Og) and(Og, Og) interferences.

The three-loop results for the matrix eleme(#s|O-|b) for m. = 0 are awaited. They are
expected to improve the extrapolationvin..

| would like to thank Daniel for all the wonderful collaboi@s we had in the last 19
years!!!

As het uhuere gifgt!



b — syintypell 2HDM [theonerealized in MSSM |

A second Higgs-doublet is added to the SM. As a consequerare, éine3 neutral
Higgsesh®, H°, A° and2 charged Higgsed/*.

The two doublets pick up no-zero veus: andws.

In the type-ll model, the quark masses are as follows:
Mdown X U1 , Myp X V2 .

As in the SM flavor-changing neutral currents are absent at tree-level

There are, however, additional contr.lte~ sv due to charged Higgdd{ ~) exchange:

+ QCD corrections

In the type-1l 2HDM the operator basis is the same as in the SM.



— Therefore, the additional contr. only modify Wilson coeff$ the matching scale.

The new contr. contributions are only known to NLL precis{@orzumati, Greub 1998;
Giudice et al. 1998

New contr. characterized by 2 parameters; -, tan § = vy /v;.
mg- > 295GeV @ 95, CL (tan 8 — o0) most stringent bound!!

Stays basically unchanged fam 5 > 2. Fortan 8 < 2, BR and bound increas@ L,
2007, (Misiak+16 authors))

4.5 \
4.25¢

tan 8 = 2

4,
A T e solid: type-Il 2HDM
2 e —— dashed: SM-theory
3
T dotted: measurements

250 500 750 1000 1250 1500 1750 2000
MH+ [GGV]



Recently pointed out that this “partial resummation” is
unreliable.

To illustrate this, consider th@-;, O7) contribution toF'( Ey) in perturbation theory:
[F' = fraction of events which passes the photon energy cut]

s (1) a; (2)
Fr7(Eo) =1+ 7¢ (0) + §¢ (0) + ...

Split eachy(*) into two parts:

o) = o)) + oy
(L’“) Is a polynomial inlog(4)
55) contains powers af (vanishing at the endpoint)

Concretely, forp(!) the splitting reads:



W5y 2125 Ting_ o
B[ GV 1 (0) = 31r15 3ln5 9

0.5 1 1. 2 2.5 3

¢ 1 2 . 1
R R V(0) = 504507~ 2854 20(0-4)

Only at very large values dof gb(Ll) dominates.

RN WD
-
N

1 '
B w N =

However, at the relevarf, = 1.6 GeV large cancellations betweeﬂﬁl) andc/ﬁg&) I
Same situation foqbf) andgbf,), which are expl. known.
General arguments imply the same situation for all the atier.

— When resumming the leading power pieces and leaving theresuympressed pieces
unresummed ab(a?)-level, the necessary cancellations do not happen adthe)-level.

As a consequence, tlig(«?)-terms get highly overestimated.
Would be nice if one could resum logs in power-suppressettibations as well.

Until this can be done, theexed order result for the BR seems more reliable.



Comment on the normalization factor C

In the result above, the branching ratio was written as

_ _ V* Vi |2 60em
BR(B — Xi7)p. »5, = BR(B — Xcel)exp |2 | 22Sm [P(Eg) + N(Eo)] .
K Vcb 7wC
The perturbative pa®(Ey) is
F(b — XS/Y)E7>E0 ‘/til;‘/;ﬁb ’ 6056m
> — = P(Ep) .
|Vcb/vub| F(b — Xuey) Vcb T

C'Is the so-called semileptonic phase-space factor:

° I'(B — X,ep)
['(B — X,eb)

Vub
Vcb

The expression fof’ is a function ofm./m; and of non-perturbative OPE-parameters.

c-|

All the occuring quantities id' are determined in a single global fit from the measured
decay spectra aB — X_.ev.



For C' one obtains

0.582 +0.016 C. Bauer et al., hep-ph/0408002 1S scheme
0.54610-023  P. Gambino and P. Giordano, arXiv:0805.0Kinetic scheme

andm,. (after converting it to the MS-bar scheme)

1.224 +0.057 1S scheme
1.267 4 0.056 kinetic scheme

Mme (mc) —

The differences cancel to some extent in the radiative Bitlifey to

BR(B — X)) gy =

((3.15+£0.23) x 1074, using1S schemé&ep-ph/0609232

following the kin. scheme analysis of
(3.25 £0.24) x 10, Gambino,Giordano
see alsavlisiak, arxXiv:0808.3134




