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What is still missing?

@ Discussion of inclusive decays:
B — X (v, Lifetimes Mixing ...
Heavy Quark Expansion
@ Decays heavy hadrons into light quarks:
Very Energetic light degrees of freedom: E ~ m,
Soft Collinear Effective Theory
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Literature for Part Il

@ A Manohar, M. Wise,
Heavy Quark Physics, Cambridge UP

@ T. Mannel, Springer Tracts 2005
@ SCET Paper series by Bauer, Pirjol, Stewart
@ SCET Paper series by Beneke, Feldmann
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Heavy Quark Expansion for Inclusive Decays: Set up

Heavy Quark Expansion = Operator Product Expansion

(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

M oc > (27)*6%(Pe — Px)| (X[ Hen| B(v))[?
X

:2Im/d4x(B(V)|T{Heff( YHL(0)}B(v))
_21m / o x &YX (B(v)| T{Her(X)HL,(0)} B(v))

@ Last step: pp = mpv + Kk,
Expansion in the residual momentum k
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

@ Perform an OPE: m, is much larger than any scale
appearing in the matrix element

/ d*xe™ M T {Hey(x)H.(0)}

[e] 1 n
= ; (%) Cn+3(11)Ony3

— The rate for B — X /7, can be written as

1 1 1
F=To+——T1+—5To+—5Ta+-
mq m3 my,

@ The I'; are power series in ag(mg):
— Perturbation theory!
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

@ [ is the decay of a free quark (“Parton Model”)
@ [4 vanishes due to Heavy Quark Symmetries
@ [, is expressed in terms of two parameters

M2 = —(H(v)|Qu(IDPQuIH(v))
DMy = (H(V)| Qo (iD")(ID")Qu  H(V))

i Kinetic energy and ug: Chromomagnetic moment
@ [3 two more parameters

2Mygy = —(H(v)|Qu(iD,)(VD)(ID*)Q,| H(V))
2Mupls = (H(v)|Quo, (iD")(ivD)(ID) QU H(V))

pp: Darwin Term and p;s: Chromomagnetic moment
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

@ I4: Nine more Parameters At O(1/m*)
Dimension 7 matrix elements = four derivatives
In terms of physical quantities:

Spin-independent
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Set up
A short look at lifetimes
Spectra of inclusive decays

Spin-dependent

Heavy Quark Expansion

2Msms = g?(S - (E x E))
2Mpmg = 92<§ (é X é))
2Msm; = g((S - P)(P- B))
2Msms = g((S - B)(P)?)
2Mgmgy = g(A(F B))

v

@ Beyond this there is a real proliferation of parameters!

@ This becomes useless unless one has a way to
compute the matrix elemets
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Remarks:

@ All these parameters are of the order (Aqcp/mp)" with
appropriate n.

@ For Agcp ~ 500MeV and m, = 4.6 GeV:
Aoep/mp = 0.11

@ The leading nonperturbative Corrections are of order
(Agen/Mp)? = 1%

@ Nonperturbative corrections are expected to be small!

@ This is an embarrasment:

e Significant lifetime difference between D° and Dt
e Even larger lifetime differences between D° and A,
o ...
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

A short look at lifetimes

@ Calculate the Coefficients ...

@ Up to Isospin breaking /i, (B") = .(B°)

@ — Meson lifetime differences are order (Agcep/mp)?
@ Expectation:

:((’I‘\/’/,O)) = 1+0(1/m}),
T(Ms)

= 1+0(1/my),
m(Aa) _ 2

(Mﬁ) = 1+ 0(1/mp)

@ This does not look good for charm, however ...



Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Look at the diagrams:

d
b b
~ bT;qql;b
[ u

N

@ These diagrams have one less loop compared to the
leading terms

@ ... yields a relative factor 1672 ~ 158
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Hence
T(B7) 1 1 1672 1

R = -
T(Bd) + g [ao+mba1+ }4‘ mg {bo+mbb1+ } ,

@ Relative enhancement of the 1/m?, terms
@ Satisfactory explanation of the lifetme patterns
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Set up
A short look at lifetimes
Spectra of inclusive decays

Spectra of Inclusive Decays

Heavy Quark Expansion

@ Calculation proceeds in the same way

Wig) Wig)

elp + k)

@ Denominator of the charm propagator:
(Mpv +k—q)2—m2=m2—m2+2mp(vg) + ¢ + - -

@ Sbould be large against Aqcp
@ ... this cannot be in all phase space
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Set up

Heavy Quark Expansion A short look at lifetimes

Spectra of inclusive decays

Lepton Energy Epectrum

T
&5

@ Endpoint region: p = m2/mz2, y = 2E,/m,,

& 2+(mb(1k1—y))2<1i)y>2{341fy}]

Z ~O(1—-y—

dy ©(1-y—p)
@ Break-down of the HQE in the endpoint region
@ ... but reliable calculation for moments of specta
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Moments of Spectra

@ Charged lepton energy spectrum
@ Hadronic invariant mass spectrum

MD) = / My M2 / o g dM dEg
) @2r
(EPy = /dMX / OE:E/ Sy o

@ Moment are sensitive to higher orders of HQE:

e -o[(2)]

@ May be used to extract the HQE parameters!
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Set up
A short look at lifetimes
Spectra of inclusive decays

Hadronic Invariant Mass Moments euwmiie, riacen

Heavy Quark Expansion
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Heavy Quark Expansion

Set up
A short look at lifetimes
Spectra of inclusive decays

Lepton Energy Moments | eumser ricren
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Set up
A short look at lifetimes
Spectra of inclusive decays

Lepton Energy Moments |l eumaer ricren

Heavy Quark Expansion
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Vcb,incl = (41 54 +0.44 + 0-59HOE) x 1073

(PDG 2010)
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Set up
A short look at lifetimes
Spectra of inclusive decays

Heavy Quark Expansion

Heavy to light inclusive: B — X, (v

@ Formulae also apply for b — u, taking the limit
m, — 0and Vg — Vi

@ Useless for the extraction of V!
Due to the b — ¢ background.

@ Phase space cuts ruin the stadard OPE
(at last for most of the proposed methods)

@ Partial Resumation: Nonperturbative input will be a
“shape functon”

@ Simple way to explain this: BtoXsy
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Photon Spectrum in B — Xy

@ The photon spectrum becomes (with x = 2E, /my)

dr GZam?
= |V V- FICH

A+ 3 A
0(1 —x) — ———0"(1 — x) + 6”(1 —X)+ )
( 2m: e6m

@ General Structure at tree level (no real gluons)

Z): =Ty [Z (ml> s = x)+0((1/mp) 161 — x)]

b
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The Endpoint Region
Alook at SCET
The SCET Lagrangian

Soft Collinear Effective Theory

@ The same happens with the other spectra !

@ Interpretation: The expansion parameter is not 1/m,
ratheritis 1/[m(1 — x)|: Expansion breaks down in
the Endpoint x ~ 1.

@ Comparison with experiment: Moments:

1 ,dr
Mn_/o dx (1 —x) ax

A+ 3 A
°M0:r M1:—2—rn[2) M2:6_mg

@ Power counting for the moments: M, = O(1/m")
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Resummation and shape function

@ Leading terms can be resummed into a shape
function:
ﬂ _ Gzang
ax 3274
where 2Mpf(w) = (B|Q,d(w + n- (iD))Q,|B)
n - (iD): light-cone component of residual momentum.
@ Fourier transform of a (light-like) Wilson line:

t
() :/dt(B(v)|C_DV(O)7?exp <—i/0 dsn-A(n-s)) Qu(n-1)|B(v))

| Vis Vi 2|C7|2f(1 — X)

2
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Shape Function: Kinematics

Where in phase space is the shape function relevant?

ps = Mgv = g + p with g* = 0

@ Light cone vectors nand nwithn-n=2
@ One of whichis g = 1(n- q)n

@ The second is from v = 1(n+ n)

@ myv—q=3[myn+(my,—n-q)n

@ Shape function region:

e Final state invariant mass (pg — q)? ~ O(Aqcpmp)
e Hadronic energy Mg — v - g ~ O(my)
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Examples

@ B— Xsv
° g5 = Oandq: E,n
o EW = 7 — O(/\QCD)
— Endpoint of the Photon Energy Spectrum (2E, — Mp)

o my= Oandq: E/n
(*] E[ = -5 — O(/\QCD)

Endpomt of the Lepton Energy Spectrum (2E, — Mp)
@ The same non-perturbative input !
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Simple (tree level) derivation

We start from:
[ dtxe a5 (B(w) T (b0 (OB} B(V))
and contract the light quark

(B(V)IT{b,(x)Fa(x)a(0)Tb,(0)}|B(v))
= (B(v)|h,(x)I" (0]T{q(x)g(0)}(0) T'by(0)|B(v))
expand the light (massless) Propagator (in external field)

F.T. mpy — g +ip
(0T{q(x)a(0)}(0) "= (Mp — )2 + 2(mp — q) - (iD) + (iD)? + ie
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The Endpoint Region
Alook at SCET
The SCET Lagrangian

Soft Collinear Effective Theory

@ Numerator: myy — g + ilD = %Vi + O(Aqep)

@ Denominator:

(my — q)? +2(my, — q) - (iD) + (iD)?
=mp[mp —n-q+n-(iD)+ ie] + O(A%CD)

@ Collect everything:
| dtxe e (B(w) | T(b, (T q(x)G(0)T by (0} B(V))

! ) hIB(V))

my,—n-q+n-(iD) +ie

~ BVlhr
+ e

— Leads to a convolution with the shape function
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The Endpoint Region
A look at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Why and where SCET?

@ Power Counting: (prin: light final state)

1 _ 1 _
Ptin = E(n - Pan)nand v = §(n+ n)

@ Momentum of a light quark in such a meson:

1 _ _
Pright = 5[(” - Piight) 7 + (7 - Prignt) N + Prigne

@ The light quark invariant mass (or virtuality) is
assumed to be

Pl = (N Prighe) (7 - Prighe) + (Piign)® ~ A2mj
@ Quark momentum has to scale as
(- Pign) ~ Mo (A- Prign) ~ MMy Piigy ~ Ay
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

The Lagrangian of SCET

@ Analogous to HQET:
e Pick the O()\) and O()\?) of the quark momentum:

1 _
Q= 5(’7 * Plight) N + lei:ght

o Rephase the quark fields: v(x Ze X alX

e Project out the “large” and “small” components using

na(X) = Piina(x) With P = i and

Ina(x) = Qung(x) With Q = 1 i
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

@ The Lagrangian becomes

L=y e Her) [g,,,p,g(m D)np + Ty b1~ + (iR~ D)
p.p’

+éhn(pl—+iwl)nmp+—ﬁmy(pL-+imL>gm{

@ Integrate out the “heavy”degree of freedom 7
— use the equations of motion for n

L — Z e~ x(p—p) F"ﬂg("”' D)¢np +
p.p’
1

p+ (in- D)

Gop (61 + D) = i (B +1D.) 56

@ Similarly for Gluons ...
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The Endpoint Region
Alook at SCET
The SCET Lagrangian

Soft Collinear Effective Theory

Matching of Heavy-Light Currents

@ grQ — & pW(0)rh,: W: Resummation of
collinear gluons

P P

/ —

56035660 Am + perms

roodvoer 92
resedsase di

@ SCET contains non-localities, expressed in terms of
Wilson-lines

W(x) = Pexp (—i/io ds n-Ac(x + sh))
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Radiative corrections in heavy-to-light inclusive decays

@ Matching proceeds in two steps:
(a) Matching QCD — SCET

T [Q(x)ra(x)a(0)f Q(0)] —
T [A(X)TW!(X)€np (X)EnpW(0)T h,(0)]

(b) Matching SCET — Nonlocal operators
T [h, ()T (X)énp (X)Enp W(0)Thy(0)] —
/dw w)h,é(w + in- D)h,
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Leads to a convolution of the structure

df = HxJxf

@ H: Hard Contibution

@ J: Jet Function:
collinear modes (contains the Sudakov Logs.)

@ f: Shape Function:
soft contributions, nonperturbative
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

This has numerous applications:
@ Semileptonic Decays: Precision determination of V,,
@ Precise predictions for B — Xgy

@ Applies also for exclusive (non-leptonic) decays:
QCD Factorization, SCET ...
ongoing debate with the PQCD group
seems to have problems to explain some of the data
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Soft Collinear Effective Theory The SCET Lagrangian

Summary of Part Il

@ Inclusive decays can be described also in a HQE
Make use of the optical theorem

@ Standard OPE has a certain set of non-perturbative
parameters: Hrs UGy » PDy PLS---

@ In the standard approach: Light degrees of freedom
have to be “slow”: (vp)? ~ p? ~ N3cp

@ Other extreme can also be handled:
vp ~ mp but p? ~ A5,
energetic light degrees of freedom: SCET
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The Endpoint Region
Alook at SCET

Soft Collinear Effective Theory The SCET Lagrangian

Summary of “Everything”

After approx 20 Years of 1/mgq expansion
@ ... we are able to perfome QCD-based appraoches
@ ... many models have been superseeded

@ ... and the model dependence has been pushed back
into subleading terms

@ ... we entered an era of precision flavour physics,
... at least for many quantities
Fruitful overlapp with other QCD based methods

@ QCD Sum Rules

@ Lattice QCD
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Soft Collinear Effective Theory The SCET Lagrangian

Of course, there are problems ...

@ Exclusive Non-Leptonic Decays
Important for CP violation and searches for “New
Physics”

@ Tensions between exclusive and inclusive
determinations of CKM parameters

@ Proliferation of parameters in higher orders 1/m,
Limits our ability to compute

@ Higher orders in s are a real technical challenge

@ More data may clarify a few of these things:
LHCb and Superflavour ...
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