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Plan of lectures

® lavour structure of the SM: CKM matrix anc
parametrisations, FCNC, CP violation, GIM, examples.

® [he Weak Effective Lagrangian, Wilson coefficients,
RGE: a simple |loop example

® Heavy Quark Symmetry and HOET

® Semileptonic decays, form factor parametrisations,
unrtarity constraints, inclusive decays
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Flavour in the SM

'CSM — Lkinetic =+ Lgauge =+ LHiggs + L:Yukawa
Fermionic fields: Qr, Ur, Dr, L, Er

YL l L l ¥ 7L l L
Liinetic(Qr) = 1Q7, Vi (()’ -+ §QSGZ Ag + 59"’"’5 Tp T 69'3‘> Qiz’

Three identical generations: huge flavour symmetry, U(3)°=U(3)q x
U(3)u xU(3)p xU(3).xU(3)r , broken by Yukawa interactions

quarks dI ] w 7 :
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Im(det[Y'Y Y*Y™]) £ 0. <> \GR Yud must be complex for CP violation
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Flavour in the SM (ll)

Upon SSB, (¢p) = (O,v/\/z)T with v ~ 174 GeV , the two Y4 become mass

matrices: they are arbitrary 3x3 complex matrices, diagonalized by a biunitary
transf

—L3; = (Ma)i; D}, Dy + (M.,)i;ULUg; + hec.

7 A7 v _ agdiag
VoL M,V = M

q ——yNE S a 17+ o
— Lo = Y (Vaur Vi )ijdp; W . +he.

The CKM matrix

In the quark sector only 3 of the 4 unitary matrices can be chosen arbitrarily,
thanks to the flavour symmetry of the kin Lagrangian.
Choosing the basis where Yv is diagonal, Y=V diag(md, ms,ms)/v
and the mass eigenstates differ from the “weak” eigenstates d’,s’,b’.
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Charged cu rrents

> \/7 ( ]‘I’ W 7T 4 ]“— W — L )
],l_li_ — (l—l d/) V—A + ( CS ,) V_A + ( fb/ ) V_A

Loc =

Neutral currents (GIM) conserve flavour at lowest order

Lnc = —eJm AP 4 92 I, Z" T = 0,(4.7,4, + x,4x)
H 2 cos Ow q

does not change flavour; similar for JMZ

How many parameters!?
U(3)o x U(3)ux U(3)p = U(l)s by Yukawa interactions

Yuand Ydinvolve 36 parameters, not all physical. Think of Yukawa couplings as spurions (non-dynamical
fields) that break the global symmetry: you can choose freely the elements of three 3x3 unitary matrices
except one. 3x9-1=26 components of Yp,Yu are unphysical: only 10=6 masses + 3 angles +| phase remain



Standard Parametrization
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The form of V is not unique

a diagonal phase transf changes it

To excellent accuracy (Vub is 4x10-3)
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Wolfenstein parametrization

V has a hierarchical structure

- ' A AN (o —in) ) |
\ AN3(1—p—in) —AN2 1 )
A~0.22, A p, n are O(l)
To improve the accuracy, define to all orders in A
519 = A, S99 = fl)\z . '5'136_2.(5 — 44)‘3(9 — ”7)

1 — a2 Lyt A+ O\ AN (o — in)
V=| —A+34N00 =200 +in)]  1-30 = (1 +44%) AN +0(X)

AN (1 — 2 — i) — AN+ AN = 2(p+in)] 1 - 5A2N

B \2 B \2
0=o0(1—-—), n=mn(l-— 7)



Vie=1— a2 - 1y L 0008
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Ve = A+ O(\7)
Vb = AX* (0 — in)

Vig=—\+ %Az)\‘r’[l —2(p+1in)| + O()\7)

V.=1- %,\2 — %/\4(1 + 442%) + O(\%)
Vi, = AN2 + O(\8)
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Tree-level decays

::;;C e

) € P T . and similarly neutron or
K T V. .
B> us nuclear f decay for V4
u
Ci
o { D a } - ‘V ‘ and similarly D decay
> ub for Vea and Vs
o
:w( V.
< < .
b [ I— = v o* 0
- { ¢ } D".D° |V ‘ diagrams from
. A. Buras lectures
u

Unitarity relations, e.g. ’Vud’2 — \VuSIQ + \Vub\Q =1

| Vud|2 + | Vus |2 + | Vub |2 — 09985(5)
experiment + lattice QCD etc Veal? + [Vis|? + [Vip|? = 1 + 0.001(11)



A Cabibbo anomaly’

0228
| j Cirigliano et al,, 2208.1 1707
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20224 \
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Vud

Most precise det. of Vg comes from superallowed Fermi (07 — 0%) transitions:

|V | =0.97367(32)

Semileptonic K decays (K,3) + LQCD give |V, | = 0.2231(4)(4) 5 ot it
Muonic K (K, ) over z decays + LQCD give | V,,/V,4] = 0.2311(5) > """"" <

Deviations from unitarity could be due to NF underestimated uncertainties
(nuclear structure, QED, ...) or experimental problems.



Unitarity Triangles

ok
Vrd Vrb

Vji V;k = 5ik

Vu(/ Vub

VudV p T Vchb T thVZ =0

In this case all sides are O(A3)

CP conserving processes

. - constrain CP violation!
DT - Co :
"I /R, mixing and CP linked

area= measure
of CPV

C=(0,0) B=(1.0)

In the phase convention of the Standard Parametr:satlon the angles  and y
correspond to the phases of V,;and V , =|V,le "V, =|V,|e

NB y = 0 of the standard parametrisation



2212.03894

= 12k '
- \UTrit £
- summeyr22 i
1_— Amd
p=0.161(10)  7=0347(10) [ Y Am,
0.8 /
A=082811) 1=022528) [ /
0.6:— /
Similar results from N f_jgs
CKMFitter collaboration j
http://ckmfitterinZp3.fr 0.2
0 : L ’ P W ! |
-0.2 0 0.2 0.4 0.6 0.8 1 1.3
P

Example of comparison between prediction and exp value
sin 2f3;, = 0.736(28) sin2f3, . = 0.688(20)

exp
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The phase y = arg(V ) can be by, D
obtained, for instance, by vV \f
. ub
non-leptonic processes of the type c +
B—-DMD+K — f+K : 5\

All hadronic parameters are extracted from data on BR and CP asymmetries
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Physics
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CP violation in the SM

It is non-trivially linked to flavour violation, generally NP has
flavour diagonal CPV

CP is not violated in the SM lepton sector, although with v
masses CPV becomes inevitable

CKM phase is the only source of CPV in the quark sector. In
particular, the phase is the same in K and B decays. NP can only
lead to small modifications.

CPV appears in charged currents and FCNC only. Again this is a
strong constraint on NP (eg. no electric dipole moment has
been measured yet)

the CKM phase is not sufficient to explain baryogenesis and the
asymmetry between matter and antimatter in the Universe.
There must be sources of CPV beyond the CKM phase.



Strong CP Problem

Nonperturbative QCD effects induce

focp
EG Q €Nup0 F[J,l/anCT(’l

3272
This term violates CP, is flavour diagonal, and —
induces an electric dipole moment in the neutron, T
dn <10-25 e cm, from which S
g
QQC 10—10 glo_
5
. . 35 1074
Such a small value is unnatural and is not S

protected by any symmetry. One would expect
Faocp=0O(1), unless one of the quark mass is zero,
but this cannot be.

I'HTI_I'H'I'ITTI URELLL R |
10-1110-1° 10~ 5 10 3 10 24 10 6 10 5 10 4 1073 10-2 10-1 10° 10!
Axion mass [eV]

Possible solutions involve a new spontaneously
broken global symmetry, whose Goldstone boson
is the axion (Peccei-Quinn mechanism ) or
spontaneously broken CP.



FCNC

® The CKM mechanism forbids FCNC at tree level (GIM, Glashow
lliopoulos Maiani 1970)

® Beyond tree level, GIM guarantees additional suppression of
AS=1,2 transitions, that are O(Ggr2 m2) rather than O(Gr Q).

Gaillard-Lee (March 1974)
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Prediction confirmed !

A. Buras




Systematics of FCNC: boxes & penguins

£P € -Parameter
AM (K, -K)

rare K and B decays
New Physics may contribute
at the same level as SM
and may not undergo the same
CKM suppression...

B—>Xy B—>K'y

A. Buras, lectures



LETTER First observation of B.— n*w OPEN

do0i:10.1038/nature 14474

CMS and LHCD (LHC run I)
KC 16 — I | I T T | I I I | T T I | T I T | =
3 = —4— Daa =
Standard Model S ME — Signal and background 1
b i+ g 20 B> un =
P - " S F P gty Ty .
W $ 10 b o = « = Combinatorial bkg. 7
{ [ _ _g e e Y I ) T Semileptonic bkg. Z
\ H 2 8Ff — — Poaking bkg. .
S - o =N -
> V (& C 3
6— —
- : = -
+ other similar diagrams | ‘l’L‘l’ :

0 b 07 10-9 . .
BB, »uu)=28,"10 6.20 significance - first observation
SM: 3.66+0.23 x10 - compatible with SM at 1.20

BB = utu)=39"°-10"° 3.00 significance - first evidence
SM: 1.06+0 09 x10-10 -4 - compatible with SM at 2.20

SM: Bobeth et al: PRL 112 101801 (2014)



Decoupling

® Decoupling theorem: the effects of heavy particles in a

renormalisable theory are power-suppressed (up to a
redefinition of the couplings) if the theory remains
renormalizable and no coupling is proportional to the heavy
Mmasses. Appelquist,Carazzone, 1974

® Examples: QCD with/without top, QED at low energy. These
are QFT valid at energies below a scale A, they are effective field
theories

® The SMis a renormalizable effective theory: it is
screened from new physics effects.

_ prSM SM SM
Left ‘C’gauge + ‘CHiggs + ‘C'Yukawa + ALd>4 ,

ALgss= ) >‘ WI fields) SMEFT
d n=1
- Wilson coefficients




Separating scales: the idea behind effective theories
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Multiscale problem:

Multipole expansion in EM
1 a\’ d<a<xr
Vir) = — Clm, (—) Y, (€ |
(r) r zzn; m\r) (5 After Fourier transf
Works for a < r. We can measure ¢;, a’ Ayp > My, > my
Info on d requires more precise

and get info on a and charge distribution,

or (when a is known) simplify the potential measurements



Fermi Lagrangian

Describes very well weak decays of muons, kaons, charm. ..

><
s d
Taylor expanc/mg the W propagator
2 ) 2 G 2
5 _ T8 (‘1_) Nl (‘1_)

<

= —— LYY a Syt y,dp  local dim 6 operator

Fermi cs'u
NG

Wilson coefficient contains short distance info (Mw)
QCD, QED, higher order EW effects can all be considered.

A systematic expansion in powers of Mw
What do we do with loops?



The crucial problem

B} — B; Mixing| (SM) B; — B; Mixing| (MSSM)
Short Short
Distance Distance

~
~

: Perturbative : Non-Perturbative

A Buras (Asymptotic Freedom) (Confinement)

My, > my > AQCD Nyp > my > AQCD



B-B box calculation

b o d

Z Z i i= F(xi ’XJ)(V;» Vi )(Vj*b\/jd )Q

1,]=u,c,t a,[}=Wi D 1,]=u,c,t

d Q(AB=2)= (Bd)V_A (Ed)v_A

lllustration of GIM mechanism, example of reduction to
effective theory (calculation of Wilson coefficient at
lowest order)

Effective theory allows for precise SM calculations and
for straightforward parameterization of new physics



-t} -t}
qih Y g
- -

d W ¢— b

CKM factor: 4; = VIV, one for each quark line

Unitarity implies Z Via = 2/1 =A,+A.+14,=0

similarly 2 AiA; = O:for degenerate up quar/<s amplitude vanishes (GIM)

irJ
Of course m, = m. # m, hence loop function

A, j) = A(p,m; m;, My) ~ GpF(x;, x;)

m?

where x; = M_i%/ and we neglected external momenta | p*| << My,
For up and charm x,, . < 1, F(u, u) ~ F(c, ¢) =~ F(u, c) ~ F(0,0)



- -
qi} Y 4
- .
d W=, ¢~ b
> AAF L)) 2 (A2 + 24,4 + A21F(0.0) + 24, + A)AF(0.0) + A2F(t, 1)
& with F(£,0) = F(0,1)

~ A2[F(t,1) — 2F(0,1) + F(0,0)]

Redf = ViV, = 0(’) xR,  Rel; = ViV, =04,  Rerf = ViV, = 0%

4 —1 _ ﬂi(lé+mt) y _ il
kak5

k*(k?> — m#)(k? — M3,)?
1

(k2 = mD)(K2 = M3, )?

= by*y*y*d;, ® by, r°’y,d; Jd“k

C]ftel’ USIﬂg }/,u}/ayv — g//l(l}/y + gl/ayl/l — gﬂyya — leﬂyaﬂ}/s}/ﬂ
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" d*k 1 —i X, x,In x,
1 + +
2n)* (k? — mp) (k> — M3,)?  16x2M3, 1 —x, (1 —xP)?

For m, < My, F(¢,0) = F(0,0). F(z, t) similar calculation but prop to xt for large my
(d/agrams W/th would-be Goldstone have four times the top Yukawa: y;'/m?* ~ m*/ M)

> <

The B — B mixing amplitude in the SM could have been computed from

FAB=2 — _ G MVzV,ﬂS(x)B “d b,y d
eff 1672 100 LY 4oy ar

GM — PLEPTEED 1 Z27=2 up to O(1/Myy)



RLL -
qi | VSOV | q;
. 5

In a generic NP model

b
additional contributions, o — > <
not necessarily suppressed by GIM '

Q1= by drbry,dr Q2 = bpy"drbrY,dR

5 = brdrbrdg Qs = brdrbrdr NP contribution to the Wilson coefficient

_ 7a 38718 ja  Ta BB s of the SM operator + new operators
@5 = brdpbrdg Q6 = brdpbRdy a, B color indices

Q7 = brdrbrdy Qs = b} d% E% d$ Operator basis non-unique

The B — B mixing amplitude could be computed from
_ 1 , ,
Qé‘ﬁlg;,% =T Z C; Q; + higher dim
NP
but what about the matrix elements of these operators?
and how is all this modified by gluon exchanges?



EFT with loops

A simple but nontrivial example: nonleptonic ¢ decay ¢ — sdu

\V/ ) 4G .

with one gluon, a, [ color indices °‘ =957, (1)

E§< g % + mirror diagrams

Boxes mix color indices: we need 2 dimé6 ops
_ _ 4G
Q) = Spar*crp)ipgr,dy,) L= — —;vggvud [C1Q1 + C2Q2]
— (< H 7
Oy = (Spay CL“)(uLﬁyﬂdLﬁ) Wilson coeff C; = 0 at LO in a, Q, mixes into O




1 1 .
Actually we have T, Ts = — Eéaﬂé}ﬁ -+ 550555,6;/ N=3in QCD

MATCHING: we make sure that Agy, = A ¢ Up to O(kle‘%,), O(Ocsz)
We cannot neglect all external momenta and quark masses (IR sensitivity)

We choose m; = 0 and a small off-shell momentum p P p
p<<0 for both SM and eff loops, dim reg for UV d = 4 — 2¢ o
Define Sy, = (Q; ) tree level matrix el P P
4Gy a, /1 u? 3 a, My
Agyy = v VCSVudKl +2_7,<Z +ln_—pz>>52+ (st _ 351)4,; ="+, ]
(a) (b) (©
Oy = [1+ 5 (15, + (25, 38, ) 5 (L1 22 Oy = (Q©
@) = [1+o-( =S )[si+ (58 -38) - (crm Lt )+ @) =)



1 1 .
Actually we have T, T7s = 2N5“ﬂ5 5+ 25 0,  N=3in QCD

MATCHING: we make sure that Agy, = A ¢ Up to O(kz/M%,), O(asz)
We cannot neglect all external momenta and quark masses (IR sensitivity)

We choose m; = 0 and a small off-shell momentum p p p

p<<0 for both SM and eff loops, dm reg d = 4 — 2¢ o

Define Sy, = (Q; )\ tree level matrix el P P
_4Gp a, (1 p? 3 a, M3

ASM_ VCSVud[<1+_ _+ln;)>Sz <_Sz 351)—71.11174‘ ]

3

1 3 1
<Qf°>>=[1+%}€/+ln_”’7)]sl (NSI—3SQ)Z Mm_/"_lﬂﬁ..., (0) = Q™)

WFR~+operator renormalisation in MSbar



Operator renormalisation

bare (Ql.(o)) =7, 2 Z;g/z Z;(Q;) forusn=4,n,=0

e a (3/N -3\ 1 >
the MS sch Zi:=0;+— —+ 0
in the scheme i =%+ (_3 3/N> ; (a’)
Now we ask that Agy, = A, and find
a, Mg 3 a,  Mj
C,=-3—In——-, C=1+——In———
dr  u? Nd4r  u?

with no dependence on p and on external states. WC depend only on My, u
u cutoff between pert and nonpert physics:

M?2 M2 2 M, M3, u?

In —~ = In — - In Ll or J dic? = J dic® + J dic?

_ pz ﬂz _ pz e P _p
matrix

SM wWC elements

2

04 .
~ m. but cannot be too smalll —1n —% ~2——1n80 ~ 0.9 = O(1)
H %
T m? T

For u ~ My, convergent series:  C(My,) = C(u ~ m,) like for a,(u)
RGE RGE improved pert series




Indeed, C(u) are running effective couplings

Zefr = 2 VesVua lcl(ﬂ)Ql(ﬂ) + Cz(ﬂ)Qz(ﬂ)]
V2

4Gy 4 ]
Aphys = 73 VeiVia Z C) Qi) pagr ~ Must be p indep

d n
if {Q;} complete basis Q> = — Z v,;(Q;)  with 7 Anomalous

Dimension Matrix
series in a;

., follows from Z;
- 0> Lo wcw o= 7T
dyu phys d1n £ 17’1] H) LK d1n Y
similar to CZL(” ) o _ vu(a)ym(u) 7y at O(a,) resums leading logs (o, In M/ )"
n

for instance  Cy(m.) ~ — 0.5, Cy,(m.) ~ 1.2

can be further improved with higher order corrections, but the difficult
problem are the matrix elements



Summary of Weak Effective Theory

In the SM

® |dentify all dim 6 operators relevant to process of interest
(basis) containing only light fields

® compute their ADM at appropriate order

® match WC at scale uy, ~ My, m, and evolve them down to
appropriate scale y,,,,, ( ~ my, for B physics)

® compute matrix elements using nonpert methods

Beyond SM, model independently: extend operator basis it
necessary, Cl,,,) = CM(u,,,) + CM'(uy,,,) it data for NP
contributions, possibly evolve back to weak scale, match to SMEFT,
identity main SMEFT operators responsible for deviations

Systematic method valid for other EFT as well.



Anomaly in B — K¢+ 3:
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Heavy Quark Symmetry

ST ~1
. ‘ similar size ~ AQCD ~ 1fm

ny, =>> AQCD
Can we disentangle these scales using EFT and learn on matrix elements?

For my, — oo the b is a static color source interacting softly with light d.o.f. in the
hadron, similar to p in H atom. It cannot be integrated out. The scale separation
implies the light d.o.f. (brown muck) cannot resolve the value of my, The velocity v of the
HQ (p = myv) is unchanged because Av = Ap/my, — 0.

In the HQ limit: HQ Symmetry (b and c¢ equivalent), and HQ Spin Symmetry
(chromomagnetic moment suppressed by masses).
I im(1+9)+ 4k 1+ I

The HO propagator =
< propag p—m+ic k*+2mv-k+ic 2 v-k+ie

where (1 4 ¥)/2 projects on the positive frequency components of the Dirac field. They
are the only ones to propagate in the HQ limit.



Heavy Quark Effective Theory - HQET (I)

hQed L= Ui PU — mIW D, =9, —igT" A,

Decompose the momentum v* = (1,0,0,0)
of a heavy quark p = muv + k k= (’)(AQG D) << M non-relativistic

h,(x) e“n"“'x%{ () D'/ =DV —vt'v - D

1= w-Dh, = —i1p H,
Hv(il?) = & —\D(il?) (ll’D+2772)HU — 3 E_th }EOM

hyand H, are large and small 2
Dirac components

Define

. = - 1 .
Decoupling H, L = hyw - Dhy + hyt 1D - v 1) | h,
w - D+ 2m

2 4dm

Power corrections: non-relativistic expansion
kinetic and chromomagnetic terms
Pauli non-relativistic Hamiltonian

HQET Lagrangian: Residual QCD dynamics after decoupling
high frequency modes: Flavour & Spin symmetric

_(B—Q—A.)z - qE‘-'TS"
He —— +af 10



HQET (1)

_ A+ 3 — A+ 3A
mp = My + A — 12+ 2 mp = Mg —+ A . 1;— 2
mMp me
Spectroscopy N\ B
mpg = mpy+ A — ! - mps = m.+ A — AL — Ao + higher orders
2my, | 2,
\ _ (BIAGD)*h| B) \ _ 1(Blhgo - Gh|B) M=—pur~-04
b= 2mp °T 6 2mp /12 = /1(2;/3 ~ (.12
Semileptonic decay dl'(B — D*lv 9 oo c
p ' ( ] ) - ’Vd,|2 K(w) F 2('10) w = v- v
aw

vand v’ four-velocities of B and D*
Isgur-Wise function F (w) — {('w) f(l) =1 at leading order

f(l) — 774(1 + 51/7722)

At zero recoil the b quark at rest decays into a D* at rest.The light
hadronic cloud does not notice the flavour change. Power corrections
quadratic for B—D* (Ademollo-Gatto, a.k.a. Luke’s theorem) but
1/m? cannot be neglected for present studies:

LQCD & (1) ~ 0.90, pert factor n, ~ 0.96



PALLISIVE L JELEATS

There are |(2) and 3(4) FFs for D and D* for light (heavy) leptons, for instance

S M3 — M? M2 — M?
(D(k)|ey*0|B(p)) = |(p+ k)" - qu Dq“] ) Bq2 0 o)

This is a conserved current: no RGE QCD effect. Information on FFs from LQCD (at
hish g2), LCSR (at low g?), HQE, exp, extrapolation, ...

A model independent parametrization 1s necessary



MODEL INDEPENDENT FF PARAMETRIZATION

crossing +
analitycity

bhysical semileptonic region Z-point correlator cuts
2 2
mj < ¢° < (mp —mp)? ¢ = (mp +mp)

- X \fi(qz) \2 < Zcuts(Xn)

also poles at g* = Mé CliE
------ + pert corr + condensates

using quark-hadron duality (OPE) + dispersion relations



PARAME T RIZATIONS

Boyd-Grinstein-Lebed (BGL |1995) based on crossing & analyticity, unitarity constraints

o0
based on OPE F(qz) = F(qz) Z a Z(qz)" with Z a,g <1
k=0 k
0 < z <~ 0.06 in the physical region. Series must be truncated in a controlled way.

HQET for B®) = D™ form factors: B B
. O . A A
F(w) = &(w) [1 +c,—+o—+tc—+ ]
T 2my, 2m,
c[iccan be computed using subleading IW functions from QCD sumrules Neubert, Ligeti,
Nir 1992-93, Bernlochner et al | 7/03.05330

Ratios free of Isgur-Wise function: can use to get strong unitarity bounds but | /md?
corrections can be significant as shown by lattice calculations

Caprini-Lellouch-Neubert (CLN [998) parametrization is simpler with fewer
parameters, but relies on NLO HQET. All exp analyses before 201/ were based on
CLN, did not include uncertainty.



LA E & Bl H ] Jor B =R

Bigi, PG 1606.08030

53—
] | Veo | =40.5(1.0) 10-3, R(D)=0.299(3) -
12&" * BABAR 2009 R(D)=0.299(3)

1.1 L —— MILC-FNAL
- \R P —— HPQCD |
10[ | 1 FLAG has
[ | \, ) BGL N=4 very similar
0-9%E x?/dof=1 9/22; results

CLN cannot

08

fit both ff
0.7+ \% kinematic
Lattice determines slopes, exp data shown at fitted Ve 3 ;‘jfotramt =
%%00 001 002 005 004 005 006

form factors f.(z) (upper plot) and fy(z) (lower plot)



V| from B—D*lv

More complicated: 4 FFs, angular spectra, D* unstable. Present status unclear.

Parametrisations matter and the related uncertainties require careful
consideration. Belle 201/ dataset analysed with BGL or CLN leads to 6-8%

difference In

untagged 20

Problems In

|\/Cb|. Bigi, PG, Schacht, Grinstein, Kobach

Discard old exp results obtained with CLN and provide data in a
barametrisation independent way.

8 data, while JLQCD preliminary results give a consistent

Despite recent progress, lattice calculations are indecisive. lension between
Fermilab/MILC 2021 and HPQCD 2023 results at non-zero recoil anc

Belle
dicture.

Belle 2018 analysis (D'Agostini bias, u/e 46 tension in the

asymmetry) PG, Jung, Schacht & Bobeth, Bordone, van Dyk, Gubernari, Jung
other experimental analyses make conflicting claims but data not yet
available for independent fits

B



INCLUSIV

[T
"

LA S BASILS

d,u

Simple idea: inclusive decays do not depend on final state, long distance dynamics
of the B meson factorizes. An OPE allows us to express it in terms of B meson
matrix elements of local operators.

The Wilson coefficients are perturbative, matrix elements of local ops
parameterize non-pert physics: double series in o, A/my,

_owest order: decay of a free b, linear A/my, absent. Depends on my, ., two

parameters at O(Azlm ), 2 more at O(A3/m ) ... Many higher order effects have
been computed.




The OPE for semileptonic B decays

AT ~ (H[Hops| X) (X[ Heops| H) =Lop Wab

W~ S 54 pp —q - px.) (B IXe) (Xc|IE[B)

X,
i HQET EOM
~ Im dl e <B’ T{Jb(( ) b(( )} ‘B> iv Dh _ O(i)
m
b —mv-q+k m b m b
/Q)—mv+k
Lowest order (tree level free quark decay) —Im _ (mv —g)? - m
ie k=0 and no gluon: T (mv— q)2 — m2
1 j ntl o (=1)
i : . ——Im( ) — 5(n) my — 2 m2
Higher orders in k/my expansion: ﬂ (mv — )2 —m? ) [( q) c]

Power corrections appear in the triple differential rate as more and more
singular divergencies at the end point. The OPE gives predictions
only for global (integrated) quantities insensitive to local details



L EUSIVE SEMILERTOINIC B LIEL AT

Inclusive observables are double series in Aycp/my, and

Mz’ :Mi(()) i %Mz(l) a4 (a ) M(2> i (M(W ,0) e M(W 1))
70

s s m2

iy
i (M(G 0) 4. Ost(G 1)) MG _|_M(D ,0) PD _l_M(LSO)PL_S G
7 m? my T
Global shape parameters (first moments of the distributions, with various lower
cuts on £) tell us about mp, mcand the B structure, total rate about |V

OPE parameters describe universal properties of the B meson and of the quarks: they
are useful in many applications (rare decays, Vub, inclusive nonleptonic,...)

Reliability of the method depends on our control of higher order effects. Quark-
hadron duality violation would manifest itself as inconsistency in the fit.

Kinetic scheme provides short distance definition of mp and QPE parameters
with hard cutoff y;, ~ 1GeV. Fit includes all corrections O(a?, S/mb,l/mb) Mc

constraint from sum rules/lattice, and recent O(a?) contribution to width.



L LUSIVE SEMILERTCINIC, Biis

Bordone, Capdevila, PG, 2107.00604

S
S

SO L, : 2200 .
Esooi Belle + ++++++ j o, 2000 . BiBAR
Electron energy ST E 1800 pemnty
and invariant e T ! * S 1200
: Saof 4 < 1000
hadronic mass &} ,+ ' g 80
o 5 400
spectra ! ¥ -

e b by b by b o baaa buw s 1y
040608 1 12141618 2 2224
E® (GeVic)

m§"™ me(2GeV) pi ph  pE(ms) pls BRee 10°]Y

0.012  0.008 0.006 0.031 0.000 0.092 0.15

Higher power corrections see a proliferation of parameters but Wilson
coefficients are known at LO.We use the Lowest Lying State Saturation
Approximation (Mannel, Turczyk,Uraltsev 1009.4622) as loose constraint or priors

(60% gaussian uncertainty, dimensional estimate for vanishing matrix elements) in a
fit including higher powers.

I v : | o 4200(53) < 10_3 Update of 1606.061 74

similar results in 1S scheme Bauer et al.




