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> Huge multiplicity of final states (2-body + multi-body), large data sets
> Important input in CKM studies (mostly angles)
- CP violation (SM and new physics)

- Non-trivial hadronic dynamics

= Perturbative and non-perturbative QCD methods
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Non-leptonic B-decay Amplitudes

Effective Hamiltonian at the hadronic scale p ~ mg

Hetr = —Laepraco + Y Gi() Oi()

1

Ci -- Wilson coefficients (UV physics) — perturbation theory

Known to NNLL:

O; -- Effective operators (IR physics) [e.g. © = (by*u)(liv,d) ]
Amplitudes:
A(B— MMy ---) = "G (MiM; - - - |O|B)
i
The problem is to compute the operator matrix elements (MEs)

— non-perturbative, process dependent (non-universal) 22



Direct CP Violation

AB )= A= Do (T} — P+ A (75— P) Ao = VaoVpia
~elr AU ~real AC

T2 => " C7(flQ’|B) (current-current operators)
1,2

Pr= Z C{flQ?|B) (penguin operators)

3,..,6

In the SM, C; contain no phases.

We write AP = | AP|e"%. Then:

Aep = | Ay — A o | e
T AL 1A XA

-siny - sin(dc — du)

» Look for relative strong phases in interfering amplitudes

3/22



How to deal with MEs

1. Isolate contributions sensitive to IR physics

» Scale separation -- Factorization -- Effective Field Theory

2. Parametrize them by a few "universal" quantities
» Form Factors: F" ~ (M|GT b|B)
LCDASs : ¢um(u) N/dte*"t(p-n)“ (M(p)|g(tn)]tn, 0] s g(0)|0)

Decay constants : fy ~ (M|G T g|0)

vyyYvy

3. Then, either:

> Calculate them
> Extract them from experiment
> Build observables where they cancel out
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Factorization formula for B — MM,

To leading power in the heavy-quark limit Beneke, Buchalla, Neubert, Sachrajda '9¢

(MiMy|O|B) = FM /du T/(u)cf)Mz(u)—k/ dw dudv T'(w, u, V)pa(w)pm, (U)dm, (V)

> Vertex corrections: T'(u) = 1+ O(as)
> Spectator scattering: T'(w, u,Vv) = O(as) +O(a2/7) -- (pow. supp. if M; heavy)

——

real
> Strong phases are perturbative [O(as)] or power suppressed [O(A/my)].
> Acp = O(O&s(mb)/ﬂ) + O(/\/mb) --  But.. as(mb)/ﬂ ~ /\/mb !
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Perturbative calculation

Two hard-scattering kernels for each operator insertion: T' (vertex), T (spectator)
(MiM2|Oi|B) =~ F*"" T} @ ¢, + T/ ® g @ b, @ bm,

and two classes of topological amplitudes: "Tree", "Penguin".

T, tree 7', penguin T tree 7 penguin

LO: O(1) \/
oy | AL | ol LL| 3L

NS '99




Two-Body decays

» Not covered here
» All I would say can be found in :

J. Virto, "Charmless Non-Leptonic Multi-Body B decays,"
POS FPCP 2016, 007 (2017), arXiv:1609.07430 [hep-ph].
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Three-body B decays

Model-independent treatment of vector resonances:
- B—plv — B—[r7llv
- B K0 — B—[Kn]et

- Finite-width effects, interference (S-wave pollution, etc.)
More complicated kinematics — more observables

Larger phase space: different kinematic regimes, different theory
descriptions

Kinematic distributions — tests of EFT expansions & Factorization

E-dependent rescattering effects — large strong phases

— Large localized CP asymmetries
Huge data sets

Many applications: CKM parameters, tests of factorization, New Physics,

spectroscopy, meson-meson scattering,... 8/



Three-body decays -- kinematics

. . . 2 2
» Two independent invariants, e.g. sq = P20 and s, = @etee.
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» Different kinematic regions with different factorization properties.

» Can also trade sqc by angle ¢ : 25qc = (1 — Sap)(1 — coséc), and do PWE :

A(Sab, Sac) = (20 + 1) A (5ap)Pe(cos 0c)
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Central region

(n~n 7T |O}|B) = FB_W/dUdVTI/(%V) b (U) r(v)
n /mmmwmwww@wmwmmwmm

Power (1/m?) & s suppressed with respect to two-body.
At leading order/power/twist all convolutions are finite — factorization v/

Some pieces proven at NLO: Factorization of B — wr form factors
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and 2z LCDAs
-~ Like two-body !

Ace = O(as(my)/m) + O(A/my)
But this region might not exist for mg = 5 GeV



» Breakdown of factorization at resonant edges requires new NP functions.

» 3-body decay resembles 2-body, but with new (77) "compound object":

_’Lm'd\ d u d @

& i
d
- W UMI- UM/,
b e J g / | s
[ = b 3 ) v b : 2
G : il T
R————<—— & d d d d

» Operators are the same as in 2-body, but final states different:

(ms w3 my |O|B) = FP27 /du 71(U7C75)¢m(U7475)+FB_’”(C7S)/CIU (U, ¢, 5) ¢ (U)

» New non-perturbative input: (Contains NP strong phases!!)

- Generalized Distribution Amplitudes (GDAS) pienl, polyakoy, Gousset, Pire, Grozi

- Generalized Form Factors (GFFS) raller, reldmann, khodjamirian, Mannel, van Dyk
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Generalized Distribution Amplitudes

» Definition: [k = R4+ Ry ;s = RS R = CRi ; Ry = (1= )kial

n(2,6,5) = /dx ™) (r (R)w ™ (k2)IG(x”n-)1t,.q(0)[0)

» Normalization (local correlator):
/c/qum(z,g.,s) = (2¢ — 1) Fx(s) (pion vector FF)

» Double Gegenbauer + Partial Wave Expansion:
oo n+1
o (u, ¢, k) Z Z B!, (k) C/*(u — 1) B (K*)P? (cos 6x)
n=0,2

where Bl (K) = Fx (1)

» [ = 0 involves n odd and ¢ even (but normalization is zero).
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Leading order formula

Al 5oy = 22 { [nu(ar — o) — Acaf] mafi(s1™) (1 — s — 2555) Fo(s127)

\[

{01+ a2) + A fr i [FE0 (12, 55) + (sl s1ie0)] )

» Ay are (complex) CKMs, and as,,4 are (real) WCs
» F. is the vector pion form factor

» F=% and F=" are isoscalar and isovector B — w form factors

Note the interplay of weak and strong phases

13/22



B — nxw form factors from 27-LCDAs

» Correlation function

M°(p?, k%, q%,q - k) = i / d*x e (t (Ry)m® (ka) T{T(x)imysb(x), B(0)imyysd(0)}[0)

» Unitarity relation
2ImM° = (27)8(p” — m3) (z ™t (Ri)x°(k2)|Gimyysb|B(p)) (B(p)|bimyvsd|0) + - - -
VPR R ,q-) mifs

= (2m)6(p* — ma) mafo /P F(q K, q - R) + - -+

» Dispersion relation + LCOPE + Borel + duality

szfB \/?Ft(Cﬂ I?27 q- E) eimé/Mz - H%PE(M27 q27 l?27 q : E)
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B — 7w form factors from 27-L

» In this case:

5. (M2 2 % m?) ! au __swym? 2 2 22y /=" R R
ore(M?, 0%, 1%, q - R) = v (Mb—q" +uR)®)~(u,q- R, k)
Uo
» SUM RULE :
m dU mE s(u
V@PR(G R Q) frrff (mh — q° + V'R & (u, ¢, k)
B

» Gegenbauer + Partial Wave Expansions :

6m?  Br(k du _ mE=se) _
VG 9) = = B 5 el [ S ne R =+ ) G-
B

(n £— 1) Yo
» BlL(k?) = F-(K?) -- but for the sum rule we need higher moments.

» Narrow-p dominance on & leads to B — p form factor from p-LCDA. v
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B — 7w form factors from B-meson LCDAs

» Correlation function

Fu(R,q) =i / d“xe™ (0| T{d(x)yuu(x), mpT(0)ysb(0)}|B°(q + k))

» Unitarity relation

20mF,(k,q) = m / 072 (0| Gyt (k) (k) (k) (ko) TrysbIBO(q + R)) + - -
Fx (k?) Ft(k2,q2,c0s O

_ M * (1.2 (e=1) (1,2 ;2
= G ey )RR G) +

Corollary : Fx(s) F““"(s, %) is real for all s < 16m% =
Phase(F5Z7m.) = Phase(vector pion form factor)

Important for CP violation!!! ing, Kubis, Hanh:

16/22



B — 7w form factors from B-meson LCDAs

» Dispersion relation + LCOPE + Borel + duality

27

5(2)7r 2 S\/q [/3’ s) o} o
_ ds e—S/M ™ F“ & —fmim / do e=SEDM
A.rn%r 4\fﬂ2f 7r( ) ( q ) fB EUL)) ) o

X [%dﬁ(ﬂms) = %[ﬁ(ams) = ¢B_(0m8)] } + DAGY (g%, g™ M )}

» p-dominance + zero-width limit:

Br(S)VA m,,gpMAg’J(qz)

fpgmﬂfmﬂ/\/i FU)
32 Mm% —s—ivV2I,(s)

N 9 t
m2 — s+ ivV2r,(s)

=(5) = (5,9") ~ —

27

Ty VS T,(s)/m
LHS = 2f,m, AP (q° s/M :
> = ApmeAs (@) | IS | Gz =y + T2 (s)

rp—0

2f,m A% () e~/
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Pion form factors

» F(s): Data (ete™ — = (y) [BaBar] or r — wrv, [Belle])
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» F.(s) : Dispersive methods [e.g. 1309.3564]
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B — mr form factor ( F&=")

T T T
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» Both approaches give consistent results

» Corrections to narrow-p approximation at the level of 10 - 20 %
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Yield

-- Dalitz Plot projections
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B* — nFxtx* -- CP violation
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» Probably need to understand much better F{=° and phase of Fy.

» Only a first exploratory analysis.
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So far:
» There is a plan for 3-body decays

» Non-perturbative input available and improving
(important: F2, Fi=° and phase of F)

» First serious estimations of finite-width effects in quasi-2-body

» Need more investigation of leading order results vs data

Prospects :

» Collateral applications
B — Kz form factors = B — Kr#l !

» Form factor extraction from data : B — nnfv etc. (Belle-2)
» Study of 2r-DAs : B — Drrrr (also Krr etc.)
» Soft corners (soft-pion theorems)
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