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- Motivations

> 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 y ~ mg
Hett = —LeD+qcD + Z Gi(p) Oi(p)

> C; — Wilson coefficients (UV physics) — perturbation theory

Known to NNLL:
> O; — Effective operators (IR physics) [e.g. O = (by"u)(iv,.d) |

> Amplitudes:
.A(B — M1M2) = Z C,' <M1M2‘O,“B>

The problem is to compute the operator matrix elements

— non-perturbative, process dependent (non-universal)
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Multiscale problem

o

> 3 scales: mp, / mb/\QCD, /\QCD- ¢ ¢

> 4 modes: hard (p} ~ m3) ; \/ . ;

hard-collinear (pj. ~ msAqcp)
collinear and soft (p2zs ~N3cp) * — ° s

.
@“ﬁ

he

Q00

1. . Integrate out hard modes
e :/dt 'f"(t)O’(t)+/dtds,‘:l"(t,s)0”(t,s)
o'() [(RWe)(tn-)..(WIx)(0)] [(EWe)(0)...h (0)]

0'(t;s) = [(RWe)(tn ). Wix)(0)] [(EWe)(0)...(WI il L We)(sn:)...h(0)]

> decoupling of anti-collinear modes. (M| [()ZWE)(tn,)...(ng)(O)} [0) ~ P,

2. . Integrate out hard-collinear modes
> (M| [(EWe)(0)..(WETB L We) (501 ). (0)] [B) ~ J(s) @ b5 © b,
> Hard-collinear factorization fails for O'(t).

> End-point divergences can be absorbed into form factor FEM:
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.. Factorization formula for B — M;M,

To leading power in the heavy-quark expansion

(MiM|O|B) = FBMl/du T'(u)¢M2(u)+/dw dudv T"(w, u, v)¢s(w)dm (u)pm,(v)

> Vertex corrections: T'(u) =1+ O(as)
> Spectator scattering: T (w, u,v) = O(as) - (power suppressed if M, is heavy)

> Strong phases are perturbative [O(as)] or power suppressed [O(A/my)].
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.- Perturbative calculation

Two hard-scattering kernels for each operator insertion: T' (vertex), T" (spectator)

(MiM|O;|B) ~ FE"™" T @ s, + T!' ® ¢ @ s, @ b,

and two classes of topological amplitudes: “Tree”, “Penguin”.

‘ T’, tree ‘ T’, penguin ‘ T”, tree ‘ T”, penguin
N
LO: O(1)
woomy | A | bl L]

NNLO: O(a?)

HaN

o
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.- Perturbative calculation

Motivation for NNLO: first correction to CP asymmetries

NNLO: non-trivial calculation
> O(70) diagrams
> 2 loops, 3 scales (mp, ump, mc), 4 legs

> charm contribution has non-trivial threshold at am? > 4m?

Missing NNLO pieces:

> 2-loop tree insertions of penguin operators O3_¢

Similar to Of , calculation, easier than Of ,

> 2-loop penguin insertions of penguin operators O3_g

Additional topology with “closed” quark loop.
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Tree decays Beneke, Huber, Li '09

T = ay(mw) = 1.009 + [0.023 + 0.010i]x.0 + [0.026 + 0.028{]xx10

rsp . )
YT X 037 + 0.029]x, 0091
[0,4g5:| {[0 015]L0sp + [0-037 + 0.029i] 5 05p + [0 009]{“3}

1.00+0.0li — 093 —0.02 (if2 X ry)

Y, /5

fsp = ——p—————
T mfBT(0)Ap

C = ay(ww) = 0.220 — [0.179 + 0.077i]nr.0 — [0-031 + 0.050i] w1 0
Tsp . o
+ | — o + [0.05 54i]x +
[0485] {[0,123]Lobp [0.053 + 0.054i]x1.04p [0.072],‘,3}

=0.26-0.07 — 0.51—0.02 (if2xryp)

> Individual NNLO corrections large, but cancellations between FF and sp. terms.
> Perturbative expansion well behaved (remember color suppression).

> Color suppressed a,(7m) dominated by spectator scattering [larger uncertainty]
Can be large if A\g is small.

> Relative phase arg(C/T) remains small.
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Javier Virto

.. Tree decays

Beneke, Huber, Li '09
Theory I Theory I Experiment
- -0 +0.06 +1.45 +0.07 +1.42 +0.41
BO — o 5.43 .08 o'k (*) 5.82 s i3S (*) 5.5970%
B = ntm 7.37 jrg'.?? 13'3:3 (*) 5.70 IS"E‘IS.'EE (%) 5.16 £ 0.22
B 0.0 : . . .
BY — nOr 03370 L0 0.63 7012000 1.55 £ 0.19
BELLE CKM 14: 0.90 £ 0.16
— — 0 +0.42 +2.71 +0.41 +2.54 +1.2
BT —»w p 868;3;&;5?5’ (%%) 984__._832;%255 (**) SISI:'E
B 71"_,0 12.3813-.33% (%) 12'1318:33;12.'71? (*) 10974
{3‘; ~ e 17'5013-'5313";!9 (*) 13'?613"33‘;12.453 (*) 157+ 1.8
B~ e 10'2813-'3313*"322 (*%) 8'1413"3313'.'33 (**) 7.3+ 1.2
}:?‘3 — 7r0 ,3? 28'0813-'531?"?? 1) 21'901326’?1?.'75? (1) 23.0+2.3
B — #0p 052700 o 140 T0- 2 F T 2.0+ 0.5
- -0 +0.2343.92 +0.24 44.59 +1.8
{)O — ‘f{_r‘ Pr 18.42;8'%%;%'535 (**) 19.0618'%&;3'&5 (=) 22.8;31_?
{33 — pg ?’ 25.98;8-'813:;33 (**) 20.6618'_8%;?‘.gg (**) 23.?__3'6222
By — PLPL 0397y 03 0.3 105 g0a— 1004 0.55 24

Theory L: 27 (0) = 0.25 % 0.05, A5 (0) = 0.30 % 0.05, Ap(1GeV) = 0.35 £ 0.15 GeV

First error =y, |Vp|. | Vup | uncertainty not included. Second error from hadronic inputs.
Brackets: form factor uncertainty not included.

(Uni Bern)
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.- Impact of \g

B-meson LCDA inverse moment: A\g' (1) = / dl@g(w,u)
0o w

Dominant parametric uncertainty in QCDF
» QCD sum rule estimate Ag(1GeV) ~ (460 + 110) MeV [Braun, lvanov, Korchemsky 03]

» ww/7p/pp data seems to prefer ~ 200 MeV ?

Ag can be measured in B — vyfv decays

» state-of-the-art analysis (NLL, tree-level 1/my) [Beneke, Rohrwild 11; Braun, Khodjamirian 12]
» Babar 09 data (E, > 1GeV) = Ag(1GeV) > 115 MeV

» Belle 15data (E, > 1GeV) = Ag(1GeV) > 238 MeV

» good prospects to measure Ag at Belle-ll
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.. Penguin decays

Bell, Beneke, Huber, Li '15

af(nK) /1077 = —2.87 — [0.09 + 0.09{]y, + [0.48 — 1.32i]p, — [0.32 + 0.71i]p,
+ [ Tsp } {[o.la]m + [0.14 + 0.12i]yyv — [0.01 — 0.05{yp + [0.07][w3}
0.434 .
- (2T + (1T e e
myf™ (0)Ap
a§(nK) /1072 = —2.87 — [0.09 + 0.09i]v, + [0.05 — 0.62i]p, — [0.77 + 0.50i]p,
"sp A .
+ [0_434} {[o.la]m + [0.14 + 0.12i]gv + [0.01 + 0.03i]up + [0.07].“.3}
= (—3.34F08) + (—1.05E5 320 _
0,000 « 10
. . . —=0.005|
e Two-loop is 40% (15%) of the imaginary . NLO
(real) part of aj(7K), and 50% (25%) in the . oo (K
case of af (7K). =
e Spectator-scattering not relevant. -0.015 * NLO
@k
~0.020] T
-0.04 —0.03 -0.02 =001 0.00
Re
M.Beneke, talk at Future challenges in non-leptonic B decays (2016)
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Penguin decays (CPAS) Bell, Beneke, Huber, Li '15

f NLO NNLO NNLO + LD Exp
P 0.71 7513 +02 0773314 R0 0105982+ 17416
K- 9427} 1018 502 —117H)R N0 1.0+21
Lo (o TR R S.08T1ET TR —3.237041TNE —8.2+06
RO —427TH NS —4s3QRMR —1atEEN 1£10
S(mK) 2173+l 2103338+ 207+38+218  122+22
AxK)  —115T038058  —o.ssF)igriH —0.48100 <10 14211
TR 1.362338 0.8 14925351058 027408 T4 —38x42
#IH —0.26 ~0.47 = .5 T . =
- P -2. 5. 7. 3.01 4-60.35 ] bF
K 13.85 22 40+5-82 18163305510 —15.81 130 08 —6+24
g e 11184398 +,078  10.70+385+108 o3 07 +i35+5620  _o34 ¢
0RO —17.23#383 4 T80 15014288412 21635+ —15+13
S(ak*) 2681524 154208 H% 7.26 -3t +12.78 1T+£25
A(rK*)  —7.181138+338  _g 5100T+048 —1.02#313+332 —5445

> Overall, large experimental and/or theory uncertainties

> 0(mK) remains a puzzle.
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Power Corrections

Main limitation of QCDF approach, e.g. weak annihilation

s ~ fdw duav T(w,u,v) ¢a(w) om, (V) e, (L) ?

» convolutions diverge at endpoints = non-factorisation in SCET-2

» currently modelled with arbitrary soft rescattering phase

Pure annihilation decays

108Br(By —+ KtK~)=0.13+£0.05 (AD = 1, exchange topology)
108 Br(Bs — ntw~) = 0.76 £0.13 (AS = 1, penguin annihilation)
= extract weak annihilation amplitudes from data [Wang, Zhu 13; Bobeth, Gorbahn, Vickers 14;

Chang, Sun, Yang, Li 14]
> Or use ‘“clean” combinations, e.,g. A = T — P in penguin mediated decays

[Descotes-Genon, Matias, JV '06,'07,'11]
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. Three-body B decays

> Model-independent treatment of vector resonances:
» B plv — B—[rrn]lv
» B K"t — B— [Kn)
» 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, spectroscopy, etc.
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- Kinematics

B™(p) = m (ku)m" (ka)m ™ (ks)
Kinematics completely specified in terms of 2 invariants:

(k,- + kJ)2
Sij = 2
For example si» and sp3:

, S2+siztssn=1
mg

T
LHCb-PAPER-2014-044

shiah

0.3 0.4
slow
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:: Regions of phase space
+

Region II1

T T
LHCb-PAPER-2014-044
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Reglon I Center Krankl, Mannel, JV '15

* Three collinear directions ni, n», n3, disconnected at the leading power.

= [ B IO
W 4 “n” ’_An)‘
i - v/
d ¥ \ 7 -
b El —s 1 Ve e
B. B - ﬁu > #:Q.._»_\)nhw‘f T (ny)
=, p L4 1 i,
1 ¥
w4 t.d
x~ T (ny) i

(T Ty T |Oi| B) = (1| dny T3hy| B)

x/dudv Ti(u, v)(7 gy | doy (8)T 1y (0)[0) (70 | Gy (7) T2y (v)[0)

~FEPTTiQ ¢ @ ¢

* Power (1/m3) & «s suppressed with respect to two-body.
* At leading order/power/twist all convolutions are finite — factorization v/

* Proof of factorization to O(a?) required (HS spectator terms [SCET-II])

Javier Virto  (Uni Bern) Charmless non-leptonic B decays June 6, 2016 19 /35



:: Region |: Extrapolating towards (77~ ) Edge

* No resonances — perturbative result should be regular.

* Regularity also expected from absence + We confirm this expectation:
of soft propagators in QCD: 4 y

w

Differential Branching Fraction (><109)
n

0.00 0.05 0.10 0.15 0.20 0.25 0.30

* Asymptotic result: _dar ~ 0.84To fy(mg/2)* + O(s- )
ds__dsy_
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:: Region |: Extrapolating towards (7+7~) Edge

Krankl, Mannel, JV '15
* Resonances (p,w, p’,...) — perturbative result should break down.

* Non-regularity also expected from pres- » We confirm this expectation:
ence of soft propagators in QCD: apr
o= <
TR %
c 9
d d E
" £
" . :
- @
\, BECOMES g
) SofT & 1f
7] b= . 5
B / 4 5
) _|n R
W w 0.00 0.5 0.30
S,
. dr 0.38 2
* Asymptotic result: —— ~ Mo £+ (0)" + regular
ymp ds,_ds__ S4— o £+(0) &
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.. Region Ilb: New non-perturbative input

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

e 3-body decay remsembles 2-body, but with new (77) “compound object”:

u b u
R R
q k
d d E> d d

e Operators are the same as in 2-body, but final states different:
(m [huT€n|B) X /dz T1(z)(m; 3 |Xa(2)" x7(0)|0)

(my i I nlB) x [ dz Ta(z)(my [Ra(zn) xa(0)10)

(m5 w3, |O]B)

+

~ FB*HT T1®¢7r7r+FB*H”rT2®¢7r

e New non-perturbative input:
» Generalized Distribution Amplitudes (GDAs)  [Diehl, Polyakov, Gousset, Pire...]
» Generalized Form Factors (GFFS) [Faller, Feldmann, Khodjamirian, Mannel, van Dyk...]
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.2 GDAs from data
o Definition: [s = (ki + k2)?, ki = Ckio, ko = Chao]

01u(2.05) = [ G (k) ()l n- ), a(0)10)

e Normalization (local correlator):
/dz Orr(z,(,8) = (2¢ — 1)Fx(s) (pion time-like FF)

o F.(s): Data (ete™ — mn(y) [BaBar]) + Theory ((R)xPT, Asymptotics...)

0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25

/s (GeV) Vs (GeV)

Charmless non-leptonic B decays June 6, 2016
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B — 7w form factors from LCSRs

— Use Light-cone sum rule with 27 distribution amplitudes:
> Correlation function
O, q,q- k) = —im} / d*xe ™ (ki) m(ke)| T{A(x)y5b(x), B(0)151(0) }/0)

> Unitarity relation

(mr|dimyys b| B) (B|bimyysu|0)

n® (k2. k) = -
(k*,q,q9- k) e — P +
> Dispersion relation + OPE + Borel + duality
m?  m?—aq?+uik?®
F(R, . 0) = T2V B ik — 6 + 0K (1, G, K et

\fmeQ

> Also other LCSRs for F1 and Fj
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- B — 7 form factors from LCSRs

Hambrock, Khodjamirian 2015

— Use Light-cone sum rule with 27 distribution amplitudes:

> Sample result: p contribution to the total vector form factor

FED (@ 2 1(P) F (@ K1)
(=" (@2 2, LCSA) (= (@2 2, I (LOSP)
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- B — 7 form factors from LCSRs

— Use Light-cone sum rule with B-meson distribution amplitudes:
> Correlation function
Fulkoa) = [ d'xe™* QIT{d(x),u(x), ims(0)15b(0)H E(q + K)
> Unitarity relation
2lmFy(k, q) = imb/dew<0lc7wl7r(k1)7r(kz)><7T(k1)7r(k2)lﬂ%b“§°(q TR+

> Dispersion relation + OPE + Borel + duality

27 27
% _oam2 S VG [Br(s)]? 79 2y g2
s/M * (1) 2 _ 2 s(0,q%) /M
/4m ds e NN Fr(s)F:7(s,q") = —fgmgmy /0 do e X

S

x| 68 (me) - 2[5 (ome) ~ 68 (ome)| - 2288 (ame)| + AAEY (a2, o8, Mz)}
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- B — 7 form factors from LCSRs

Cheng, Khodjamirian, JV w.i.p
— Use Light-cone sum rule with B-meson distribution amplitudes
> Also other LCSRs for vector F and axial Fo, F form factors.

> In the single-pole approximation (p-dominance in the narrow width approximation)

= one recovers analytically the results for the B — p form factors V, Ao, A1, As.

> Include finite-width effects and contributions from p’, p” resonances.
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B — (nm),m

* Leading order amplitude:
G
.A|s+_ <1l = E

* Integrating around the p:

1 st
BR(B~ —)pﬂ_):/ ds++/p ds,_
0 s;

Differential Branching Fraction (><104)

o
T

L
0.010

. 4
0.015 0.020 0.025 0.030 0.035 0.040

S,

Javier Virto  (Uni Bern)
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Krankl, Mannel, JV '15

= [AmBfo(si—)(2C — 1)Fr(si ) (2 + a0) + famn (a1 — 20) Fu(C, 51 )]

B mB|A|2
32(27)3

with s = (m, £ nl,)?/m},

BR(B" = pr")~ 9.4-10° (n=0.5)
BR(B" = pr")~12.8-10"° (n=1)
BR(B" = pn")~14.1-107% (n=1.5)
BR(BT — pn™)exp = (8.3 +1.2) - 107°

BR(B™ — prn™)qcor = (11.9758) - 107°

June 6, 2016
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Merging Regions: How large should mg be? (¢, term)

< +m mg=20GeV
% 10¢h E
=

k=3

& 100

I

=

£

5 1

2

o

[

= 0.01

=

o

2 104

o

100

- o

o

0.01
0.001

Differential Branching Fraction (x10%)
El

0.00 0.05 0.10 0.15 0.20 0.25 0.30

S,
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Differential Branching Fraction (x10%)

mg=~15GeV

Differential Branching Fraction (><106)
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. Summary and Challenges

Two body decays
> NNLO: End of the road for perturbative calculations

> Mostly ok, except for a few cases.
Large uncertainty from Ag and power corrections.

> Challenge: Precise determination of Ag from B — ~v{v (Belle-1l).

> Challenge: Power corrections. Factorization in SCET-2.

Three body decays
> Lots of data, great potential.
> Can be studied within QCDF. Need 27 LCDA'’s and B — MM form factors.
> B — VP : include finite-width effects and contributions from excited resonances.
> Challenge: Full analysis at NLO, including CPV.
>

Challenge: Soft corners need alternative treatment. These regions include
interferences from “crossed” resonances, potentially interesting for localized CP
asymmetries.
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B — wwly Faller et al 2013

Kinematics: B~ (p) — w1 (ki)7™ (k)¢ (q1)7(q2)
k2 = (kl + k2)2v q2 - (Ch + Q2)2, 2C/ . (kl — kQ) = ﬁrr\/XCOS 0

L = Loeprocp + Cru [Gy" Pub] [0y, PLve] + - - -

A = Cri (€5|8,, Prue|0) (ntn |Gy" PLb|B™) = Cup F* Geyuve

— F*: B — mm form factor (one axial, three vector invariant FFs):

E(q,O);<7r7r|E'y”PLb|B) = Fo
e(q, t)p(mm|ay" PLb|B) = F;
e(q, £)5(nm|@y" Pib|B) = BrsinOreT?(FL + F)/V2

where Fi= Fi(q’, k*,0.) =3, I-',.([)(qz, k?) Pe(cos0) [partial waves in 77r]
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B — nmmlv

0 q> QEnax
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;. B — 7w form factors

Factorization at large k° : Fi=fo, T/ @ ¢n+ T/ @ ¢ ® ¢ @ b5
(7" (k)7 (k2) b, T 95|B™ (p))

1
= %W‘/O‘ du¢5w(uvﬂ)1%(“"";”)

1 1 [e%)
+f0 d“fo d”/o e e (s ) e 05 1) 9 5 ) T (0,0, 1)

+ power corrections .

'
'
'

5

£, denotes the universal non-factorizable B — « form factor in SCET
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