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Infroduction
B (bc) very interesting meson
@ Only a few experimental features investigated up to now: mass,
width, bounds on a few channel (J/+ with 1 or 3 =, D*+D0. . .)

@ Will be produced and studied at LHCb

@ Shares dynamical features with the better known quarkonia, but
different decays (only weak interaction and not strong interaction)

@ Theoretical investigations on lifetime, decay constants,
semileptonic form factors (OPE, sum rules, lattice. . .)
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Infroduction
B (bc) very interesting meson
@ Only a few experimental features investigated up to now: mass,
width, bounds on a few channel (J/+ with 1 or 3 =, D*+D0. . .)

@ Will be produced and studied at LHCb

@ Shares dynamical features with the better known quarkonia, but
different decays (only weak interaction and not strong interaction)

@ Theoretical investigations on lifetime, decay constants,
semileptonic form factors (OPE, sum rules, lattice. . .)

Less investigated: non-leptonic charmless decays into light mesons
@ Pure annihilation processes, similarto By — KTK—,
By — Dy K*,B, — Dg K°
@ Sheds light on theoretical methods used to assess annihilation for
other (non annihilation-dominated) non-leptonic modes
@ Decays within the reach of LHCb
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Non-leptonic charmless B, decays
SDG, J. He, E. Kou, P. Robbe, arXiv:0907.2256 [hep-ph]
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32 decay channels if lightest pseudoscalar and vector octets

S=1 S=0
PP K*tn0 Ktn Kty , KOxt ata0 atny, nty, KT KO
vV K*+p0, K*+¢, K*+w, K*0p+ p+p07 p+¢, p—i—w’ K*+R*0
VP /.(*—&—7.(.07 K*+77¢ K*+7]/7 K0+ p+7T0,p+77,,0+77’, K*+ KO
PPKt KT, wK*, pt KO POt ont, wrt, KOKT
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Maftrix element

(M o Heit| Be) With Hegs = — S [Viug Vi 02570 4 Vs Vg, 025=]
with current-current operators with following SU(3) tensor structure

0250 — Ty,(1 —s)d ey (1 = )b (Y, 1, k) =(0,1,1)
025" = Ty,(1—s)scy* (1 —s)b (Y, k) =(0,1/2,1/2)

with (Y, 1, l3) = hypercharge, isospin and isospin projection

S. Descotes-Genon (LPT-Orsay) Nonleptonic Bc decays 18/7/9

4



Maftrix element

(M o Heit| Be) With Hegs = — S [Viug Vi 02570 4 Vs Vg, 025=]
with current-current operators with following SU(3) tensor structure

0250 — Ty,(1 —s)d ey (1 = )b (Y, 1, k) =(0,1,1)

0851 = Ty,(1—s)sey (1 —e)b (V.1 h) =(0,1/2,1/2)

with (Y, 1, l3) = hypercharge, isospin and isospin projection

Wigner-Eckart th: all decay amplitudes in terms of 3 reduced mairix elis
@ S = (85||08||1) from symmetric product of the 2 octet mesons.
@ A= (8,|08||1) from antisymmetric product
@ /= (8,||08||1) from product of an octet and a singlet mesons

The values of the reduced matrix elements depend on ©O25=0 yg OAS=1
and nature of final state (PP, VP or VV)
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Symmetry properties of outgoing states

Wigner-Eckart theorem : compute Clebsch-Gordan coefficients for
projection of given 8 x 8 and 8 x 1 final state onto octet operators

CG coeff = usual SU(2) coeff x so-called isoscalar coeff

De Swart
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Symmetry properties of outgoing states

Wigner-Eckart theorem : compute Clebsch-Gordan coefficients for
projection of given 8 x 8 and 8 x 1 final state onto octet operators

CG coeff = usual SU(2) coeff x so-called isoscalar coeff

De Swart

Symmetry properties of wave function for out-going states

@ PP (1 amplitude): wave function of final state symmetric, only S
@ VP (1 amplitude): contributions from S and A
@ VV (3 amplitudes):

@ wave function symmetric for S and D waves: S contributes
@ wave function antisymmetric for P wave: A contributes
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Symmetry properties of outgoing states

Wigner-Eckart theorem : compute Clebsch-Gordan coefficients for
projection of given 8 x 8 and 8 x 1 final state onto octet operators

CG coeff = usual SU(2) coeff x so-called isoscalar coeff

De Swart

Symmetry properties of wave function for out-going states

@ PP (1 amplitude): wave function of final state symmetric, only S
@ VP (1 amplitude): contributions from S and A
@ VV (3 amplitudes):
@ wave function symmetric for S and D waves: S contributes
@ wave function antisymmetric for P wave: A contributes
If states with n, 7, ¢, w, I involved each time S is

NB : Single-angle scheme for 1,1/, w, ¢ to get ideal mixing for vector and
fair phenomenological description of pseudoscalars
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PP modes

Mode Amplitude Mode Amplitude
K+ 70 \/% SPP a0 0
KO+ /257 K+KO /257
K+n _LsPP_i_Q/PP +n 3\[SPPJF V2 PP
K+ 3f SPP 4 4/PP iy 25PP 4 4/PP

@ Amplitudes must be multiplied by Gr/v/2 and CKM factor V,p V7,

@ Relation A(Bf — K% 1) = V2A(Bf — Ktn%) = AA(Bf — KTK?)
with Cabibbo suppression A = Vys/Vq.

@ Similar results for VP and PP results
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PP modes

Mode Amplitude Mode Amplitude
K+ 70 \/% SPP a0 0
KO+ /257 K+KO /257
K+n _LsPP_i_Q/PP +n 3\[SPPJF V2 PP
K+ 3f SPP 4 4/PP iy 25PP 4 4/PP

@ Amplitudes must be multiplied by Gr/v/2 and CKM factor V,p V7,

@ Relation A(Bf — K% 1) = V2A(Bf — Ktn%) = AA(Bf — KTK?)
with Cabibbo suppression A = Vys/Vq.

@ Similar results for VP and PP results

Knowing S,A,/ for one type of mesons (PP, VP, VV)
is enough to compute all amplitudes in SU(3) limits
How to estimate these quantities ? 2 ways. . .
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First way: Estimate from B® — KTK~= (1)
Two pure annihilation known processes (annihil not negligible)

Br(B° — KTK™) = (0.157013)x107¢, Br(B° — Dy K™) = (8.9+2.2)x 10"
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First way: Estimate from B® — KTK~= (1)
Two pure annihilation known processes (annihil not negligible)
Br(B° — KTK™) = (0.157013)x107¢, Br(B° — Dy K™) = (8.9+2.2)x 10"

Assuming naive factorization between initial and final states, final-state
contribution cancels out in ratio of amplitudes

w Br(B. — K'K’) _ (V2 (f5,\* 78, 1
Oiz ( =k k) " V) (%) s 2
! 100 4 0.3
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First way: Estimate from B® — KTK~= (1)
Two pure annihilation known processes (annihil not negligible)
Br(B° — KTK™) = (0.157013)x107¢, Br(B° — Dy K™) = (8.9+2.2)x 10"

Assuming naive factorization between initial and final states, final-state
contribution cancels out in ratio of amplitudes

Br(B. — K*K’) _ <vcb>2 <f50>2 5, 1

Br(B® — KtK—) — \ Vp fg 7B, £2
~—~
~100 ~4 ~0.3

¢: fudge factor to take into account that
B® — K*K— with t-channel W vs B, — K+K° with s-channel

@ One gluon exchange: ¢ = C1/Cp ~ 4
@ Non perturbative effects: since C, < Cy, Co, more sensitive than C;
to nonperturbative effects, so that £ closer to 1
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First way: Estimate from B® — KTK~ (2)

1.2 x 102

-0 _
Br(B; — KTK") ~ Br(B® — K*K™) e

> Br(B° - KTK)x7.5
@ from Br(B® — K*K™), lower limit of Br(B; — K*?O) = 0(1079)

e leading to SPP > 0.085 GeV? [(PP) = (K'K )]

@ Assume a (naive) dimensional estimate | S| ~ v/2|SPY| ~ |SYVY]

@ Use Zweig rule to determine the singlet contributions /
[Br(Bf — ¢mt(p*)) very suppressed]
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First way: Estimate from B® — KTK~ (2)

1.2 x 102

-0 _
Br(B; — KTK") ~ Br(B® — K*K™) e

> Br(B° - KTK)x7.5
@ from Br(B® — K*K~), lower limit of Br(B; — K*?O) = 0(1079)

e leading to SPP > 0.085 GeV? [(PP) = (K'K )]

@ Assume a (naive) dimensional estimate | S| ~ v/2|SPY| ~ |SYVY]

@ Use Zweig rule to determine the singlet contributions /
[Br(Bf — ¢mt(p*)) very suppressed]

[Byannihil]  BR(¢K*) ~ 01077 —1078), BR(K*°K*) ~ O(107°)
BR(K°K™) ~ 0(1078), BR(K*°K**) ~ O(1078)
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Second way: QCD factorisation (1)

QCD factorisation estimate for weak annihilation for B into light mesons
(neglect all transverse momenta and take only one gluon exchange)

My
BC
M

Cr
(hy ho|Heg| Be) = / fa,fh, fry —= NE E CoAl(hihy)

f Cb Ud(S)

A} (hy h2) convolution of kernel with twist-3 and -4 distrib ampl of mesons

1 1
YIx+y)zo— Xyl X[(X+y)zc — xy]

}

for M; and M, pseudoscalars (sign changes if My and/or M» vectors)
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My Mo
Hr T Gm, (V) Ome (X) (X+y)zo—Xy (X+Yy)zc—Xy




Second way: QCD factorisation (2)

1 1
Al = ms/dx dy {m (V)om, (x) [y[()—( )z —xy]  X[(X+y)ze — Xy]]

2(1 — z) 2(1 - z,) } }

M; Mo _
+retr ¢m1(J/)¢m2(X) [()‘(er)zb—)?y ()_('1‘}/)20_)_(}/

@ Asymptotic twist-3 and twist-4 distribution amplitudes, where y (x)
part of long. momentum of M; (M,) carried by valence quark
@ Chiral enhancement factors for twist-4 pseudoscalar

2 2 i
my X 2mq mb(mq + ms) my fy
@ b and c-quark masses relative masses

m m
b Ze=1—2z,= ¢

szi _
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Second way: QCD factorisation (3)

A few differences in B, decays compared to the B, 4 decays
@ B much simpler: only O, contributes, only CKM factor V7, V,p
@ Recover QCD factorisation estimates for O, weak-annihilation in
B, decays when taking z; — 0, z, — 1)
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Second way: QCD factorisation (3)

A few differences in B, decays compared to the B, 4 decays

@ B much simpler: only O, contributes, only CKM factor V7, V,p

@ Recover QCD factorisation estimates for O, weak-annihilation in
B, decays when taking z; — 0, z, — 1)

@ Singularities of integral in x and y integrable for b and ¢ with
different masses (coalescence of singularities for z, — 0)

@ no endpoint singularities/long-distance divergences for B. (div.
preventing from estimating annihil in B, y decays accurately)
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Second way: QCD factorisation (3)

A few differences in B, decays compared to the B, 4 decays

@ B much simpler: only O, contributes, only CKM factor V7, V,p

@ Recover QCD factorisation estimates for O, weak-annihilation in
B, decays when taking z; — 0, z, — 1)

@ Singularities of integral in x and y integrable for b and ¢ with
different masses (coalescence of singularities for z, — 0)

@ no endpoint singularities/long-distance divergences for B. (div.
preventing from estimating annihil in B, y decays accurately)

Can compute contribution and recast it into SU(3) analysis

SYP =0.036 GeV® SPP =0.021 GeV® SV =0.025 GeV?

[One-gluon]  BR(¢KT)=5x10"% BR(K**K')=9.0x 1078
BR(K°K*) =6.3 x 1078 BR(K*°K**) =9.1 x 1078
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Comparison of the two methods

Bf(BC — R*0K+)OCDF ~10~7 Br(BC — R*OK_")BO, ~ 106

@ By annihilation
@ charm quark treated as light
o takes into account some long-distance effects
@ very naive relation between matrix elements of O; and O,, and
between PP, VP and VV modes.
@ QCD factorisation
e charm quark treated as heavy
@ relies on short-distance estimates
@ assumes dominance from specific (one-gluon exchange) diagrams
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Comparison of the two methods

Bf(BC — R*0K+)OCDF ~10~7 Br(BC — R*OK_")BO, ~ 106

@ By annihilation
@ charm quark treated as light
o takes into account some long-distance effects
@ very naive relation between matrix elements of O; and O,, and
between PP, VP and VV modes.
@ QCD factorisation
e charm quark treated as heavy
@ relies on short-distance estimates
@ assumes dominance from specific (one-gluon exchange) diagrams

Rather different estimates : QCDF one order below By annihilation
@ In agreement with what is seen for pure annihilation By — K*K~
Bf(Bd—>K+K_)QCDFN 1078 Bf(Bd—> K+K—)Bd ~10~7
@ Final-state interaction may increase significantly factorisation
based estimates (B — Kxc and Dy — p%zt)
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Charmless nonleptonic B, decays at LHCb

Which channel for LHCb ?
@ all two-body PP final states contain one neutral particle

@ LHCb has good efficiencies for charged K- and/or n-tags (when
avoiding low-pt neutral particles) at LHCb

@ small width of ¢ and K™ simplifies reconstruction

s _o0
Bf — oK, KK+, K xt, o°K*, ot gt
(with ¢ — KTK=, K® = K—7t, p% — ntn7)
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Charmless nonleptonic B, decays at LHCb

Which channel for LHCb ?
@ all two-body PP final states contain one neutral particle
@ LHCb has good efficiencies for charged K- and/or n-tags (when
avoiding low-pt neutral particles) at LHCb

@ small width of ¢ and K™ simplifies reconstruction

s _o0
Bf — oK, KK+, K xt, o°K*, ot gt
(with ¢ — KTK=, K® = K—7t, p% — ntn7)

@ Zweig rule forbids B — ¢nt

@ B} — p%zt channel comes only from the A (asymmetric)
amplitude, subdominant in QCDF.

@ AS = 1 channels Cabibbo suppressed
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Charmless nonleptonic B, decays at LHCb

Which channel for LHCb ?
@ all two-body PP final states contain one neutral particle

@ LHCb has good efficiencies for charged K- and/or n-tags (when
avoiding low-pt neutral particles) at LHCb

@ small width of ¢ and K™ simplifies reconstruction

R*OK+7

@ Zweig rule forbids B — ¢nt

@ B} — p%zt channel comes only from the A (asymmetric)
amplitude, subdominant in QCDF.

@ AS = 1 channels Cabibbo suppressed

B — K°K* channel might be the best candidate
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LHCb “analysis”

Theoretical estimate of the B; cross section, dominated by gg-fusion
@ gg — bb followed by fragmentation (dominant at low-pr)
@ b — B¢ (dominant at large pr)
@ Significant uncertainties on LHCb reference o(B;) = 0.4 b
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LHCb “analysis”

Theoretical estimate of the B, cross section, dominated by gg-fusion
@ gg — bb followed by fragmentation (dominant at low-pr)
@ b — B¢ (dominant at large pr)
@ Significant uncertainties on LHCb reference o(B;) = 0.4 b

For non-leptonic charmless B. decays
@ Selection criteria and trigger efficiencies different for each channel
@ Detailed simulations necessary in order to estimate sensitivity
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LHCb “analysis”

Theoretical estimate of the B; cross section, dominated by gg-fusion
@ gg — bb followed by fragmentation (dominant at low-pr)
@ b — B¢ (dominant at large pr)
@ Significant uncertainties on LHCb reference o(B;) = 0.4 b

For non-leptonic charmless B decays
@ Selection criteria and trigger efficiencies different for each channel
@ Detailed simulations necessary in order to estimate sensitivity

Such a study has been done for B, — J/¥n™
@ From expected Br(B; — J/¢n) ~ 1 %, over 1000 events after
one year run of LHCb

@ scaling this observation to our process, Br(Bf — K*OK+) =10
yields a few events per year at LHCb.

Bf(BC — R*0K+)QCDF ~10~7 Br(BC — R*0K+)Bd ~ 106
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B interesting probe of QCD dynamics: heavy-quark system with
different masses, unstable due to weak interactions

«0O0>» «F»r» « =>»




Conclusions

B interesting probe of QCD dynamics: heavy-quark system with
different masses, unstable due to weak interactions

@ Nonleptonic charmless decays pure annihilation processes
(different from other decays)

@ Simple SU(3) relations between 32 processes
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Conclusions

B interesting probe of QCD dynamics: heavy-quark system with
different masses, unstable due to weak interactions
@ Nonleptonic charmless decays pure annihilation processes
(different from other decays)
@ Simple SU(3) relations between 32 processes
@ Two different estimates

e Naive relation with (pure annihilation) B® — K*K~ (treating ¢ as
light, including long-distance effects)

e Estimate a la QCD factorisation (treating ¢ as heavy, essentially
short distances)

@ One order of magnitude of difference between the two approaches
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Conclusions

B interesting probe of QCD dynamics: heavy-quark system with
different masses, unstable due to weak interactions
@ Nonleptonic charmless decays pure annihilation processes
(different from other decays)
@ Simple SU(3) relations between 32 processes
@ Two different estimates

e Naive relation with (pure annihilation) B® — K*K~ (treating ¢ as
light, including long-distance effects)

e Estimate a la QCD factorisation (treating ¢ as heavy, essentially
short distances)

@ One order of magnitude of difference between the two approaches
Analysis of LHCb data may set first experimental limits

on some of these decays (B, — K*°K™)
providing information on annihilation mechanisms at work
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Back-up




Octet-singlet mixing
n,1,w, ¢ = mixtures of SU(3) octet (n® or w8) and singlet (1° or w°)
n®),|w®) o |ul + dd — 2s8)/vV6  |n°),|w°) o |uTi + dd + s5)/V3
For our purpose (order of magnitudes), one-angle scheme
n(w)) = €080 n’(w®)) +8in Oy [1°(w°))
() = —sinbp)n®(w?)) + cos bOp)n°(w?))

(Simple) values for the angles: tan 6, = 1/(2v2), tan6, = V2.
@ |deal mixing of vector meson

w=(ub+dd)/V2 ¢=s5

@ Non-ideal mixing of (n,7’), linked to the U(1)4 anomaly, in broad
agreement with phenomenology (e.g., J/1 radiative decays)

n=(ut+dd—s8)/V3 1 = (uiu+dd+2s3)/V6
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VP modes: strange modes

Mode
K+*70
wKT
p0K+
PK™*
K**tn
p+KO
K*+77/
K*Oﬂ.+

S. Descotes-Genon (LPT-Orsay)

Amplitude
1 /3gVP . 1 AVP
3 \ﬁ S+ 55A

VP VP 2 VP
2r5 —aA 8
§ §SVP 2\1/5/4\VP
1 SVP 1_AVP + 1P
V30 R V3

VP
—1\/gSVP+ ZAVP 1)

\/ESVP 1AVP

1 SVP AVP_|_2fIVP

\/7SVPJr 1AVP
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VP modes: non-strange modes

Mode Amplitude Mode Amplitude
+.0 1 AVP + 1 QWP 2 VP

ptm TA wm \/—?55 + \/i/

P at AVP ot _ /%SVP \}IVP
P+77 \/>SVP + 3IVP K*+R0 /%SVP o %AVP

1 2 < /3 1
ot _ﬁSVPJr T\fIVP KO K+ ﬁSVPJF %AVP
The previous tables yield the simple relations

ABf — K%)= V2AB} — K% = JABf —

K*OK™)
ABF — p*K?)

= V2AB} — )PKT) = AA(BF — K*TK?)

S. Descotes-Genon (LPT-Orsay) Nonleptonic Bc decays 18/7/9



VV modes

@ 3 configurations, labeled by (common) helicity of final mesons
@ Weak inter left-handed and h conserved in high-energy QCD
=Longitudinal ampl (h = 0) dominates transverse (linked to h+ 1)

Mode S, D Amplitudes

K*+p0 %S&g

Ko — =S+ %3

Ko \/i5S88+ /3%

K0pt N

ptp° 0

pTw \/%S(‘){g + %IA{Z

ot —2eSYS4 /oY
K+ K+0

3 VvV
NEET

A(K%p") = V2AK*+)°)

S. Descotes-Genon (LPT-Orsay)

P Amplitude

A

distinguishing
partial waves by

2 AWV (=012

1 4%
,ﬁA1

AK*TK®) = V2(—1) A(K*p°)

Nonleptonic Bc decays
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Zweig rule (1)
S, Arelated to the 8 x 8, /to 1 x 8 in Wigner-Eckhart

Zweig rule for the AS = 0 processes involving ¢:
@ B — ¢t (p*) from non-planar diagrams since ¢ = s3
@ suppressed: at least three gluons perturbatively, 1/N¢-suppressed

_ S
j <0
W

S
Be
u

d,3

2
ABf — o) = ABf — ¢pT) =0 = 1" = \@sVP Iz = \@svv

In principle, possible also for n, 7/, but 1/N-suppressed contrib related

to anomalv can he larae here
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Zweig rule (2)

Mode Amplitude Mode Amplitude
K*+n gAVP ot %SVP
K*+17’ 2%@SVP _ %AVP P+77/ %SVP
wK+ %\/gSVP — SIA wrt \/§8VP
K+ \/%3VP n %AVP prt 0

ABS — ptn) = V2ABf — pT)

Mode S, D Amplitudes P Amplitude

Ktw &8y — LAV
Ko g B
e esl 0
pte 0 0

S. Descotes-Genon (LPT-Orsay) Nonleptonic Bc decays 18/7/9
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|dentification with results from QCD factorisation

Expressions for all the decay channels if we identify S, I, A and the O,
reduced coefficients by(hy, h2) = S5 CoA (hyhe).
c

Gr ..
(hy ha|Hegt| Be) = i~V Vud(s) T8, Ty T b2(h1, he)
V2

Beneke, Buchalla, Neubert and Sachrajda

@ Take QCDf expressions for the decay amplitudes of B, decay into
relevant final state

@ Pick up the O, contribution (only one remaining for B
SPP — \/ngpbg(PP) IPP = \ENPsz(PP)
5 3
SVP — \/;va(bg(PV) +by(VP)) AP = \/;va(bz(PV) — bo(VP))

1 5
VP \/;va(bz(PV) +bo(VP))  Sép= \fSvabﬁ’D(W)

S. Descotes-Genon (LPT-Orsay)
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B production at LHCb

@ LHC pp collider large cross section for the bb hadro-production
@ Some collisions (not many) produce B (less than 1%)
@ LHCb experiment ideal to study it

Theoretical estimate of the B; cross section, dominated by gg-fusion
@ gg — bb followed by fragmentation (dominant at low-pr)
@ b — B¢ (dominant at large pr)
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B production at LHCb

@ LHC pp collider large cross section for the bb hadro-production
@ Some collisions (not many) produce B (less than 1%)
@ LHCb experiment ideal to study it

Theoretical estimate of the B; cross section, dominated by gg-fusion
@ gg — bb followed by fragmentation (dominant at low-pr)
@ b — B¢ (dominant at large pr)

O(a?) computation of the b — B;bc
@ o(pp — B X)~0.3 — 0.8 ub for LHCb

@ error from theoretical inputs such as choice of the as scale and B,
distribution function

@ additional systematics from higher-twist and radiative corrections ?
Take value for the cross section at LHCb o(B;) = 0.4 ub
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