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Introduction

B, family

@ All excitations below the threshold decay into 1130.

ixi !/
@ Charge parity can not be determined: hg X1Q I, g+t
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Figure 1: The mass spectrum of (be) with account for the spin-dependent splittings.

[Gouz et al.(2004)Gouz, Kiselev, Likhoded, Romanovsky, and Yushchenko, Godfrey(2004)]



Calc. technique

How to estimate the cross section for B, excitations?

The same method as for the ground state can used.

d-approximation:

@ the matrix element of S wave state production is proportional to the
matrix element of bécé production timed by S wave function at origin®,

@ b and ¢ quark moves with the same velocities,
@ b and ¢ quarks are in appropriate spin state.
Color model:
@ bc pair is produced in color singlet.
Heavy quark matrix element:

@ calculated within leading order of QCD.

1 - - . - P
For the P wave production the amplitude in proportional to the derivatives of the hard part of
amplitudes over internal momentum of quark in quarkonuim timed by the derivative of P wave function
at origin



Calc. technique

gg — B.+ X

o(gg = B + X), ph

PQUD predictions

upper curve: B
B,

down curve:

The examples of diagrams for gg — B.bc:
b
BLJr E ' :ﬁ .
2 3

pp-distribution for /3,5 = 100 GeV:
do(gg — B + X)/dpr, pb/GeV
? /S, GeV

Vg, b

fragmentation approach

upper curve: B

down curve: B,

PQCD predictions

upper curve: B!
The difference is partially hiden by convolution with
PDFs.
For Pp(B:) < 35 — 40 GeV recombination diagrams
(such as 1 and 2) dominates and

down curve: B,

*
] % ~25+3
Hragmentation approach <
upper curve: BY Fragmentation approach is valid for
down curve: B, Pr(Be) > 35 — 40 GeV:
4
0t o(BY)
By~ 1.4

pr, GeV



Excitations

What will be observed first: B or BI'?

Seems, that Béj family win:
oop(w}>0.5 GeV)

.13 o 1 5 5 ~ 25 = 50
BX(1°5y) 7)07 B.(1"Sp) 015 (w]>0.5 GeV==p¢>24 GeV)
b
M(BJ) — M(Bc) = 65 MeV Table : Decays P — 15 + v

[Godfrey(2004), Gupta and Johnson(1996),

Maximum transverse energy wp of ~y in the lab. system: . i .
Kiselev et al.(1995)Kiselev, Likhoded, and Tkabladze]

state decay to 1S Br, % AM, MeV
AM AM
Wl = (14 ( /a2, +p%+pT) 3P, 1351 ++ 100 363-366
2Mpx c Mpsx 2p1t 1357 + v 87 393-400
1150 + v 13 393-400
~ 0.01( /M};; +p% + pT) 2p1’t 1S9 4+~ 94 472-476
1357 ++ 6 472-476
23 p, 1351 +~ 100 410-426
B} v.s. BL: 3% Py 1581 ++ 2 741
3p1t 1351 +~ 8.5 761
@ a lot of B}, but high pr is needed. 11sg 4+~ 3.3 820
° P . . 3p1’t 1150 + v 226 825
Small amount of B, but pr is not essential. 1351 +v 0.7 760
33 P, 1351 + 18 778




Excitations

What to do with the soft photon from B} decay?

Only ~ 20% of 2P-wave states decay
radiating only one photon:

2P1"(B.) —— 1'So(B.)

v
~13%

2P1"*(B,) —— 1'So(B.)
~94%
In most cases
,\/lllard 3 . ’Y§°“ 1
2P —— 1 Sl(BC) —1 SO(BC)

To find ~2 the high pr of B is needed.

But, it seems that we can see P-wave
excitations without the reconstruction of
soft vs.

(Mp,(py—Mpx)(Mpx —Mp,)
Mp,

A2




Excitations

AM,
=2 ) AM,
M

width of partially reconstruced BY
wo = (1

B . M M+ AM; + AM 2M + AMy AM
= wy =
e Bp ! 2 ' T OM 4 20a(1 —cos@) "
.
By : Mpy = M+ AM; wiae = <1+ 1>AM1
min 1+ AMl
Y= aarg 2 oM
(1+%572)

Be: Mp, =M
M is the mass of B, + 1 system
= (M4w)? —w? =M 4201 M

gP J1w1) B v2(w2) B
A Moy

¢ AMy
In the B, rest frame
M2 p = (M + AM; + AM. 2 2
EP =( 1 2)? N2, .. = (M + AM;q)
M? + 2(w1 + w2)M + 2wiwz (1l — cos ©)
2 2 ~
. = — 2 _
M = (M + AM2)? = M? + 20 M N2, =
AM, AMy
© is the angle between and in the B, rest frame 1+ 1+
g Y1 Y2 ¢ = (M1AM1)? 4AMlAM2( Py ) ( 2M )
AJ\42
(1+
Mooz — Mopmin = 2%
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Excitations

P-wave excitations in B. 4+ v mass spectrum

Peaks for 2P wave excitations ("soft" photon is lost): Bc(2P) = Be + v[+Most]
@ shifted by ~ 65 MeV IO
@ have a width ~ 10 MeV AD;hmenz’szpﬂ 2P 1%, 2°P, 2p1%,2P 1
35
Peaks for 3P wave excitations ("soft" photon is lost): 25E
@ shifted by ~ 65 MeV 3
155
@ have a width ~ 20 MeV 10E
o+
(3P) ~ o(2P), but only ~ 20% of B.(3P) decay o )
electromagnetically into 1331(BZ) or 1150 (B¢).
WP GeV B, state relative yield % Be(3P) = Be + v[+Most]
B.(2P) ~5.0 i
0.3 B(3P) ~ 1.0 F
BZ ~ 0.8 25 Shifted 3°p,, 3P 1', 3P 17, 3%, 3P1,3P 1"
B.(2P) ~35 b
0.5 B.(3P) ~0.7 b
B ~ 0.06 b
B.(2P) ~ 0.9 aje
1.0 B.(3P) ~0.4 E |
B} ~ 0.005 &
25 q 765 7T 75 72




Excitations

B.(2S) — B.(B}) + nm

VOLUME 35, NUMBER 1 PHYSICAL REVI
4+ -
1 T 1
27 So(Be) —>~50% 1"S0(Bc) 8 T —T

™

-1 dl
o

4+ -
3 Tt 3

2°S1(Be) ——— 1°S1(B
1(Be) 40% 1(Be)

o(Bc(25)) /0" (B.) ~ 20 = 30 %
0(2351)/0(2150) ~ 2.6

feed down from B.(25) — B.(1S) + atr— oL
~10+15%

For 2S vector, as well as pseudoscalar 03 04 05 06
My (GeV)
1 dr¢ Ko FIG. 1. The decay spectrum I'"! dI'/dm ., as a func-
- ~ I 222 —1)V/22 — 1 tion of 47 given by Eq. (6) (solid line); given by sim-
T dmor M ple phase space (dotted line); and given by Eq. (6) mod-
ified by pion-pion rescattering (dot-dashed line). !
!
where r= myr/2my and kyr is the momentum of [Brown and Cahn(1975), Novikov and Shifman(1981),
m-pair in the Bc(25) rest frame. Voloshin(1975), Voloshin and Zakharov(1980)]

(Mmar) ~ 0.5 GeV



Excitations

o-meson in the quarkonia decays

Distribution over m ., for the process ¢’ — J/¢mm.
The resonance o (fp(500)) has been included into the fit
(BESII) [Ablikim et al.(2007)].

2

N
N
al
=}

2000

Il o

1750

1500

f0(500) or o
JPC —0tt

(400 — 550) — (200 — 350) MaB

1250

Entries/5MeV/c

1000

750
500

250

i

el L

0.3 0.35 04 045 0.5 055 0.6
2
m GeVic

Tt

10/25



Excitations

B#(2S) with lost photon

3 e . Bc(28) = Be + 77 [+710st)
Peak for 2°5 excitation ("soft" photon is

lost): 7

@ shifted by ~ 65 MeV = appeared °
~ 30 MeV before 2' S

=)

3

5

3

A

S

@ have a width ~ 10 MeV a
shifted 2°s, 2's;
20
A 2\/(MB;@s)—1\43;)2—4mi(MB;_f—MBC) 10
- Mg, L O S el Lot ]
6.76 6.78 6.8 6.82 6.84 6.86 688 69 692 6.94
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Excitations

ATLAS results for B.(25)

ATLAS Coll. [Aad et al.(2014)] Be = J/¥m (ATLAS)
Data | Signal events | Peak mean [MeV]
s 20pr e anae
2 18 ATLAS Qg m=2885MeV 7TeV [ 100£23 ] 6282138
8 16F [resan Oom=184MeV 8 TeV | 227425 | 627716
2 14 E=TTev No,m =22+ 6 E
g E 3
G e e E N(Bc(25) = Bentn™)
10E " combhatons E ~ 0.17
b E N(Bc)
o ] .
aE Taking into account B.707C one can obtain
2F []] g A
i E| B (2
0 700 2007 300 400 500 600 700 . o(Be(25) > 0.4
m(B,1m-m(B,)-2m(r) [MeV] o(Bdirect) + o(Bc(2P) 4 o(Bc(3P))
3 “F ' R ! q Accounting acceptance efficiency and pion track efficiency
z 35 ATLAS Qg =288 £ 5 Mev E could increase this ratio to the unexpectedly large value.
S E [uat=1021" Opm =184 MeV |
2 R SR ey N, =35+ 13 @ B.(29) yield is quite large.
2 25F e pam 3
. 20; Wrong-charge | @ The peak mean value can be interpreted as 2351
E = shifted by 65 MeV due to the unreconstructed
3 E soft photon (B (2S) — B} + rta—,
0f . BY - Be + as)-
sE =
E = @ It could be supposed, that the peak have a quite
0F¥¥ 100 200 300 400 500 600 700 large width due to additional contribution from
m(B,1m)-m(B,)-2m(r) [MeV] 2°Sp.



Excitations

B.(2S) yield at LHCb

At first sight
R 0(B(25)  R3s(0)
2915 5(B.(18)) T R24(0)

and doesn't depends on kinematic region.

Several unpleasant features of theoretical model:

The predicted cross section strongly depends on choice of mass values.
Within the model M (B.(nS)) = my + m. and therefore quark mass
values in estimation of o(B.(25)) differ from ones in estimation of
0(B:(1S)). And this leads (very rough estimation!) to

Rys/15[LHCD]

— = ~ (0.7 Does it have a physical meaning?
Ras/15/ATLAS] ( )

Anyway, the relative yields of B.(25) at LHCb and at ATLAS are
comparable.
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Conclusions

Conclusions

@ The missing of photon from B} — B. + v shifts peaks for 25 and P
states by 65 MeV and broadens them by 10 — 20 MeV. This photon is
too soft to be detected.

@ The best chance to be found first in the Mp_, + v spectrum belongs to
2P excitations.

@ If B.(25) — B.(B) +ntn~ mode is seen at ATLAS, it should be seen
at LHCb.

@ New results on B.(2S5) production are needed from ATLAS (full data set
of Run-I 4+ Run-11). It is very useful to know the efficiency of 77~
registration.

@ New results on B.(2S) production are needed from CMS.
@ The LHCb results on B.(2S) production are still awaited.
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Thank for your attention!
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B, properties

B family have a spectroscopy similar
to cc or bb quarkonium spectroscopy and decays like
B meson

@ All excitations below the threshold @ The main difference in decays (comparing to B

meson): the both quarks in B are heavy.
decay to the ground state 1*Sp. ), ) aw ¢ o
@ The main difference in spectroscopy (comparing

e The absence of strong annihilation to c¢ and bb quarkonia): charge parity can not be
determined.
channels leads the very narrow ground

state (practically as B-meson). mixing, | 4 |+

hg x1Q
© Spectroscopy can be investigated ,
within the same frame work as for c¢ 2P, 1%) = 0.294]S = 1) +0.956|S = 0)
and bb quarkoniums. 2P, 1T) = 0.956|S = 1) — 0.294|S = 0)
@ The small total yield comparing to the 3P,F) = 03711S = 1) +0.920]5 = 0)
c¢ and bb quarkonia case. [3P,1T) = 0.929S = 1) — 0.371|S = 0)

The small relative yield of P-wave

excitations comparing to the ¢ and bb [Kiselev et al.(1995)Kiselev, Likhoded, and Tkabladze,
quarkonia case. Gershtein et al.(1995)Gershtein, Kiselev, Likhoded, and Tkal
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B, production amplitude

3
SJjs _ Ssa, ( Li, a)*_ Ji. 474
48795 — [ 180 o (@) - (EE @) e, Gy
where TI;S;JSCZE is an amplitude of the hard production of two heavy quark pairs;

\I/I—I;Clz is the quarkonium wave function (color singlet, in some calculations — color octet);

J and j, are the total angular momentum and its projection on z-axis in the B, rest frame;
L and I, are the orbital angular momentum of B. meson and its projection on z-axis;

S and s, are B spin and its projection;

C:S‘]zjlzz are Clebsh-Gordon coefficients;

p; are four momenta of B. meson, b quark and ¢ quark;
G is three momentum of b-quark in the B, rest frame (in this frame (0, ) = k(q)).

Under assumption of small dependence of TbSEzzE on k(q)

]

3 * i —

an [ daw @ {T0n Dl + T e D+ }
and, particularly, for the S-wave states

A~ Rg(0) - TbEcE(pi)‘q‘:O’

where Rg(0) is a value of radial wave function at origin.
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Papers on B, production

Hadronic S-wave B.-meson prodcution:

[Chang et al.(2005)Chang, Qiao, Wang, and Wu,

Berezhnoy et al.(1995)Berezhnoy, Likhoded, and Shevlyagin,

Berezhnoy et al.(1997b)Berezhnoy, Kiselev, Likhoded, and Onishchenko,
Kolodziej et al.(1995)Kolodziej, Leike, and Ruckl,

Chang et al.(1995)Chang, Chen, Han, and Jiang, Baranov(1997a),
Baranov(1997b)].

P-wave B.-meson:

[Berezhnoy et al.(1996)Berezhnoy, Kiselev, and Likhoded,
Berezhnoy et al.(1997a)Berezhnoy, Kiselev, and Likhoded,
Chang et al.(2004)Chang, Wang, and Wu].

Some more papers on B, production:

[Berezhnoy(2005), Chang et al.(2006)Chang, Wang, and Wu,
Berezhnoy et al.(2011)Berezhnoy, Likhoded, and Martynov,
Chang et al.(2015)Chang, Wang, and Wu].

First theoretical research of the hadronic four heavy quark production

(99 = Q1Q1Q2Q2 and g7 — Q1Q1Q2Q2):
[Barger et al.(1991)Barger, Stange, and Phillips]
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Fragmentation in ete™

It the special gluonic gauge the only diagram (1) contributes to the
cross section at

2
Mp, 0
Sete—
dop
—=¢ = D5 z) 0.7
s 5B (2) - Tup

Dy, pr(2) = 1 2
2a2|Rg(0)|? 1-2)?
o |RsOF _r=(1-2) (6—18(1—2r) z+(21 —74r+68r2) 2>

81mm32 (1—(1—17)2)6
—2(1 —r)(6 — 197 +18r%)2% + 3(1 — r)2(1 — 2r + 2r%)2%)

DEHBC(Z) = 3 4

2a2|Rg(0)[2  rz(1 — 2)?
277m3 (1—(1—17)2)6

2, 2
(2-2(3-2r)2+3(3 - 2r+4r7)2 [Clavelli(1982), Ji and Amiri(1987),
Amiri and Ji(1987), Chang and Chen(1992a),
—2(1—-r)(4—r+ 27'2)z3 +(1— 7')2(3 — 2r + 27'2),24) Chang and Chen(1992b),
Braaten et al.(1993)Braaten, Cheung, and Yuan,
Kiselev et al.(1994)Kiselev, Likhoded, and Shevlya
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The analog of Peterson function

To describe heavy quark hadronization into heavy-light
meson the Peterson FF is usually used:

1
Do) ~ ———————3-
(1-t-1)
The dependence of "nonperturbative" Peterson FF is
partially determined by denominator of perturbative

propagator for Q* — (Qg@) + X process:

mg — (Pq) + Px)*.

2 2
—(Pios P ~
mo — (Pg + Px)” = mg 2 .

For mg ~ m(Qq)

1 m3 1
2 2 X
mQ_(P(Q§)+PX) ~1—;—m72172~
Q

2
2 ™Qp Mk

FF for b — B((:*) obtained within pQCD vs. Peterson
parametrization:

DZHU}‘\(:)

o1 | solid curve: b— B}
dashed: b — B,

dotted: Peterson (t - )
i,

The FFs from the previous slide are used within
FONLL to describe ¢ — D (r — free parameter).
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backups

Additional contributions to B, hadronic production

Comparable contributions to the B.
production:

@ gg — B.be
@ b(c)g — B+ &(b)
@ Pythia gluonic showering g — B..

Small contributions:
@ gq — B.bc (about 10% gg — B:bc)

@ color octet (unessential for B,
inclusive production).

Problems:

@ How to avoid double counting?

@ How to take into account the mass of

b(¢)-quark from the sea in matrix
element?

@ How to obtain reasonable pr
distribution?



Methods used for b production

GM-VFNS

FONLL

kr fact.

General-mass variable- flavor-number scheme (GM-VFNS): The heavy
quark is treated as any other massless parton, the mass is taken into
account as large logarithms In(pr/m) in parton distribution and
fragmentation functions, where they are resummed by imposing DGLAP
evolution

[Kniehl et al.(2012)Kniehl, Kramer, Schienbein, and Spiesberger].

NLO (massive quark) + resummation of large logs: at pr < 5m. NLO
works without logarithm resummation (see eq. 6.1 in
[Cacciari et al.(1998)Cacciari, Greco, and Nason]).

LO (massive quark) + virtual initial gluons (It seems that sea ¢ quark is
not needed) [Baranov et al.(2005)Baranov, Lipatov, and Zotov].
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B./B ratio

LHCb experimental value [Aaij et al.(2014a)]:

o(Bf) x B(B} — J/y=T)
o(Bt) x B(BT = J/YyKT)
= (0.683 % 0.018 + 0.009)%

REXP —

B(BT — J/vKT) &~ 0.1% is known experimentally.
B(Bj — J/’l/)7\'+) is theoretically predicted within
different models. The obtained predictions contradict
each other :

B(BF — J/prt) = 0.061 = 0.29%

theor. (B
”

~ ~ 0.1+ 0.3%
e o(BT) v

The R®*P is in agreement the largest predicted value for
B(Bz’ — J/prT):

Rtheor. ~ 0.3+ 0.9%

optimistic

However the choice of

B(Bz’ — J/¢nT) ~ (0.06 + 1.1)% looks more
reasonable, because these values obtain within the

models [Ebert et al.(2003)Ebert, Faustov, and Galkin,
Abd El-Hady et al.(2000)Abd El-Hady, Munoz, and Vary],
which describe the the experimentally obtained

ratio [Aaij et al.(2014b)]:

B(BY — J/ynT)

- = 0.0469 £ 0.0028 + 0.0046
B(BE — J/bpvy)

. For this case

Rtheor. ~ 0.06 = 0.3%

reasonalbe

It seems that the theoretical predictions underestimate
the experimental values.
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