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Introduction

= B_ is the only meson (family) in SM formed by two different heavy
flavour quarks

= Similar to charmonia and bottomonia, a rich spectrum expected

Godfrey, PRD70 (2004) 054017
» Below BD threshold all

: [7572 7588 7565 7571 7568
excited states decay to the 7600 ¢ Jass 7475 1481 =0
i 7472 7365 7376 7380 1
grou nd state (7250 7272 7372 7260 7276 7271]
< 7200 F 7122 7150 7164 7266 -
- The ground State decays % ...i ............ .............Wr ........ %(.).2.8...703.1..7.645.............Ea.f...
only weakly = o855 L7 , e '
” 6800 F 6706 6750 06768 -
£ I 6741
= Due to the great variety of 6400 [ a3 . Mass Spectrum
decay modes, B, has a o
much shorter lifetime than 6000 L

other B mesons
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Production

= B, is produced mainly through gluon-gluon fusion at hadron colliders.
o Only accessible at high energy hadron colliders with high luminosity
= Production cross-section grows fast wrt /s
° ULHC/GTevatron ~ 0(10)
e 0(Bf)~047ub@+/s =8 TeV b
~ 09 ub @ +/s = 14 TeV, c

A considerable fraction of B} from higher states
o ~ 1/3 from B.(2S5), ~ 10% from B.(1P)

b

Predicted cross-section (in nb)
(1S0)1)|1(CSD1)| [(FSo)sg) (*S)sg) |||FP))|ICPo) ) ||CP)1)||CP)1)

LHC 71.1 177. (0.357, 3.21) | (1.58, 14.2) || 9.12 3.29 7.38 20.4

TEVATRON|| 5.50 13.4 }[(0.0284, 0.256)|(0.129, 1.16)|| 0.655 | 0.256 | 0.560 1.35

25 Sep 2015 C-H Chang et al, PRD71 (2005) 074012



Theoretical predictions for production

» Two approaches based on NRQCD factorization

Fixed-order approach Fragmentation approach

= ta

» Also provides information for
accompany b and ¢

» BCVEGPY generator adopts this

approach, and is used in the LHC
simulations

= Only valid when B, produced
with very high pr, not relevant
for current experiments

C-H Chang et al,
Comput.Phys.Commun. 174 (2006) 241
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What we know before LHC era

= B, first observed by CDF at Tevatron
....and was only studied by CDF and DO
v Three decays observed: | /)™, ] /ipe v,, | /pu*v,
= Mass:  6.277 + 0.006 GeV
:|» PDG 2012
= Lifetime: 0.45 + 0.04 ps

= Production: pr>6GeV, |y| <1

o(B.) - BR(B, — J/i v)

+(B)-BR(B—J/0K) 0132737 (stat.) = 0.031 (syst.) T gy (lifetime)

_ _ CDF, PRD58(1998)112004
= No sign of excited state
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Advantage of LHC experiments

» Higher energy = Larger cross-section!

° ULHC/OﬁévaUDn’V(9(1O)

» LHC experiments cover complementary kinematic ranges
o ATLAS, CMS: high pt, low rapidity
° LHCb |OW€F P, 2 < n <bh

= Not to mention that
LHCDb is specifically

designed for b-physics! LHCD

= 8
6
4
2
0
2
4
6
8

LHCb MC
(s=7TeV
n1
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LHCDb detector
/4j;;;:j;’%\;:ii§§§\\ 2<n<5

A o Efficient particle identification
Excellent lifetime and with low mis-ID rate \
mass resolutior

Runl: 1fb" pp collision @ /s = 7 TeV
+ 2 fb" pp collision @ /s = 8 TeV
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Production at LHC

_ o(BNB(BS = J/ymT)

R= S(BNBB+ = JJpKT)

» s =7 TeV:
o LHCb (0.37 fb!): pr > 4 GeV, 2.5 < n < 4.5 PRL 109 (2012) 232001
R=(0.68 + 0.10 £+ 0.03 £ 0.05(zp ))%
o CMS (5.1 fb1): pr > 15 GeV, |y| < 1.6
R=(0.48 + 0.05 £+ 0.03 £ 0.05(zp ))%

= A lower R value at higher pt is expected, since B} has softer pr
distribution than B™.

Comparing to CDF result using B — J/Ylv: p1>6 GeV, |y| < 1
o(BI)B(BY — J/lTv)
+(BN)B(B+ = J/uKT)

o« LHCb measured B(Bf — J/ynt)
e 2 R~0.6% B(BE — J/vbptvy)

JHEP 01 (2015) 063

|

(!

= 0.13223,85 + 0.03125,835(7s.)

— (4.69 = 0.28 + 0.46)%
PRD 90 (2014) 032009
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Production at LHC

o _ o(BHB(BE — J/ur)
~ o(BN)B(B+ — J/pKT)

» LHCDb recently measured R @ 8 TeV

» 0<pr<20GeV,2<y<45 PRL 114 (2015) 132001
. R=(0.683 + 0.018 + 0.009)%
« Consistent with 7 TeV result

» | he sufficient statistics allow double differential ratio measurement
e R as function of pr, y agree with theory (FONLL for B, BcVegPy for B,)

w

w

0 ]6 @ 1-8 L 7 T T T T T T T LI T ] @ 2-2 | T T T T T T T T T
7] . LN L L L L L L L - o -
=] s ] S E S = 3
S 0.14f + Data 3 = Lop e~ LHCb data = 2 == LHCb data E
> F +4 —BCVEGPY ] a 1af 2 18F E
2 0.12fF 3 = 2 BCVEGPY ; < 1 6E BCVEGPY E
N F ] 1.2 - E 3
% 0.1 LHCb — 1: 3 1.4:— =
E o0k 3 3 E 1.2F E
z 0061 3 08¢ +H 4t — 1E 3
: 0.6 4 ++ i = D —— E
0.04 | E 04F 3 0.6F :
0.02 ] o ] = =
0 1 1 1 F ] A =
0 5 10 15 20 O PR TR S RSN S ST S N S S S S | P T S SIS ST T SN S S W NS S W S S T

p (B+} (GeV/c) 0 5 10 15 20 2 2.5 3 3.5 4 4.5

[

T P, (GeV/c) y

BcvegPy well describe I * o(BZ) = 0.47 ub, theoretical prediction by BcVegPy
Normali B(BF — Jwat) = 0.33% [c-F Qiao etal, PRD 89 (2014) 034008]

the pr spectrum _zation: * o(BT, pr(B) <40GeV/c, 2.0 <y < 45)=389ubat /5=7 TeV,
measured by LHCb [uHer 08 (2013) 117], scaled up by 1.2 for 8 TeV
* B(B* — JiwK*) = (0.1016+0.0033)%, PDG’12
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Spectroscopy PRL 113 (2014) 212004

= Theoretically we expect: B.(21S,) - B.n, 7600
B.(23S,) » B}nm - B.ynm BN
: . > 70F
» ATLAS observe peaking structure in 2 i
& 5855 587
Bcn+7r_ invariant mass, consistent with g OSO0E
s I
B.(2S) — likely mixture of 215, and 23S, > o
» M=6842 + 4 + 5 MeV et
o o 6000 5—
» No a(B.(25)) or efficiency quoted, difficult %
to draw direct comparison from other expr.
> 20:""\‘ L L L BN L BN L B I A TToT ]
= 18- ATLAS Qg = 2885 MeV — = a5 ATLAS Qg ., =288£5MeV -
§ 16i_JLdt=49fb" Oon = 1874 MV - ‘%‘ JLdt-wsz" Op = 18+4 MeV 4
‘?:3 145_ \'S:T-TGV - NBCJUI:= 22+6 _f ‘g 30 \S;BT-eV NBCm;= 35+13
S E i ©
3 12 ® Data i 25— e Data ,
1ob ™ Wongcharge E N S g
8 £ 15 =
SE 1 -
ne T/ § 3
of ||| #8 feB 5 =
0 = 0|....¢1....|....|‘...|‘...\....:
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25 Sep _.__ m(B_rx)-m(B )-2m(xn) [MeV] m(B_r)-m(B_)-2m(r) [MeV] 11



B mass

= PDG 2012: 6277 + 6 MeV
» LHCb measured the mass in several final states:
o« Bf = J/Ym*: (0.37 fb1 @ 7 TeV)
M=6273.7+ 1.3 + 1.6 MeV
« B > ]/YDS: (3 bt @ 7+8 TeV) PRD 87 (2013) 112012
M = 6276.28 + 1.44 + 0.36 MeV
o Bf - J/yppr*t: (3fb! @748 TeV)  PRL113(2014) 152003
M = 6274.0 + 1.8 + 0.4 MeV

PRL 109 (2012) 232001

» LHCb average: CDF Biiyn’
6274.7 + 1.2 MeV Lico By JN
o Consistent with lattice QCD LHCb B —J/yD; N
prediction : 6278(4)(8) MeV A I =
HPQCD, PRD 86(2012) 094510 LAChaversge: 2747412 | ||

6268 6270 6272 6274 6276 6278 6280
25 Sep 2015 B; mass [MeV/c?]



BT lifetime

w

w

il

Partial reconstruction,

measures pseudo-decaytime

t™ = (Mypu - L)/ Py
7T=500+8+ 12 fs

—
(=
3

[
(=]

=
T

Candidates per 0.2 ps

100 I

- 1y
102 1

B Iy v, X
LHCb Combinatorial bkg.
— - Misid. bkg.
---- Prompt peak
- - Fake J/y bkg.
Wrong PV bkg.
—— Total
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EPJC 74 (2014) 2839

. BF - jymt

Measures lifetime ratio

= PDG 2012: 0.45 + 0.04 ps = systematics in measurement of o, B ...

» LHCb performed two independent lifetime measurements

= B&'— —>]/1/J,u+1/'u

7(B})/t(B"), where T(B™")

is more precisely known

T=513.4 + 11.0 + 5.7 fs

R [ o
8 Fa) LHCh
= 10-‘; -
o ;W i
= 10k [ BY = JApKT
e OB Jpnt
g Cera E
10 é— ) 5 -
1 i PR T S S IS S S SN SR T ;—‘9.7.:
0.2 0.4 0.6 0.8 1
t (mm/ c]

PLB 742 (2015) 29

Combined LHCb
result:
5114 + 9.3 fs

Precision largely
improved!
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B[ decays

= A large variety of decay modes

o« Hence the shorter lifetime than other B mesons

b decay
~ 20%

= with ¢C easier
to detect esp.
- ptuT

= Most observed
channels in this

category
25 Sep 2015

c q/l
i
b

q/v

W
s/d
b
c decay
~ 70%

Though larger
in fraction,
efficiency is low
B} - Bn*
observed

— annihilation —
~ 10%

= Not observed
yet. K*K, oK.
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+ 0.+
B, — BJm

(!

The first observed ¢ decay in B,

» B> Dimtor ]/ LHCbPRL 111(2013)181801 b b
c decay
Bf - B{(~ Dym*)m* B = BY(= ] /¢ $)m*
L5 LHCb 3 fpy-1 L OF LHCb 3yl °
¢ 7.5¢ = Data 2 [ 550 t «Dm
E 40 Bi— B'(— D m*)m* s OF Bi— B(— J/pom”
=) } ------ Comb. bke. < 4 ------ Comb. bkg. ]
~ 30 0 i~ K 0 _
3 I { -~ B;— Bp* 8 C -- B{— Blp* )
S 20 B{— Bin* 3 B — B*n* )
SR R & '} 1 {. " : O
. P T | . L . ] 'y ” L . i ’
&)OO 6200 6400 6600 6600
m(B’n*) [MeV/c2] m(B%n*) [MeV/c2]
4 - N
U( c) « B(B:r - BB?TJr) B(B, —» Bsm) ~ 10%
a(BY) This also provides additional
= (237 £ 0.31(stat) £ 0.11(syst) 5 13(75:)) x 10_3/ information on B; production

25 Sep 2015 15



B, decay: ¢ as spectator - 1

. Bf - J/yppr* @ LHCb

» First B, baryonic decay % | 5¢,- Tha
%10:— 7&8 TeV 1 Bagckground 5

_ +0.039 3l
Rs = 0.1437003 +£0.013 £/ Ll __
REETS RSN
I610(5 - 620(; - I6300 - I6400 I

PRL 113 (2014) 152003

M(J/wpprt) [MeV/c?]

. B} > J/yDt @ LHCb and ATLAS

= J/YD; partial e ] e ] :
reconstruction; info  © |71 : 103
on helicity Ayy/Aoo ~ o 4t 3 B

« J/¥D, used for mass *f ;
measurement

HET Y S i S Il e
5.6 5.8 6 6.2 6.4 6.6
n(JAp DY) GeV/e?

Phys. Rev. D 87 (2013) 112012
25 Sep 2015

90 T T T T
a0k * Do ATLAS E

£ Vs=7TeVv, 49"

E — — Bi—JiyD’ signal E
70F B:foD g signal 15=8TeV, 206"
60 + Bi—JiyD?, A signal _:

* - Background N =36+ 10 g
50 & 8 =
NB: Y :-95 +27 3

e —JiyD, =
40E f,=0372+022 3
30F 1
20F i
10 -

1 S PR, L Ll 29 Wi, U PP B
5800 6000 6200 6400 6600

m(J/yD) [MeV]
arXiv : 1507.07099
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B, decay: ¢ as spectator - 2

. B} > y(2S)nt @ LHCb
Ry = 0.268 + 0.032 £ 0.007 4 0.006(BF)

Recently updated with 3/fb

arXiv : 1507.03516

Candidates / ( SMeV/cz)

) ~
S (e
T TTT I TTTT | TTT I

—_
(=) [=]
T TT

10062006300 6400 6500
My (2S) ©*) (MeV/c?)

« Bf - J/yntn~nt @ LHCb and CMS

60

0r f LHCh ]

40} Jyrtrrt -
0.8 fb!

Events / 10 MeV

iﬁm e
10 - rﬂu.t ||_] ﬂf'q -;

5800 6000 6200 6400
M(JNyr'Tnn’]) [MeV]
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6600

6800

Events / 0.015 GeV

5.1 fb' (7 TeV)

CMS

pT(B;} > 15 GeV
Iy(B))| < 1.6
1

PRI P BT S S BRI N S S RN
6.1 6.2 6.3 64 6.5 6.6
Jhyrn* ' invariant mass (GeV)

R =2.41+£0.30 £0.33

LHCb, PRL 108 (2012) 251802

2.55+0.80 £ 0.337) 01 (7(Be))
CMS, JHEP 01 (2015) 063
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B, decay: ¢ as spectator - 3

= Bf - J/YK* @ LHCb
b
=
Rz = 0.069 +0.019 +0.005 & c c
b decay
R B(Bf — ...
JHEP 09 (2013) 075 57 BB — Jjyrt)
« Bf - J/WKTK~nt @ LHCb = Bf - J/Y3n*t2n~ @ LHCb
; 60:_ LHCH é W
% sof 3 fp-1 f; mé_ 3 fb?
AN
Qi3 6z 628 63 635 6.4 S ;'411 —
Mmapr+k-=+ | GeV /e?] I3t 2 [GeV/e?]
Ri = 0.53 4 0.10 & 0.05 Ry =1.74 +£0.44 £ 0.24

JHEP 1311 (2013) 094 arXiv: 1404.0287
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Conclusion and prospect

» No doubt LHC has greatly improved our knowledge on B,
» Analyses on Run-| data still on-going
o So still room for surprises
= With Run-Il starting smoothly, o(B.) expected to (almost) double

o At higher energy, with more luminosity, more discoveries are awaiting
us: more luck in the mass spectrum? Surely more new decays:
annihilation? ...

» Meanwhile we should keep thinking more clever ways to look at our data

o Eg: Can we eventually measure a(B,) from all the indirect
2 o(Bc)B(B—-]/YK) o(Bc)
- 0(B)B(Bc~]/ym)’ U(BS)B(BC = Bm), .

« Exotic search in B, - DDX
« CP violation study in eg. B, = D°D,/D°D,

measurements

25 Sep 2015 19
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Predicted decay rates of excited B,

State Decay GKLRY *  Godfrey '

1°8; 11Sy+7y 100 100
13P, 138, +y 100 100
1P, 135, +v 6 12.1
118 +7y 94 87.9
1Py 1351 +y 87 82.2
118+ 7 13 17.8
1°Py 1351 +y 100 100
2'Sy, 1'Sy+arx 74 88.1
1Py +y 9.4
1P1—|—'}" 2.0
1SS1+’}" 0.5
238, 138 +naxm 58 79.6
13P2—|-’}' 8.0
1P+ 1.0
1P, +v 6.6
13Py+y 4.0
218+ 0.01
11Sg—|—’]" 0.8

*[I. P. Gouz, et al., Phys. Atom. Nucl. 67 (2004) 1559]
' [S.Godfrey, PRD 70 (2004) 054017]
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Prospects for excited B, at LHCb

@ B excited states, BZ (23S;) — B.T(BZ y)ntn—, mass shifted
down by AM(13S; —115;) (input 67 MeV) when missing the soft

photon, slightly degraded mass resolution, peak not washed out
@ Possible to distinguish B (2'Sy) (input 6858 MeV), and B (2°S;)

(input: 6890 MeV) if AM(13S; — 11Sy) # AM(23S, —2'S,)

Bf(2'Sy), 0 ~ 4.2 MeV

B (23S;), o ~ 4.7 MeV

- LI B S R S S RN e . T T - LI LI B N R T — T T T
o= 58362 b ood Mevd? L w= auri 24l = oo fevd?
ﬁé - o=419 ] 6, = 2104 £ 0015 MeVic™] TE | o=472 @, = 3032 + 0012 MeVie
:ézw i f."ndt': 175 o, = B6E 2015 MeVie® % 000 fl‘lndf: 2.79 o, = 10.40 2 0.20 MeVie?
B f,= 08148 =000 = B = DRGR0 + 00033 7
| LHCb simulation - - 24 | LHCb simulation '
=t =
= 3 = L
7 el |
2 - E%UDD
S1000 = = = -
2t C
4] 4]
u ! ——a e ﬂ e 1 a1
6840 6850 6860 6870 6810 6320 6330 6340
va 2
M(B/'m) (MeV/c?) M(B'm') (MeV/c?)
.
Jibo HE (CERMN) B physics at LHCb Nowv 10, 2014
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» ATLAS results

= https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPu
blicResults

= CMS results
» https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsRe

sultsBPH

25 Sep 2015
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