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Introductlon

'> B meson famlly is unique-in the Stand Model

* Formed by two open heavy flavor quarks. bc |
* Ground state weakly decay‘only'-) rellativel'y long lifetime

> First observatlon by CDF in 1998 | SR
=y Experlmental studles I|m|ted . Phys.Rev.Lett. 81(1998) 2432 * - -

> Premse measurements helpful to test theoretlcal models

>

o ‘Mass; lifetime, cross-section: . - ARy R
* '« New decay modes and excited: states - '
e Mo+ = 62754k + 1.0 MeV/C e 'C'hin..Phys._C, 38, 090001 (2014)
Bc ‘ and 2015 update "~ - e

* Tt = 0507+0009 ps



Introductlon spectrum L

> Rlch structures in the spectrum of (b.c) system
* Intermediate between charmonium and bottomonium
e Can be calculated by poterﬁlal model, NRQCD, Lattlc-e QCD,
* B (ZS)+ claimed by ATLAS and conflrmatlon is needed

. PRL 113 (2014) 212004 °
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Introductlon productlon

D Productlon ate™ e colllders
is very. dlfflcult
o ) | o

> At high energy hadron colliders, ||
dommated by gluon gl'uon fusmns

. * Large production cross sectlon
at Tevatron & LHC

* 0(B;)~0.47 ub @ 8 TeV.

'. '.4'. 'O-(B >LHC@14 TeV/O-(B )Tevatron@l 96 Tev~0(10)
"PRD 71 (2005) 074012

=» The LHC is. a factory of B, mesons .

&



Introductlon decays

»

> R|ch decay modes .-
* Either b or c quark can decay with the other as spectator
) and c quarks can annihilate to a W+ boson

v ¢b - Wannihilation

v b C transit.iqn ' v ¢ 5 transition s = B
BE = /Pl .~ B> By, e
: 0 - St Bf » ¢K*

+ +
B 17y,

10% .
W
A ;

g Spectator modes ' annihilation modes £ :

' Phys.At'om.Nucl.67,1559,-. ,

6 .



l_Th_e LHCb detééfor' e
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oint g s M4 M5 \ -
p Sm SPD/PS ~AL — A

=

Magnet EC .:1]'_ ca
i Ml I I
= 2
| T ] ]
i

s T g I.Ill r 3 !!!I

m 10 Im 20m

Int J. Mod. Phys. A3O (2015) 1530022

._-Impact parameter: d]p = 20 um

Proper time:. : = 45 fs for By — J /(¢ or Dfn

Momentum: S, g Ap/p = 0.4 ~0.6% (5-100 GeV/c)

Mass: . ’ .0, = 8 MeV/c? for B - J/PX (constralnted ml/w)
RICHK — 1t separatton €(K —> K) ~95% mis-IDe(r.— K) ~ 5%

Muon ID: - . © e(u-o'u) ~97% mis-ID e(mr — u) ~T— 3%

ECAL: e . AEJE=1 EDfO%/‘\/E(GeV . ' 7. |



T .

B studle,s at LHC(b)

> 8 new decay channels observed by LHCb since 2012

> Measurements of mass lifetime, branching fractlons '
and differential cross-section (relative to B+)

> B (ZS)+ states clalmed by ATLAS '

»



M(B; - J/¢m™)

measurements at LHCb - -

-

[PRL 109 (2012) 232001]

M(B: - ]/yDy)

[PRD 87 (2013) 112012]

M(B: - ]/yppr™)

[PRL 113 (2014) 152003]

Production

o(BS) B(B{ - J/¢m™)
o(B*) B(B* - J/YK™)

[PRL 109 (2012) 232001] 7 TeV

[PRL 114 (2015) 132001] 8 TeV

o(B)

a(B?) B(8: - Ben')

[PRL111 (2013) 181801]

Lifetime

(B! - J/Yutv,X)

[EPIC 74 (2014) 2839]

T(Bf - J/yn™)

[PLB 742 (2015) 29-37]

Decays/BF

B - J/Yymtan

[PRL 108 (2012) 251802]

B: - J/YK*

[JHEP 09 (2013) 075]

Bl - y(2S)w*

[PRD 87 (2013) 112012] 7 TeV

[PRD 92 (2015) 072007]

7&8 TeV

Bt - J/pDY

[PRD 87 (2013) 112012]

B} > J/WK*K w*

[JHEP 1311 (2013) 094]

B}l - J/Y3n*2n~ (evidence)

[JHEP 1405 (2014) 148]

B(BS - J/ym™)
B(B: - J/dputvy)

[PRD 90 (2014) 032009]

B} - ppr* (upper limit)

[PLB 759 (2016) 313-321]



http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.232001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112012
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.152003
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.232001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.132001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.181801
http://link.springer.com/article/10.1140/epjc/s10052-014-2839-x
http://www.sciencedirect.com/science/article/pii/S037026931500012X
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.251802
http://link.springer.com/article/10.1007/JHEP09(2013)075
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.071103
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072007
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112012
http://link.springer.com/article/10.1007/JHEP11(2013)094
http://link.springer.com/article/10.1007/JHEP05(2014)148
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032009
http://www.sciencedirect.com/science/article/pii/S0370269316302295

~* Mass measurements -

8



-~ ~Mass measurement” - . . E'@@G
>PDG 2012: M- = 6277 + 6 MeVﬁ?;- PR(109 (2012.):.232001
» The first Bf mass méasugement at the LHC | '
~ was done by LHCb
* 0.37fb™' @7 TeV

L BESpmt

—4— Data

— Total

e Signal
Background

sig =179 £ 17

Candidates / (10 MeV/.cz)

Signal: double-sided Crystal Ball
Background: exponential

6400 6500
M(JyT) [MeV/ @]

m(B}) = 6273.7 + 1.3 + 1. 655, MeV/c?
A m(B) —m(B*) = 994.6 £+ 1.3, + 0.6, MeV/c?

Systematics dominated.by momentum scale calibration (1.4 MeV/c?) 11 -



IVIass measurement (cont )

S BJr ‘mass was also measured usmg,,apother two decays
whose. Q-values are small '

. B+—>]/II)D+ m = 6276.28 + 1.44 + 0. 36 MeV/c
. * B! > ]/ypprt:m = 62740+1 8+O 4MeV/c

> LHCh combined results ' e

Siide m=6274.7 + 1.2 MeV/¢?

CDF B!—-Jyr

LHCb B{ =J/yr*

LHCb B} —)/yD*

LHCb B;—J/yppn*

LHCb average: 6274.7+1.2

6268 6270 6272 6274 6276 6278 6280 §
B! mass [MeV/c?]

'PRD-87 (2013) 112012 e

6100 6200 63()0 6400

PRL113 (2014) 152003 2 : 3 ] M(J/ypprt) [MeV/c?)




SletRel.
Lifetime measurements

bl Semileptonic decay B-jo—}. ]/tpu*'vﬂX-
- '_Ha'dr'oni_c. decay B} — Jynt '

»



Lifetime =
> Varlous theoretlcal predlctlons -y
' ..[0.4,,0. 7] ps - PRD 53 (1996) 4991
(0.59+0.06) ps  PLB452(1999)129
(0.48 +°0.05) ps - NPB585 (2000) 353
~0. 36 ps- o P.RD_64I.(2001)-014003

> PDG 2013: 0.453 + 0. 033 ps

| > Precise' measurement of B lifetime prowde |mportant ¢
" test of theoretlcal models, and. | |

- » Also heIpfuI t.reduce systematlc uncertamty in many. -

"B} analyses |
- |



Llfetlme BJr —>]/1/J/,t v, X

> ngh statlstlcs due to Iarge branchmg fract|0n
> Missing energy due to partlal reconstructlon e

* Usinga 2D (m; y,; and pseudo -proper. time tps) model

for data, to enhance S/B.separat_lon
= ] ' " &

> The lifetime determined from-a 2D
unbinned maximum’likelihood f|t

using 2012 data (2 fb" 1)
| ..r—509+8+12fs |

Candidates per 0.2 ps
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. |_|fe't|m.e._ BC —)]/l/)[,l VHX (cont.). ;
>.'The most bréc’ise measuremenf 2
T=.5.Q:9i8.i1.2fs »

CDF
PRL 81 2432

: Tyl v
> Consustent with results from ol PRL 97012002
Other experlments | b JD';:)J Wty PRL 102 092001

. Uncertalnty much smaller CDFII

PRD 87 011101

Ty

PDG2013

. . F—— PRD 86 010001
(all channels)

LHCb

+ LHCb-PAPER-2013-063
Iy u™ v
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Llfetlme BJr '—>]/1/J7T

> FuIIy reconstructed mode, but statlsncs smaller
than semlleptonlc decay '

> Measure AT = It — [ LR .
. C ] 4 o g

1 ok SEe 2z 10 O Bt - JWK*
® Bf - Jn"

B+ rg+
. using S’Q(t) < R (t)e‘”t |
« R(t) = NB+(t)/NB+(t)
determined from fit to data
Lt Re(®) =epr(O)/ep+(O)
determined from simulation

" PLB 742 (2015) 29 - «
: g . . 2 17 <




Llfetlme BJr —>]/1/m (cont)

> AT determmed from fit to R(t) /Rg(t) * pLB 742 .(.2'015)- 29
oAl = 446+014+007c/mm ' E i

>rB+“=513 4+ 11. 0+5 7 fs

-« Ingood agreement Wlth
- .result from semlleptonlc
decay

* Dominated by statlstlcal
uncertalnty

,>',Comb|ned result

Tpr = 511.4.4 9.3 fs
' e =
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Productionsmeasurements L

> For B} —>]/1/nt relatlve to B +>]/1[JK+ | |
> For other B/ decays (mostly) relatlve to B} - ]/1/J1t



Productlon B+ — 7T
]/lp PRL109 (2012) 232001 '

> First measurement used data at 7IeV (0.37 fb~ 1)
> Relatjve productlon .measured

o(BY) x B(B} - J/yrt)"

X e(B) x BB - J/WK®).
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Productlon BJr —>]/l/)7'[ (cont) Sy

, . PRL114 (2015) 132001.

> leferentlal productlon measured"’fs TeV (2 fb~ 1)
5‘2 measured as a functiop of pr and y for the flrst time

—+ Data . o vy , + Data
— Total ; . e —BCVEGPY

Background : LHCb

20<p <3.0GeV/c
20<y<29
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Productlon BJr —>]/1/J7T (cont)

PRL114(2015)132001f

>Rin bms of (pr, ) well agree W|tl’|“BCVEGPY and FONLL
Compt.Phys. C174 (2006) 241
> FIdUCIBl klnematlc range. - JHEP 10 (2012) 137 :
pr < 20 GeV/c, 2. O<y<4 5
> iR mtegrated over bing

= (O 683 + 0.018 + 0. 009)%
Normallzatlon takes 0(B+) =0 47 ub and B(B+ —>]/1[)1t+) = 0 33%

-e— | HCb data

R(p,) (%)

, -~ LHCb data o
b > L ¢
BCVEGPY : BCVEGPY

pr < 20 GeV/é




‘Decays and BF measurements
> 8 new decay modes obserxed by LHCb | |

« BY > Bdnt:cquarkasa spectator, the first weakly B — B decay

« B} - J/yppr": the first baryonlc decay of B{ meson

S TAe ’.B+ —>]/1I)D( )t : the flrﬁ charmonlum+open charm decays .
o0 Bl » J/YK™:a. Cablbbo-suppressed decay °
"« Bl > 1[)(25)11 : a decay to excited charmonium
. B+—>]/1/J1t T Tl'+ .

+ Bf.oJ/WK*Kmt . - .
.3 Upperllmlts . |

« B} - ppnt

* Bf > D¢ %(S)K*O D(s)K*O *
> An evidence of B — ]/1/)31'::271_



B+ 0+
Be — Bsm

' ».The bachelor n aIIows self-tagging of BS.-.,.

> Both BY - D;m* and Bd - ] /@ used
 WPRL 111 (2013) 181801
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BC = Bon? ((:'o:ht )

o { W e (2013L181801

> The relatlve productlon n‘Yeasured

Z((BO)) « B(BF - Br ) o
=237 + 0. 31(stat) + 0. 11(syst)+8 15(p,)] x 1073
o Assumlng B(B; > J/mt) ~ 0.15%. |
| = B(B} - Bn*) =~ 10%
P The Iargest exclusive BF of any known weak B meson
decay = . - | '
.

>



B} - J/yppr*

PRL 113 (2014) 152003

R Baryonlc decay of b hadron is useful tosnderstand baryon

productlon mechanlsm to search for new baryons/multhuar'ks

> Good hadron |dent|f|cat|on is essentlal for such anaIyS|s

B(BE-J/ypprt)
B(B{ -] /ymt)

.. B(BY>D*pprt) _ - . . .
e ‘O..1.7_ i 0:02 :

—+— Data
— Total
-- Signal —+-Data
NI — — Total
Background Dl
--- Signal
-=-misID
Background

—_—
o
T
>
s
=
=
wn
d—
=
5}
-
88

6100 6200 6300 6400 R 2 6300 6400 R
M(J/ypprt’) [MeV/c’] M(J/yr") [MeV/c?]
v .

sig = 23.9£5.3 (7.3 0) ' Niig — 2835 + 58

=) 143+8 e +0. 013, consistent with. -

26 -



.B* =] ,'D(*)Jr |
S /l/) " PRD 87 (2013) 112012 °

> Expected Feynman diagrams of thvs—process includes aII
three kind of decay-modes: s spectator b- spectator
and annihilation .

,'>]/l/)D+ fully reconstructed

- » J/YD:T partially. reconstructed W|th missing y/n and
- split for helicity =~ X 2
e Ay /P £1; D2 41

o Ago-J /P O; D*+. 0, EReG

27



‘Bf -] /DIt (cont.) |
| . S ‘ " PRD 87 (2013) 112012 *
> Ngiy = 28.9 5.6 for J /YD e
in 2011+2012 data *~ -
significance > 9 o
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>NW¢D VRl 37 + 0~56

NU/¢D+)

i - .—0 52+O 2()

A+++Ago
BB o /WD) |
| B(B+ *1/¢D+)

=2.90+0.57 £0.24-
oo

_ B(B;'f = ]/IIJTL'"')



Search for B — ppn |
| ' . PLB759 (2016) 313
| > F|rst search for BJr annlhllatlon deeay mode usmg

3.0 fb~ ! dataat+s=7TeV &8 TeV.
. > Using. Bt —» ppr™ as control channel measurmg

R = _ L ><73(BJr - plnﬁ)

P Ju
| K m(pp) < 2. 85 GeV/c to exclude cc > pp
s ‘pr(B) < 20 GEV/C . B - 008

* 2.0< Y(B) <A:5 5 sgsg — Signal
> Slgnal yield determined from gomp Background
A 0.04

S|multaneous fit in 3 BDT bins g
to gain sensﬂ.ty ooz

0.01

: -0. -0. . 0.4
- _ | BDT output



Search for B ppn+(cont ) e,
" PLB 759 (2016) 313

> N(BJr — ppn+) =—-27+6.3 (staii.;uhcertélnty only)

> Upper I|m|ts estlmated from p-value proflle for R

Candidates/(0.01 GeV/c?)

- at 95% confidence level
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g poT ot ERER : .>'U'pp-erllimit:.'R'p- <= 3.6X% 1078

30 -



ATLAS measurements  * poyermrmy

— PRL’113 (2014) 212004 .

> B+ —>]/I/}Tl' based on 4.3 fb~1 of data in 2011 (7 TeV)
e m= 6282 e 7 MeV/c o=32+9MeV/c?.

> Observed BC(ZS)+ states: m = 6842 +4 + 5 MeV/c

Events / 20 MeV

> Signal yield at 7Tev § f;‘#

e NB.)=100+23 N
SON(ZS = 22 T i3

> signal yields at 8 Tev [EEEE =

& NB)=227+25 BN

- N(2§)=35+13

R 288+ 5 MeV
Spae = 1814 MeV
o 35+13

>
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- ATLAS measurements
TR R . EPIE76(2016)4
> B - J/yDIt Do Srss

« Based on ATLAS Run-I data .

=]

b e e D

—
= =
(=]

A+ L. 1istat.) & 0.4(syst.) = 0.2(BF),

3 — D

3
.
B

.,' [ —

B —J D7

miN w0} [MeV]

YR — I Il 0y

a7 |:||:;-7:': stat.) & 0. 3(sysL.),

d [/ =038 £0.23(stat.) = 0.07(syst.) I8 B



CI\/IS measurements e |
. ‘

> Relatlve production measured using 7 TeV‘data (5 1 fb~ 1) ' '

o a(B )B(BE-J/ymt)

{048+005+003+005(TB )]%--. ..

. > Rc/u ~ g(BYH)B(BT-=J/PKT)
pr(B) > 15 GeV/c |yl < 1 6
. E - ’
> RBC = B(Bc J/pntnnt) . s, 55 i 080 _|_ O 33+8 81{(TBC')

O'(B+)B(B+—>]/1/)n+)
g pT(B) = 15 GeV/c, |y| R 6

. . ot N S L¥..
Jyr T invariant mass (GaV)

. D3 G0 G G T e T T P St (s I
Jiym imvariant mass (GeaV) Jiyl invariant ma |: V) B



Summary

i The LHC prowdes a good opportunity of B studles

» Many results obtained using the Run-I data, and we
know more and more about B mesons |

'> Data in Run I W|II prowde more opportunltles

Precisely measured mass and I|fet|me AT
vm(B{) = 6274.7 102 MeV/c
\/r(B+) =.511. 4+9 3fs

*Measurements of relatlve productlon Cross- sectlons and
- branchlng fractions

. 8 new decay modes observed maludmg the. b- spectator :

mode, the baryonic decay _
Searchlng foimnlhllatlon decays e
Excrted states BC(ZS)Jr claimed by ATLAS






. Backup slides
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" B-results from Tevatron -~ . -
'>'=Expe'rimental studi'es‘of B, before 2011 -
domlnated by Tevatron (CDF/DO) .

> First observed by CDF in 1998 through B+ > ]/tl}l+v
i > Fully reconstructed channebB+ —>]/l[)1‘l’ in 2005 -

> Relative 'production of s'emileptonic decay measured

B(B+—>]/¢l+v) IR
=.0. 132+33§‘7* + 0. 031+88§(2, -

B(B* =] /WK™)

- > Mass/llfetlme mgasurements through both semlleptonlc and

hadronlc decays e r
| e e



I\/Iass measurements from Tevatron []

CDF: PRL81(1998)2432

CDF: PRL96(2006)082002

CDF: PRL100(2008)182002

DO: PRL101(2008)012001

PDG

oo
6200 6250 6300 6350 6400
B! mass [MeV/c?|

N > PDG 2012: mp_ = 6277 £ 6 MeV/c?




Lifetime méa_éu rements frdrh Tevatron - . °
. ‘

CDF: PRL81(1998)2432

| CDF: PRL97(2006)012002
DO: PRL102(2009)092001
| CDF: PRD87(2013)011101(R .

PDG -

0.2 03 04 . . 0.7
B! lifetime [ps]

» Systematic uncertainties ~ 0.03 ps for all

[ > PDG 2012: 75 = 0.453 + 0.041 ps .-p
: ‘ . | < _ 39 -




