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Introduction and Overview

» The topics of Heavy Flavor production, spectroscopy and lifetimes are vast.

» Experiments are providing a plethora of results.

» Not only it is impossible to describe them all, but even attempting a categorization is
not trivial ! Limited here to hadron (and ep) colliders. | apologize for not
mentioning your favored result.

Production:
« the area with the largest number of measurements
 overview : importance of studying HF production, theoretical framework
» we will try to group measurements and provide one/two examples for each group

Spectroscopy:
* quick introduction
» description of the latest findings in HF spectroscopy and precision measurements

Lifetimes:
« why measure lifetimes ?
- the A\, case
- the B, case
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Instruments
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Instruments

Tevatron
LHC CMS ppbar @ 1.96 TeV
pp @ 8 TeV (2012) 4 E32 cm?2 s

7.5E33 cm2st?

‘‘‘‘‘‘‘

ATLAS and CMS tightened their trigger
requirements in 2011/2012 runs leaving
relatively less space for HF physics (with
notable exceptions). Also high pileup makes
measurements more difficult.
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b (Heavy Flavor) Production
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Understanding b (Heavy Flavor) Production

» HF production is one of the ultimate tests of QCD, allowing to probe our
understanding of the fundamental constituents of matter and their interactions.

Hard scattering
Non-Perturbative = Weak Decay Fragmentation
Fragmentation Decay

P[(?Fs . Qb_hadmno PDFs
P

Perturbative Hard Process

do(b—B—J/y) do(b)
dp, dﬁT

® f(b—B)®g(B—J/y)
» When things seemed obvious, the community was hit by the x50 discrepancy in
J/y production at Tevatron, x3 discrepancy in B production: a lesson of humility !
» Most cited theoretical frameworks include :
FONLL, MC@NLO, POWHEG for b hadron production

NRQCD for quarkonia
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Measuring b (Heavy Flavor) Production

HF production can be studied in several ways :

» Inclusive measurements with e/u in the final states
e.g. pp —* bb+X = uu+X
» Inclusive measurements HF + X
e.g. pp — displaced J/W + X
» HF in association with jets, b-jets
e.g. D* in jets
» Exclusive production (B*, B?, B, /\)
e.g. pp = B*+X = J/W+ K +X

» Onia production (prompt and non-prompt J/y and @(2S), Y(nS), ratios,
polarization)

» HF in association with vector bosons
e.qg. pp 2 ZW + b talk by Bob Hirosky

» Double J/y , multi-c final states talk by Ellie Dobson
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Inclusive e/u cross sections from HF decays ris 707(2012) 438 (aTLAS)
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JHEP 06 (2012) 110 (CMS)
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CMS\s = 7 TeV, L.

= 27.9/pb * Data
BB
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CMS: d,, used to select b component

ATLAS: W/Z/y* contributions are subtracted, leaving only contributions from HF

Excellent agreement with FONLL.

o(pp — bbX — puuX',pr > 4GeV, |n| < 2.1) =

26.4 £ 0.1 (stat.) +£2.4 (syst.) 1.1 (lumi.) nb

Compatible with MC@NLO
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Inclusive b production cross section

at 7 TeV (ATLAS)

H, — D** X

b Do (— Kt

H, : hadron containing a b quark (mostly B°)

pr(Hp) > 9 GeV, [n(Hy)l < 2.5
Higher than predictions, but consistent within uncertainties

Nucl. Phys. B 864 (2012) 341

Compared with
LHCB (DOuVX) Phys. Lett. B 694 (2010) 209
(J/U X) Eur. Phys. ). € 71 (2011) 1645
ALICE (J/U X) arxiv:1205.5880v1

Complemented by a similar measurement in the ¢ sector : D* in jets Phys. Rev. D 85 052005(2012)
which shows a x2/x3 discrepancy with the models considered

S 10F 1 I B L B BN > C — I e
5 C o ATLAS ] S 2000 ATLAS Data 2010 J. Ldt=3.3pb" ]
g i = h \s=7TeV : g - \s=7TeV e opposite sign D*u ]
Eﬂ B e Data2010 _[Ldt:s.s pb"_ @ 1500; """ s.ame sign D*u ]
- e —— POWHEG+PYTHIA E £ - — fit ]
o E e - POWHEG+HERWIG . w L . i
< B ---MC@NLO i - fit: N(D*u) = 4516+ 100
3 ] 1000 -
Q - ]
T 10" - - i
= S Su— r C— i i
S - p,(D?)>4.5GeV In(D*)<2.5 5001~
| p,()>6GeV  m()i<2.4 j -
10‘2 I 1 11 I 11 1 I 1111 I 1111 I 1| I 11 | I 11 07 | T | | | | | | | | | |
10 20 30 40 50 60 70 80 140 150 160
p(H) [GeV] m(Knr)-m(Kr) [MeV]
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Inclusive J/y X production

non-prompt J/ip— u* u, corrected for acceptance

CMS Vs=7TeV L=237pb’

S~ - SO .
JHEP 02 (2012) 011 > & 8 e oosmata e
e Oyl By S lecete
E CM?.-—\:EZIZ'FV 3 2 = 01, W NN e 21<lyl<24 (1) ]
™ B = 5 = C FONLL 7
g i —4— data ] % - ’O"%Loq O .
= — total fit L N _
E 10° prompt = o~ 10 g '&%}‘ B 3
S F 5 U non-prompt O C L ; ]
o L O background ] =4 i NN ]
L i e ANy "3”%
8<p, <9GeVic C\_lcJ 1 = S8 o 3
10°E Iyl <0.9 E X . S e ]
- : m i NN ]
I ] 107 B NN S
10E° 3 i Luminosity —— §
- ] - uncertainty not shown —
B ] 1 Lo | . S B— 1 1 ] 1
2 4 6 78910 20 30 40 SGOV/
i 25 pT( eV/c)
0 " §
_'é § 0.7 J
4 s 06 ]
g |
< 0.5—; I Vs =7TeV
€]/z1(p — ny : mw.-/pT s 0.4 {’[I
S ] i
g 03 WW
» Technique: 2D fits to mass and lifetime, per event € 029 [ ATLAS 23pbT NS s61pb
. ] i < 0.00<|y| <0. < 0.0<|y|<0.
corrections. 0.4 S \S=1.96TeV |y|<0.6
. ] PRD 71 (2005) 032001
> Good agreement with NLO NRQCD (prompt) and JJ remewmess oo
FONLL (non-prompt) oo B3R O eevig
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JHEP 04(2012) 093

B* production cross section at 7 TeV (LHCDb)

N - L -
Q L i
. S - —+— LHCb data ]
Exclusive study : o 2°0F — Total ]
g SO 7 T Signal ]
A\ 200__ Background .
+ + - I E | B> Jiyr* ]
B_ — J/l'lJ K_ ’ 35 pb_l 3 150 o -]
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> Good agreement with FONLL within uncertainties : + | + ]
> Fi H H C RN O N N
First measurement in the forward region D00 a5 300 e ton " Eas0
» Updates planned M(J/yK*) (MeV/c?)
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A, differential cross section

Phys. Lett. B714 (2012) 136
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CMS exclusive b-hadron production summary

CMS Preliminary,\'s=7 TeV Spring 2012
value = stat. = syst. = lum. error
~~ 10 T | T T T T _l L B | L ; ! |+ T |? ([uminosity)
% \ CMS \s=7 TeV B* (ly®1<2.4)]
0] A B* Tsallis fit ] pp— A, X — Jp A X - 11.6+ 0.6+ 1.2 +2.0
= i = B (y®1<2.2) P;>10 GeV, lyl<2.0 (x10000) (1900 pb™')
= 1E — B Tsallis fit
< i v B (ly®1<24)°
- i — Bg Tsallis fit | pp— B X — 28.1+2.4+20 + 3.1
S .. o A, (ly"1<20) Pr>5 GeV, lyl<2.4 (6pb7)
5 10°¢ — A, Tsallis fit J
< C ]
c B - B 0
Fo) ) i 1 pp— B X —wm— 333+25+3.1+3.6
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1 z N , E T (40 pb™)
o i | ]
o103k : - pp— B, X — Jiy ¢ X . 690407 203
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Y Production and Polarization

—

T T T TTTIT

L L L L L B IR L L I

—e— CMS data
NRQCD

1L Ll

—
=

—— PYTHIA (normalized)
---- CEM
— — CASCADE

s=7 TeV, L= 36 pb™

1 llllllll

:-
N
\\\41-.

1 IlHHll

T ‘=

1 llllllll

CMS Preliminary

dPo/dp_dy x Buy) (nb/(GeV/c))
Q

1800

g

I‘_':I|III|IIIIIIIIIII|III|III|III|III|II

CMS Preliminary, Vs = 7 TeV

1400

CMS BPH-11-001 1200
CMS BPH-11-023 1000
800
600

L =36 pb™, |y|<0.2

Events / ( 0.05 GeV/c? )

400
200

1 | “ | ‘ | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 11 | 1 1 1 1 | 1 1 1 1
07 8 9 10 11 12 13 14
p*p” mass (GeV/c?)

CMS pp\s=7TeV L=4.9fb" HX frame, lyl < 0.6

1.5 <
SRR\ T | CDF pp \'s =1.96 TeV Y(3S)
0 5 10 15 20 25 30 35 40 45 50 1]
pT (GeV/c) :
3 TTT | TTT | TTT | TTT l TTT | TTT | TTT I TTT | TTT | TTT ] TTT | TTT 0.5_:
C = | -
= e S
= —H ]
A 1L cMsPreliminary, 5=7TeV ——Y(1S) _ -0.5
x ) ] 1
% L L =36 pb _q}_ Y(ZS) : E
B L —+Y(3S) . “1-| _e— CMS preliminary, tot. uncert., 68.3% CL
© ;%—_%——%*H% | —¢— CDF PRL 108, 151802 (2012), tot. uncert., 68.3% CL
L 1 1.5 —— NLO NRQCD at \'s = 1.96 TeV, PRD83, 114021 (2011)
I i | ] - NNLO" CSM at \'s = 1.8 TeV, PRL101, 152001 (2008)
—%—_%_._é— 0 5 10 15 20 25 30 35 40 45 50
- — p, [GeV]
iy Y production in agreement with NRQCD
10- 111 111 111 111 111 111 111 111 111 111 L1 111 R .
0 02040608 112141618 2 2224 No po|ar|zat|on for Y(1 ,2,38) I
Iy
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Onia: .,/ x.1 prompt production ratio

A nice quantity to measure because many experimental

and theoretical uncertainties cancel

Xe = JIp +y

Using converted y allows good mass resolution

Good agreement of CMS measurement with NRQCD
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HERA : HF photoproduction

e y
Boson-gluon fusion is the dominant mechanism . b,c
. H1Beauty Cross Section 666@ ' b,c
10° — o
E - ep—ebbX &g
O] o mib)l, IiB)] < 2 P
E 10 = 0.05 < y = (.65
o = Q* < 1 GeV?
A 107 # H1Data
a = 4 —— NLO QCD (FMNR)
E:I_ r u§=1_r4[m:+-cpﬂh]:.a] ; _| L LA LA B R B
21 05y <pu<2u P -
v 10 = 45GeV <m_<5.0 GeV 3 Bk ) .”Data H1
- - PDF = CTEQGM s &2 % MC@NLO
o 10 = 4
L*! E n_l_ 1 e ;%}:#i ]
1L T f
= 5
=] L
3 | _
S oy l l G
= 1 i 107 E
I L I l C_1 1 1 1 1
E P S SR T N TR T T TR [ TN TR TN T [N TN SR SR S T TN TR TR T N T S ST
© % B 10 15 20 25 30 § 18 ' ' ' '
= -t T z fx.;.f:ﬁ;mf:xx;-éﬁ?’:
< PT{b} > [GeV] x s :
charm in photoproduction with D* and D jets Eur. Phys, J C72 (2012) 1995 H1 03] | | | | |
beauty with di-electrons ep -> ebbbar X -> eee X’ DESY-12-072 H1 4 - '10'*' 12 14
beauty with dijets and muons ep-> ebbarX -> e jj mu X DESY 12 059 H1 pT[D jet) [Ge
charm jets from inclusive sescondary vertices in DIS ZEUS-prel-12-002
charm from D+ and A+ in DIS Eur. Phys. (2012) 009
Stefano Argiro, UniTo and INFN PIC 2012: Bottom Production, Spectroscopy, Lifetimes 16



Spectroscopy
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Spectroscopy

b meson : the hydrogen atom of QCD
b baryon : the helium atom of QCD

Spectra predicted f.i. by Heavy Quark Effective Theory , in which the heavy quark is
viewed as a static color source in the hadron. The spin of the heavy quark is decoupled.

Example for the b-ubar b-dbar case:
States characterized by three quantum numbers :

MeV

L orbital angular momentum of the system
jq = |Lx% | angular momentum of the light quark

L=0 L=1 J = |jyt % | total angular momentum
I 1 o0 1 12
700 + i,
B
B .
600 + PDG notation : B, (") , (*) = 0+, 1-, 2+
o0 | g =1/2 g =3/2 For L=1: 4 states, collectively called B**
¥ooow B B Two narrow and two broad resonances
400 +
300 +
.l B.(5721)" and the B,*(5747)" seen at Tevatron
but missing their charged isospin partners
100 + N .
. B until recently
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LHCb: B,

First observation of orbitally excited

B*,and B™,

Search performed in the BT invariant

mass spectrum, with the B
reconstructed in various modes:
JIWK , DT, D3Tr.

336 pb 1

M(B*,) = 5726.3 £ 1.9 (stat) + 3.0 (sys)
+ 0.5(mg) MeV

Events / ( 4 Mev/c® )

M(B*",) = 5739.0 + 3.3 (stat) + 1.6 (sys)

+ 0.3(mg) MeV

LHCb-CONF-2011-053

*
B,— B*n  _y px .
200 B= 525.5 114I | LiCh
N°= S =M. ..
180 Q%= 319.9 = 1.17 MeV/c? :;:Im;?:;y_rrev Data
160~ &= 20.58 - 1.98 MeV/c? P "
140F N'=438.1 :65.4
Q*= 258.5 - 1.68 MeV/c?
120 r*= 18.52 = 1.99 MeV/c?
100
80
60
40 K
20
obE— : =
100 200 300
B+
1
~ T T T T T T |LHC|b T
"2 140 (o= 2314 - 403 B*+ Preliminary
N Q%= 319.9 =+ 3.31 MeV/c? Aya =
é:’ 120 8= 26.8 4,09 MeV/c? 336 pb™ Is =7 TeV Data
< 100 NA= 4425 =74.2
Q* 261.4 +1.92 MeV/c? {
~ A= + 2 4
—  80F =2412 409 Mevic N I. - LI * _::
" r 1y $ !
60
2 40 BO
20 b A
o M M a 1 " M
100 400 500
m, - m, - m_[MeV/c?]
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B.: new decay mode arXiv:1204.0079

. . CMS-PAS-BPH-11-003
meson with two heaviest quarks

LHCb makes first observation of

B — J/w i 1400 | | | 1
) c S Ny =108=19 ]
soon confirmed by CMS 8 120 + o= 0.021= 0,004, GeVic®
Mass and production x section measurement (LHCb) & | Mo, = 6:265 2 0,008y GeV/E™ ]
§§100 p,(B)>10 GeVic —
£ B (B )l <1.6 b
s | ’ ]
> 60- v T v T v T v T ] Lﬁ 807 1
S s0- ] K |
© a0 - 601 -
& 30 . i i
£k - a0 —
> T | CMS preliminary ) i
w 10~ T 201~ \s=7Tev f 8
' . ' L L=471fb" be!
% _- 07\ I | | ‘ | | ‘ | | ‘ | | ‘ | | | ]
= i 5.8 6 6.2 6.4 6.6 6.8
o — Jyrtnt mass (GeV/c?)
g Jhprt .
2 . BR(J/Y 3m)/ BR(J/Y ) =2.41+0.30+0.33
S | ]
11] - —

0
5800

6000

6200

6400 6600
M/ ]) [MeV]

6800
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Heavy Baryons : New observation : A"

Observed by LHCb and confirmed by CDF
Observation of two narrow states in the arXiv:1205:3452,
b

AL AT
N\, —pKTT expected at JP = 1/2- and 3/2-. Orbitally excited A\, ‘s [udb]

L B e

30
25
20
15
10

(a) LHCb

lllllllll

M je0(5919y = 5911.95 £ 0.12 £ 0.03 £ 0.66 MeV/c?,
10(5912)
M 50 (5920) = 5919.76 £ 0.07 + 0.02 + 0.66 MeV/c?,

Candidates / (0.5 MeV/c?)

lllIllllllllllllllllllllllllll

5900 5910 5920 5930 5940 5950

M AO + M V/ ) N(\) 24 S L I L L L R
(Apym'm) (MeV/c?) > CDF Run Il Preliminary
~ I T I = 20 L~9.61b"
L 30 CI
> b o
2 25 (b) LHCb S 16
n o 14 5
S 20 H iﬁ S 12 &
~ :I e 10 _E
s 1 He & =
E 3 ‘ : b i S s | 4, 4, 4, E
= 10 g’ 6 E
E i [l ° il 4
< | o I I -
@) 5 II“I | { 1 =
; ( II.l ug ol ! 2} 4 4t ) E
............ & lrrTunng 4 . ] — O""""""""""""I' =
5900 s010 5020 5930 5940 5950 001 002 003 004 005 006 007
0 0
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New Observation: Ebo* Phys. Rev. Lett. 108, 252002 (2012)

> 161
@ [ cms o
= 14 C pp, Js=7TeV e Opposite-sign data
cq::; E L=5.3fb" — Signal+background fit
P _ + - - e Background
[usb], JP =3/2 . o 12
. . — ) B
orbitally excited =, S 10F ®
O C &
& 8
o B
= ol 6
of S } }
---------------------- I
5;0 + i ol | | | oLl T
i 0 10 20 30 40 50

MJAYE ) - MJAPE) - M() [MeV]

Complicated cascade that challenges detector
and reconstruction capabilities

>50 evidence 21 candidates observed,

expected background : 3

Q= MJNWE ") — MJ/YE~) — M(71) : 14.84 + 0.74 (stat.) £ 0.28 (syst.) MeV
mz,- = 5945.0 = 0.7(stat) + 0.3(sys) + 2.7(PDG) MeV
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Tt EE

Phys. Rev. D 85, 092011 (2012)

Two [udb], S-wave isospin triplets with JP =1/2* and JP =3/2* , SP 4 = 1*

CDF provides most precise determination of masses and widths

2, >N\
AWCES AW/
b C 350 [TTTTTTTTT | TTTTTTTTTTTTTTTTTITITTITITTTITTT TTTTTTTTT]TTTTTTTTTTTTTTTTIL]
+ — —
/\C _’pKﬂ: C ]
300 =
Al
2 - ]
S - ]
o 250 ]
= C N
™ —
TABLE III. Summary of the results of the fits to the Q = 5 200 ¢ L +:
M(A)7*) — M(AY) — m,, spectra. The statistical uncertainties Q - .
are returned by the unbinned maximum-likelihood fits. § 150 — _
© — ]
State Qp value, Natural width, Yield % C 7
MeV/c? Ty, MeV/c? c 100 Data —
S - ——  Signal + Background .
3, 56.210: 49731 34029 o 0 Background only E
D 75.8 = 0.6 7.5%%2 540*99 o .
> . 521755 9'7%27 470;%(:)2 0 B, L Loy T Loy iy Lo ]
> 128207 1150 890100 0 003 006 009 012 0.15 0.18 021

Q(z,— A, [GeV/c?]
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New bottomonium states : x,(3P)

Observed bottomonium radiative decays in ATLAS, L=4.4 lie]

PRL 108, 152001 (2012)

;‘ B l —~ 220__| | T T T | T T T | T T T | T T T | T T T | T T |__
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Lifetimes
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The importance of measuring HF hadron lifetimes

spectator model of HF decay : in this simple picture
all b mesons and baryons would have the same lifetime, but this is modified by
the strong interaction with the other quarks and gluons.

The study of b-hadron lifetimes can teach us about the interplay between strong and
weak interactions.

1 n
o~ Verear Y o) (o) (IO
n My Heavy Quark Expansion

short distance effects np long distance effects
O(1/m}) baryon/meson
O(1/m,)  spectator effects (B,, B*, B)
7(B7) 7(BY) T(AD)

=1.06 £+ 0.02 2 = 1.00£0.01 = 0.88 4+ 0.05.
7(BO) ’ 7(BO9) ’ 7(BO9)
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A, lifetime and mass

Discrepancy CDF/CDF, CDF/DO

ATLAS:  m(A,)=5619.7+0.7(stat) £ 1.1(syst)MeV

N (A,) = 2184 + 57

T(A,) =1.499 +0.036(stat) + 0.017(syst) ps

PDG(2012): 1(A,)=1.425+0.032 ps

courtesy of N. Panikashvili
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PRL 108 (2012) 241801

Bs lifetime .o 1207.0878 Because of mixing, there are two mass
LHCb-PAPER-2012-013

CDF Phys. Rev. D85 (2012) 072002 | eigenstates (m,, m ) with separate lifetimes and
DO Phys. Rev. D85 (2012) 032006 widths l-H r|_

" S . e
@ €:3 r,= ([, +T)/2 is the effective lifetime,
g ~ obtained by describing the untagged
@ @ decay time distribution with a single
y exponential: Al =T -T,
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[LHCB-CONF-2012-002]

Stefano Argiro, UniTo and INFN PIC 2012: Bottom Production, Spectroscopy, Lifetimes 28




Conclusions

An impressive number of new measurements in the HF sector in 2012
concerning production, spectroscopy and lifetimes and many more in the oven

HF production: cross section measurements in exclusive and inclusive decays,
in association with jets, vector bosons, etc. Apologies for not mentioning your
favored measurement !

Spectroscopy: discovery of new mesons (B*,, B™,, x,(3P) ) and baryons (A.*, =,*)

Lifetimes: A\, , B,

Theoretical tools that were rigged and tuned at Tevatron are working remarkably
well at LHC. On the other side, we are still using several effective theories !
Also, theoretical uncertainties often larger than experimental uncertainties.
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Extras



multiple Charm production

Can originate from several processes:
1. LO gg — J/y ccbar

2. Double Parton Scattering

3. sea quarks N A7) N N
g(ﬁ,] -To‘?-"’%’ e TEEY” 7 p— |
+ porom -+

g(k:] I > TOU * 22 Y o A

R WIS T~ 0 9
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Double J/LIJ prod uction Physics Letters B 707 (2012) 52-59

) " 60T
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Integrated cross section

J/U + open charm mesons and 2 open charm compatible with LO, but DPS
could still play a role ...
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HF in association with vector bosons
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