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@ Introduction

@ Production cross-sections:

@ inclusive b-hadrons
e bottom mesons and baryons
e quarkonia

@ Branching fractions:

e bottom baryon decay
@ baryon production in meson decays
e look for intermediate states

@ Conclusions
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Introduction
@00

Motivations

@ Cross-sections measurements:

e probe the underlying QCD processes,

e reference or ingredient for searches and measurements of
rarer or new processes,

e baseline for associated production of HF and other objects.

@ Decay properties studies and branching fractions
measurements:

o test form-factor models,
e look for new and exotic states.

@ Look for effects of new physics beyond the Standard Model:
o look for new physics effects in rare decays.
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Introduction
oeo

Motivations

Cross-sections Jneasurements:

e bageline for associated production of HE and other objects.
@ Decay properties studi {branching fractions
measurgments: 4

@ Branching fractions often measured as
ratios

@ Cross-section / fragmentation-fractions
ratio possibly needed
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Introduction
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Motivations

@ Cross-sections measurements:

e probe the underlying QCD processes,
e reference or ingredient for searches and measurements of
rarer or new processes,

e baseline for associated production of HF and other objects.

@ Decay properties studies and branching fractions
measurements:

o test form-factor models,
e look for new and exotic states.

@ Look for effects of new physics beyond the Standard Model:

e look for new physics effects i

| Not covered here U
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Outline

@ Production cross-sections:
@ inclusive b-hadrons
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b-hadron pair production (ATLAS, /s = 8 TeV)

@ First b-hadron decay channel containing J/v¢ — putu~

@ Second b-hadron decay channel containing a muon
pr,. >6GeV, |n, | <23,/ <25

Signal extraction (£ = 11.4fb™ 1)
@ J/v : 2D fit to dimuon mass and proper decay time \

@ muon: 2D fit to BDT(sig/bkg) and impact parameter
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b-hadron pair production (ATLAS, /s = 8 TeV)

@ First b-hadron decay channel containing J/v¢ — putu~
@ Second b-hadron decay channel containing a muon
pr,. >6GeV, |n, | <23,/ <25

Signal extraction (£ = 11.4fb™ 1)
@ J/v : 2D fit to dimuon mass and proper decay time
§,muon: 2D fit to BDT(sig/bkg) and impact parameter
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b-hadron pair production (ATLAS, /s = 8 TeV)

@ First b-hadron decay channel containing J/v¢ — putu~

@ Second b-hadron decay channel containing a muon
pr,. >6GeV, |n, | <23,/ <25

Signal extraction (£ = 11.4fb™ 1)
@ J/v : 2D fit to dimuon mass and proper decay time

@ muon: 2D fit to BDT(sig/bkg) and impact parameter

Total cross section in fiducial region: JHEP 11 (2017) 062

o(B(= J/¥[= p 7]+ X)B(— p+ X)) =
(17.7 + 0.1(stat) £ 2.0(syst)) nb
Differential cross section vs. several variables compared
with various predictions/simulation

P. Ronchese - CMS + ATLAS & LHCb Heavy hadrons at LHC - 5/30


http://dx.doi.org/10.1007/JHEP11(2017)062

Production
00000000

Outline

°
@ Production cross-sections:
]
e bottom mesons and baryons
(]
)
]
"]
(]
°
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B+ production cross-section (CMS, /s = 13 TeV)

L =481 pb’1 , lysl <2.1,10GeV < prg < 100 GeV PLB 771 (2017) 435

Differential cross-section, vs. transverse momentum and rapidity
do(pp — BT X) Nsig(2)
dz 2.B-A-e(2)-L-Az

B* reconstructed in the channel B* — J/yK* | J/¢ — ptu~

z = prs.lys nsg(z) = signal yield
2 = account for A = acceptance
B charge symmetry ¢(z2) = efficiency
B = B(B* = J/yK*) L = integrated luminosity
B(J/p — ptu) Az = bin width

Event selection

) ‘M(;ﬁ',u_) = mJ/w’ < 150 MeV
] ny/ny > 3.5 , COS(G)X}/ > 0.99
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B+ production cross-section (CMS, /s = 13 TeV)

L =481 pb’1 , lysl <2.1.,10 GeV < prg < 100 GeV PLB 771 (2017) 435

B* reconstructgd in the channel B — J/yvK* ,J/¢ — ptu~

Z = P18, HB\ Nsig(z) = signal yield
B:l: Invariant mass diStribUtions % ?Msll‘)<p ‘<17Gl§V |y|‘<145‘17<p‘ <10‘3)8;;t\?:;(<13:evz
S1600F P ' o ‘W<z 3
@ prgand |yg| bins Sa00f e atenties :
’ . Ik Ih d f . §1200F 8"~ JY K’ signal E
@ Unbinned max li ell 00 .|t. Erooof g Sy
o Sum of 2 gaussians (signal) |3 = © - b+ hedons eckaound

e exponential (background) i a00f-

e error function , T N, ]
(mis-reconstructed B+ — J/yKX) [ = 5152 53 54 55 56 SN
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B+ production cross-section (CMS, /s = 13 TeV)

L =481 pb’1 , lysl <2.1,10GeV < prg < 100 GeV PLB 771 (2017) 435

Differential cross-section, vs. transverse momentum and rapidity
do(pp — BT X) Nsig(2)

dz 2.B-A-e(2)-L-Az
B* reconstructed in the channel B+ — J/yvK* | J/¢ — ptu~

z = prs.lysl Mig(z) = signal yield
2 = account for A = acceptance
B charge symmetfy \e(2) = efficiency

B(BT — J/yK*) =
Acceptance and efficiency
@ Overall A - € estimated from simulation

@ Efficiency measured also in data (tag and probe)
to estimate systematic error
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BT production: results (CMS, /s = 13 TeV)

Differential cross-section vs. pr 5, |ys|

@ Left: dO'/de’B (integrated over [|yg| < 1.45] or [|yg| < 2.1])

@ Right: do/d |ypg| integrated over [10 GeV < pr 5 < 100 GeV or [17 GeV < pr 5 < 100 GeV])

@ Comparison with FONLL

M.Cacciari et al., JHEP 05 (1998) 007 , JHEP 03 (2001) 006 , JHEP 10 (2012) 137
and PYTHIA T. Sjsstrand et al, CPC 178 (2008) 852
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BT production: results (CMS, /s = 13 TeV)

Differential cross-section ratios (13 TeV /7 TeV) vs. pr g, |ys|

@ Left: R(dO’/dpnB) (integrated over [|yg| < 1.45]or [|yg| < 2.1])
@ Right: R(do/d |yB|) (integrated over [10 GeV < pr.5 < 100 GeVIor [17 GeV < pr.p < 100 GeV])

@ Reduced sensitivity to scale uncertainty, constraint to gluon PDF
M.Cacciari et al., EPJC 75 (2015) 610

48.1 pb™ (13 TeV), 5.8 pb™ (7 TeV) CMS 48.1 pb™ (13 TeV), 5.8 pb™* (7 TeV)
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B* production cross-section (LHCb)

Analogous measurement from LHCb

@ Double differential cross-section,
vs. transverse momentum and rapidity
(all plots and numbers not shown here...)
@ Collision energy /s = (7,13) TeV

@ Complementary rapidity range

L =(1.0,0.3) pb’1 ,2.0 < |yg| < 4.5, pre <40 GeV JHEP 12 (2017) 026

Integrated cross-section
o(pp — BEX ,\/s= 7 TeV = (43.0 4+ 0.2(st) & 2.5(sy) & 1.7(br)) ub
o(pp — BEX ,\/s =13 TeV = (86.6 4 0.5(st) & 5.4(sy) & 3.4(br)) ub
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B* production cross-section (LHCb)

Analogous measurement from LHCb

@ Double differential cross-section,
vs. transverse momentum and rapidity
(all plots and numbers not shown here...)
@ Collision energy /s = (7,13) TeV

@ Complementary rapidity range

Differential cross-section ratios vs. pr g, |ys| JHEP 12 (2017) 026
S 45 T T T S A5pT T T ]
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=, baryon production cross-section (LHCb)

@ New decay modes of bottom-strange baryons observed and
studied

@ Branching ratio measured:
(ng/ng)B(EE — /\gﬂ'i) =(5.7+ 181’88) x 10™*  pAL 115 2015) 241801

@ Absolute branching fraction determination requires fragmentation
ratio knowledge

5 BE, oIE) B TE 2 INE) T

b BN = J/eN0) o T(A) = J/eAY) T

Ratio measurement PRD 99 (2019) 052006
B N(EE — J/YPp="7) A9

= > —~—-
N(Ap — J/9A°) eSS
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=, baryon production cross-section (LHCb)

@ New decay modes of bottom-strange baryons observed and
studied

@ Branching ratio measured:
(ng/ng)B(EE — /\gW*) =(5.7+ 181’88) x 10™*  pAL 115 2015) 241801

@ Absolute branching fraction determination requires fragmentation
ratio knowledge

BE, 2 J/v=) 5 TG - JdWE) T

_ ~b . =b

hg BN = J/eN0) o T(AY = J/eAY) T

A

Ratio measurement PRD 99 (2019) 052006

Q_ NE, — J/z/E)G/\D
—ON(AY = J/PN0) ez
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=, baryon production cross-section (LHCb)

@ New decay modes of bottom-strange baryons observed and

studied
From PDG

@ E| From SU(3) flavor symmetry
( M=, - J/w=") 2

x 104 PRL 115 (2015) 24\801

: — :
@/ F(Ap = J/PA%) 3 lination raguires fragmentatio
ratio knowledge

_ fE; _ B(=z, = J/v=") fz; _ Mz, = J/v=) 1= /
fg BNy J/uA) g [T(A — J/en0) | | 7ag

A

Ratio measurement PRD 99 (2019) 052006

Q_ NE, — J/z/E)E/\D
—ON(AY = J/PN0) ez
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=, — J/¥=" signal extraction (LHCb)

® J/¢ — ptp~ rtwo muons |M(utpT) — myy| < 40 MeV
@ “long”/“downstream” tracks:
including/without hits in the vertex detector
e A° — pr~ : two “downstream” tracks, [M(pr~) — mpo| < 8 MeV
e =~ — A%~ : “long” track as pion candidate,
|((M(A°7=) — M(pr—) + mpo — m=—| < 10 MeV

@ good vertex quality, displaced vertices from PV
e AY, =, candidates: 2 < || < 6, pr < 20 GeV

Vs=(7,8,13)GeV, £ = (1.0,2.0,1.6) pb™"

o A) — J/yA® =, — J/¢=" invariant mass distributions
@ Unbinned max likelihood fit:

e Sum of 2 CB function, common peak position and sigma (signal)
e exponential (background)

® m._ = (5796.70 + 0.39(stat) + 0.15(syst) + 0.17(m,o)) MeV

4
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~ signal extraction (LHCb)

@ J/y — putu~ : two muons \M
@ “long”/“downstream”

A 5 JJpA® /5 = 7,8 TeV

'
a
=3
=]

t LHCb -+ Data
[(s=7,8TeV [} —ruippF

= A JIPA

. two “downstream” ti
o =~ 7~ : “long” track as pio
) — M(pﬂ‘i) + Mpo — I

Candidates / (2 MeV/c?

/s=(7,8,13)GeV, L

E; - J/wz— invari 55002880 ""3;‘06 Qé@%ﬁ#%i%?&f%so

preerMax likelinood fit: ’
e Sum of 2 CB function, common peak position and sigma (signal)
e exponential (background)

© m._ = (5796.70 + 0.39(stat) + 0.15(syst) + 0.17(m,o)) MeV
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=, — J/¥=" signal extraction (LHCb)

@ good vertex quality,
e AY, =, candidates:

Candidates / (5 MeV/c?)

40

20

| LHCb

~+ Data
— Full PDF
e

(Z -Am)

SR

I
5800

P
. 5900
J/IY = mass [MeV/c?]

v

e Sum of 2 CB function, common peak position and sigma (signal)

e exponential (background)

® m._ = (5796.70 + 0.39(stat) + 0.15(syst) + 0.17(m,o)) MeV

P. Ronchese - CMS + ATLAS & LHCb Heavy hadrons at LHC - 12/30




Production
00000000

fo_ /fg (LHCb)

~ N(E, = J/W=)
N(Ag — J/YA0) e=-
° N(Z, — J/p="), N(A? — J/¢A%) from mass distributions fit
° €D » €= from simulation (eAg/eE; ~ 14%)

Production rate times branching fractions ratio

R = (10.8 4 0.9(stat) + 0.8(syst)) x 1072 [\/s = 7,8 TeV]
R = (13.1 & 1.1(stat) + 1.0(syst)) x 102 [\/s= 13 TeV]

Fragmentation ratio PRD 99 (2019) 052006

b = (6.7 + 0.5(stat) 4 0.5(syst) + 2.0(f.s.)) x 1072 [\/s = 7,8 TeV]

A

~

\
| oo [o]

= (8.2 4 0.7(stat) + 0.6(syst) + 2.5(f.s.)) x 1072 [\/s = 13 TeV]

0
b
v
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fo_ /fg (LHCb)

N(Z, — J/Y=") ey
J/YN0) €=,
) from mass distributions fit

14%)

| SU(3) flavor symmetry (30%) ||
o N(Z, = J/W="), N(A) — J/¢
® ¢po , e from simulation (e/\g/ezg

Production rate times branching fractions ratio
1072 [/s=7,8TeV]
L1072 [/s= 13 TeV]

PRD 99 (2019) 052006

o

R = (10.8 + 0.9(stat) £+ 0.8(syst))
R =(13.1 + 1.1(stat) £ 1.0(syst))

Fragmentation ratio

x 1072 [\/s = 7,8 TeV]

@) %10 2[/s= 13 TeV]

Heavy hadrons at LHC - 13/30

=
Sl

b — (6.7 &= 0.5(stat) & 0.5(syst)

A

=
S| oo

= (8.2 + 0.7(stat) £+ 0.6(syst)

=™

0
b
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Outline

o
@ Production cross-sections:
o
o
e quarkonia
o
o
o
o
o
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Quarkonia production cross-section

Heavy quarkonia production models & tests

@ Test factorization and NRQCD G .7Bodwin etal, PRD 51 (1995) 1125, PRD 55 (1997) 5853

P.Cho and A.K.Leibovich, PRD 53 (1996) 150 , PRD 53 (1996) 6203
° 2 phases: B. Gong et al., PRL 112 (2014) 032001 , Z.-B. Kang et al., PRD 91 (2015) 014030
e perturbative generation of QQ pair (singlet/octet)
e hadronization producing bound state (LDME)

@ Different center of mass energies:

e perturbative calculations appropriate for energy

P.Faccioli et al., PLB 736 (2014) 98
o EEIE LDME G.T.Bodwin et al., PRL 113 (2014) 022001

@ Higher energy and higher cross-section: extended pr reach

Several pp — qQ cross-section measurements
at ATLAS, CMS and LHCb
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Quarkonia production cross-section (ATLAS)

a(pp — (J/¢ ,¥(2S))X) Vs=17,8TeV EPJC 76 (2017) 283
- o(pp — T(nS)X) Vs=7 TeV PLB 705 (2011) 9 .
@ lest tactorizgs 5) 1125 , PRD 55 (1997) 5853
] ) 150, PRD 53 (1996) 6203
@ 2 phases: s S et al, PRD 91 (2015) 014030
e perturba
@ hadroniz : - ¥
o Different cer | — R P—
o perturba £ —— . acns:
: SR tal,  PLB736(2014) 98
o same LL  E— 't al., PRL 113 (2014) 022001
@ Higher ener¢ == : e pr reach

Several pp —_gQq cross-sectig/measurements
ATLAS and LHCb
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Quarkonia production cross-section (CMS)

a(pp — (J/v ,9(2S))X) Vs= 7TeV  JHEP02(2012) 011, PRL 114 (2015) 191802
. a(pp — T(nS)X) Vs= 7TeV PLB 727 (2013) 101, PLB 749 (2015) 14 .
o(xe2)/o(xc1)s o(xb2)/o(Xb1) Vs= 7TeV EPJC 72 (2012) 2251, PLB 743 (2015) 383
a(pp — (J/¥ ,9(2S), T(nS))X) /s=13TeV PLB 780 (2018) 251 | 53
p R T 203
SR/ (2S), T(1S), T(2S), T(3S) : comparison with NRQCD RCAETI ey
@ pe
_ WCMS 23-271'(13Tev) CMS 2.7 fb* (13 TeV)
[+ hE é ol - NRQCD 3 ol " Y(1S)(100)  NRQCD
. Jo k. *9es) [ NRQeD - ves 10 | NRQeD
o Differe S v oo
° pe a4 p
@ sz ~ N S : 3LB 736 (2014) 98
S el 113 (2014) 022001
n > ‘
@ Higher P e L N ; 1] ach
ug“..,,‘) f s Mfr ug“av-v wVyydd ¢ v‘é,
EE Fesmmprprd s 0¥ i 4‘ élv ' Eg : \.‘.u\-ldg\‘\ﬂlﬁv%;’ L1
S S R

v

Several pp — qg cross-section meagirements
at ATLA{, CMS b
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Quarkonia production cross-section (LHCb)

I
<
@
<

a(pp — (J/v ,9(2S))X) EPJC 71 (2011) 1645, EPJC 72 (2012) 2100

s

a(pp — T(nS)X) Vs= T7TeV EPJC 72 (2012) 2025
o(xc2)/o(xc1) Vs= T7TeV PLB 714 (2012) 215
a(J/)/o(xc) Vs= T7TeV PLB 718 (2012) 431 | 53
o(xc0)/o(Xc2), 7(xc2)/o(Xc1) Vs= T7TeV JHEP 10 (2013) 115 | 03
a(pp — (J/3 , T(nS))X) Vs= 8TeV JHEP 06 (2013) 064 | 30
o(pp — T(nS)X) Vs =17,8TeV JHEP 11 (2015) 103
a(pp — J/9X) Vs= 13TeV JHEP 10 (2015) 172, JHEP 05 (2017) 063

Vs= 13TeV JHEP 07 (2018) 134
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http://dx.doi.org/10.1016/j.physletb.2012.10.068
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http://dx.doi.org/10.1007/JHEP06(2013)064
http://dx.doi.org/10.1007/JHEP11(2015)103
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Quarkonia production cross-section in Hl collisions

Quarkonia production 5.02 TeV, ATLAS EPJC 78 (2018) 171
J /4 elliptic flow 5.02 TeV , ATLAS EPJC 78 (2018) 784
J/v and ¢(2S) production 5.02 TeV , ATLAS EPJC 78 (2018) 762
J /4 production 5.02 TeV, ATLAS PRC 92 (2015) 034904
T production 8.16 TeV, LHCb JHEP 11 (2018) 194
J /4 production and nuclear modification 8.16 TeV, LHCb PLB 774 (2017) 159
1(2S) production and cold nuclear matter effects 5 TeV, LHCb JHEP 03 (2016) 133
T production and cold nuclear matter effects 5 TeV, LHCb JHEP 07 (2014) 094
J /4 production and cold nuclear matter effects 5 TeV, LHCb JHEP 02 (2014) 072
J /v elliptic flow 8.16 TeV, CMS PLB 791 (2019) 172
Nuclear modification factors of T 5.02TeV, CMS PLB 790 (2019) 270
1(2S) production 5.02TeV, CMS PLB 790 (2019) 509
Charmonium suppression 5.02TeV, CMS EPJC 78 (2018) 509
Suppression of excited T 5.02TeV, CMS  PRL 120 (2018) 142301
J /) production 5.02TeV, CMS EPJC 77 (2017) 269
Relative modification of prompt v(2S) and J/+ yields 5.02 TeV, CMS  PRL 118 (2017) 162301
Suppression of T 2.76 TeV, CMS PLB 770 (2017) 357
Suppression of J /1) 2.76 TeV, CMS EPJC 77 (2017) 252
Prompt (2S) to J/+ yield ratios 2.76 TeV, CMS  PRL 113 (2014) 262301
Suppression of J/1 and T(1S)) 2.76 TeV, CMS JHEP 05 (2012) 063
Suppression of Excited T 2.76 TeV, CMS  PRL 107 (2011) 052302
T production ratios vs. multiplicity 7 TeV, CMS CMS-PAS-BPH-14-009
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http://dx.doi.org/10.1007/JHEP11(2018)194
http://dx.doi.org/10.1016/j.physletb.2017.09.058
http://dx.doi.org/10.1007/JHEP03(2016)133
http://dx.doi.org/10.1007/JHEP07(2014)094
http://dx.doi.org/10.1007/JHEP02(2014)072
http://dx.doi.org/10.1016/j.physletb.2019.02.018
http://dx.doi.org/10.1016/j.physletb.2019.01.006
http://dx.doi.org/10.1016/j.physletb.2019.01.058
http://dx.doi.org/10.1140/epjc/s10052-018-5950-6
http://dx.doi.org/10.1103/PhysRevLett.120.142301
http://dx.doi.org/10.1140/epjc/s10052-017-4828-3
http://dx.doi.org/10.1103/PhysRevLett.118.162301
http://dx.doi.org/10.1016/j.physletb.2017.04.031
http://dx.doi.org/10.1140/epjc/s10052-017-4781-1
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Double quarkonia production

High parton densities in pp collisions

@ Single parton scattering (SPS):

@ assumed to dominate

e strongly correlated pairs, small |Ay|
@ Double parton scattering (DPS):

e multiple heavy-flavour production,
o large |Ay| values

S. Baranov,et al., PLB 705 (2011) 116-119, C.H.Kom et al., PRL 107 (2011) 082002
v

Quarkonium pair production mechanism
@ Color singlet: dominant at low pr

@ Color octet: important at high pr
P. Ko et al., JHEP 01 (2011) 070, J.Campbell et al., PRL 98 (2007) 252002

Possibly produced in decays of tetra-quarks
A.V.Berezhnoy, et al., PRD 86 (2012) 034004
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http://dx.doi.org/10.1103/PhysRevLett.98.252002
http://dx.doi.org/10.1103/PhysRevD.86.034004
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Double quarkonia production

High parton densities in pp collisions

Measurements at LHC experiments

double J/v Vs= 7TeV LHCb PLB 707 (2012) 52
double J/4 vV/s= 7TeV CMS JHEP 09 (2014) 094
double J/+ Vs= 8TeV ATLAS EPJC 77 (2017) 76
double T V/s= 8TeV CMS JHEP 05 (2017) 013
double J/v vV/s=13TeV LHCb JHEP 06 (2017) 047, JHEP 10 (2017) 068
T ouyv |y | vaiuvo
S. Baranov,et al., PLB 705 (2011) 116-119, C.H.Kom et al., PRL 107 (2011) 082002J

Quarkonium pair production mechanism
@ Color singlet: dominant at low pr

@ Color octet: important at high pr
P. Ko et al., JHEP 01 (2011) 070, J.Campbell et al., PRL 98 (2007) 252002

Possibly produced in decays of tetra-quarks
A.V.Berezhnoy, et al., PRD 86 (2012) 034004
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http://dx.doi.org/10.1007/JHEP06(2017)047
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Double J/+ production cross-section (ATLAS, /s = 8 TeV)

£L=11.4"", yJ/w\ <21, pry >85GeV EPJC 77 (2017) 76

Different pp interaction removed: |d;| < 1.2 cm
Data split in 2 rapidity regions: |y, /| < 1.05,1.05 < |y | < 2.1
Di-J /v signal: fit on 2D mass distribution (; ,, > 256ev, n,| < 2.3)

Prompt-prompt fraction: fit on 2D transverse decay length L,
Residual pile-up contamination:

e estimated with a fit on wide d, range
e kinematic variables distributions from sidebands |d;| > 1.2 cm

Double parton scattering contribution:
J/v mesons assumed to be produced independently
@ DPS template Ay, A¢ distribution
with J/v pairs from different events

@ Event weights computed: wpps(Ag¢, Ay) = %
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Double J/+ production cross-section (ATLAS, /s = 8 TeV)

£L=11.4"", yJ/w\ <21, pry >85GeV EPJC 77 (2017) 76

Different pp interaction removed: |d;| < 1.2 cm
Data split in 2 rapidity regions: |y, /| < 1.05,1.05 < |y | < 2.1
Di-J /v signal: fit on 2D mass distribution (; ,, > 256ev, n,| < 2.3)

Prompt-prompt fraction: fit on 2D transverse decav lenath /.,
Residual pile-up contamination: Normalized with

o estimated with a fit on wide d, range data at large Ay
e kinematic variables distributions from sidebanas a4 > 1.2.cm
7

Double parton scattering contribution:
J/¢ mesons assumed to be produced inde

o| DPS template Ay, A¢ distribution
with J/v pairs from different events

@ Event weights computed: wpps(Ag¢, Ay) = %
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Double J/+ production: results (ATLAS, /s = 8 TeV)

Differential cross-section vs. pr , Ay
@ DPS fraction estimated from event weights
@ Predictions from NLO* J.P. Lansberg, H.S. Shao PLB 751 (2015) 479, PRL 111 (2013) 122001

—_— TTTT I I T I T T T — 2o L o e T
g A T 1‘ T s 10 E Trias T T '3
S Vs=8TeV, 11.4 1t 0] F Vs=8TeV, 11.41b"
S iy fops = 9.2% £ 2.1% : F fops = 9D»5‘:/v t22%
> 10 e Data - X ¢ ULala
3 E S 10§ o DPS Estimate E|
8 e . B 5 S ors s
B I NLO* SPS+DPS Pred. § ; ‘
il
‘. mtm—t— o
E £
—4— _]_ T
107 —"f— i 3 107k

102 1072 T T
0 05 1 15 2 25 3 35 4 0 10 20 30 40 50 60
Ay(Jhy,Jhy) p(Jy Jhy) [GeV]

o = (15.6 + 1.3(st) = 1.2(sy) + 0.2(br) + 0.3(Ium)) pb || < 105
OFid = (135 + 1.3(81) +1.1 (Sy) + 02(br) + 03(Ium)) pb 1.05 < ‘yJ/w’ <21
fops = (92 +21 (stat) + 0.5(syst))%
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Analogous measurement from LHCb
@ DPS predictions from pseudoexperiments
@ SPS predictions from different models (LO-CO, NLO*-CS, K7 giyon)
@ Fraction from fits to different variables (o1 .y » Yo » Myy » |AY])

T
DPS

SPS: LO kr 3
—meme SPS: NLO" CS/

=== SPS:NLO*CS/, ) g6y
———-5PS: NLO
E==5PS:LOC 3
M SPS: LO COppy—2 G
5% SPS: NLO CS

LHCb 13TeV 4

0
pr(JfbJp)  [GeV/d)

L =279 pb_1 , 2.0 < |y| <45 , PT < 10 GeV JHEP 06 (2017) 047, JHEP 10 (2017) 068
o = (15.2 + 1.0(stat) + 0.9(syst)) nb ; fops = ((42 + 25) = (86 +55))%
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Branching fractions
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Outline

@ Branching fractions:

e bottom baryon decay
"]
(]
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Branching fractions
(o] le]ele]

B(AY — 1(2S)A°)/B(AY — J/4A°) ratio (LHCb)

Bottom hadrons decays with charmonia in final state

@ Ratios of branching fractions of b-hadrons
into (2S)X and J/vy X : test factorisation of amplitudes.

@ Measured by ATLAS:
0 0
BA2¢(@SN) _ 5501 + 0.033(stat) + 0.019(syst) PLB 751 (2015) 63

B(A)—J /1N0)
@ Discrepancy from covariant quark model prediction:
B(A)—9(2S)N0)
W = 08 :l: 01 T. Gutsche et al. PRD 88 (2013) 114018, PRD 92 (2015) 114008
2.0 < 'I]Ag <45, ps A9 < 20 GeV JHEP 03 (2019) 126

@ J/vy, ¢(2S) : two muons not coming from any PV
@ A% : two tracks, same “type” (long/downstream)

@ Common vertex, displaced from PV

@ myo: kinematic fit, constrained my, , Mo

P. Ronchese - CMS + ATLAS & LHCb Heavy hadrons at LHC - 21/30



http://dx.doi.org/10.1016/j.physletb.2015.10.009
http://dx.doi.org/10.1103/PhysRevD.88.114018
http://dx.doi.org/10.1103/PhysRevD.92.114008
http://dx.doi.org/10.1007/JHEP03(2019)126

Branching fractions
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B(A) — 1(2S)A%)/B(A) — J//\°) ratio (LHCb)

@ Efficiency from simulation, weights given by inverse of efficiency
@ BY - (K2 — ntr™) , =, = ¥(=~ — A% ) bg from simulation

Candidates/ ( 8 MeV/c?)

Candidates/ (4 MeV/c2)

T T T 7 ~ T T —
F LHCb @1 L _FLHCh ® ]
10°F long track E § 10°F |ong track
E E 3 E
g E
g F
k] E
Bk
o F 3
10°F .. S
! L S ! 102' Ut : ! ! L
5400 5500 5600 5700 5400 5500 5600 5700
Myes0 [MEVIEY My, [MeV/e?]
T T T T 3 o E T T T T 3
LHCb © 1 L F LHCb (d) 1
10° ¢ downstream track E| 2 1 E downstream track E
E| < F 3
8 E
5 P
g
2 E v 3
5 035 i 7 - -]
: ol 1
e F . 13
0o/ . P Yo 1 , o . .
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Myesn [MeVic?]

5700
My, [MeV/e?]
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Branching fractions
[o]e]e] le]

B(A) — 1(2S)A%)/B(A) — J//\°) ratio (LHCb)

@ Efficiency from simulation, weights given by inverse of efficiency
@ BY - (K2 — ntr™) , =, = ¥(=~ — A% ) bg from simulation

LH'Cb T T ™
‘ ? 105E- lonn track A @ E

0 ¥ FlHo ‘ ® ]
3 E gloeg'longtrack ()'g
@ B » y(KQ — nr7) 3.0
o
= == 0, — 1 S0k
@ =, = Y(=" = A1) 5
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Branching fractions
[o]e]e]e] ]

B(A) — 1(2S)A%)/B(A) — J//\°) ratio (LHCb)

@ Efficiency from simulation, weights given by inverse of efficiency
@ BY - (K2 — ntr™) , =, = ¥(=~ — A% ) bg from simulation J

B(A)—1)(2S)A°) _ NAgw(st . B(/b—=ptpT)
B(A)—J/9A0) ’VAg% gyun0 B(2S)=ptu”)

° N,\gﬁw(zs),\o , N/\Z%J/w/\o from extended UML fit
@ B(J/— utp), B(y(2S) — ptp~) from PDG

Branching fraction ratio JHEP 03 (2019) 126
B(A? 2S)A0
W — 0.513 £ 0.023(stat) = 0.016(syst) = 0.011(br)
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Branching fractions
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Outline

)
°
]
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(]
@ Branching fractions:
]
@ baryon production in meson decays
(]
)
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Branching fractions
O@0000

B(BY,, — J/pP) (LHCb)

Bottom hadrons decays with baryons & charmonia in final state

@ Possible pentaquark intermediate states

@ Previous evidence from LHCb in Ag — J/ypK~ decay

PRL 115 (2015) 072001, PRL 117 (2016) 082002

@ Baryon-antibaryon system: possible glueball states
PRD 60 (1999) 034509, PRD 73 (2006) 0145161

b

e BY — J/ipp Cabibbo suppressed S, ot i 3
e BY — J/ypp OZI suppressed ’ @ 5

up “
G | .

a b, »
(a) (b) 4

@ Branching ratio expected at 10~° level, possible enhancement
via resonant contribution f,(2220) — pp EPJC 75 (2015) 101
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Branching fractions
[e]e] lele]e]

lS’(Bg,’s — J/1ypp) : strategy & signal extraction (LHCb)

Branching ratio extracted by comparison with a normalization channel
Ngo i upp fs
Das VP B0 s Jlhg) - Bl — KTK TS

B(BS s — J/vpp) =
( d,s / pp) NBS%J/?;‘)@ fd

@ J/v — ptu~ candidates paired with two tracks:

o identified as protons
e identified as kaons, |Mxx- — My| <5 MeV

@ BDT used to discriminate signal and background
@ Acceptance and efficiency from simulation, applied event by event
@ Signal yield from extended UML fit
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Branching fractions
[e]ele] lele)

lS’(Bg,’s — J/1ypp) : strategy & signal extraction (LHCb)

Branching ratio extracted by comparison with a normalization channel
Ngo /o fs

0s Y UBLNB(BY — J /i) - Bl — KTK - =

d

B(Bgs — J/vpp) =

@ J/¢ — putu~ canghdates paired with two tracks:

o identified as protons
e identified ag kaons, |Mxx- — My| <5 MeV

@ BDT used to
@ Acceptance and efficiency from simulation, applied event by event
@ Signal yield from extended UML fit

iscriminate signal and background

From previous measurements
B(BY — J/¢) - B(p — KTK~ ) -1 = (1.314+£0.016 + 0.079) x 10~*

PRD 87 (2013) 072004

;75 = 0.259 + 0.01 5[.(1 .068 + 0.046)] JHEP 04 (2013) 001, PRL 118 (2017) 191801
d

LHCb-CONF-2013-011
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Branching fractions
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lS’(Bg’s — J/1ypp) : strategy & signal extraction (LHCb)

Branching ratio extracted by comparic -~ - = “- - "t mt - R e og)
N = 200F # Data LHCh ]
0 _ BO A s [ — Total ﬁ(l ]
a/ — I B signal 1
B(Bd,s - J/Upp) - ’ B( Zisof 7 B siinal . ]
o s E - Background
@ J/i — ptu~ candidatbs paired v = o
e identified as proton S F
e identified as kaons, Wx+x- — / L

. . . 0l . . ]
@ BDT used to discriminatg signal : 5250 5300 350S40
m(J/ypp) [MeV]

(*] Acceptance and efficienc¥ from siimidiauon, APMIGU GVGIHIL WYy cvént
@ Signal yield from extended WML fit /

Mpgo = (5279.74 £+ 0.30(stat) + 0.10(syst)) MeV
Mg = (5366.85 + 0.19(stat) + 0.13(syst)) MeV

Bg s mass determination arXivi1902.05588
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B(BY s — J/¢pp) : result (LHCb)

Branching ratio extracted by comparison with a normalization channel

NBE;’S—U//U;’pﬁ

Npgo
@ J/v — ptu~ candidates paired with two tracks:

o identified as protons
e identified as kaons, |Mxx- — My| <5 MeV

B(BY, — J/¥P) = BB > /1) B(6 — KKl

—J /o

@ BDT used to discriminate signal and background
@ Acceptance and efficiency from simulation, applied event by event
@ Signal yield from extended UML fit

Absolute branching fractions arXiv:1902.05588

B(BY — J/1pp) = (4.51 + 0.40(stat) =+ 0.44(syst)) x 10~/
B(B2 — J/¢pp) = (3.58 £ 0.19(stat) = 0.33(syst)) x 10-°
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@ Branching fractions:

]

"]

e look for intermediate states
°
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Branching fractions
O@0000

B(Bt — J/¢A%) (CMS)

@ First seen at B-factories PRL 90 (2003) 231801, PRD 72 (2005) 051105
@ Search for new exotic states in J/4A° and J/vp systems
@ Branching fraction ratio with normalization channel

Bt — J/uK (K = K3+, KO — ntr~)

Signal extraction

CMS-PAS-BPH-18-005
@ J/¢ — ptu~ candidates paired with:

e al— prt (Kg(/\o) — wtm~ (p) reflection veto) for signal

e a K™ — Kdr " (/_\?Ko) — Py reflection veto) for normalization
@ Events weighted with inverse of efficiency

CMS _preliminary 1061 (8 Tev) CMS _preliminary 196 1" (8 TeV) CMS _preliminary 196 1" (8 TeV)

8
8
T
8
8

Yield / 5 MeV

signal
Comb. Bkg

g
8
T

Comb. Bkg.

Candidates / 2 MeV

10001 1000

Candidates / 2 MeV
g
T

g
8
T

5001~

T
52 7 08

54 SrA
MQ/WAp) [GeV] M(IWKCT) [GeV]

T
M(K?re) [GeV]

v
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Branching fractions
00@000

B(B* — J/4:\%) (CMS)
@ First seen at B-factories PRL 90 (2003) 231801, PRD 72 (2005) 051105
@ Search for new exotic states in J/4A° and J/vp systems

@ Branching fraction ratio with normalization channel
Bt — J/yK*t (K*T — K§7r+ , Kg —atr)

Signal extraction CMS-PAS-BPH-18-005

@ J/p— utu candidates paired with:
e al— p7r (K2 sy (5 reflection veto) for signal
e a K™ — Kdr " (A(K0 — P(r 7r+ reflection veto) for normalization

° Events Welghted with inverse of efficiency

Branchmg fraction ratio & absolute value

Bt —J/yAop
Bk = 1.054 4 0.057(st) + 0.028(sy) + 0.011(br)

B(B* — J/q,z)/\o ) = (15.07 £ 0.81 (st) +0. 40(sy) +0. 86(br)) x 1078

M(J’LIJ/\D)[ eVv] MK T\”)[ eV] M(K ) [GeV] J
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B(BT — J/¢A°p) : mass spectra (CMS)

Invariant mass distributions for J/4A° , J/vyp , A°p
@ Search for intermediate states

@ Comparison with expectations:

@ pure phase space ~
e phase space corrected for K** — A°p resonances reflection

@ Sample divided in M(A°p) bins
@ In each bin Legendre polynomials and moments computed,
using K**(A%p) helicity angle
@ Simulated events reweighted:
e M(A°p) data/MC distributions ratio
e weight given by Legendre polynomials and moments

@ Obtained distributions fitted to data

P. Ronchese - CMS + ATLAS & LHCb Heavy hadrons at LHC - 28/30



Branching fractions
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B(BT — J/¢A°p) : mass spectra (CMS)

Invariant mass distributions & comparison
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@ 2000 pseudoexperiments generated according to the PDF for

e pure phase space
e reweighted angular distributions

@ Log-likelihood ratio computed for invariant mass distributions

@ (In)compatibility significance from difference between
log-likelihood ratio in data and mean value in pseudoexperiments

V.
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Branching fractions
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B(BT — J/¢A°p) : mass spectra (CMS)

Invariant mass distributions & comparison
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Conclusions
[ ]

Conclusions

@ ATLAS, CMS and LHCb have produced many measurements of
heavy hadrons production cross-section and decay branching
fractions:

@ cross-sections have been compared to predictions and simulations
and are input for other measurements,
e branching fractions allow test model predictions,

e in the study of decays the possible presence of intermediate exotic
states has been investigated.

@ All those measurements allow important tests of QCD.
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b-hadron pair production (ATLAS, /s = 8 TeV)

Comparison of differential cross section with several PYTHIA options )
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b-hadron pair production (ATLAS, /s = 8 TeV)

Comparison of differential cross section
with PYTHIA, MADGRAPH, SHERPA & HERWIG
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b-hadron pair production (ATLAS, /s = 8 TeV)

Comparison of differential cross section
with PYTHIA, MADGRAPH, SHERPA & HERWIG
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b-hadron pair production (ATLAS, /s = 8 TeV)

Comparison of differential cross section
with PYTHIA, MADGRAPH, SHERPA & HERWIG
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Quarkonia production cross-section (CMS)

Double differential cross sections )
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Quarkonia production cross-section (CMS)

Ratios of differential cross sections vs. pr )
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Double J/+ production: results (ATLAS, /s = 8 TeV)

Comparison of differential cross section with predictions )
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Double J/+ production: results (ATLAS, /s = 8 TeV)

Transverse dacay spectra for leading and subleading J/v J

E Central’ E Central E 350 enval' ] E 35k Fowdd ]
~ ATLAS o~ ATLAS ~ ATLAS 1 ~ ATLAS N
Nao- is=8Tev, 1141 ] Ngol (s=8Tev, 114 o™ ] —i30F s=8Tev, 11417 N3gf Vs=8TeV,11.4 fb™ ]
° o Data ° ° 25t o Data E
Py - Prompt-Prompt » Py --+ Prompt-Prompt
% 60- -~ Non-Prompt 1 g 60 1 _g 20 --Non-Prompt
& & &
4 40, ] 15
10f
20 20 1 5
ot
o T o rio . .
05 0 05 1 15 2 -05 0 05 1 15 2 -05 0 05 1 15 2 -05 0 05 1 15
Liga [mm] Lyz [mm] Ly [mm] Ly [mm]
E":” " Forwhrd ] g 45F entral E| Eo " Forwdrd 7o " Fomward
40 ATLAS 3 40F ATLAS 3 ATLAS ATLAS
S s=8Tev,114%] & s=8Tev, 11.4 b S"GO Vs=8Tev, 114" ﬁeo Vs=8Tev, 114 b"
> e Data > \ e Data >
--- Prompt-Prompt ] 4 - Prompt-Prompt
--Non-Prompt 1 . . d --- Non-Prompt




Double J/+ production: results (ATLAS, /s = 8 TeV)

Double and Single Parton Scattering templates

(s=8TeV, 11.4 fb™
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Double J/+ production: results (ATLAS, /s = 8 TeV)

Distance distribution for signal and pile-up J
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Double J/+ production: results (ATLAS, /s = 8 TeV)

J /v polarization effect
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Maximum spin-alignment scenarios: di-J/1) cross-section

Maximum spin-alignment scenarios: di-J/« DPS cross-section

Scenario ly(J/w2) <1.05 1.05 < [y(J/v2)] < 2.1  Scenario ly(J/v2)] <1.05  1.05 < |y(J/v)| < 2.1
Longitudinal -47% Longitudinal -47% -45%
Transverse positive +68% Transverse positive +79% +65%

se negative +39% Transverse negative +35% +35%
Transverse zero +51% Transverse zero +54% +48%
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Double J/+ production: results (ATLAS, /s = 8 TeV)

Differential cross-section vs. Ay , A, My yy/y 5 PT.ujpd/0 J
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Comparison of differential cross section with predictions )
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Comparison of differential cross section with predictions )
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Comparison of differential cross section with predictions
(P1,y/parp > 1 GeV)
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Comparison of differential cross section with predictions
(PT,9/pa/p > 1 GeV)
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Comparison of differential cross section with predictions
(PT,u/paw > 3 GEV)
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

Comparison of differential cross section with predictions
(PT,u/paw > 3 GEV) J
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Double J/+ production cross-section (LHCb, /s = 13 TeV)

DPS fraction from fits )
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lS’(Bg,’s — J/1ypp) : strategy & signal extraction (LHCb)

B(BS — J/pp)

5 ~ = (0.329 +0.029 +0.022) x 1072
B(Bs — J/v¢) - B(o = K*K™) - ¢

B(BY — J/pp)
B(BY — Jjvs)-B(o — KTK")

— (0.706 + 0.037 + 0.048) x 102
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B(BT — J/¢A°p) : mass spectra (CMS)

Phase space correction for K*+ — A%p resonances reflection

Resonance ‘ Mass [MeV] ‘ Natural width [MeV] ‘ JP

K;(2045)" | 204549 198 430 4+
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