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Charmonium production at 13 TeV with 139 fb-!
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Charmonium non-prompt fractions
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Plateau ~0.7 for p; >~ 40 GeV

Similar behavior in pp and pp collisions

for Vs from 1.96 TeV till 13 TeV
No strong dependence from rapidity

Similar for J/ and Y(2S)

Non-prompt fraction of J/y

Non-prompt fraction y(2S)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

ATLAS Preliminary
Vs =13 TeV, 139 fb

I

41,50 < || < 2.00
-+ 0.75<|y| < 1.50
4-0.00 < |y| <0.75

II]TlIIIIlTIIIlIITIlIIII]IIIIlIT |IIII[IIII|IHI—

300
P,() [GeV]

0 70 8090700 200

ATLAS Preliminary
Vs =13 TeV, 139 fb™

$(25)

IlIIlHIIIIIII—

Iy

:

-+ 1.50 < [y| < 2.00
+-0.75<|y| <1.50
-+-0.00 < |y| <0.75

-I|II|III[||III|IIII|IIII||III|I

300
(1) [GeV]

0 70 80 90100 200



§ 10°s ' ATLAS Preliminary ¢ ATLAS Preliminary 4450 <1yl <2.00
= . ] _ |
3 10°F Non-prompt J/y Cross-Section | Vs=13TeV, 139 fb’ 4075 <lyl <1.50
ed = I . -
(\_g -zc:F 10° = E; Non-prompt J/p Cross-Section +0.00 <lyl <0.75
o = = — .
3 102:5 e ) 3 EIFONLL / Data
=~ 10F ) 4 @ E =
I ¢ = E
S 1= ‘ O osE =
0 _15 data x 107, 1.50 < ly| < 2.00 =2 > 2
10 data x 10", 0.75 < |y| < 1.50 <+ 5 S 155
-+-data><1o 0.00 < [y| < 0.75 eq 27
107 FEEFONLL |—05§_
60 70 80 90100 200 300 Z
3
p (up) [GeV] osE-
25
155

Charmonium non-prompt x-sections

FONLL predictions in general agreement,

—.

too high at high p, 05E-

3E |
Deviations from data up to ~2 25F

2F-

NNLO? e

New fragmentation tuning? 05 . o
. . . 60 70 80 90100 200 300

Fixing of technical FONLL problems p_(1uy) [GeV]

at high p,?



Charmonium prompt x-sections
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Events / 50 MeV

(Data - fit) / err.

B*/B* x-section ratios at 8 TeV with 20 fb!
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B, and B* yields measured using di-muon trigger

Their ratios, corrected for acceptances and efficiencies,
measured in two p; bins (13-22 GeV, >22 GeV)
and two |y| bins (<0.75, 0.75-2.3)



B/ B* x-section ratios at 8 TeV
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B/ B* x-section ratios at LHC

o (B7) - B(BZ — J[yn=)
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0.44 +0.07 09, +0.01 13<pT<22GeV, |y| <2.3 ATLAS at 8 TeV
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Pentaquarks with hidden charm (ccuud)

at 7 - 8 TeV with 25 fb!

m(Krt) > 1.55 && m(nK) > 1.55 —
m(pK) > 2.0 GeV
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P*at7-8TeV
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Events / 20 MeV

—}J/z,bp K decays ana|y5|s 2 pentaquark hypothesis

ATLAS Prellmlnary
300/Vs=7,8 TeV; 4.9, 20.6 b’
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X%/N,s = 49.0/43 (p-value= 0.25)

P_signal parameters and yields from fit:

Parameter Value LHCb value

N(Pc1) 400130 (stat) 110 (syst) -
N(P.») 1507} 0(stat)*30(syst) 22

N(P. + P.) 540750(stat)* 20 (syst) -

A¢ 2.8 -0 (stat) ") (syst) rad =

m(P.;) 4282+33 (stat)* 2 (syst) MeV 4380 + 8 + 29 MeV
I'(Pq1) 140* 77 (stat)*3] (syst) MeV | 205 + 18 + 86 MeV
m(P.>) 4449+20 (stat)*18 (syst) MeV | 4449.8 + 1.7 +2.5 MeV
I'(P.2) 51738 (stat)*}2 (syst) MeV 39+ 5+ 19 MeV




Events / 20 MeV

Ny =J/W,p,K decays analysis: 4 pentaquark hypothesis
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Similar fits (no interference,
Breit-Wigner amplitudes) has
been performed on our data
with masses, widths and
relative yields of narrow states
fixed to LHCb  values.
Parameters of P.(4380) kept
free.

ATLAS data is consistent with
LHCb Run II results.
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No pentaquark fits: extended A* decay model

Events / 20 MeV
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Projection of 2D M(J/y,p) vs M(J/,K) + 1D M(p,K) fit w/o pentaquarks
using extended A* decay model (left)

Result of 1D x2 M(J/,p) fit with the same model (right): x2/NDF = 42.0/23
p-val =9.1 x 103

This model shows a ‘border-line agreement’ with data.
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Summary

J/Y & P(2S) at 13 TeV

non-prompt fraction: plateau ~0.7 for p; >~ 40 GeV
non-prompt x-sections: FONLL predictions too high at high p;
prompt x-sections: ~(b+p;)™, waiting for NRQCD

B*/B* at 8TeV

~0.3% (o * Br)

the ratio decreases with p;

no significant |y| dependence

P* at 7-8 TeV

measured parameters of two pentaquarks agree with LHCD;

do not contradict to the 3 narrow pentaquarks LHCb measurement;
model w/o pentaquarks in border-line agreement (p-val = 9.1 x 103)

New exciting results for summer/fall conferences

x
x
x
x
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Charmonium production

Non-prompt (from B decays) — probes open b quark production, ; wsss5D1
fragmentation and B-decay kinematics

FONLL, matched NLO+NLL (“massive” NLO + resummation)
GM-VFNS (“massless” NLO + mass-dependent terms)

9 7000000

— )
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Charmonium production

Non-prompt (from B decays) — probes open b quark production, ; wsss55+—vo= s
fragmentation and B-decay kinematics

FONLL, matched NLO+NLL (“massive” NLO + resummation)
GM-VFENS (“massless” NLO + mass-dependent terms)

I

9 7000000 —<—

Prompt (not from B decays) — probes specific mechanisms of QQ system production
and transformation to a meson

possibly colored QQpair g req Auarkonium (H) NRQCD: Color Singlet (CS) and Color Octet (CO)
of any possible *<*'L — d . .
quantum numbers m anti terms. Long-distance matrix elements (LDME)
83 red determined from experimental data.
' / Color Singlet Model (CSM) — only CS diagrams.

Color Evaporation Model (CEM) — only one LDME.

2) non-perturbative evolution
- Y ’ to the observed bound state
1) perturbative phase Quantum numbers change!
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Charmonium production

Non-prompt (from B decays) — probes open b quark production, ; wsss55+—vo= s
fragmentation and B-decay kinematics

FONLL, matched NLO+NLL (“massive” NLO + resummation)
GM-VFNS (“massless” NLO + mass-dependent terms)

I

9 7000000 —<—

Prompt (not from B decays) — probes specific mechanisms of QQ system production
and transformation to a meson

possibly co!prea;SCQ? pair red/quarkonium (H) NRQCD: Color Singlet (CS) and Color Octet (CO)
gﬂzg’;ﬁfﬂiﬂs Ly N - terms. Long-distance matrix elements (LDME)
Oﬁ’% red determined from experimental data.
A ) .
’ anti / Color Singlet Model (CSM) — only CS diagrams.

Color Evaporation Model (CEM) — only one LDME.
2) non-perturbative evolution
Y ’ to the observed bound state

1) perturbative phase Quantum numbers change!

% o(1P)

s " hadrens - (2S) — nearly feed-down free

-

hadron

J/P — feed-downs ~35%
n,(18)

hadrons hadrons y* radiative
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Fractional Uncertainty [%]

B b
- ATLAS Preliminary
| Vs=13TeV, 139 1b”

0.00 < ly| < 0.75

102 — Differential prompt
C J/y cross-section

_____

T T
— Total Uncertainty ]
---Total Systemalics:
Statistical
—Fit Model
--Muon Reco —

- Trigger
---Bin Migration :

200 300
P (1) [GeV]

Fractional Uncertainty [%]

- ATLAS Preliminary

| Vs=13TeV, 139 1"
0.00 < |y| < 0.75

10%| Differential non-prompt
- Jhy cross-section

10}

—Total Uncertainty ]
---Total Systemaﬁcs:

Statistical
— Fit Model

Muon Reco |
- Trigger
--Bin Migration

I I\Hl\‘i

200

360
P (hw) [GeV]

Fractional Uncertainty [%]

10?

10

T T T |
ATLAS Preliminary

Vs =13 TeV, 139 fb’

— Total Uncertainty 1
---Total Systematics:

- Statistical
0.00 < |y| <0.75 —Fit Model
— Differential prompt ~-Muon Reco
C y(2S) cross-section - Trigger ]
L - Bin Migration -
= W E
o .
i i 9777 1
\ 1 | | | | A
70 100 200 300

Systematics due to fit model variation, muon and track reconstruction efficiency
determination, trigger efficiency determination, and bin-to-bin migration have been studiec

Systematic uncertainties dominate for J/{ up to pT of about 140 GeV

p(uu) [GeV]

At higher pT of 1/, and also for full range of pT for Y(2S), statistical errors are dominant.

Overall uncertainties for J/{ start at the level of 5-7%, increasing at the highest pT to 30%

For (2S), uncertainties fairly stable at around 10%
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B.*/B* x-section ratios at 8 TeV with 20 fb!

Source of uncertainty ” Uncertainty value

B BT
13GeV < pp <22GeV | pr > 22GeV 13GeV < p1 < 22GeV | pp > 22GeV

Signal model of the fit 2.4% 1.1% 0.1% 0.2%
CS and PRD components J—r;?zi%% J_r;i?%% 0.5% 0.5%
Background model of the 1.7% 1.2% 0.2% 0.2%
fit
Trigger and reconstruction 0.9% 0.8% 1.2% 1.2%
effects

B-meson lifetime uncer- 1.1% 0.9% < 0.1% < 0.1%
tainty

Source of uncertainty Uncertainty value

B B*
ly| <0.75 | 0.75 < |y| <23 | |y <0.75 | 0.75 < |y| < 2.3

Signal model of the fit 2.5% 2.8% 0.1% 0.2%

CS and PRD components J_ry&é{é J_rggél?%’% 0.5% 0.5%
Background model of the 2.8% 1.3% 0.2% 0.2%
fit

Trigger effects and recon- 1.1% 1.0% 1.2% 1.1%

struction effects

B-meson lifetime uncer- 1.0% 0.9% < 0.1% < 0.1%

tainty
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LHCb results on pentaquarks with hidden charm

Observation of J/yp Resonances Consistent with Pentaquark States
in A) — J/wK p Decays PRL 115, 072001 (2015)

Model-Independent Evidence for J/yp Contributions to A} — J/ypK~ Decays

PRL 117, 082002 (2016)
Study of the production of Aland #"hadrons in pp
collisions and first measurement of the 2016 Chinese Phys. C 40 011001
Al=1bpK-branching fraction

Evidence for Exotic Hadron Contributions to i-'lg — J/wpn~ Decays
PRL 117, 082003 (2016)

21000:— B data pr all m,,>2 Ge %_i
w [ @i sl m; =4380+82+29 MeV, [, =205 + 18 + 86 MeV,
= - — background E
£ 800~ .Pc(44950) i E, m, =4449.8 £+ 1.7 £ 2.5 MeV, [,=39+5£19 MeV.
1% T = P,(4380) :
600 - A(1405) ‘
: %) A(1520) ° o o ° ° °
[ At600) 4 #" Significance is convincing
400 and other " °
» However, in PDG
200
Status: ¥
0 *

Evidence of existence is poor.  ,



Observation of a narrow pentaquark state, Pc(4312)+, and of two-peak structure of the Pc(4450)+

Phys. Rev. Lett. 122, 222001 (2019)

0 -
>tD stD*°

Weighted candidates/(2 MeV)

1200

[ — data
- — total fit
10001~ __ background

Phys. Rev. Lett. 122 (2019) 222001

4200 4250 4300 4350 4400 4450 4500 4550 4600

arXiv:1904.03947 [hep-ex]

LHCb selected 9 times more A, candidates in
Run II compared to Run L.

The J/yp mass resolution is 2.3-2.7 MeV (RMS)
in 4.3-4.6 GeV region.

New data showed evidence for a nhew narrow
state: P(4312).

Moreover, the former P(4450) state revealed
substructure: 2 narrow states P (4440) and
P(4457) have been observed.

Signal parameters are obtained using non-
coherent sum of Breit-Wigner amplitude.

Presence of the broad state P.(4380) is not
confirmed...

m,.,, [MeV]

State M [MeV ] [ [MeV | (95% CL) R (%]
P.(4312)* | 43119+ 07458 | 9827731 (<27) | 0.30£0.07)34
P.(4440)* | 44403+ 1.3*41 [ 206 £4.97 57T  (<49) | 1.11£0.33%)%
P.(4457)* | 4457340670 | 644£207 37 (<20) | 0.53+0.167013

Helicity formalism is not (yet) used in Run Il analyses



First measurement of near-threshold J /¢ exclusive photoproduction off the proton

Phys. Rev. Lett. 123, 072001 (2019) arXiv:1905.10811 [nucl-ex] (The GLueX Collaboration)

We report on the measurement of the yp — J/1p eross section from E, = 11.8 GeV down to the
threshold at 8.2 GeV using a tagged photon beam with the GlueX experiment. We find the total
cross section falls toward the threshold less steeply than expected from two-gluon exchange models.
The differential cross section de/dt has an exponential slope of 1.67 £ 0.30 GeV~2 at 10.7 GeV
average energy. The LHCb pentaquark candidates P ecan be produced in the s-channel of this
reaction. We see no evidence for them and set model-dependent upper limits on their branching
fractions B(P.¥ — J/vp) and ecross sections o(yp — P.7) x B(PF — J/vp).

Q |
i 1 0 oI
e
= L A—
B NSNS SNNSUUOUN SOOI SOUUO: S N SOUURNNN SOt N NUOUS NN SO SO B(P; — J/wp) Upper Limits, %
T N ., KL p.t.p. only total
i~ PF(4312) 2.0 1.6
° | n ket P (4440) 1.6 2.3
R RN N 5 1)oa (0 (SN SO U U S SO SO 8 o PF(4457)] 2.7 3.8

upper limits for the P states

at 909 confidence level

Cornell
JPAC P;(4312) 3/2 BR=2.9% [
JPAC P;(4440) 3/2 BR=1.6%
JPAC P;(445?) 3/2 BR=2.7% |

E, Gev 20
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https://arxiv.org/abs/1905.10811

Inclusive production of the P. resonances in pp collisions

(The DO Collaboration®)

arXiv:1910.11767 [hep-ex]

“displaced vertex” candidates with a superimposed fit

> I I
% 5000 DO Run I, 10.4 f5° % 5000 DO Run 11, 10.4 f5' ]
E 4000+ N = 830 £ 206 _ E 4000k re.
D 3.2a0 : N =151 + 186«
© 3000- 2 3000 -
g 5 ] Data
Ww 2000t | Data 4 @ 2000~ —Fit _
apoot — it ----Signal
1000 Background N 1000+ Background —
8243 42 45 46 OS5 T 573
3150— ' 1 T ' =
E poRn AT + + + candidates of the decay A} — J/ypK ™~
}?00 82 437,
i 2.30
50 $ D-ata
82 43 44 45 46 26

M(J/yp) [GeV]


https://arxiv.org/abs/1910.11767

Selection criteria

v2(Hp)/Ngos < 2. where y? is the quality of the fit to the Hj, topology with Ngor = 8.
Lyy(Hp) > 0.7 mm. where Ly, (Hp) is the transverse decay length of the Hj, vertex measured from
the primary vertex.

pr(Hp)/ 2 pr(track) > 0.2, where the sum in the denominator is taken over all tracks originating
from the primary vertex (tracks of the Hp candidate are included in the sum). The requirement
removes a sizeable fraction of combinatorial background while having a smaller effect on the signal
due to the characteristic hard fragmentation of b quarks.

pr(p) > 2.5GeV and pr(K™) > 1.8 GeV, assuming proton and kaon masses for the additional tracks
in turn.

cosHp. < 0.5, where 6p_ is the angle between J /iy momentum in the P, candidate rest frame and
P. candidate momentum in A, candidate rest frame;:

cos #p, < 0.8, where #,, is the angle between P, candidate momentum and Ay, candidate momentum
in laboratory frame:

| cos Bp+| < 0.83,
where Hx+ is the angle between kaon momentum in A® — pK candidate rest frame and A™ candidate
momentum in Ap candidate rest frame.

pr(p®) > 4GeV, |p(p*)| < 2.3.

The kinematic range of the H, measurement is fixed o

pr(Hp) > 12GeV, |n(Hp)| < 2.1.

27



Fit structure — iterations of 4 steps

1. To tune parameters of B and B, decays (background):
Unbinned likelihood for the sum

[2D m(J/¥ K t)+m(J/P nt K)] + [2D m(J/P KK)+m(J/P n )] + overall normalization
[2D m(J/Y m,)+m(J/Y m,)] + [1D m(Km)] + [1D m(nK)] + B signal mass region
[2D m(J/Y K,)+m(J/Y K,)] + [1D m(KK)] B, signal mass region

2. To determine number of A, baryons

v fit of m(J/y p K) (fully statistically correct)

3. To tune A* parameters (A, signal region)

Unbinned likelihood fit for the sum

[2D m(J/y p)+m(Iy K)] + [1D m(pK)]

4. To determine pentaquark parameters (A, signal region)

v fit of m(J/y p) (fully statistically correct)
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Step 1 : To tune parameters of B and Bs decays (background):

} IIIIIIIIlIlIIlI|Il|l|||'|l|| ------------
2 2400E°ATLAS  Preliminary - Deta
o 2200[s= 7, 8 TeV; 4.9, 20.6 fb’’ 0 A5 rvpK
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800
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Events / 23 MeV

Step 1 : To tune parameters of B and Bs decays (background):
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Summary of systematic uncertainties

Source N(P.1) | N(P.2) | N(Por+ Pr2) | Ag
Number of A?, — J /Y pK~ decays () fézg% fg:g% f{'}:g% fg:g%
Pentaquark modelling (45) *_20’ % _*2'2% jﬁ:;’;% +{1):g%
Non-pentaquark Ag — J/wpK~ modelling (63) *_'g% _ﬁ% jg:f% *?:g%
Combinatorial background (d4) fg:g% *_'58% ji:%% fg:ﬁ%
B meson decays modelling (ds) fg% gg% * S 0%
Total systematic uncertainty i%ﬁ% fg{’ %o f:;% 3;;%
Source m(P.y) | T(P.y) | m(Pa) | T'(Pea)
Number of A — J/ypK~ decays (61) | *005% | *33% | *001% | 1%
Pentaquark modelling (62) | *00% | *13% | 5% | 2%
Non-pentaquark A9 — J/¢pK~ modelling (63) | *0-23% | *03% | *0-23% | +29
Combinatorial background (d4) | *0-%3% | 9% | *0-9% | *Z9%
B meson decays modelling (d5) | *0:00% | *31% | *0i% | *%
Total systematic uncertainty | 0% | *30% | *03% | *33%

31



