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ATLAS+CMS @ LHC
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Di-charmonia tetraquarks (cccc)

ATLAS-CONF-2022-040

J/UJ/P and J/P+P(2S) in 4 final state studied at ATLAS using 139 fb! of pp at Vs = 13 TeV

Blind analysis

Di-charmonium

Event selection, reconstruction and definition of
signal and control regions

Signal region |

SPS/DPS control region | non-prompt region

Di-muon or tri-muon triggers,

Opposite charged muons from the same J /i or (2S) vertex,
1,234

Loose muon ID, p >4,4,3,3 GeV and | 2.3.4] < 2.5 for the four muons
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Loose vertex cuts ng,/N < 40 and X&i-,u/N < 100,
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Li’;, < 0.2 mm, ILg;FI < 0.3 mm,
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My
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J/gpd/yp: best fit obtained
with 3 interfering BWs,
70% worse fit quality

for 2-resonance fit

6.9 GeV resonance
confirmed,
consistent with LHCb

Fit on J/py(2S) mass
spectrum, significance:

e Model A: 4.60

o X(7200): 3.20

e Model B: 4.30

Evidence for an enhancer
at 6.9 GeV and 7.2 GeV
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Di-J/y tetraquarks (cccc) CMS PAS BPH-21-003

JIPI/ (= 4p) spectrum studied at CMS using 135 fb™ of pp collisions at s =13 TeV (2016-2018)

Event selection and reconstruction:

e 3-ptrigger: ' from J/Y + third muon (on muons from J/: p (W'y) > 3.5 GeV in 2017-2018)

e blinded signal region m(J/YJ/Y) in [6.2, 7.8] GeV (from preliminary investigation on 2011-2012 data)

e p(H)>20GeV; Il < 2.4; loose muon identification

e m(u'p)in[2.95,3.25]GeV; p (W) > 3.5 GeV P (K1) >0.5%

e common vertex fit: P__(4p) > 0.5%

e Arbitration of multiple candidates: o = (ml(u*'_u'J—MmJ,)z + (mz(pm-)-mw)z
o  Select best combination of same 4p (from MC: 0.2%) Gy Oy
o  Keep all candidates arising from more than four muons (from MC: 0.2%)

CMS FPreliminary 135 b (13 TeV)

Background model:

g
-

* Data — Fit E

glll

— BW1 - BW2[X(6900)]
-~ BW3 — Background

Candidates / 50 MeV
T

e NRSPS: threshold function * pol2 * exponential

2
e

1
1 | x*Prob =79%
1 | in[6.2,15] GeV

e NRDPS: threshold function * pol2 * exponential P

e BWO: Relativistic Breit-Wigner near J/QJ/Y threshold o

o inadequacy of NRSPS near threshold
0 feed-down of partially reconstructed higher mass states

8

=]
T

o] possible coupled-channel interactions, pomeron-exchange processes, eic.

No interference assumed
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CMS signal + background model

Three Relativistic Breit-Wigner (J* =

0') are considered

CMS PAS BPH-21-003
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ATLAS
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X(6900) well seen by all 3 experiments

Signatures for a bump at 7.2-7.3 GeV
In all 3 experiments

Nature of the low-mass bump to be clarified

Role of reflections from decays to J/+{(2S),
J/+x to be studied
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Events / 50 MeV

CMS, arXiv:2111.05370

Observation of triple J/@ meson production accepted by Nature Physics
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Observation of triple J/@ meson production
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Events / 50 MeV

(Data - fit) / err.

easurement of the relative B /B~ production cross section
with the ATLAS detector at \/f,_ =8 TeV PHYSICAL REVIEW D 104, 012010 (2021)
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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)
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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=)
o(B*) - B(B* — JJuK=)

0.683 + 0.018 + 0.009 pT<20GeV,2.0< |y| <4.5 LHCb at8TeV
0.48+0.05+0.03 £0.05 pT>15GeV, |y|<1.6 CMS at 7 TeV
0.44 +0.07 09, +0.01 13<pT<22GeV, |y| <2.3 ATLAS at 8 TeV

0.24 +0.04+095 +0.01 pT>22GeV, |y|<2.3 ATLAS at 8 TeV

_ ATLAS /s=8TeV, 20.3 fb'1_§

05F =
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Measurement of B_ ATLAS, JHEP 08(2022)87
\I+ Jr::/, )
P ' P B
(a) (b) (c)

Figure I: Feynman diagrams for B} — J/&DE.*)J' decays: (a) colour-favoured spectator, (b) colour-suppressed
spectator, and (c¢) annihilation topology.

Normalization mode: B.* — J/iy r*

Run-I measurements: LHCb Phys. Rev. D 87 (2013) 112012,

ATLAS Eur. Phys. J. C 76 (2016) 4.
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Normalization mode: B_.* - J/y n*
. XE(B_:)/NdOf < 1.8 (Ngof = 4 in the B} — J /Y™ vertex fit),
* Lyy(BY) > 0.3 mm,

Entries / 20 MeV

. |d§"(3¢)/adgv(gg)| < 3and [z}V(BY) /ozfV(BE)| < 3.
* pr(B7)/X pr(tk) > 0.10,
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B — JJyD} 0.971 £0.012  1.163 +0.013
BY — JyD*, Ay 0916 +£0.012 1.088 +0.012
B} — J/yD**, Ay 0.868 £0.010 1.049 +0.011
B — Jjyn* 2.169 +0.018 -

5800 6000 6200 6400 6600 6800 7000
m(J/yrt) [MeV] L



Results:

DS1
R _ B(B — J/wD{) _ Bi=J[uD  EBE—T[ynt l
D /x = TB(BE = T[un®) | Nasjgm . D B(DF > $(KK)a")
‘ B:—J |uDS*
DS1&2 DS1&2 DS1&2
° B(Bf = JuD)  Np:ljupr  €Biijup: o BIoJ[uDY
DD} = ¥  ~ nDSI&2 DS1&2 — 'D/DY ™ DSt
L — , = &= s
BB = JIIDs) N5 upr €prmijuns Bt —J |uD3*
EDSI&E
. Bf—J/uD
rii/r — .fii X EDSI&E

Bi—=J [YDT Ay

Ryt /e = 2.76 £0.33 £ 0.30 £0.16

Rpe /e = 5.33 2 0.61  0.67 + 0.32

Rpe+/ps = 1.93 £ 0.24 £0.10
[oe/T =070 £0.10 + 0.04
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Comparison with previous results and models

- | ";"‘I_"_:l%fl‘"s”'l""l' '%"'W"'I"'%"'l""l'"|"'I"'|y"'|'
i un . . =
ATLAS((Run1)) ’%——v—' % % M 7;%
QCD PM ) ' /
QCD SR| = % % % - %
CCQM | v % '—é- % — I—I—I%
LFQM .—-% Z % - %
pQCD ?%/-l—- % %"I i %
RIQM % [ % % u %
FNCMIHHIH%:ulnuh |%|||I||||||||%ll|||l|||||||||||||||%_L
1 2 RS;/TA{ 5 5 RD:J: 1 2 RS,:/D; 4 0.2 %jggG 0.8

QCD PM (Colangelo, De Fazio) — good agreement, no uncertainties, no prediction for I, /T

CCOM (M.lvanov et al) — agrees only for Rps+/q+

Predictions for I',,/T are below or around 0.5 while data agree with naive spin counting 2/3
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Comparison with other B-meson decays

(a)

(b) (c)

Figure 1: Feynman diagrams for B} — .)'/1,[1[)5."‘)Jr decays: (a) colour-favoured spectator, (b) colour-suppressed

spectator, and (c¢) annihilation topology.
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R + + == — N
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['(B— D*D*)
Rog iy =

(B — D*DY¥)

I'(B— J/WK*)
I'(B— J/UK)

Rp:/pt ~

Iee /T

Assuming that the colour-favoured spectator
diagram dominates the decay amplitudes

Assuming that the colour-supressed spectator
diagram dominates the decay amplitudes

Can be also compared to BE — J /W
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Comparison with ligher B-meson decays
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Supports the assumtion that the colour-favoured spectator diagram
dominates the decay amplitudes
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B(B® - u* ) [107]

B)°— p*u (FCNC, CKM and helicity suppressed)

ATLAS, JHEP 04(2019)098

> 48 L B L L L B .|
© 7
= 1 ATLAS ®  2015-2016 data E
2 6 y5-13Tev,26.3 1" Total it 1
:,; 144 0.4163 < BDT <=1 — - Continuum background —
E o b — u* w X background
Li «w Peaking background ]
10 A = Bg—)p’p'+B°—>u*!_|_:
8- =
6F =
aF E
oF

o — —— — s e i =
05:Lms T T il g T

4800 5000 5200 5400 5600 5800
Dimuon invariant mass [MeV]
L L L B L B L L L B R L ]
1.2 -
r ATLAS —— 2015-2016 data ]
1:_ Run 1 + 2015-2016 data _:
08 :_ """"""""""""" Likelihood contours for _:
0.6 T 2 Aln(L) = 2.3,6.2,11.8 ]
04 | Lo h
0.2F % i 3
O: '.‘::.",‘ f“- L ]
02 N e 1 S
0 1 6 7

B(BS — u* 1) [107)]

agreement with SM: 2.4 ¢

BB’ — ptur) (107)

0.6

0.5

0.4

B(B° - pw)
(=]
w

0.1

ATLAS-CONF-2020-049
CMS PAS BPH-20-003

CMS PAS BPH-21-006

Released for
ICHEP 2022

Perfect agreement!

Not an anomaly

6 ATLAS, CMS, LHCb - Summer 2020 LHCh-CONF-2020-002
- S IPt.’elilmilnarlyl S ]
05F 2011 - 2016 data 3
0.4 — —f
0.3 — —f
0.2 — —E
0.1 E— _f
O1 2 3 4 5
B(B] — pu) (107)
agreement with sm: 2.1 o
1070 140 b’ (13 TeV)
[ CMS
L Preliminary
L -
N N
C ' JF ‘.:'-,.
x i anymore
C aREny Gl i, 107
1 2 3 6 7

21



Entries / 0.25 ps

B)°— p*u (FCNC, CKM and helicity suppressed)
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Measurement of b-quark fragmentation properties
in jets using the decay B* — J/yK*in pp ATLAS, JHEP 12 (2021) 131
collisions at Vs = 13 TeV with the ATLAS detector
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o All Pythia fragmentation models give a decent description.
_ Herwig7 with dipole parton shower overestimates the low z tail at low p+
v larger fraction of jets arising from gluon splittings

2 Sherpa (mainly cluster hadronisation model) differs for very high z
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Measurement of b-quark fragmentation properties
in jets using the decay B* — J/yK*in pp ATLAS, JHEP 12 (2021) 131
collisions at Vs = 13 TeV with the ATLAS detector
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_ All Pythia fragmentation models give a decent description.

o Herwig7 with dipole PS overestimates for pt® in [1.5, 4.0] GeV at low pr
J Sherpa (mainly cluster HM) discrepant for low values of pt'®, gets worse
for higher jet pr.
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Measurement of b-quark fragmentation properties
in jets using the decay B* — J/yK*in pp ATLAS, JHEP 12 (2021) 131
collisions at Vs = 13 TeV with the ATLAS detector
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o Pythia (A14*) predicts slightly larger <z> and slightly lower <p®'>
_ Both Herwig7 discrepant at 15-20% level in <p®'> profile
o Sherpa (cluster) disagreeing at 10% to 25% for <p"'>
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Observation of B'—wy(2S)K°a*n~ and B, —y(2S)K’% decays  EPIC 82 (2022) 499

Candidates / 3 MeV

Candidates / 3 MeV

—_

—y

<

<

CMS 1031 (13 TeV)
F { Data N
f — Fit
R )| 3498 + 87
f —- B signal 11
- - B - ySKKET |
| — Comb. bkg. 'l ‘
: |

n" ‘t

J 1 Ty

L ‘T"""‘W

\
Tl |-III-III-III-III-Il-il-lll-lll-l:'.1/;l"‘|"d a S 0 0 1

10 5.15 5.20 5.25 5.30 5.35 5.40

m( w(ZS)Kgfﬁ;’r) [GeV]

CMS 103 o' (13 TeV)

{ Data
— Fit

—- B’ signal

— Comb. bkg.
+ 113 £ 23

||||||.|'|||||||||l|||;l||l.'||||||||
5.20 5.25 5.30 5.35 5.40 5.45

m(y (28)K)) [GeV]

. BB — p(25)Knt )
TR T B(BY — p(29)KY)
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Observation of B'—wy(2S)K°a*n~ and B, —y(2S)K’% decays  EPIC 82 (2022) 499

Candidates / 45 MeV

Candidates / 30 MeV
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Iterative 1D reweightings done over 2- and 3-body invariant mass distributions

No significant exotic narrow structures

More data are needed?
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Observation of B'—wy(2S)K°a*n~ and B, —y(2S)K’% decays  EPIC 82 (2022) 499
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Summary : main messages

Exciting results on di-charmonia resonances from ATLAS. CMS and LHCb
2-4 cccc tetraquark candidates
actual states and their spin-parities to be clarified

First results on triple J/@ meson production
supporting small o ps Value for di-onia production

Precision measurements of B_* production and decays
the B_* / B* ratio decreases with p;
challenging for theory results on B,* — J/¢ D"

B )°— p*u measurement with full Run-Il statistics
good agreement with SM - not an anomaly anymore

b quark fragmentation properties with B*in jets
PYTHIA fragmentation gives a decent description

Observation of B—wy(2S)K "~ and B, —wy(2S)KC decays
no significant exotic narrow structures — more data are needed?

New results with full Run-Il and first Run-lll data
for spring/summer conferences 0
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JIPJIIP (= 4p) spectrum studied at LHCb using 9 fb™ of pp collisions at vs =7, 8, 13 TeV

Two structures are reported:

e A narrow resonance, X(6900), renamed T * ¢(6900)
e A broad structure near the di-J/i mass threshold

Background contribution for J/W pair production:

e Non-Resonant Single Parton Scattering (NRSPS)
¢ Non-Resonant Double Parton Scattering (DPS)

Two signal + background fit models are considered:

e Model 1(top) - poor description of the “dip” at 6.7 GeV
o  background
o  Breit-Wigner for X(6900)
o  two auxiliary Breit-Wigner (near threshold)
e Model 2 (bottom)
o a*virtual” X(6700) to interfere with NRSPS is added

Sci.Bull. 65 (2020) 23

8000
Mg 1y MeVic?)
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Preselection:

Y2(BY)/Nyof < 2. where y*(BY) is the quality of the BY, cascade vertex fit and Nyof = 8.

Lyy(BY) > 0.3 mm, where L, (BY) is the transverse distance between the primary vertex (PV) and
the B candidate vertex projected onto the direction of the B transverse momentum. The PV is
chosen as the one giving the smallest three-dimensional impact parameter of the B} candidate. To
avoid biasing L, . the PV position is recalculated after removing any tracks used in the reconstruction
of the B meson candidate. To remove poorly reconstructed candidates, Ly, (B[) is also required to
not exceed 10 mm.

Lyy(DY) > Omm, where Ly, (D7) is the transverse distance between the B} vertex and the D}
vertex projected onto the direction of the DY transverse momentum. To remove poorly reconstructed
candidates, L, (D7) is also required to not exceed 10 mm.

|dgV(BI)/Jdev(BI)| < 5 and |55V(Bz)/cfzgv(3:)| < 5, where d(r;‘v and ng are the transverse
and longitudinal impact parameters with respect to the PV, and Jdgv(Bj) and O BV (BY) are their
respective uncertainties. The uncertainties are calculated from the covariance matrix of the PV
and the covariance matrix of the B} pseudo-track extracted from the cascade vertex fit. These two
requirements are used to ensure that the B} candidate points back to the PV.

pr(BY) /Y pr(trk) > 0.10, where the sum is taken over all tracks originating from the selected PV,
including the tracks of the B candidate. Due to the characteristic hard fragmentation of h-quarks,
this requirement removes a sizeable fraction of the combinatorial background while having almost
no effect on the signal.

pr(B) >15GeV  |n(B)| <2 2-vertex cascade fit with 2 mass

constraints (J/y and D,)
m(K*K") within £7 MeV of m(¢)ppg

in case of D,” — D, 7%y : n%y escapes detection

3 helicity amplitudes for PS — V + V decay: Ay, A,,, A_

L Kt~
e
~
D}
B
Sk
=
PV o
33



BDT selection:

pt of the DY meson candidate, the Ly, (D7) variable, and four angular variables:

cos 8% (x*), where 6* (™) is the angle between the pion momentum in the K¥ K~ x* rest frame and

the K*K~x* combined momentum in the laboratory frame. The signal distribution of cos 6*(7™*) S KuS

is flat before kinematic selection because the pseudoscalar D} meson decays isotropically, but it ‘
increases as cos #* (%) approaches +1 for the background events.

| cos® & (K*)|, where 6 (K™) is the angle between one of the kaons and the pion in the K*K ™ rest B
frame. The decay of the pseudoscalar D} meson to the ¢ (vector) plus n* (pseudoscalar) final state :
results in the spin of the ¢ meson being aligned perpendicularly to the direction of motion of the ¢ .

. N . : . . P ;
relative to the D¥. Consequently, the distribution of cos 8’(K) follows a cos? 8”(K') shape, implying PV
a uniform distribution for cos® #’(K). In contrast, the cos 8’ (K) distribution of the combinatorial

background is approximately uniform and its cos” @ (K) distribution peaks at zero.

cos 8% (DY), where 6* (D7) is the angle between the D} momentum in the B rest frame and the B}
flight direction in the laboratory frame. The distribution of cos 8*(D?) is uniform for the decays
of pseudoscalar B} mesons before kinematic selection, while it tends to increase towards negative
values for the background.

cos 8’ (7). where #’(#") is the angle between the J/¥ momentum and the pion momentum in the
K*K~7* rest frame. Its distribution is nearly uniform for the signal processes but peaks towards —1
and +1 for the background.

o
(8]
a

\
. ATLAS fs= 13 TeV, 139 fb

S/NS+B

o
N

[ —e— Data sidebands
[ emeens Bi—J/wD;
0.15 [=meee BcaJ/st Ay

~ s - - . . ¥
efficiency of 8 1% o BV A
01F .o

AU./0.04

H
ipe ekl

0.05 | .

L ] [l - 4
0 R UL 5. N RUSTRRIT PV T.... LIS SR NSRRI RRTE NI P B

-06 04 02 0 0.2 0.4
BDT output
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2D unbinned fit of two subsets simultaneously : results

Parameter Value

mp+ [MeV] 62748 + 1.4

o3 [MeV | 11.5+1.5

DD} 1.76 £ 0.22

= 0.70 = 0.10
DS1

NBi—J/»th 193 + 20
DS2

NB:_}WDT 49 + 10
DS1

NS e 338 = 32
DS1&2

NBz—:'J/wD: 241 + 28

NP2 424 + 46

B:—J [y D5*

agree with PDG

agree with MC
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Systematic uncertainties

Source Uncertainty [%]
Rpiin+ Rptrzv  Rpwyp:  Tix/T
Simulated pr(B_}) spectrum 1.5 1.9 0.4 0.1
Simulated |n(B})| spectrum 0.7 0.7 0.1 0.2
B lifetime 0.1 < 0.1 - -
Dy lifetime 0.4 0.4 - -
Tracking efficiency 1.0 1.0 < 0.1 < 0.1
Pile-up effects 1.0 1.0 - -
Y2/ Nyor cut efficiency 32 32 - -
Impact parameter cuts efficiency 0.2 0.2 - -
BDT cut efficiency 1.3 1.3 - -
Trigger efficiency 0.6 0.6 - -
Other D] decay modes 1.6 1.6 - -
Bl — J/l,bDAE*)J' signal fit:
D7 signal mass modelling 1.8 0.5 1.3 0.8
D" signal mass modelling 0.6 1.2 1.7 2.7
Signal angular modelling 0.4 < 0.1 0.4 0.6
Background mass modelling 6.0 9.0 3.2 1.0
Background angular modelling 0.9 1.3 2.1 2.4
BY — ¢ triggers 0.8 0.5 1.3 4.0
D} branching fractions < 0.1 < 0.1 < 0.1 0.7
B — J/yn* signal fit:
Signal modelling 4.2 4.2 - -
PRD/comb. background modelling 5.8 5.8 - -
CKM-suppr. background modelling 1.0 1.0 - -
MC statistics |15 1.5 1.7 1.5
Total | 108 12.6 5.0 5.9
B(D} — ¢(K*K)n*) 59 59 - -

AAL

|

2\

]

2\

|
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Comparison with previous results,

models and lighter B-meson decays

Rpt)n+ Rps+ n+ Rp+/p: ../ Reference
276 +0.47 533+£096 1.93x0.26 0.70 £0.11 ATLAS Run 2
2.90 £ 0.62 - 2.37 £ 0.57 0.52 £ 0.20 LHCb Run 1

38+1.2 10435 2.8+12 0.38 £ 0.24 ATLAS Run 1
2.6 4.5 1.7 — QCD potential model

1.3 5.2 3.9 — QCD sum rules
1.29+£0.26 5.09+1.02 3.96+0.80 0.46 + 0.09 CCQM
2.2 - - - BSW
2.06 = 0.86 = 3.01 +1.23 - LFQM
3.4540-1 - 2.5470-97 0.48 + 0.04 pQCD
3.7832 - - 0.410 RIQM
3.257 + 0.293 = - - FNCM
1.67+0.36 3.49+0.52 2.09+0.52 - B* - D*pW* D 0xt
292+0.42 6.46+0.60 2.21+0.35 048 +0.05 B — D* D*/D* rnt
- 7.2+2.1 - 0.94 +0.18 BY - DD} /D n*

- - 1.402 +0.083  0.396 +0.023 Bt = J/y K™+

- - 1.425+0.065  0.429 + 0.007 B — J/y K™

0.4774 + 0.0034

BY > J/y¢
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Modified Gaussian

G mod o eXp (—0.5>(1‘1 +1/(1 +I/2))

where t = |m(J /Yy DY) — mp:|/op:

B. — J/uD? signal mass shape modelling effects are tested with alternative models for the
BT — J/u DT signal m(J/wDY) distribution: a double-Gaussian function and a double-sided

Crystal Ball function [34-36]. fixing the tail parameters to the values extracted from simulation.
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Candidates / 10 MeV

Candidates / 10 MeV

Is it really B,* — J/Y D')* ?

(not B* — u*w ¢ n*, w*p D*, Iy ¢ ™)

?0 C T T T | T T T T T ‘ T T T ]
- Data ATLAS .
60 ; Fit 'Jg =7 TEV, 49 fb_1 7:
50 ERELEEEE Background /s =8TeV, 206" 2
40 ; é
30 Ny, =568+28
201 =
- _:
u ; + m
0 1 I++ I*I +I ‘ --I--I---I---‘ il 1 I » =\ =I = il +\
2600 2800 3000 3200 3400 3600 3800
m(u*) [MeV]
200 : T T T T | T T T T ‘ T T T T | T T T T | T T T T :
180 . E,ata ATLAS =
160 - Slitgnal 'Jg = 7 TBV, 4-9 fb_1 _:
...... fs=8TeV,206fb" J
140 Background 3
120 —
100 - =
I ]
60 - ; o
40 N,.-175+36 s =
20— —
0 s bbb sshosssbeshessbme s s W"&Q‘\ 1 ’F"’"'w bavedkecnid kil 3
1700 1800 1900 2000 2100 2200

m(K*K*) [MeV]

EPJ C 75 (2016) 1

Cascade fit w/o mass constraints

events with 5.9 <m(J/y D*) < 6.4 GeV
N(J/P) = 568 * 28

a lot of J/ in background

N(D,*) = 175 36

non-significantly above
N(B* — J/Y D) + N(B* — J/ D)

39



Observation of excited B, (— B_m*rr)

40
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ATLAS, PRL 113 (2014) 212004

Large B, family is expected although only
ground state has been known until today
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Observation of excited B, (— B_rt*mr)

Events / 20 MeV

20—
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10

nNn A~ OO 0

ATLAS, PRL 113 (2014) 212004

p{rt) > 400 MeV, m(J/y) constrained to PDG
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Both mass value and decay mode
agree with expectations for B #(2S) .

5.2 0 (“look elsewhere”)
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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

— )

—



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

44
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Charmonium production at 13 TeV with 139 fb'1

ATLAS-CONF-2019-047

Uses a single-muon trigger, with threshold at 50 GeV,
un-prescaled on the full integrated luminosity
of Run Il, 139 fb-!

p; range covered: 60-360 GeV for J/y in 11 bins
(60-140 GeV for Y(2S))

Rapidity range |y| < 2 covered in three bins

Yields for J/y and {(2S), prompt and non-prompt
(from B decays), determined using 2D fit
(mass and “pseudo-proper” lifetime)
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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)
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§ 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
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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,?
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Charmonium prompt x-sections
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ATLAS and CMS agree
in the range of overlap

Can be described by
simple parametrization
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with b=4.4 and n=6

Waiting NRQCD predictions for high-p; charmonium production
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Measurement of J /¢ production in association with
a W boson with pp data at 8 TeV
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e} o
o o

[+2]
o

| ATLAS

ly,,/l<1

Jiy

g
Vs=8 TeV, 20.3 fb”'

8.5 <p;" < 150 GeV

T T T T T T T
« Data -
— Total

[ Non Prompt J/y i
= = = Non Prompt Background
[ Prompt Jiy )
---- Prompt Background

Events / 0.20 ps

24 26 28 3 32 34 36 38
mipw) [GeV]
;“ 1 0_4 I T T T T T T T T | g
& pp— prompt J/y+W* : pp—W* 3
iy _5 ¢ Data 2012 —
’*g 10 ATLAS Spin-alignment uncert. S
+ E DPS and theory uncert. |
: 8 1061 Og=15 mb Estimated DPS contrib. _
= I NLO CO SPS Prediction J
- ]
5107 ‘ E
\6 NN E
M ]
Z 0 L s y
i ;
35: 10° E
m 3
1 0—1 0 |
107"
10 20 30 40 50 10

p," [GeV]

T

) (GeV)

do(J/ w+W*
dpY

1
o(W)
=

B(J/y —up) x

— T
{s=8 TeV, 20.3 fb’'

+ Data .
~—— Total 1
@ Non Prompt J/y

== == Non Prompt Background
W Prompt J/y

==« Prompt Background

ATLAS
ly,,I<1
8.5<p;" <150 GeV ]

ATLAS, JHEP 01 (2020) 95

|

50/

40

Events / (n/12)

30
20F

10~

B
ATLAS

s=8 TeV, 20.3 fb’'

pp— prompt J/y + W*

+ Data
DPS ¢,,=6.3 mb

- —— DPS c,,=15mb

o Pile-up
[ Uncertainty for ¢,,=6.3 mb
[ Uncertainty for ¢,,=15 [“b

' .

Ly

2

K

-

10
T(W'w)[ps]
T T T T T T T T | ;
pp— prompt J/y+W* : pp—W* 3
4 Data 2012 |
ATLAS Spin-alignment uncert. g
@ DPS and theory uncert. _|
C‘e\‘f=6'3 mb Estimated DP:contrlb -
I NLO CO SPS Prediction
s\\\*\w

20 30 40 50

10
p," [GeV]

Missing CS SPS?

Results for 13 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

LA B L A R L R A L

> _l T | T T T T I T T T T

2 " ATLAS Preliminary - Data > 5400

S {onn[ V5= 7,8 TeV; 4.9, 20.6 fb" B3 podvekc =

S 1200-'8= 7/, 6 1€V; 4.9, 20. [ ASdiypK refl. - o~ 2200

> C [_] Combinatorial BG_| z

(2]

% - [ B,>JiwKn 2 2000

3 1000~ B B.—J/wKK ] © 1800

C B B, Jiynn ] w 1600

800 — [ B~ Jiynn 1400

600/ %
. 1000
400 800
C 600
200 400
B 200
0 0

54 55 5.6 5.7 5.8 5.9
M(Jy, p, K) [GeV]

N\, — J/y p K signal is seen on the top of

- large combinatorial background
- very large B — J/w K* - contribution
- large B, — J/y K* K- contribution

TTT[TTT T[T T T TI T TT T[T T T TTT[TTIT T
R AN LR LN RN R RN R

LA L L L L BN B [TTrr[rrrrrrorrrorrrroT

- I I
CTATLAS Preliminary —+- Deta
~s=7,8TeV; 4.9,20.6 b’ B8 As-drwpk

[ combinatorial BG]
[ By—dnykn
[ B.—J/yKK
- By—J/ynn

[ B,—dnynn

49 5 51 52 53 54 55 56
M(J/y, K, ) [GeV]

- tails from small B — J/y n* - and B, — J/y n* & contributions

ATLAS-CONF-2019-048
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P*at7-8TeV
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N(A,~J/Y,p,K)=2270£300 2

N(B? - J/y,K,mt) = 10770, 1
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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’

©5.59 < M(J/w,p.K) < 5.65 GeV
250 +

200
150f-
100}

501

|||||||||||

—— Total signal
[ Combinatorial BG ]
[ By+diyKr
I B,—Jiyan
I B,—Jiynx
B B, J/vKK
Al—rdigA® + refl. ]
— AP K
A=—>P K rafl.
A=—>P K
— AP K

]|||I|I|]|l|||llll

52
M(J/y, h=p) [GeV]

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

300

250F

200

150

100+

50

_I I I L 1 I | L} 1 1 I L] L} 1
- ATLAS Preliminary
~Vs=7,8TeV; 4.9, 20.6 fb"

- 5.59 < M(J/y,p,K) < 5.65 GeV

|||||||||||

—— Total signal
[] Combinatorial BG |
[ By—=diyKn
B B, Jiynn
B B,—Jiynn
B B, —J/yKK

.&E—?Jl"y.‘k* +refl, |
—_— A, —P K 7

=== AE—)PJ refl.

r‘i;—}P“K
f\E—}PﬂK
— .-'I.H—z-P“K

Ay—P K

IIII|IIII|l|

5.2
M7y, h.=p) [GeV]

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

_| T I T T T 'I T T T I T T T 1 v T T T T T T T T T T } _I T I T T T '| T T T I T T T | T ©¥ T T T @ T T T 7+T T
- ATLAS  Preliminary = ewsga 12 [ ATLAS Preliminary O emsignal
300 :JE: 7,8TeV; 4.9, 20.6 fo' E Efi‘?ﬁ;‘:‘:‘“ '861 o 3gp[Vs=7,8TeV;4.9,20.6 b’ E ::-m;In:totinl BG
- o I~ —* T
£ 5.59 < M(J/y.p.K) < 5.65 GeV — e ©5.59 < M(J/y,p.K) < 5.65 GeV —
250 — [ Bﬁ—thru . E. 250 __ B B, JiyKK
N + + Ag—diyA® + refl. Lﬁ = + I B,—Jiynn g
N + ] - & Ag—digA® +refl. ]
200 i 1 200r -
150/~ — : ;
- ] 150 — B
100 . C ’
n 1 100 .
50f- 3 - -
N ] S0 ~
0 52 f :
M(J/y, h=p) [GeV] . . . 4.8 5.2

M{J/y, h=p) [GeV]

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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Measurements of CP violation with B, — J/i¢

The time evolution of B, meson mixing is characterized by

v" the mass difference Am, of the heavy (B,) and light (B,) mass eigenstates
v" the CP-violating mixing phase ¢,

v' the width difference of A, = Al - AT,

Interference between the B, decays amplitudes to the CP eigenstates J/Y or via
mixing gives rise to a measurable CP violating phase ¢,

t,c,u b
§ > S § ——> » > K
> ‘MC
}*/( ) “”] i“" ;
b —e —7 e G A « s

- Os > =208, = -0.0363* )00 0 rad By =arg[—(V;,V;)/(VesVi3)]
] Al =T, —T,=0.087 +0.021 ps™

New Physics could modify ¢, and Al, / Am, If new particles contributes to box diagrams

PS — V'V decay gives orbital angular L = 0 or 2 are C'P-even

momentum L =0, 1or 2 L=1is CP-odd 55



Measurement of the CP-violating phase ¢, in
B — J/y ¢ decays in ATLAS at 13 TeV  Eur Phys. J. C81 (2021) 342

DOI: 10.1140/epjc/s10052-021-09011-0

[ — S
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time-dependent, flavour-tagged
angular analysis



Measurement of the CP-violating phase ¢ in
B - J /w decays in ATLAS at 13 TeV

AT, [ps']

|
| CMS, J/yKK, 116.1 fb”
0.1
- LHCb, J/wK'K ", 4.9 fo’

0.08

0.06

A TLAS

68% CL contours

LHCb, all channels, 4.9 fb™

ATLAS, J/wK*K™, 99.7 fo 1

Vs=7,8,and 13 TeV |

0 0.2
¢, [rad]

Nsmepenune CP-napymaromei ¢passl @, 1
AT ua 100 fb?

B corsacuu ¢ LHCb, CMS u CM no ¢,
paccornacoBaHme no AI'. u I

b5
Al

Eur. Phys. J. C 81 (2021) 342
DOI: 10.1140/epjc/s10052-021-09011-0

= —0.087 £0.036 (stat.) £0.021 (syst.) rad
= 0.0657 £ 0.0043 (stat.) £ 0.0037 (syst.) ps_l
= 0.6703 £0.0014 (stat.) £ 0.0018 (syst.) ps_l

13 TeV: Data 2015 - 2017

Data 2018 to be included in
next publication

New combination after full Run-2 results publication



Measurement of the CP-violating phase ¢ in
B? — J/y¢ decays in ATLAS at 13 TeV

Al [ps™i]

HFLAV

68% CL contours

(Alog £ =1.15)

DO 8 fb~1

0.13

0.11 CMS 116.1 fb~?

CDF 9.6 fb~!
0.09

LHCb 4.9 fb~1
0.07

ATLAS 99.7 fb~!

0.05

0.5 0.3

¢[rad]

0.3 0.1 0.1

Studies of methodical differences

Eur. Phys. J. C 81 (2021) 342
DOI: 10.1140/epjc/s10052-021-09011-0

HFLAV

DO 8 fb~*

CMS 116.1 fb~?

0.10

0.08

0.06

0.04

CDF 9.6 fb~1!

LHCb 4.9 fb~!

Combined”
T's errors scaled by 2.5
Al's errors scaled by 1.77

ATLAS 99.7 fb~!

0'%2.640

0.680
Fslps™]

0.650 0.660 0.670

New combination after full Run-2 results publication

Problems with lifetime measurements?
ATLAS is working on high precision measurement of B® —»J/@K™ lifetime



B% = K*0 p*u- (FCNC) ATLAS, JHEP 10 (2018) 047

d - d d -~ d
BO _ K*O W=
u,c,t L=
b -t y - T - 5 B 2 “~ K
' ) ,’ \
W w / et \
! ! b -+ —- -t -
Yy
¥, A
_ o
)
I -
pt P, = 25;
1 - F;
1 d*r 9 |3(1-Fr) ., " -FL 5 2 Arp
sin” #g + Fp cos” 8y + ———— sin” 8 cos 26 . =
dr/dq? dcos 6, d cos 6x dgdq? 2x| 4 KT K K L i 31—
—F; cos® @ cos 26, + S sin” 6 sin” 67 cos 2¢ Py o= - : S‘-’F
+54 8in 260 sin 268y cos d + 55 sin 26 sin f; cos ¢ 5;_4 i? .
+8¢ sin” Bx cos &, + 57sin 26k sin fp, sin ¢ P .::4_5__11:-: = -
VEL(1 - Fp)

F, —fraction of longit.
polarised K*’s
S.—angular coefficients

Events / 25 MeV

Full angular analysis
Performed in bins of

q? = m?(u*w)

+Sg sin 26k sin 26, sin ¢ + Sy sin” B sin® 6, sin 2¢

. (1)

to reduce theor. uncert.
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Angular analysis on B = K*uu at 8 TeV
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Results are compatible with theoretical calculations & fits
Deviations of about 2.56 (2.7c) from DHMV in P',(P's) in [4,6] GeV?

60



b—>s€€ transitions

L
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Standard Model Supersymmetry
b > > [T b > P S
\\
LQ VAR
+ +
Iz Y I
S )UJ_
Leptoquarks New heavy gauge bosons
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B° - K*° u*u- (FCNC)

_u
o

1

0.

-0.

JHEP 10 (2018) 047

F 1 | 1 T T T
2:— ATLAS \s=8TeV, 20.3 fb"—:
- -4 ATLAS CFFMPSV fit
S -4 LHCb theory DHMV
: —+ CM5 theory JC -
1= -4 Belle B
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- ; " | i1 PR | | |
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T 1 1
e LHCbdata © ATLAS data
m Belledata © CMS data

"] SM from DHMV
SM from ASZB
O
~0.5
b
0
JHEP 02 (2016) 104 q> [GeVZ/ c?
PRL 118 (2017) ,
ATLAB-CONF-2017-0253

CMS-PAS-BPH-165-008

Angular observables in B->K*uu show about 3.4c discrepancy

dBiR!—pup/dg® [105GeV et

[ = R L. =T B - - Y =]

Bs—opp

LHCb
SM ped.
= Dala

+

|||+

Iy wes)
ST e s
JHEP 09 (2015) 179 ¢* [Ge V']

More data
are needed!
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Angular analysis of B*—=K*(892)*u*u at CMS

JHEP 04 (2021) 124
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The first angular analysis of the

B* —=K*(892)*u* decay IS
performed;
In three bins of the dimuon

invariant mass squared (g2, a 3D
fits are performed;

The muon forward/backward
asymmetry (Ag) and K*(892)*
longitudinal  fraction (f,) are
consistent with SM predictions;

(Gev?) Ys Arp F

1009-1286 259+6.3
14.18 -19

1-868 221£81 0147032 +£017 0607931 +0.13

451480 o

ATLAS earlier performed similar
analysis of BO—K*u*u decays

JHEP 10 (2018) 047
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Observation

of new bottom-strange baryon =z,(6100) in =, rr*rr channel at CMS

Topologies with different =-, decay channels

Phys. Rev. Lett. 126 (2021) 252003

Candidates / 2 MeV

Candidates / 2 MeV

15

10

f=]

15

10F

CMS 140 fb™ (13 TeV)
L E, = JWE, E, = JApAlC
- i Data
r — Fit
L —— Signal
- Comb. bkg. }

20 40 B0 80 100

M(=, nt ) = M(Zp) - EnﬁPG [MeV]

CMS 140 fb' (13 TeV)
r } Data =, = JyE'K-
- — Fit
- — Signal
C -~ Comb. bkg.

0 20 40 60 80 100

M(Z; o ) = M(Z;) - 2mFPS [MeV)

A narrow resonance =7,(6100) is observed
at a =t invariant mass of:

M = 6100.3 +0.2(stat)+0.1(syst) +0.6(=)
Results are consistent between fully
reconstructed channels and partially

reconstructed channel with Z20—Ay

Upper limit is set 1.9MeV on a natural
width of the new state (95% CL)

New state is consistent with orbitally
excited ==, baryon with spin/parity of 3/2-.
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X(3872) production in different collision systems

First evidence using 1.7 nb™ of PbPb collisions data (2018) at CMS at
Vs, = 2:02 TeV per nucleon pair  pri 128 0022) 032001

UML fit to extract signal yields for Y(2S) and X(3872)
Final state: J/Q( = ') '
Significance for inclusive X(3872): 4.2¢

Prompt fraction estimated with MC studies
Yields corrected by acceptance and overall efficiency

Ratio of corrected yields for prompt production in PbPb collisions p"P:

e compatible with 1 (within 10)
e compatible with PP = 0.1 (within 20)

Much larger data sample expected in Run-3 at LHC in order to improve
the measurement and understand the internal structure of X(3872) and
the differences of its production mechanism w.rt. U(2S)

i kinematical range: 15 < p, < 50 GeV/e, Iyl < 1.6

1.7 nb' {PoPb 5.02 TeW)
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2
m W L
g"l'lglllﬁ

-
8

J\  cont0a0% =2

If'.+ S W+ i
._L,h’++ %{3872) Mq

888386‘3

Entries / (10 MeV/c®)  Entries / (10 MaVic?)

hfu‘ (+ ++M_' V}\**iﬂv%'i

e
OG

Bt
E wi28) E )
E dats
:_harmchsﬂﬂw}ﬂ_fm,l —:TQ‘l3| it 3
E 'l -+ - background 42
E N

E EN g

1

365 47 475 38 485 33 485 4
M=z (GEVICT)

1.7 nb" (PbPb 5.02 TeV)

t cMs
Bt Prompt

NX-IBE?Z:.—;J.WJ X

ppPoPL

p

u PbPb|5.02 TeV)
|yl = 1.6, 0-90%

W pp (7 TaV)
Iyl < 1.2 (CMS)
W opp(ETev)
|yl < 0O.75 (ATLAS)
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Lepton Flavour Universality (Violation?)

(B— K®Wutu ) B(B'— K*u*u™) B(BY— K*%¢te™)
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Phys. Rev. Lett. 122 (2019) 191801
ATLAS potentially can do o Zo0fromthe SM
“ I LHCb
R(K), R(¢$), R(pK) = BR(A; - - - '
p K o[y )/B R (Ab - p K ee) 10 _._5__{
In 2018, a di-electron high-level trigger |
Implemented and being analysed now O e

Aiming at R(K*) measurement

Run-3 data will add statistic .



Lepton Flavour Universality (Violation?)
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