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Charm and Beauty meson Production




Charmed meson production @ 7 TeV: D**, D*, D *
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low-p;: 3.5 - 20 GeV
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high-p;: 20 - 100 GeV
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D meson visible x-sections

low-p;: 3.5 -20 GeV

ATLAS, NP B 907 (2016) 717

high-p;: 20 - 100 GeV

o Vis (D*i) oVis (Di) oVis (D;‘i)
Range low-pr high-pr low-pr high-pr low-pr high-pr
[units] (1] [nb) [1b] [nb)] D] [nb)
ATLAS 331+ 36 | 988 100 | 328 34 | 888+ 97 | 160 £ 37 | 5124 104
GM-VFNS 3401130 | 10007125 | 3507150 | 98011Z0 | 147tii | 470735
FONLL 2021125 | 7537128 1 174t | 6171103 - -
POWHEG+PYTHIA | 158%17%0 | 600320 | 1341148 | 4801210 | 2+64 225114
POWHEG+HERWIG | 137117 | 6907380 | 1217129 | 5801280 | 51+5° 2687107
MC@NLO 1577125 | 9807450 | 140712 | 8107390 | 5832 | 345D

GM-VFNS — developed from “massless” NLO, consider explicitly flavour excitation diagrams,
consider fragmentation of light quarks and gluons to D mesons

— matched NLO+NLL (developed from “massive” NLO)

FONLL

POWHEG+PYTHIA/HERWIG — matched NLO+LL
MC@NLO (+HERWIG)

— matched NLO+LL

NNLO is in principle available (Czakon et al.),

but not yet numerically stable for masses in the few-GeV range

(developed from “massive” NLO)

(developed from “massive” NLO)



ATLAS, NP B 907 (2016) 717
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D)= differential x-sections vs \H(D(*Ji)\
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GM-VFNS - agree both in shape and normalization

FONLL, POWHEG, MC@NLO - agree within large theoretical uncertainties



do/dm(D**)| [nb]

D)= differential x-sections vs \H(D{*)iﬂ
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GM-VFNS - agree both in shape and normalization
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FONLL, POWHEG, MC@NLO - agree (?) within large theoretical uncertainties

MC@NLO - worst shape description



Beauty meson production @ 13 TeV: B*—J/wK™*

CMS, PLB 771 (2017) 435

CMS 49 4 pb (13 TeV)
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5 51 52 53 54 5. 5 5 6 5 7 5 8 59 6 Size of simulated samples 0.5-3.9
J Iy K* [GeV] Track reconstruction efficiency ‘ . 3.9
B" — J/¢(— p*u~ )K" branching fraction 3.1
Model in likelihood fits 1.0-64
+\ _ . Bin-to-bin migration 0.4-3.7
G(B ) =149+0.4 (Stat) +2.0 (sySt) +0.4 (luml) lib B kinematic distributions 0.4-10.6
Parton distribution functions 0.1-0.7
B lifetime 0.3
Total (excluding the integrated luminosity) 9.1-15.6
FONLL : 9.9+3,3_2.2 },lb Integrated luminosity 2.7

below but in agreement within large theor. uncertainties



do(pp — B*X)/dpT [ub/GeV]

Ratios to FONLL
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Differences are larger at 13 TeV ?
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(13 TeV) / o(7 TeV)

B+_>J/\|]K+’ 13 TeV CMS, PLB 771 (2017) 435
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DATA tend to prefer higher values compared to FONLL

Measurements of 612 T¢V/6’ T¢V are of great interest,
in particular for PDF constraints (see Cacciari et al., EPJ C 75 (2015) 610)
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Charmonium and Bottomonium production

12



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!

14



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’;ﬁfﬁ;ers 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

15
JPC = o—+ 1—— 0++ 1++ 1+- o++



Onium production @ 13 TeV
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Charmonium production @ 13 TeV

CMS PAS BPH-15-005
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rises from ~25% till ~70%
flattish above 40 GeV
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rises from ~30% till ~70%
flattish above 40 GeV
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Theory / Data
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- NLO NRQCD is generally o.k.
- CSis too low even at NNLO*

- new k,— factorization predictions
(CS + CO) in fair agreement
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ATLAS, JHEP 01 (2017) 117
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FONLL is generally o.k.
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X(3872) (—J/yr*w), 8 TeV, prompt/non-prompt diff. x-sections
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NLO NRQCD (C. Meng et al.), y.,(2P) + D°D™,
produced dominantly via y.,(2P) ,
tuned to CMS, is generally o.k.
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is too high, too hard 20



Enhanced B, contribution to non-prompt X(3872) production

ATLAS, JHEP 01 (2017) 117

2.5

Jiyrtn decay

@ <Of ! ' — o 0.1 : .
o [ ATLAS ) +y(28) 7 - ATLAS $ Data — Sum of Fits
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(Berezhnoy&Likhoded)

o(pp — B:)Br(B. — X(3872))
o (pp — non — prompt X(3872))

= (25 £ 13(stat) £+ 2(sys) = 5(spin) ).

Enhanced B, contribution to non-prompt X(3872) production ?
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Measurement of bb = J/ u*

Probes bb production dynamics
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ATLAS, arXiv:1705.03374

T>0.25 ps
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do

Measurement of bb > J/¢ ut ATLAS, arXiv:1705.03374
Differential x-sections in AR, A, Ay, Y, ,..» Mass, p, M/p;, p;/M

Probes small opening angles of bb

—— MG5_aMC+Py8 4fl* |

" ATLAS Data Predictions have a large spread

=
Z 10 Stat.  -e- MG5_aMC+Py8 5fl* = o
r C Stat.+Syst.—— Sherpa 5fl* 3 Neither is perfect
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AR(J/y ) 23



Measurement of bb > J/ u?

ATLAS, arXiv:1705.03374

Differential x-sections in AR, A, Ay, y, ., Mass, p;, M/p;, p/M

'S 105 ATLAS o Data -+ MG5_aMC+Py8 4fl* =
o] Stat. —o- MG5_aMC+Py8 5f1* J
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MadGraph5_aMC@NLO+Pythia8
too high at large p,

4-flavour predictions agree
better than
5-flavour predictions at large p

Theor. uncertainties are
not yet available
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J/Y + J/P prompt production

ATLAS, EPJ C 77 (2017) 76

Probes specific mechanisms of cccc system production and transformation
to 2 mesons; potentially sensitive to Double Parton Scattering (DPS)

p:(J/Y) >8.5GeV, |y(J/P)| <2.1
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J/Y + 1/ prompt production ATLAS, EPJ C 77 (2017) 76
Data-driven SPS/DPS separation

ATLAS {s=8TeV, 11.4 b’ ATLAS s=8TeV,11.4fb"

J/P mesons from different events SPS template obtained by subtraction

DPS template normalized to data in the of the DPS template from data

DPS-dominant region: Ay > 1.8 && A < 7t/2

Npps(Ad, Ay) Nsps(Ad, Ay)
wpps(Ad, Ay) = wsps(Ad, Ay) =
opS Y Npaa(Ad, Ay) Npata(Ad, Ay)
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J/W + J/Y prompt production

\IIIIIlIIIIlI\I\H]\_ﬁAsll\lllllllll\ll\l
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Experiment (energy, final state, year)

LO DPS (Borschensky, Kulesza) agrees

NLO* SPS (Lansberg, Shao) generally agrees,
below at large Ay and m(J/y J/Y)

Loy aiy

2 _Jwdw
Ipps

6. = 6.3 + 1.6 (stat) + 1.0 (syst) mb

T eff

ATLAS, EPJ C 77 (2017) 76

CMS, JHEP 09 (2014) 094

ATLAS |IIII|IIII|IIII|IIII|IIII|IIII
ATLAS (v/s =8 TeV, J/¥ + J /v, 2016) -
D@ (/s = 1.96 TeV, J/ap + J /1, 2014) HoH

D@ (/s =1.96 TeV, J /2 + T, 2016) i
LHCb (+/5 = 7&8 TeV, YT(18) + D%, 2015)

LHCb (/3 =7 TeV, J/v + ALY, 2012) H——H
LHCb (v/5 =7 TéV, J/< + D, 2012) HeéH

LHCb (v/s =7 TeV, I/ + DT, 2012) ¢
LHCb (/s =7 TeV, I/ + DO, 2012) ——
ATLAS (y/s =7 TeV, 4 jets, 2016) —CO—

CDF (/5 = 1.8 TeV, 4 jets, 1993) —

UA2 (y/s = 630 GeV, 4 jets, 1991) F——

AFS (/s = 63 GeV, 4 jets, 1986) 1

D@ (v/s = 1.96 TeV, 2y + 2 jets, 2016) I -

DO (v/s = 1.96 TéV, v + 3 jets, 2014) (2]

D@ (4/s=1.96 TeV, v + b/c + 2 jets, 2014) ——

DO (/s =1.96 TeV, v + 3 jets, 2010) v

CDF (v/s = 1.8 TeV, v + 3 jets, 1997) HH HH

ATLAS (v/s =8 TeéV, Z + I/, 2015)  iesssscascscacand >

CMS (/s =7 TeV, W + 2 jets, 2014) —a—
ATLAS (/s =7 TeV, W + 2 jets, 2013) H—A—+—
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G, [mb]

LHCb (13 TeV, J/w+J/y, NLO* CS) : 10.2 + 1.0 mb

CMS-based (Vs=7 TeV, J/iy+Jly) : 8.2+2.2mb

smaller than jet-related o measurements 27



Y(1S) + Y(1S) production CMS, JHEP 05 (2017) 013

CMS L=20.7 b (8 TeV) CMS L=20.7 b (8 TeV)
:q’) 25: ) Rﬁta
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> T e E E Va8 Y(S)
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o i
. 5 L
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- agree with other quarkonium measurements
- smaller than jet-related measurements
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Y(nS) dependence on charged
particle multiplicity in pp collisions

CMS Preliminary 4.8 b’ (7 TeV)
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Mixing and CP violation

30



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/ 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 31



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

CMS, PLB 757 (2016) 97

ATLAS, JHEP 08 (2016) 147
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Measurements of CP violation with B, — J/i¢

ATLAS, JHEP 08 (2016) 147 CMS, PLB 757 (2016) 97

time-dependent, flavour-tagged
angular analysis

~25 free parameters
projections are shown

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

ATLAS, JHEP 08 (2016) 147 CMS, PLB 757 (2016) 97
Parameter Value Statistical | Systematic Parameter Fit result
uncertainty | uncertainty ¢s [rad] —0.075 + 0.097
bs[rad] —0.110 0.082 0.042 ATg[ps™1] | 0.095+0.013
AT, [ps™'] | 0.101 0.013 0.007 | Ap|? 0.510 + 0.005
[s[ps™!] 0.676 0.004 0.004 |As|? 0.012 tgggg
|AH (0)|2 0.230 0.005 0.006 |AJ_ |2 0.243 + 0008
| Ao(0)2 0.520 0.004 0.007 5, [rad] 3,48 +007
| A5 (0)]2 0.097 0.008 0.022 I tra o
51 [rad] 4.50 0.45 0.30 ds [rad] 037 257
3| [rad] 3.15 0.10 0.05 4, [rad] 2.98 +0.36
51 —6s [rad] | —0.08 0.03 0.01 cT [pm] 4472429

P HFIA
5o DO 8 fb ! Good agreement
- % )
< 68% CL contours with SM
0.12 (Alog £ =1.15)

CMS 19.7 fb !

0.10 Combined CDF 9.6 fb-! | ¢"S = —21 4+ 31 mrad |
0.08 O

ATLAS 19.2 fb !

[HFAG Preliminary]

SM: -0.0363*0001¢ rad

LHCb 3 fb !

0.06
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Precision measurements of B lifetimes in B — J/()X decays CMS PAS BPH-13-008

19.7 fb" (8 TeV
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CMS Preliminary 19.7 fb” (8 TeV) CMS Preliminary
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Rare Decays (FCNC)
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B)°— p*u (FCNC, CKM and helicity suppressed)

ATLAS, EPJC 76 (2016) 513

CMS+LHCb, Nature (2015) 14474
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B° - K*° u*u (FCNC)

ATLAS-CONF-2017-023

CMS, PLB 753 (2016) 013
CMS PAS BPH-15-008
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—F; cos? 8 cos 26, + Sy sin’ 6 sin® 6; cos2¢ Py = — S
1 - F
+54 8in 260k sin 26 cos ¢ + S5 sin 26 sin 6, cos ¢ S,y :? .
P F =%
+58¢ s5in” Bk cos @, + S75in 26k sinfg, sin ¢ Pr=4_5_.&H =
VEL(1 - Fp)

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

Full angular analysis
Performed in bins of

q’ = m?(u*p)

Events / 25 MeV

+5; sin 28 sin 26; sin ¢ + Sg sin” g sin” 6 sin 2¢
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>0 - Signal yield: 118 £ 15 — Total fit
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B° - K*° u*u (FCNC)

CMS Freliminary

20.5 107" (8 TeV)
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20.5 fb™' (8 TeV)
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{ SM-DHMV )

( SM-HEPfit )
—e— CMS

—e— LHCb

—+— Belle-preliminary

!
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Fair agreement with SM in most distributions/bins

8

=:LIIIL' i - I L1l I L1l lL
10 12 14 16 18 2(‘)’2
g° (GeV?)

ATLAS-CONF-2017-023 CMS, PLB 753 (2016) 013
CMS PAS BPH-15-008
218 N B BRSNS
] 6:_ATLAS Vs=8TeV, 20.3 b E
't Preliminary -e- ATLAS -=- LHCb ]
1.4 —— CMS -+ Belle -
= —— BaBar CFFMPSYV fit 7
1.2 - theory DHMV ~ theory JC
1= =
0.8F =
0.6 —;
0.4 —
0: IR I S T P SR TR IR T SR N I T S T N .
0 2 6 8 10
q? [GeV?]
8’ oL ATLAS | (s=8TeV,20.3fo"'~
- Preliminary -e- ATLAS .
1.5 —=— LHCb 3
- —— Belle N
o CFFMPSYV fit :
1= theory DHMV
b theory JC ]
0.5 -
of 3
o5k 1 : E More data
3 1 areneeded!
I B S T
@ [GeV?]

~2.5 ¢ deviation in P for 4 < g% < 6 GeV? in ATLAS (similar to LHCb and Belle) 35



Decays and Spectroscopy
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Observation of B*—y(2S)p(1020)K*

Candidates / 2 MeV

CMS, PLB 764 (2017) 66
19.6 b (8 TeV)

60— CMS

o ) Data
40— — Total fit

L “zs. Signal

L e Background
20—

5.3
M, 05y, k- (GEV)

5.32

Can be used in searches for resonances
in m(y(2S)p) with more data

CDF, DO, LHCb, CMS and BaBAr reported possible
structures in m(J/y¢) using B*—J/we(1020)K*

(140 t 15) signal events
Branching fraction:

(4.0 £ 0.4 (stat) £ 0.6 (syst) £ 0.2 (B)) x 107°

using normalization to B*—y/(2S)K*

CMS, PLB 734 (2014) 66

CMS, \s =7 TeV, L=5.2 fb’
AR B L D

~ 300 ——
Q N —— Data .
= b Global fit E
o T e Three-body PS (global fit) -
N . +1c uncertainty band J
—~o00- = - — — Event-mixing (Jy, 9, K*) ]
m N F e Event-mixing (J/y, 0 K*) 7
= 4k 7 FMR e 1D fit 4
Z 150 { | + =
100:_ \ + # + ++ _
so ,+~/”"'” + + I g a
&
0
C Il ‘ I 1 | 1 J L ‘ L 1
1.1 1.2 1.3 1.4 1.5

Am [GeV]

Am = m(u*wK*K?) — m(u*w)
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Measurement of B,* — J/¢ D [*)*

ATLAS, EPJ C 75 (2016) 1

90—

= [ 3 g [ 1T I I TTT I I i
2 80k . E_’:“a ATLAS = - . _
o = I 1 = ~ BT P T e b E
E . . fs=7TeV,4.9fb 3 @ hd 3 i i
« = ——. Bi=JiyD I » 3 B 3
L B;:.J/xDz*,SIﬂ:;signal fs-8Tev,206t" — 2 - "ﬂ%"t‘tf 2D unblnnEd flt
£ 60F 2;—:]/ng:; A_ signal = 'TEJ 10 2
% soby 1 ackgroun EBE-'J"I'D; = 3965'*_:'-1207 é 8 E. 3
8 i - o= 95127 7 i s . +
S 4of fL-0374022 1k | helicity angle ' : between u
30[ E & O + ‘.-
SR U i1y NN, ] o woems  aTias ~d and D7 in pfp rest frame
20F Tt i 107 e Bi—JiyDZ", A, signal a 3
= i + = = B;—y.JhyD”*, A signal fs=7TeV,4.91 ) 3
10¢ . L ‘\ = PP Background s =8TeV, 206 fb” ]
F Py, 4 = B 7
ok seomelummtormtonntat€ T Wi b bbb o Ll e b b b b Lo b L
5800 6000 6200 6400 6600 19701 02 03 04 05 06 07 08 09 1
m(JyD)) [MeV] |cose'(u)]
B+ +
R, + = B IWBs — 384 1.1 (stat.) + 0.4 (syst.) + 0.2 (BF
DF fmt = Bpr ook ( ) (syst.) (BF)
. . BF »Jy/eDit
Normalization mode: B.* — J/ nt* Rptjat = Bor, 5 = 104£3.1 (stat.) £ 1.5 (syst.) £ 0.6 (BF)
B+ ot
R et e = 2a=deBT — 9 gFL2 (gt ) £+ 0.3 (syst.
D/ D} L —. Tos ( ) (syst.)

iy /T'=0.3840.23 (stat.) + 0.07 (syst.)

ATLAS

ATLAS (Run 1)
LHCb (Run 1)

QCD potential
model
QCD sum rules

RCQM
BSW
LFQM
pQCD
RIQM

1
BR

2

3

B;w/wn:/ BR

4 5 5

BR

10

1
BR

2

B —J/yn" B:aJ{wD:JB RB;anwr‘ B{—>J/yD"

3
./BR

B, —J/yD;

Reasonable agreement
with LHCb

Some predictions are
below but within 2 o

Experimental precision
can (will) be improved!

4 0.2 0.4

r./r

0.6 42



Precision measurement of B, lifetime CMS PAS BPH-13-008

--------- Comb. background

- CMS Fl’rel:rr?h:h?ry' e I 197fb I(§ TeV) = 102 CMS P:'elinlvfnafy . - - |19.|7 fbj (8 'II'eVEl
[} = w ]
E 300:— — Fit function %.. N
E co AL e B, signal o ]
g 250— B: - JyK" _
m -

200

150 103

IlII|IIII\IIII|IlII|lI

100

|/

50
0 . 1 waslaCucwel® | M ENRTENEIL T8 Lo oo Ly |_ | | \ L L | L | | | | | | ) | ]
5.05 6.1 615 62 625 6.3 635 6. 4(.1/\?1:4)‘5[@(3\?]5 0.02 0.04 0.06 0.08 ) [Cn9]1
| Ng;: (1) [ ey (1)7(1) @ Epy (1)
CTgr = 162.3 £ 8.2 (stat) £ 4.7 (syst) £ 0.1 (Tg+) pm Ne- (6] = ep: (N7(1) @ Egr ()

. —12
In agreement with the LHCb measurements gerrsooo DOCLMERT 1D TECN ~ COMMENT

0.507 +0.009 OUR EVALUATION
0.507 £0.009 OUR AVERAGE

Higher preV|ous Tevatron measurements 0.5134+0.0110£0.0057 L2 AL 166 LHCB ppat7, 8 TeV
0.509 £0.008 +0.012 3 AAL 146 LHCB pp at 8 TeV
0.452 £0.048 £0.027 2AALTONEN 13 CDF  pp at 1.96 TeV
0.448 £0:038 10032 4 ABAZOV 09H DO  pp at 1.96 TeV
0.463 T9-973 +o0.036 4 ABULENCIA 060 CDF  pp at 1.96 TeV

Precise value is important to constraint

) ) N ) 046 T018 Lgo3 4 ABE 98M CDF  pp 1.8 TeV
new physics behind B— D™ t v anomalies —010
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Search for X(5568) — Br* CMs PAS BPH-16-002
~—B.°
o B—Jlyy B.—D'uX
- _ DO Run II, 10.4 fi5' 250 [
N§ 70 "8 200 : ++ + + ®@% @
g 60 E’ - + + w
o _F P &
; 50 E_ = 150 |- 5 £
g 40 ;_ g E §DO preliminary, 10.4 fb
> :_ DATA 3 100 B E:::h background shape fixed
; ZZ %_ A ;::/ki;r:o!:izkground shape fixed + zZ _:_ BaCkgwundg P
E I T Signal 50 ] e Signal
Q5555 56 565 57 575 58 585 59 T TS S T S Y
m (B% n¥) [GeV/c?] m (B> %) [GeV/c?]
Py=(8.4%1.9+1.4)% px=(7.6 *2-8_2_4 *0'6_1.7)% pT(BS) > 10 GeV
CMS Preliminary 19.7 fb™ (8 TeV)
=>1400F | (1
N . -
001200__(a) W‘T’f i 5r} H”ﬁﬁ-u&,_}_u
- E 7 ! CMS < . (1) (4) L
Gk 8. Tl pyMS < 3.9 % at 95% C
= n
ke, r
g 00 p, LM < 2.4 % at 95% CL
= n
¢ 600
N B.) > 10 GeV
400 P(B,)
200 No results from CDF
d A L L1 . and ATLAS yet
85 5.6 5.7 5.8 5.9
AM(B m)+M(B)), [GeV] a4



Summary : main messages

Charmed meson x-sections: GM-VFNS agree in shape and norm.
Beauty meson x-sections: FONLL generally agrees
Charmonium x-sections, Prompt: NLO NRQCD generally agrees

CP violation: precise measurements ¢, and AT,
good agreement with SM, higher precision is needed

B )°— pur : observed by CMS+LHCb, agree with SM
ATLAS agrees with CMS+LHCb and SM on the level of 2 ¢

B? — K*Y u*u : generally agree with SM, tensions on the level of
2.5 ¢ in one bin for ATLAS (similar to LHCb and Belle)

X(5568) — B.*: no signal in CMS data, p,“VS < 3.9 % at 95% CL
in agreement with LHCb and contradiction to DO

New exciting results for summer/fall conferences .
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D** signals and visible x-sections

%2000_| L L L B AL I ]
= - ATLAS \s=7TeV,1.04nb" 1
Ln — —
o = Data, 3.5 < p_(Kn,) < 20 GeV, m(Knn )| < 2.1 .
~ 1500 (— —
S I s
= - w ]
£ - .
2 1000 — —
E i ]
© i ]
500 S Right-charge combinations .
- o meees Wrong-charge combinations -
i —— Fit: N(D**) = 2140 £ 120 (stat)
0 _I 1 L 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 Il I 1 1 1 1 | Il 1 1 I_
140 145 150 155 160 165 170
m(Knr,) - m(Kn) [MeV]
Gauss™ o exp[—0.5
DATA:
o¥S(D**) = 331 + 18 (stat) = 28 (syst) + 12 (lum) £ 5 (br)ub
POWHEG+PYTHIA:
(D) = li*'n‘.%“‘_'%'i’(sn:ale]l““'i [.'PJQ}+14{PDF'EB<I ;-”g[hadtmb
FONLL:
V(D) = 202+113 (scale)35 (mg) = 21 (PDF) £ 5 (ff) pb

Combinations / 0.5 MeV

f .
II+I_.I[]+[!.5 .r]].

400

L L L L R B
ATLAS \s=7TeV, 280 nb"

200 Data, 20 < p_(Kn,) < 100 GeV, [n(Kn,)| < 2.1

e Right-charge combinations

200
----- Wrong-charge combinations

——  Fit: N(D*") = 732 + 34 (stat)

100

-r'.-l-'.l-l.ll--e-l-l. 1 - i -: 1 i -I
140 145 150 155 160 165 170
m(Knr,) - m(Kn) [MeV]

where x = [(Am — myg)/c|.

oViS(D**) = 988 + 45 (stat) + 81 (syst) + 35 (lum) = 15 (br) nb

o B8(D™*) = 600575 (scale)?)] (mg)™3; (PDF & a)717% (hadr) nb.

o S(D**) = 7537118 (scale) ™35 (mp) + 41 (PDF) £ 17 (ff) pub
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Extrapolation with FONLL, total cc x-section

HE{}E{D[*}} = {0 - — ‘r-:l 1T“{D'*|1 tl . fﬁ_;.f_.ll NLO &

pp—ceX DX = T is extr

fVEOcE L1416 (relatively stable)
O et _'!::r.fl,l.r I*I If"['—:'DI“:‘J [2

weighted mean from D** and D~ :
3.5 < pr(D) < 20 GeV

1g and [(D)| < 2.1
o' = 8.6 = 0.3 (stat) = 0.7 (syst) = 0.3 (lum) + 0.2 ()3 (extrymb  (ATLAS)

1 < pr(D) < 24 GeV

1.0 5.0 and |y(D)| < 0.5
o' = 8.5 + 0.5 (stat) 5, (syst) £ 0.3 (lum) £ 0.2 ()75, (extrymb  (ALICE)
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Ysid =

v

P =

Extrapolation with POWHEG+PYTHIA, fragm. ratios

__tot + _tot +
{J—ff' [Dﬂl } {TCE' ':DT ]

t‘r‘f%tiﬂ*ﬂ + (:TL‘%‘{DJ’} — (‘J‘L‘?{D*ﬂ A1 = B pogs) B {TE?(D“L} + cr}?(ﬂ‘*’*} B i poge

Lot d4 ) Lot #4
{TEE.(D ) {rﬁ"t’D )

(:TE_%‘{D*J’} + u:,T:,?-,tlfDﬂ — t:rg{ﬂ“’} (1 = BI}#+_}!J{:|H+'} JE.C;{DJ’J + (‘J‘L’?(D**} . EBDH_PDUFL

ysid = 0.26 £ 0.05 (stat) £ 0.02 (syst) £ 0.02 (br) £ 0.01 (extr),

P4 =0.56 +0.03 (stat) + 0.01 (syst) £ 0.01 (br) £ 0.02 (extr).

LEP _ fle = DY)
Vsid flc = D*) + f(c > D**) - Bpes | pog+

=0.24+0.02 £ 0.01 (br)

pLEP _ fle > D7)
v fle > D)+ flc = D) - Bpee o+

=0.61 £0.02 £ 0.01 (br)
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Beauty meson production: B*—J/wK™*, 13 TeV

llllllllllllllll

>
230000 _ATLAS Prelnmmary
® C V{s=13 TeV, L=3.2 fb™

llllllllllllllllllllll

5000 5100 5200 5300 5400 5500 5600 5700 5800

- B - Jy n*

-------- Combinatorial background

- Mis-reconstructed background

llllllllllllllll

Data 2015
Fit model
B* - Jy K*

Background model

| W N lllll

m(J/wK*) [MeV]

ATLAS-CONF-2015-064

= 5290
D - ATLAS Preliminary ]
= 5288s=13 TeV, L=3.2 fb' =
@ 52861 -
E 5284; L) Data 2015 _
- Weighted mean m(B*)
52821 -
5280 D S -
LR LA Sul S 4 + T -
52781 ++ +_+__
5276/ =
- mM(BY) = 5279.31+ 0.11(stat.) MeV
5274—_ | | | | | e
-2 —1 0 1 2
(S KY)

Fit B¥* mass [MeV] Fit error [MeV]
Default Fit 5279.31 0.11 (stat.)

L., > 0.2 mm 5279.34 0.09 (stat.)

World Average fit 5279.29 0.15

LHCb 5279.38 0.11 (stat.) £ 0.33 (syst.)
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Beauty meson productlon B*—>J/guK+ / TeV

10

; E T T T T | I T T T T | E 3 [ T I I T I | -
O ATLAS 1 2 5[ ATLAS —— Data -
2 4L ] 4> - —— POWHEG+Pythia
9 =95 T2 [\s=7TeV MC@NLO+Herwig 1
= - . 1 < i P @ +Herwig ]
o 101E T e 1w 4 det=2.4 fo' Emm FONLL n
S Bo L :
-é 10'25—\S=7 TeV = % 3__ -
T - —e— ATLAS, 2.4 b, |y|<2.25 1 ° $ ]
oy = 5 CMS, 58 pb, |y|<2.4 E o [T —
o 10_4%_ ________ FONLL, |y|<225 % E ..;
- 21.5 E 1 N
10-5§ 08 e - E QGeV<pT<12O GeV E
s ©, 05k . . 1 oL | -
10°767810 20 30 40 100 0 0.5 L 1.5 2
p, [GeV] ly|

FONLL provides reasonable description although with large theor. uncertainties
Central predictions are somewhat harder

The predictions are normalized to f(b—B*) =40.1 + 1.3% [PDG]
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LHCb, Phys. Lett. 118 (2017) 052002

14
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—+ Data
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L 1 L L | L
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L
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B(y(2S)—=Jy(—u'n) Ttr)- dzo""(zs)/de/dy [nb/GeV]

Y(2S) — J/Y (—u* )i, non-prompt diff. x-sections

10*

ATLAS
10° B V5=7 TeV, 2.1fb! —o— lyl<0.75 (x10°)
E e —a— 0.75< |y|<1.5 (x10?)
10° N —a— 155 |y|<2.0
1 0 ?.-:. .:A_‘ - N
1 N‘ .:: \ ‘WV:I:A N 1\.’\
1 0-1 ’:T“v b =
s S , <~
10° Ny
10 : N
10 N NLO with FONLL fragmentation
FONLL X
10° - 288 NLO GM-VFNS NS
1 0'7 1 1 1 1 1 1 1 1 |
10 20 30 40 50 60 70 8090107

I T 1 I I 1

Non-prompt y(2S) data

v(2S) p; [GeV]

Theory/Data Theory/Data

Theory/Data

10

T 1T TTTT

Non-prompt y(2S) dat'a: lyl<0.75 '

m NLO with FONLL fragmentation

FONLL
8 NLO GM-VFNS

T T [T

LI

T T
Non-prompt y(2S) data: 0.75<|y|<1.5

ATLAS
{s=7 TeV, 2.1fb™

50 60 70 80 90107
y(29) p, [GeV]

- generally, reasonable description by FONLL and GM-VENS
predictions are harder than data

- NLO with “wrong” (FONLL) fragmentation is even harder
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B(w(2S)=Jiy(—p'w) m'n) fe®/dp, /dy [nb/GeV]

Y(2S) — J/Y (—ut ), prompt diff. x-sections

10°E Amas Prompt
pt y(2S) data

6
10 {5=7 TeV, 2.11b" —e— 1y[<0.75 (x10°)
10° e _ —=— 0.75< |y|<1.5 (x10%

10 -
10°
=
10

—a— 155 |y|<2.0

10
102
103
10
10° E =w=s NLO NRQCD

10®E - - - - k, factorisation

107 = %%%% Colour Evaporation
108 & B NNLO* Colour Singlet R
1

N
‘.~

20 30 40 50 60 70 8090107
v(2S) p, [GeV]

— [
o

- NLO NRQCD is generally o.k.
- CSis too low even at NNLO*

- CEM is somewhat too hard

Theory/Data Theory/Data

Theory/Data

10

Prompt y(2S) data: |y]<0.75

== - -
- @ = K, factorisation

50 60 70 80 90107
y(2S) p, [GeV]
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1/T dr/dm_(w(2S) — J/y ')

0.12F

0.1
0.08

0.06F
0.04f
0.02[ 7

m(rt+mt-) in Y(2S), X(3872) — J/w n" n, 8 TeV

LI L B N N N B N B B B B B — | L L L

CATLAS 1 8 % anas E
- \s=8 TeV, 11410 _ S 0.350 1s=8TeV, 11.4 b’ L ]
| -4~ Data Nad = -
| — Data Fit (VZ Model) - 03:_ —:
; 72, y(28) — Jiynr MC (phase space) ™ — EIF 0.95 f _f
N~ - I
7% 8 0'25_ % X(3872) — J/ynn MC (phase space) _+_ =
’ / S O & |
' oo :
e i | 7 A -
- 7 % 3
Z . / 4 g 005y / 2 £
0 3 0 35 04 045 05 0.55 2 O iz umﬂr//////// prs
My, [GeV] - 0.3 0.4 0.5 0 7
my, [GeV]
1 dI’ 5 512 .
Fam  (Max = Amy )" xPS p? dominance
A = 4.16£0.06(stat) +0.03(sys)

Voloshin-Zakharov distribution
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CMS: JHEP 04 (2013) 154

X(3872) Production via decaysto J /Y ¥~

o e A S

2 1 : ' CMS N5 =7TeV | . PC 4t ﬂ'“;_ Itr:fzmd _;

= 100 <o <500 Loul® - Assuming /" =1 01" .
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- r N T LO NRQCD uncertainty P i 1
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o o2l \H é o 1'_ B
: ° pTshape ok :
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—>J/L/JKOS/K*0 resylts ATAs, JHEP 06 (2016) 081

s 0.6p T T | A B B
o - ¢ Data 3
055 1oy —Fit -
- o\s=/71e mm tio band -
0-5E | Lat-aom’ *26 band ™
0.45F
0.4]
0.35[
0.3F
0.251
o .
0230 1 2 3 4 5 6
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I—pr0p [mm]

Al 4t

Al 4t
I'[t, J/yKg] oce” [cosh — + cos(2p) sinh d

AT jt
I'[z,J/ WK*O] o e 14’ cosh —

Al'y/T; = (=0.1 +

sxAr /T, =-0.002 + 0.010

0.6
C 055
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0.5

0.45

0.4
0.35F

0.3
0.25
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S S + Data 1
— —— Fit -
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J. Ldt=2031b" 26 band
- ATLAS E
L v v by v v b v by vy v by v v by oy oy by 3 4
-1 0 1 4 5 6
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— Ap sin(20) sin(Amdt)]

1.1 (stat.) + 0.9 (syst.)) x 1072

from DELPHI, BABAR, Belle,

ATLAS and LHCb
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W+ I/ (—>H H ) ATLAS, JHEP 04 (2014), 172

Events / 0.04 GeV

T I T T T T W .
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W + J/Y (—u*), Ae distr. and rates w.r.t. inclusive W
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Z + 1/ production (15t obs.) ATLAS, EP) C 75 (2015) 229

Prompt component probes mechanisms of cC system production and transformation
to a meson at high scale; potentially sensitive to Double Parton Scattering (DPS)
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Events / (n/5)

G [MD]

Z+ I/ (—ut), Ag distributions and DPS
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Z + /Y (—u*), integrated and diff. cross sections

NRQCD: Mao et al.
CSM: Gong et al.

Predictions
below data
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Events / 10 MeV

Events / 15 MeV

Observation of A, — ¢(25) N°

pr(A,) > 10 GeV In(A,)| <2.1
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ATLAS, PLB 751 (2015) 63

2-vertex cascade fit with 2 mass

constraints (charmonium and A%/KY)
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of m((25))epe

N(A, — P(2S) A%) =
603 £ 38
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Events / 20 MeV

Events / 2 MeV

Is it really A, — (2S) A9

(not A, — pwhuw pr, u*wA® w(2S)p o)
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ATLAS, PLB 751 (2015) 63

Cascade fit w/o constraint
on charmonium mass

N({(2S)) = 724 + 45

in events within 3 o
of M(Ap)ep

Cascade fit w/o constraint
on A2 mass

N(A°) = 702 + 38

in events within 3 o
of M(Ap)epe
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Measurement of (A, — ¢(2S) A°)/I(A, — I/ A9)

ATLAS, PLB 751 (2015) 63
[(A) — ¥(25)A?)
[(AY — J/w AO)

= 0.501 £ 0.033(stat) + 0.016(syst) + 0.011(B)

Lies in the range 0.5-0.8 measured for the branching ratios
of analogous B meson decays [PDG].

The covariant quark model prediction (0.8 + 0.1),
T. Gutsche et al., PRD 88 (2013) 114018

T. Gutsche et al., PRD 92 (2015) 114008

is quite above (~3 o)

Other calculations?
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, — /U (u+u -) A° (prT)

b =
w_%lt_ . ?‘ J/\.|f
1.%\(—}— :
Ay Y
> d> A
\ u > u )

Parity violation is a well-known feature of
weak interactions. It is not maximal in

decays of hadrons due to the presence
of strongly coupled spectator quarks

p

Events / 10 MeV

ATLAS, PRD 89 (2014) 092009
CMS PAS BPH-15-005

Four possible helicity amplitudes:
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N, — /Y (u+u-) A° (prr)

Full angular PDF

 (4n )'*

Z fii) f2i(P, @p)Fi(Q)

f;: bilinear functions of the four helicity amplitudes A
f; : functions of polarization P of A and decay

parameter & 5 of \,where a

A=0642+0013

F.:functions of decay angles Q( 6,0,0 LD 6 »®3)

1 fui
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ATLAS, PRD 89 (2014) 092009

/\b —> ..//l./l (,LH'[J-) NO (prt') CMS PAS BPH-15-005

CMS

P = 0.00 £ 0.06(stat ) £ 0.02(syst ),
a1 = 0.12 £ 0.13(stat) £ 0.06(syst ), ap = —aq
ay = —0.93 £ 0.04(stat ) £ 0.04(syst),
Yo = —0.46 £ 0.07(stat ) £ 0.04(syst),

ATLAS

Results
ap = 0.30 £ 0.16(stat) £ 0.06(syst)

las| = 0.1715:12(stat) £ 0.09(syst),
la_| = 0.5915-05(stat) + 0.03(syst),
) )
) )

b2 | = 0.7970 3% (stat) £ 0.02(syst),
b | = 0.087333(stat) £ 0.06(syst).

I T_o|* = 0.51 + 0.03(stat) + 0.02(syst),
T o|* = —0.02 +0.03(stat) + 0.02(syst),
T__|* = 0.46 £ 0.02(stat) & 0.02(syst),

vay, value consistent with LHCb: 0.05 + 0.17(stat) * T, ¢ |* = 0.05+ 0.04(stat) + 0.02(syst).

0.07(syst) (PLB 724 (2013) 27)
viintermediate between pQCD (-(0.14 -0.17)) and
HQET (0.78) predictions

v'large |a_| and | b, | suggest negative helicity for A%

Amplitude Ay, Ap

a; 0 1/2
a_ 0o -1/2
by 1 -1/2 N

b_ 1 1/2




Study of B,* = J/¢ D [*)* ATLAS, EPJ C 75 (2016) 1

< < e
Spectator Colour-suppressed Annihilation
A p:(B.) > 15 GeV In(BJ)| <2
y K
o D; m(K*K") within £7 MeV of m(9)epg
B ’
) . ) 2-vertex cascade fit with 2 mass
P Py P constraints (J/y and D,)

in case of D,” — D, 7%y : m%y escapes detection
3 helicity amplitudes for PS — V + V decay: Ay, A,,, A_
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Candidates / 10 MeV

Candidates / 10 MeV

Is it really B, — J/ D) ?

(not B.* — p*w o n*, w*pw DSF, Ay o w*)
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ATLAS, EPJ C 75 (2016) 1

Cascade fit w/o mass constraints

events with 5.9 <m(J/{ D.*) < 6.4 GeV
N(J/Y) = 568 + 28

a lot of J/Y in background

N(D,*) = 175 * 36

non-significantly above
N(B* — J/Y D) + N(B* — J/ D)
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Study of X(3872) (and )(2S)) — J/Y ' ATLAS, JHEP 01 (2017) 117
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Observation of excited B, (— B_m*rr)
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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.mt*rt)  ATLAS, PRL 113 (2014) 212004
pr*) > 400 MeV, m(J/{) constrained to PDG

% 20:""|""|""|""|""|""|"": > 40_IIII|II'II|IIII|IIII|IIII'|II'II|IIII_
- n D C .
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Significance from AlnL of pseudo-experiments: 5.4 o (local)
5.2 0 (“look elsewhere”)

Q=288.3+3.5+4.1 MeV
M=6842 +4 +5 MeV

Both mass value and decay mode
agree with expectations for B_(2S)
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Measurements of CMS, JHEP 01 (2015) 063

R, — o(BY)B(BE — J/pmt) Vi ypne Rp = B(Bf = J/ymmrn) _ VB Spprt e e
/v o(BY)B(BT = J/pKT) Yo+ Lk ‘ B(BS — J/ypm+) Y e
o >
& 60 CMS s | CMS pr > 15GeV
w - 176+19 0 100
S 50C S ly| < 1.6
S ¢ p.(B) > 15 GeV S Yy 0,
@ 40~ . = 80
£ 40r ly(B)l < 1.6 2 T f
() L L
I 30F 2 60/
20} 40}
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5859 6 6.16.26.3 646566 6.7 06 6.1 62 63 64 65 6.6
J/yr* invariant mass (GeV) Jyr'mn invariant mass (GeV)

R./u = [0.48 £ 0.05 (stat) = 0.03 (syst) = 0.05 (15,)]%  differs from the LHCb value
[0.68 = 0.10 (stat) £ 0.03 (syst) £ 0.05 (18, )]%
pr > 4GeV, 25 < 1 < 45

Rp, = 2.55 £ 0.80 (stat) = 0.33 (syst) "o o7 (5.) agrees with the LHCb value
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