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XYZ exotic hadrons

>> Since the X(3872) observation (2003), many (~30) unexpectedly narrow states were observed
[@ B-factories and/or at Hadron-colliders] to decay into charmonium in spite of being above the open-
charm thresholds (D D), where states are expected to be large resonances rapidly decaying mainly
into charmed meson pairs. They are inconsistent (mass values, decay rates) with ccspectrum.

3> Few analogue states in the bottomonium sector have been found as well

3> Many of them - even if established (confirmed by more than one experiment) - remain a puzzle;
sometimes quantum numbers are not experimentally determined yet.

Exotic hadrons / 2018 May 29th Alexis Pompili (Bari University & INFN) 1/28 |



XYZ exotic hadrons

>> Since the X(3872) observation (2003), many (~30) unexpectedly narrow states were observed
[@ B-factories and/or at Hadron-colliders] to decay into charmonium in spite of being above the open-
charm thresholds (D D), where states are expected to be large resonances rapidly decaying mainly
into charmed meson pairs. They are inconsistent (mass values, decay rates) with ccspectrum.

3> Few analogue states in the bottomonium sector have been found as well

3> Many of them - even if established (confirmed by more than one experiment) - remain a puzzle;
sometimes quantum numbers are not experimentally determined yet.

Prompt (inclusive): p)— (cc)+ X
>> Two main production processes @ Hadron Colliders : pt ( ) pp(pP) = (cT)

b-jets (exclusive B-decays): B —(cc)+X

Establishing their existence with both production mechanism would be ideal but inclusive searches
more difficult experimentally: high backgrounds, too high trigger rates for prompt dimuons @ low p,.
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>> Since the X(3872) observation (2003), many (~30) unexpectedly narrow states were observed
[@ B-factories and/or at Hadron-colliders] to decay into charmonium in spite of being above the open-
charm thresholds (D D), where states are expected to be large resonances rapidly decaying mainly
into charmed meson pairs. They are inconsistent (mass values, decay rates) with ccspectrum.

3> Few analogue states in the bottomonium sector have been found as well

3> Many of them - even if established (confirmed by more than one experiment) - remain a puzzle;
sometimes quantum numbers are not experimentally determined yet.

Prompt (inclusive): p)— (cc)+ X
>> Two main production processes @ Hadron Colliders : pt ( ) pp(pP) = (cT)

b-jets (exclusive B-decays): B —(cc)+X

Establishing their existence with both production mechanism would be ideal but inclusive searches
more difficult experimentally: high backgrounds, too high trigger rates for prompt dimuons @ low p,.

Typical decay processes:

> Hadronic transition to a lighter cc meson through the emission of light hadrons [z, 7T, O, @1
3D suitable for triggering on dimuon objects (J/y, y(2S5), ... ) but still difficult without hadronic PID (CMS)

> Electromagnetic transition to a lighter CC meson through the emission of a 14

3» challenging because of the need of converted photon (low efficiency)
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Outline

Besides LHCb which is a dedicated experiment, CMS & ATLAS are giving significant contributions to
beauty and quarkonium sectors, mainly using final states containing muon pairs (trigger constraints).
This is possibile thanks to :
- excellent tracking and muon identification performances, combined to
- aflexible trigger system essential to collect data @ increasing luminosity (and pile-up)
- the large production cross-sections for heavy flavoured particles in pp collisions

(LHC is a “quarkonium factory”; prompt production + from B decays (charmonia only))

] CMS (similar for ATLAS) data samples:

> X(3872) production ( ) P
Run-1/2011/+/s =7TeV : L ~5b”

> x,(3P)and X, search Run-1/2012 /s =8TeV : L, ~ 20 b

> X(5568) search Run-I1/2015/\s =13TeV : L ~4fb”
Run-11/2016//s =13TeV : L_ ~381b""

¥ (in additional material) Run-11/2017/+/s =13TeV : L ~45/b"

Yresonances in J/y ¢ system Expected : Runll/2018/s =137eV: L, ~45+60 b

Exotic hadrons / 2018 May 29th Alexis Pompili (Bari University & INFN) 2/28 |



X(3872) production features

S

JHEP 01 (2017) 117

npyr-y

Js = 7TeV Js = 8TeV
( Run-1/2011) ( Run-1/2012)
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X(3872) @ LHC

> First exotic state discovered by {B n the decays > xlﬁi 'SASAS REASASAAAS AR oS 7T ]
B'—K'X(3872)— K" (J/yar) and confirmed by@3 with 2 100038 | 10<p <socey Loasn |
. . — . . : : ol - <1 o f
inclusive pp collisions (mainly prompt production: > 8o WES) <12 e und
[ s19na
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- | E
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X(3872) @ LHC

>» First exotic state discovered by n the decays
B'—K'X(3872)— K" (J/yar) and confirmed by@3 with
inclusive pp collisions (mainly prompt production:

only ~16% from B mesons).

3 As soon as LHC started, quickly confirmed by
either inclusively and exclusively (B decays) and later by

CMS /|

h
5&1:10’

» || inclusively reconstructed the X(3872) in the
J/y nrr final state & studied (with 7 TeV data) :

-------------------------------

U4

o

--------------------------------

-------------------

3> Xsection ratio w.rt y(25)

2> non-prompt component vs p,

3 prompt X(3872) prod. xsection

3 inv. mass distrib. of the 7777 system |

------------------

> Q performed similar studies most recently

(with 8 TeV data)

npr=»

x10° R
%_) CMs. | CMS \s_1=TTeV ,
= 100: ( p 10 < p_< 50 GeV E;:t':'b |
2 ' ‘ Ivi<1.2 “lotalfit
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g 80: P(2S) 4 signa
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c . ‘ ‘ =
o | +
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) i ~w(2s)Slg 3
o ~-Background ) 'S8 =——rir—"71 ]
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e 0.05
2 [ [
- : |
0 00- ,../. kA A el —r il —
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X(3872) @

CMS

&

)

npr-y

: 7T 7T~ mass spectrum

> Invariant mass distribution of the 7777 system :

2 In the simulations J,

PC 1++

is assumed.

Assumption is based on the unambiguous
determination of the quantum numbers

performed by [PRL 110 (2013) 222001]

by means of a full angular analysis of the

B* = XK*, X = J[yp’, J/y = uu, p° = amw

decay chain.

Confirmed by more recent . analysis
[PRD 92 (2015) 011102 : under general conditions :
w/o assumption on lowest possible L in the X sub-decay]

The data spectrum compared to simulations
w/ & w/o an intermediate po in the decay
shows much better agreement when

assuming it (as for & * )

‘.r\ 14 TTTT TTT T T T TTTT * ]
:6; I ’Eimm Gav CMS Vs =T7TeV 1
L <125 L=21" N
(.2. 12 ’S'M-'f- X[3872) — Ny a'n -n«m-mn:nam‘r ]
o] [ — Simwlation: X(3872) — Jy p [ T E
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§ 0'25: Bl X672 iy nn) -
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X(3872) @ [ | : Xsection x BF ratio [ w.r.t. ¢(25) ]

> A ratio of the cross sections has been measured to cancel out many systematic sources:

------------------

L O (PP — X(3872)+ anything)- B(X(3872) = J/Y7'm") {Nyiun| Avs) s,
o (pp - 1/)(25) + anythlng) ) B(l/)(ZS) — J/f/_}_'fz_”jf___) ______ i NUJ(ZS) J\AX(3872) ) gX(3872) ,E
o 012 [ VIELDS from fisto data || ACCEPTANGES & ErriGiEnGiEs |
0.11E =48 E | from SIMULATION |
= lyl<1.2 ] | (and cross-checks on data) ]

— 2 integrating over 10 < p, <50GeV : Acceptance estimated
‘ E R =0.0656 +0.0029(star) = 0.0065(sysr) assuming X(3872) &

% [ E =Y. =Y. =Y. ¢(2s) unpolarized and

E ] PC _ q++
0.05F = ]X =1

T30 40 50
pT(J/l]I " ) [GeV]
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X(3872) @ |~ | : Xsection x BF ratio [ w.r.t. ¢/(2S) ]

> A ratio of the cross sections has been measured to cancel out many systematic sources:

------------------
---------

G(pp — X (3872)+ anything) - B(X(3872) — J/y J'L’+.717_) "N

X(3872)] Azp(2S) Ew2s)
o (pp — w(2S)+anything)- B(y/(2S) — J/z/J ma) AN

L ———_

- CMS \s=7Tev. 4  leccececcccccccccccccccec————— 1
0.1 L=481fb" 3

.
p2N

o 0-12p ey | YIELDS from fits to data :: ACCEPTANCES & EFFICIENCIES
i
i

ly| <1.2 :

1 D integrating over 10< p, <50GeV : Acceptance estimated

0.07} ‘ = _ . . assuming X(3872) &
. Pf [ : R =0.0656 £0.0029(stat) = 0.0065(syst) (25) unpolarized and
0.055— _ ];’C — 1+

00465635 '4lc;' B0
pT(J/l]I " ) [GeV]

5 012 .

» Acceptance corrections depend on assumptions on the angular g o ,pT(J/¢')>7Gev" CMj:f‘bjTeV E

distribution of the final states (production mechanism of the X(3872) o 61_'22(;);/3?2‘;55 <12 E

is unknown) m) a result without them in a.flduual reg|on. is given : oot E

pr—— ST i oosf— { —

(Ny gt Eps) | . . ‘]’ :

R i ==1 XO872x wSH§  » integrating over 10<p, <50GeV : 0.07F ] E

=\N1/J(2S) E€x<3872> ,i R i = 0.0694 £ 0.0029(star) + 0.0036(syst) 0'06;— I _

----------- ’ .. 0o0sF E

NO significant dependence on the p, «———""7"" 0,04l ' :

30 40 50
pT(J/\pn ) [GeV]
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X(3872) @

%

nyr-y

: Xsection x BF ratio [ w.r.t. ¢(2S) ]

wprr-»

Non-prompt contribution is further split into:

provided the p,-dependence of the same ratio separately for prompt & non-prompt contributions:

assumed to originate from the usual mix
of B, B%, B mesons and b-baryons

0.28 prompt Jiyn'n decay 0.1 non-prompt Jiyn'n decay
@ | ATLAS , & [ATLAS }oata —sumotFiis 1
S oof f5=8TeV. 1141 1Data g 0.08[fs=8TeV, 114" | pata, TomplateFit
s =~ 0.06F ¥ Data,, - p?Fit 3
o a + R
N 0.15 < I ] .
8 : 5 004f 1 long-lived
3 4 . ® L $===f======2zz=deboscoossssoes
04 —¢4— % 0.02f + 7
F + ) 1 3|4 1 N — + ...... + .............................. ] €
0.05 = . ] ;
' - Q : 1 short-lived
- 1 g *0402__ 4
0 1
10 20 30 40 50 6070 10 20 30 40 50 6070
p, [GeV] p, [GeV]

e

assumed to originate from B:.—r mesons

Note: the statistical power of the data is insufficient to
determine 2 free lifetimes: the non-prompt PDFs in the
fit model is represented, in each p,. bin, by a sum of two
contributions with different fixed lifetimes.

» The short-lived contribution to non-prompt (2S) is found to be not significant.
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: Xsection x BF ratio [ w.r.t. ¢(2S) ]

X(3872) @ ¢

nyr-y

Y» Production of B;—’ mesons in high-energy hadronic collisions - at low p, - is expected to
be dominated by non-fragmentation processes.

These processes are expected to have a p,-dependence o« 1/ p% relative to the fragmentation contribution
that instead dominates the production of long-lived b-hadrons.

01 non-prompt Jiyrn'n decay
By fitting the ratio of short-lived non-prompt X(3872) Q 0 oaif;n?s | t Data —Sum of Fits 3
to non-prompt y(2S) with a function a/p% itis s> s=8TeV, 114" { pata, - Template Fit )
possible to derive the value of a, that together with ~, 0.06} ¥ Data,, - p}Fit ~
the measured non-prompt yields of X(3872) & y(25), az 0 04:_ . al E
are used to determine the fraction of non-prompt % B s # “ )
-li . - - S ) -
X(3872) from short-lived sources: % 0.02: ; IIVed :
”(PP > B:)B(B. }'\_(_:.‘H-’:z),) (25 £ 13(stat) £ 2(sys) £ 5(spin))%, 7002'.'-1 .':' a . . — A—
a(pp — non-prompt X (3872)) i 10 1 20 30 40 50 60 70
[ for pr > 10GeV ] i GeV
2 p, [GeV]

a/pt

v
Since BE production is only a small fraction of the inclusive beauty production,
this result could indicate that the production of X(3872) in Bf decays is enhanced
compared to its production in the decays of other b-hadrons.
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CMS

X(3872) @ | |: non-prompt fraction

>» The X(3872) can be produced from B hadrons’ decays into a secondary vertex :
prompt & non-prompt components can be separated by pseudo-proper decay length

-

~

. X X (3872) ‘
X(3872) from B decays selected requiring: £, >100um pxesm) _ Ley™ ™ - mxasmy)
Ty
pr
. . . . . 0 + J/w
... for which prompt-fraction is negligible (<0.1%) [MC] orimary  seconda Hu-
vertex L V?J €
O____xy_,_. Tc+
L L L B B T
éwooixyndhsz.ms s \@=7Tevé k /
§ 14007 o fb E
e P— | | = 1300- ~acground e
- ows ve=7tev ||| £ 1200 : B
S e | e "ee--reas . |
g“soo: - background 01000? 1OO‘LLm nonpromptfraction — N'.. 0fX(3872) from B
g 900~
2 4000 . S ‘xy“? .LDI': OfX(3872)|
S VOL $75 38 a8 a9 3e 4l  ___mm=====TT
35001 mJy ') [GeV] e
L t 'a
r ] tg
0075 as ses s ses 4| == -—"
MUy ') [GeV] @ = m e = =
>
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X(3872) @ || : non-prompt fraction

>» The X(3872) can be produced from B hadrons’ decays into a secondary vertex :
prompt & non-prompt components can be separated by pseudo-proper decay length

/ X (3872) \

o« o X "
X(3872) from B decays selected requiring: £, >100um pxesm) _ Ley™ ™ - mxasmy)
oy
Pr
: . - o + |y
... for which prompt-fraction is negligible (<0.1%) [MC] primary  secondap o |1
vertex L v;; € .
O =7
T
>
§ \\\> 4///
2 5500 ondr = o188 | T - E -------------
KE) F CMS \§=7TeV % -‘~\
5000 3 S m———— -
g4500 © nonpromptfraction — Nr. OfX(3872) from B
%4000 800:‘ L N L-Nr. 0fX(3872) l
S 375 38 38 39 395 71 I .
3500 m(J/y ') [GeV] PPC L
r 1 _,"
0075 a8 ses s 3es 4 o mmm=m==mTT :Icrvl\slzl oMs \sETTev
My 1) [GeV] @ mmmmmmmm === 0.5 | L=481b" .
- Iyl <1.2 ]
. 0.4 7
3 non-prompt fraction : NO dependence on p.. - { ]

2 integrating over 10 < p, <50GeV(for |y|<12): f,,=0.263+0.023=0.016

N SR

Nonprompt X(3872) fraction

.. significantly smaller than that for the y(25) (increasing with p..)
( measured again and in agreement with [[%|, JHEPO2 (2012) 011] )

qOIHIZlOHHlHII

> In agreement with results by % p‘:’?J/\p n*La‘:Q) (GeV]

(next slide)

npr-»
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X(3872) @ [&

: non-prompt fraction

npr-»

> Indeed :

non-prompt fory(2S) non-prompt for X(3872)

5 I c 0.6
2 [ ATLAS 1 2 | ATLAS .
8 gl 5=8Tev. 114" ] @ 0.5} /s=8TeV, 114" 3
a - _§—' (’\T 0 4: ]
> os = I | ;
= 0.6 _’_§ . 1 S s ’—+ ‘ I :
a r . ] < 0.3F + E
€ oafppT 1 5 {, 4
S F ] E 02F E
oy ] ] ° ' F T E
g) 0.2 —4— ATLAS, |y| <0.75,8 TeV, 11.4 1b" — g- 0 1; —4— ATLAS, |y| <0.75,8 TeV, 114" ]
S 1
=

Al CMS, |y|< 1.2, 7 TeV,4.9b" #— CMS,|y|<1.2,7TeV,48M"

Ohl " N " A N N N 3
10 20 30 40 50 6070 10 20 30 40 50 6070
p, [GeV] , p, [GeV]
v i
2> increases with Py 3» no sizable dependence on D

cms. | cms. |
i i

3 good agreement with 3 good agreement with

[ JHEPO2 (2012) 011 ]
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X(3872) @ ™| : prompt production cross section

=====||l..
» Exploiting the previous measurements, the prompt production xsection for the '_J_L f-',r/-- ' |||!
X(3872) is measured as a function of p; @ central rapidities (complementary to LHCb): |F ,"_“—--l_ lll
1 . B "~ ’—” ------------- ‘~~~ -="" -._:~~_\
prompt I X(3872)) -\ [ sFrompt S (4’(25) J/prem
o - B(X(3872) — J/YprrT )= ——— IR} (’O’, -B(p(2S) — utu )))\ )
X(3872) 1— fz;)(zs) YA 21 ...... L ~\£3’.(.4i(_25) _;i;_z ).’
non-prompt fraction Cross sections ratio measured by CMS in JHEPO2 (2012) 011 from PDG
%I 1 :_'\‘\_I‘\' LI B B LI BLE LI LI L |(3'h|n's;| '\l'f_' ='7|'-r|e'\/| T |'_:
) - L=4381b" ]
o) Z ly| <1.2 ]
= i —LO NRQCD i
‘:'Q B i ---LO NRQCD uncertainty 7
o 10k -
© : $ E
5 i -
a X
@) B . .
ge SN
107 e
: : :
_. | I NI T | PR NI T BT | PR T NI T | PR IR N S | |_
10 15

20 25 30
pT(J/\p ) [GeV]
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X(3872) @ ™| : prompt production cross section

» Exploiting the previous measurements, the prompt production xsection for the
X(3872) is measured as a function of p; @ central rapidities (complementary to LHCb):

— B - ,”— ------------- = 4+
prompt | by X)) B ot \ “B(p(25) = J/prtm N
AIOMPE L B(X(3872) — [/t )= —-'P'-(IJ - B(p(2S) — put )
(,X(3872) ( ( ) ]/l‘)l 7 1y\\,l lp~2q (4( ) } 2 (47(28) N l[+‘[[ )’ l
non-prompt fraction Cross sections ratio measured by CMS in JHEPO2 (2012) 011 from PDG
> b U Mg VsETTev
8 - L=48fb" ° . D Results are compared with a theoretical prediction
_‘g I ly| < 1.2 i based on NRQCD factorization @ LO approach by
e I ] —LONRQCD ] Artoisenet & Brateen [PhysRevD.81.114018] with
N +~LO NRQCD uncertainty calculations normalized using Tevatron results, modified
g 107 - ; E by the authors to match CMS phase-space
Eg - ; i 2 The shape is reasonably well described by the theory
sS [ ) while the predicted cross section is overestimated by
3 SN over 30 ! [ the same happens with LHCb data @ low p;]
107 N
- i(s(ff;i)dg;ﬂif:rized - 3 Integrating over p; (10-30GeV) [and [y/<1.2] get the
T integrated cross section times the branching fraction:
10 15

20 25 0 rompt + -
p_(J/y 7" ) [GeV] ol x B(X(3872) = J/y m*a”) = (1.06+0.1120.15)nb

Exotic hadrons / 2018 May 29th Alexis Pompili (Bari University & INFN) 10/28 |




X(3872) @ ™| : prompt production cross section

» Exploiting the previous measurements, the prompt production xsection for the
X(3872) is measured as a function of p; @ central rapidities (complementary to LHCb):

B(yp(2S) = J/yprt )\

———-_---------

_.fB -
fX ‘758721 !\ ( pmmpt

-omp ‘ ! )
oX et - B(X(3872) — J/prtt i )= R} p(25) B(2S) = )))\

X (3872) 1yj (e L (.47(25) — ;ztz_t ).’
non-prompt fraction Cross sections ratio measured by CMS in JHEPO2 (2012) 011 from PDG
%! 1:_1‘\]"»""." L L B B B '|(':h|A'S|'\;f_'=-7|-1-|e'\/|-|-_:
- = _1 —
% B ILyl :fsz - Predictions by Artoisenet & Brateen assume,
= . L6 NROCD - within an S-wave molecular model, the relative
M i $ ~-~LO NRQCD uncertainty 7 momentum of the mesons being bound by an
_8_" 10" f upper limit of 400MeV which is quite high for a

loosely bound molecule, but they assume it is
possible as a result of rescattering effects.

prompt
X(3872

do

On the other hand, one order of magnitude
? lower upper limit would imply lower prompt
||| production rates of few orders of magnitude

15 25 [Bignamini et al., PRL 103 (2009) 162001]
P, (J/\p T ) [GeV]

—
Q

¥
Lid

—
ol
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X(3872) : interpretation & prospects ? - |

> One crucial aspect in the study of exotics is the possibility to discriminate experimentally between compact multiquark
configuration ( ccuiz ) & loosely bound hadronic molecule (suggested for X(3872) by proximity to the DD" threshold).

> X(3872) would be a large and fragile molecule with a miniscule binding energy (~100 KeV')
Epine =m(D°D™)=m(X)=2m(D")+ Am(D™ - D°) - m(X) = (0.09 +0.28)MeV

... that leads to a radius of ~14 fm (3 times as large as the deuteron) !

CMS |

2> The previous | measurement is not supporting an S-wave molecular interpretation

2> Pure molecular model (Swanson et al.) not supported by the measurement of the radiative
X(3872) = y(2S)y sub-decay in the B*— X(3872)K* decays

3> Significant L would hlrrt a -molecular structure; [PRD 92 (2015) 011102]
however D-wave fraction in x(3872) — J /y p° for J/°=1** results to be consistent with 0 [ ]

> Alternatively to the compact tetraquark option, a possible accepted interpretation for the X(3872)is
a mixture of a charmonium state X.,(2°P,) & an S-wave molecule D°D".

» The recent results on X(3872) production from @
have been compared with the latter model (next slide)

nyr-=»
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X(3872) : interpretation & prospects ? - |

—

S

a1
\IIIIIIl T TTTTTT

Comparison of [Si|with || results provided as paper’s additional 102 ATLAS =
2 p. @ P Pap 0 =t — 1s=8 TeV, 11.4fb" -
material: T i
F107% —— Prompt X(3872) -

- ATLAS points positioned @ the mean p; of the weighted signal events - =— 1

. 4l * @ﬁ |

- CMS points positioned @ the mean p; of the theoretical predictions 10 e =l 3

Br(X(3872)—J/y(uw)n+n)dPo/dp_dy[nb/GeV]

10 20 30 40 50 60 70
X(3872) p, [GeV]

—¢— ATLAS, |y| < 0.75, 8 TeV, 11.4fb™

S| —#—cms, ly| <1.2,7 TeV, 4.9 b | —

1075 20 30 40 50 6070

p; [GeV]
s F | — ]
8 102k ‘| ATLAS -
2 0 .- @9 \s=8 TeV, 11.4 0" 3
>» Measured prompt production xsection (times BFs), as a function ?:F 102k A= Prompt X(3872) -
of p; is compared to NLO NRQCD predictions assuming the ~g 10,4;_ _
X(3872) modelled as a mixture of x,(2P) & a DD molecular state = 10_5§_+ATLASdata NS _
by Meng et al. [PRD96 (2017) 074014]. = | Pnonnoco N
I 10"6;— 3

The first would play crucial role in the short-distance production,

while the second would be mainly in charge of the hadronic decays
of X(3872) into DDs, DDy aswellas J/yp, J/yw.

of + ATLAS data [§]NLO NRQCD

Theory / Data

10 20 30 40 50 6070
X(3872) P, [GeV]
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X(3872) : interpretation & prospects ? - lll

» Prospects for new measurements at CMS & ATLAS concerning the X(3872) ?

3> Precision measurements using non-prompt X(3872) from B decays may use displaced J/v triggers

also for Run-Il data. However it is uncertain if this could add info to the LHCb measurements.

3 Production measurements of prompt X(3872) can use inclusive J/v triggers having much higher
p;threshold especially in Run-Il and increasing along it. Uncertain how crucial would be the impact

increasing the p; range. Studying radiative decays with Run-Il data might be interesting.

2> Studying radiative decays with Run-Il data could be interesting

(beware: converted photons are needed)
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Search for X, the bottomonium partner of X(3872)

%

Js =8TeV (Run-1/2012) Js =8TeV (Run-1/2012)

PLB 740 (2015) 199

nyr-»
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Search for X, - |

> Heavy Quark symmetry suggests an X, as ‘bottomonium counterpart’ of X(3872) .
Molecular model suggests to search close to BB"”’ threshold (i =10.562(604)GeV );

[ model dependent prediction for a BB molecule by Swanson (2004)].

» More recently Karliner [Acta Phys. Pol. B vol.47 (2016)] proposed two I=0 narrow resonances X, in
the bottomonium system, about 20 MeV below the corresponding BB*, B"B" thresholds.

)looked for X, — Y (1S) #*7~ decay seemingly analogous to X(3872) —= J/yx 7~

» CMSi(&@

npr-=»

Analysis strategy : search for a peak - other than known Y'(25),Y(3S) - in the Y(1S) #*7~ spectrum within
10 +11GeV range [expecting narrow width & possibly sizable BF similarly to X(3872)]
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CMS /|

Search for X, - I

» X, cands are reconstructed by associating two oppositely selected charged tracks to the y(1$)cand.;

the Y(1S) #*n~ spectrum is studied in the kinematic region p, >13.5GeV, y| <20:
> [ T T T " T T ‘ T T > - T T 1 y L B T T ]
[} S Y (2S) Y(3S) CMS barrel | () S/ v (28) Y(3S) CMS endcap
= gooo | { } s=8TeV = Vs =8 TeV
© i L=20.7 fb" ] © 4000} L=20.7 fb"'
o p,>13.5 GeV | > | p,>13.5 GeV |
© 6000} Iyl <1.2 = o 1.2<lyl<2.0
© ©
i) e
° - © i
& 4000 S 2000
¢! _ &) I
2000 -
i BARREL i ENDCAP
PR SR W N VR SRR TR (NN Y TR TR NN SN AT S (N W S N (Y SN S S ' P P PR PR PR R T S L
9.8 10 10.2 104 10.6 10.8 11 9.8 1|0 1 0I.2 1 0|.4 1 OI.G 10.8 1I1
My 15y [GEV] My (15 [GEV]

» Selection criteria optimized by using a genetic algorithm that maximized the expected significance

of the signal in the mass region near the Y'(2S5).
The statistical significance of the signal is expected to be > 50 if the following ratio that represents

the X, BF times the production Xsection relative to the Y/(25) ...

o(pp—X,) BF (X, = Y(S)x'x")

R
o(pp—Y(29)) BF(Y(2S) — Y(lswn-)

... 15> 6.56% [analogous to that of X(3872) relative to the Y(29)].
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Search for X, - Il

0 1 [ T T T | T T T | T T T I T T T I T T T ]

» For each mass point of a mass scan (by 10 MeV-sized steps), 3 WY ‘/V V v \’2_/32
. . . . . . . > - A Y e >

the mass spectrum is fitted (gaussian signal with width fixedto & *~ oy @_fgf’w ___________ 30
values from the simulation & 3" order polynomial bkg) and R § 0= ( %_\_) _________ L=207f" 40—
- — [CMs/i i —

is evaluated as ... rmmmmmmmmmmmmm e mmm . 10° | / 50 —
| observed YIELDS }-------- s gEemess . -

-------------------- i NObS : |l8 : 8 | . ,” _

(Rt X LEYCes) ! e Y S 6o

N7 Vazobs 11 1 10 | P |

Vyos) i €x, | 1070 == Observed /" =

Ne———— s A% y } s Expected for R=6.56% 76
T T T e 1 102 =1 A e P
g overall EFFICIENCIES estimated from SIMULATION 1 10 10.2 //10_4 106 108 11

___________________________________________________ !
AN M [GeV

Assumptions in simulation: [ .7
¢ same production mechanism for Y(2S) and X, 4

¢ same dipion mass distribution for Y(2S) and X, y

® Y(2S) and X, assumed both unpolarized

... and a local p-value is calculated
(asymptotic approach & barrel/endcap combination)
[ (*): smallest p-value =0.004 — 2 80 —££ 5080 1

>
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Search for X, - Il [

T T T | T T T | I |
. . () 1= —
» For each mass point of a mass scan (by 10 MeV-sized steps), 2 WY V v \’é,;\’C—
the mass spectrum is fitted (gaussian signal with width fixedto & *~ oy @-fgiev ___________ 30
values from the simulation & 3" order polynomial bkg) and R § 0= ( ) _________ L=207f" 40—
- —  |Cms/| —
is evaluated as ... R \ 10° é 5,
| observed YIELDS }-------- ) gemmmEs 5 I
---------------;.:---.I N dig : 108 | - —
‘ \F! ;jb i‘i Y(ZS) : ____j._'._“_“_“_”_”_":':"_"_"_"_H_"_l'_"_"_“_ _____________________________________________ 6Q____
SNz | obs 11 1 10 | N
:\Ny(zs) €y | 1010 -=——— Observed I
Ne———— s / . } s Expected for R=6.56% 76
P T T T T 1 102 = P
L overall EFFICIENCIES estimated from STMULATION . - 10 102 104 106 10.8 11
QI_I 7 T T 1 T
IS CMsS CM%{ ) + 1o Expected
. . . . = 10% | + 20 Expected
Assumptions in simulation: E g -
¢ same production mechanism for Y(2S) and X, ?g 6%
(=N
¢ same dipion mass distribution for Y(2S) and X, - 4%
® Y(2S) and X, assumed both unpolarized
2%
¢
... and a local p-value is calculated I
1% I
(asymptotic approach & barrel/endcap combination) : .

107 101 102 1031104 105 106 107 108 108 11
[ (*): smallest p-value =0.004 = 2 80— () 80 ] Pl R M,_[GeV]

:>NO significant excess observed :> 95% CL upper limits observed UL range:
set on the ratio R : 0.9% to 5.4%

>
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Search for X, - 1l fMS

T T T | T T T | I |
. . () 1= —
» For each mass point of a mass scan (by 10 MeV-sized steps), 2 WY \ v \,él;\ﬁ_
the mass spectrum is fitted (gaussian signal with width fixedto & °F e @-fgiev ___________ 30 ]
values from the simulation & 3" order polynomial bkg) and R § 0= ( ) _________ L=207f" 40—
- —  |Cms/| —
is evaluated as ... e \ 10° — é 5y —
| observed YIELDS |}-------- ) gemmmEs N A
'-""""""";.:"-.I N dig : 10% — - _
(R=! Zfb 1Y (2S) y T 6
Sz | obs 11 1 ~ -
i]\ﬁY(25)== é;Xb : 1010 I Observed — D
Ne———— s A% . } s Expected for R=6.56% 76
"""""""""""""""""""""""""""""""""" 12 L O
| Ol ARSI CHTE G i S AR B T ¥ R T ¥ S T Y S T Y
(\II_\I T T T T T T
IS CMsS CM%@ ) + 1o Expected
. . . ) = 10% | ys =8TeV + 20 Expected
Assumptions in simulation: E g : =
¢ same production mechanism for Y(2S) and X, Q 6%
(=N
-

¢ same dipion mass distribution for Y(2S) and X, 4%
® Y(2S) and X, assumed both unpolarized

2%
A
... and a local p-value is calculated i
1%
H H H I | 1 ! H | |
(asymptotic approach & barrel/endcap conzl;natlon) 10 10.1 10.2 10.31.13.4 105 106 107 108 109 11
*) . - =0. b e O M, [GeV
[(*): smallest p-value =0.004 =2 80—=—0.80 ] i Exclude masses close to Y'(2S5), Y(3S) 1 x [GeV]

:>NO significant excess observed :> 95% CL upper limits observed UL range:
set on the ratio R : 0.9% to 5.4%

2 Similar results from @ (next slide) : slightly more stringent limits

npr-»
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Search for X, - IV !

» Very similar search was later performed by:

8000

7000

6000

5000

Candidates / 8 MeV

4000

3000

2000

1000

> Fit done in 2x2x2 bins of (|y

R e
ATLAS

Vs=8TeV,16.2 "
lyl<1.2
pT>20 GeV

cos6*>0

\I|\III|I1II|IIII|IIII|III

IIII|IIIT{IIII|ITTIITIII|IIIIIIIIIIIIII|II

9800 10000 10200 10400 10600 10800 11000 11200
m(r - Y(1S)) [MeV]

s Drs cosﬁ*) where

9" is the angle between the dipion momentum
& the parent momentum in the lab-frame.

» The split of the analysis into these bins take
advantage of varying bin sensitivity, thus
allowing for more restrictive limits than .

> No significant eccess found

Observed UL range on R: 0.8% to 4.0%

"-\ T T T | T T T T T T I T T T | T T T I T T T
o)
el A —— Observed
9 ATLAS , T .
£ | &8 TeV. 1621 L m Median Expected |
=R A S [ +1o Band ]
g B [ ]+20Band ]
S L i
%) 1
o [ T
0\0 [ -
To]
»
1
1 1
] 1
1072 =, . -
L 1 _
L 1 H 7
I_ ; 1 1 | 1 1 1 : 1 1 1 1 1 1 | 1 1 1 E 1 1 1 I_
1 00(:0 10200 1 05100 10600 10800 11600 11200
1 ' Parent Mass [MeV]
- : " :
( = ,' i T T T T
g 1 ! [ = 1o Expected
£ 10% g ' [_]=20Expected
= 8% [ g 1 ﬁ.#.ﬁ.% - - - - Median expected ]
§ 6% [ : . —— Observed 1
8 i
4% | E
2% -
1 1 H
' . e
1% [~ 1 o i =
. 1 1 ] fz==== hd 1 1 ] .
10 101 10.2 10.3 104 10.5 10.6 10.7 10.8 109 11
My, (GeV]
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Search for X, : prospects - |

» According to Karliner&Rosner [PRD91 (2015) 014014], the analogy with X — J/y n*n"is misguided for
this particular decay channel: X, — Y'(15) 7"z should be forbidden by G-parity conservation :

______________________ »w
» Forthe x(3872) the I-conserving decay X — J/y» was kinematically B(X %J/UJ';T T )
suppressed, thus equally likely than the I-violating X — J/wpo : B(X — J/w,;fn*) =1.0=04=0.3
--------------------- */OO
> In the beauty sector Isospin should be well conserved & X, — Y'(1S)w allowed (preferred if it exists) !
4 (*) N
> Thus the search strategy for X, should include the X — Y(__l__S“)w(% T, )2
. S (P A
reconstruction of these decays with 1 or 2 photons: < X, —{x,(1P)x 7" 4
------------------------ »Y'(1S)y
X, —Y@3
(*) No significant signal found by .ln Y(5S) decays [PRL113, 142001 (2014)] U *°° vk )
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Search for X, : prospects - |

» According to Karliner&Rosner [PRD91 (2015) 014014], the analogy with X — J/y n*n"is misguided for
this particular decay channel: X, — Y'(15) 7"z should be forbidden by G-parity conservation :

______________________ P
» For the X(3872) the I-conserving decay X — J/yw was kinematically B(X — J/T,U‘;T T )
suppressed, thus equally likely than the I-violating X — J/zp po : B(X — ]/w,;—;”’g—g‘) =10=04=0.3
----------------------- NP
> In the beauty sector Isospin should be well conserved & X, — Y'(15)w allowed (preferred if it exists) !
4 (*) N
> Thus the search strategy for X, should include the X — Y(_l_f)w(e T, )2
. e P A
reconstruction of these decays with 1 or 2 photons: < X, —{x,(1P)x 7" 4
------------------------ >Y(18)y
X, — Y3
(*) No significant signal found by .ln Y(5S) decays [PRL113, 142001 (2014)] L ~°° vk )
» NOT easy task for [ & [ : %iﬂ?m b 2= YOS)Y:
g 180f ]
Reconstruction of SOFT photons by conversions into the tracker ... 2 teop 7'
|

3 ... provides enough mass resolution to resolve the two peaks (separated by 19MeV) | .f

» ... BUT conversion efficiency is LOW !

Y» Makes sense to use full Run-2 data !

o7 975 68 885 99 885 10 10.05
m,,. [GeV]
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Search for X, : prospects - Il

» In Run-II data taking we have a low enough dimuon p_-threshold (at expense of a reduced ‘17‘ muon range)

L=3.9m"(s=13TeV,2017) """ 3355 CMS Fraiminary 1 L=391"(fs=13 TeV, 2017) |
e T

H )1

> 1010 Trigger paths . > E 31
& [ Cms = =% | 2 - 31
< 10" = preliminary _— :’p’,“’ | & E c = 85 MeV El
L Jhy — P S P (1'n) > 12 GeV 1 |
g l Y . ::)w mass double muon + track E 2 ;_ In( ’/')| <15 _; i
w 107 Bs ____ double muon inclusive i g) 602— d . _i i
10° B i & soF- 41
10 & PR poTTEmTETTTIATTTT “"’i 40E- E i

: 30F- =N

10* . . . e e . i - el
dimuon invariant mass distribution : 201 =k

3 I i T, =N

19" collected with several dimuon triggers ; 10E- =
Lol ' Lol 1 oo vl : i]= PN ST ST S S SO TN S NN ST ST SRR RN SR T N Wi :

1 10 102 i 9 9.5 10 10.5 11

pHu” invariant mass [GeV] |

CMS Preliminary L=3.91b" (s =13 TeV, 2017)
» Adding a converted photon to Y'(15) ... > [
. . o s 250_‘ %ﬁ %, .,(1P2P3P) > Y(18) Y
[ Y(1S)y system has vertex-fit probability >1% ] : o UL Pl 1) > 12 Gev
S 200/ — Total fit
w : ....... S[gna|
- H e Combinatorial bkg
150— Y(18) v+ X [reflection]
100~
" ## 14 4
R | 4 -':.:l.-; Lol 1
8% 9.8 10 10.2 10.4 10.6
M(y ™ 1) [GeV]
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Search for X, : prospects -

» Interest in radiative decays to Y (nS)y [n=1,2,3]

» With the x far below the BB threshold and the I-violating decay mode X, — Y(1S) #*7x~highly suppressed,
the relevance of radiative decays increases

» According to Li & Wang [PLB733 (2014) 100], within a loosely bound hadronic molecule model,
the partial widths for the X, — Y (nS)y are ~1keV and thus the BFs may be sizeable,
considering the fact that the total width may also be smaller than a few MeV like for the X(3872) .

» According to Karliner & Rosner [PRD91 (2015) 014014] the X, may be close to the X, 3P): mixing with it
and sharing decay modes [like the X(3872) might be a mixture of x_. (2P) & D°D™molecule].

L=3.91b" (s =13 TeV, 2017)

>

[}

g 250 Xm (1P2P,3P) - Y(1S) v
- P, (p w)>12 GeV

P

§ 200 — Total fit

w L M essssm S|gna|

- Combinatorial bkg

150 Y(1S) v+ X [reflection]

100

50

o |

!y T SR (7 T T
M(yu" W) [GeV]
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Search for X, : prospects -

» Interest in radiative decays to Y (nS)y [n=1,2,3]

» With the x far below the BB threshold and the I-violating decay mode X, — Y(1S) #*7x~highly suppressed,
the relevance of radiative decays increases

» According to Li & Wang [PLB733 (2014) 100], within a loosely bound hadronic molecule model,
the partial widths for the X, — Y (nS)y are ~lkeVand thus the BFs may be sizeable,
considering the fact that the total width may also be smaller than a few MeV like for the X(3872) .

» According to Karliner & Rosner [PRD91 (2015) 014014] the X, may be close to the X,;(3P), mixing with it
and sharing decay modes [like the X(3872) might be a mixture of x_,(2P) & D°D™ molecule].

» Thus the experiments (], Do, ) that BT

. . >

reported observing y, (3P)— Y(15,25)y might S 1. _(1P2P3P) - Y(1S)
have actually discovered a mixture of X, & x,(3P)! 2 p.(i* 1) > 12 GeV

It would be worthwhile to examine the Y'(n.S)y g 556 S

mass spectra for any departure from the . Signal

- Combinatorial bkg

expected lineshape. (1) v+ X [reflection]

150

100

Again... it's mandatory to use the full Run-II data!
50

*]IIITITIII]TITIIIITIIII

!y T SR (7 T T
M(yu" W) [GeV]
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cMs, |
i

First observation of resolved ),,(3P) & xp2(3P) states @

2> Observed through their radiative decays to Y(3S5)y using L~80fb~!of 2015-2017 Run-II (13TeV)

»‘ This is a preview. Paper has been submitted to PRL & going to appear on arXiv this afternoon

DY3S) - utu

» Low-energy photons detected after converting to ete” pairs in the silicon tracker
leading to a ),(3P) mass resolution of 2.2MeV. [selection: pr>500MeV , || < 1.2 ]

2 Photon energy scale calibrated (using y.; — ]/1/) y decays) to allow accurate mass measurement

1200 i | A 1P - - z
i ol )j > 9895 10255[%00e r
- CMS = | . [
1000 — g [
i W 13Te\._f1 g i B 2P —1S
- [ L=800fb = 9890 102505 .
2 800~ U < [ I
wn L L
s | 3 * =
@« 600 t
§ i $ & Y(1S) + v Y 5 3
w - ¥, (2P) 4 Y(2S) + v nS n=1
400 — 'F B ® * Y(3S) + v ( ))’ [ > ]
: % i1 %,eP
200 |— &-Wf @?W :W@* O
" (it w
j\’ . Wg BT
o g PoA
0 T S BT ST | T e R |
9.8 10.2 10.6

Y(nS) y invariant mass (GeV)
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First observation of resolved x,,(3P) & x»2(3P) states @ [

> First time that the J=1,2 states are well resolved (J=0 : exp. negligible radiative decay BF )

> The two individual masses are measured and the Am as well :

— [CMS/|
S o
- {s=13TeV
80— L =80.0 fb™
> L
2} 1
o 60 — Total fit
:5 : "'Signaly‘mz(BP) RE I
;C; B Background " + )
T 40_— e +
20 Vi i +
- + 4 S | deessssssssssss wrrreww 2 Double-sided Crystal Ball
i il 1‘; T S i ST S R |
104 10.45 105 10.55 10.6

Y(3S) v invariant mass (GeV)

10513.42 + 0.41 (stat) = 0.18 (syst) and 10 524.02 + 0.57 (stat) = 0.18 (syst) MeV

AM = 10.60 + 0.64 (stat) & 0.17 (syst) MeV| ===== standard mass hierarchy
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Search for the X(5568)

PRL 120 (2018) 202007

3

\Js = T7TeV \/s = 7TeV (Run-1/2011)
( Run-1/2011) \/s = 8TeV (Run-1/2012)

npyr-»
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X(5568) : claim & issues

> Recently claimed [PRL117 (2016) 022003] the observation of a narrow structure,
called X(5568) [ '~ 22MeV ], inclusively produced, in the decay sequence ...

X(5568)° — Byn*, BY = J/w¢, J/y—u'u , ¢—K' K~ (meaningimplicitely : Blx*, Bn~, Bin*, Blm™ )
» The X(5568) should have a 4-quark content with all quarks of different flavour (b, s, u, d). It could be:

» a tetraquark (tightly bound di-quark anti-diquark such as [b ul[d 51, [b d1[5 %], [s ul[b d], [s d][b T] )

» a loosely bound B;’Kimolecular state [ disfavoured : binding energy would be ~200MeV ]

» It would have J°=0" if produced in an S-wave or ...
JP=I7 if decay proceeds via the chain X(5568)* — B;’w* — (Bjy)m* (unreconstructed )
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X(5568) : claim & issues

> Recently claimed [PRL117 (2016) 022003] the observation of a narrow structure,
called X(5568) [ '~ 22MeV '], inclusively produced, in the decay sequence ...

X(5568)° — Byn*, BY = J/w¢, J/y—u'u , ¢—K' K~ (meaningimplicitely : Blx*, Bn~, Bin*, Blm™ )

» The X(5568) should have a 4-quark content with all quarks of different flavour (b, s, u, d). It could be:
» a tetraquark (tightly bound di-quark anti-diquark such as [b ul[d 51, [b d1[5 %], [s ul[b d], [s d][b T] )

» a loosely bound B;’Kimolecular state [ disfavoured : binding energy would be ~200MeV ]

» It would have J°=0" if produced in an S-wave or ...
JP=I7 if decay proceeds via the chain X(5568)* — B;’w* — (Bjy)m* (unreconstructed )

> Surprising large relative production! The fraction of B;’ from X decay : p?° =(8.6x19+14)%

» This would mean another significant source of Bg’ mesons production !
And - of course - it is very unlikely to imagine some sort of particular production mechanism
enhanced at pp collisions and/or at lower center-of-mass energies (CDF is crucial to exclude this).

» Many processes might contribute to the bkg (and not described by MC), such as reflections (feed-down)
from higher mass states decaying into a real B;’ + (undetected/unassociated) tracks [ B*, B (25), B/ |

Y» Selection criteria include uncautious (potentially biasing) cut on a relevant angular variable
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X(5568) search : signal extraction

» The search from reported quite soon a negative result [PRL 117 (2016) 152003].

> lcan complement this search by probing a central kinematic region (similar to that of [3£¥ )

» Measure/constrain the relative production rate of X(5568), w.r.t. B, times the unknown BF of
the X(5568)° — B)x* decay :

_ o(pp — X(5568)* + anything) B(X(5568)* — Bn™) Ny
o(pp — B? + anything) B €re1Npo

Px =
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X(5568) search : signal extraction

» The search from reported quite soon a negative result [PRL 117 (2016) 152003].

> lcan complement this search by probing a central kinematic region (similar to that of [3£¥ )

» Measure/constrain the relative production rate of X(5568), w.r.t. B, times the unknown BF of
the X(5568)° — B n* decay :

- o(pp — X(5568)* + anything) B(X(5568)* — BJn™) Ny
X =

o(pp — B? + anything) G,EIJXBE
+ —_ i
10000 CMS m(K"K") € My (9) £10MeV 19.7f6"@Tev) ____ i
% - IN,<49277+278 | cws | + Data 149277 £278 | /"
= | i, SB36654E006MeV —gi_t | i . g
O 8000~ o, =8.03+0.18MeV ---olgna I ; "
> © o, =18.6+05MeV '"'BaCkgrourlq__-L?ﬁ-.cflfl_qlfd_%t_e_s.:
9 L f =047£0.02 B iy i
S 6000/7 (BO)/G 53 pr(K7)>0.7GeV]
% RS pT(BsO)>10GeV
O 4000[~ L |cosa(B)>0.99
i i 0
2000 b By (B,)> 1%
oA SRR 20 R 5% 2R At
5.2 5.3 5.4 5.5

M(JWKK) [GeV]
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X(5568) search : signal extraction

» The search from reported quite soon a negative result [PRL 117 (2016) 152003].

> lcan complement this search by probing a central kinematic region (similar to that of [3£¥ )

» Measure/constrain the relative production rate of X(5568), w.r.t. BY, times the unknown BF of
the X(5568)° — B/x*decay :

o(pp — X(5568)* + anything) B(X(5568)* — BJn™) Ny

Px =

o(pp — B? + anything) GIEIJXBE
10000 EMS KK € Mpp(9) £ 10MeV 19.7f0" (8 TeV) _ i
% - N, =49277£278 | Cvs | + Data /,'
= : "7-5-‘-556-6-5-4-:66%“"3" | —FRt o e CMS 19.7 fo™ (8 TeV)
1O 8000~ o, =8.03+0.18MeV ---- Signal | _o=
> [ o0, =18.6£0.5MeV ---Background_ s, | *
2 L/ =047£002 P e biait
3 6000/ (p (B / 3 (K*)>0.7GeV : M*Wﬁ% gm %i;
g - () p(B)>10GeV -
O 4000~ -.__ cosaT(BSO)>099 - ég BY signal region
: V| Py (BY)>1% iy 1l B sidebands
2000+ B VIX s N ?L—' (normalized)
- \ (-:
. - - . . i +§ -
Y. ¢, V.Y ’:"*y“““i"“"".f“'"" —yf , m(J/YK*'K 7*)
5.2 . 53 I 54 ’ 55 'f +«--» Xregion (KK Y+, (B%)
\_ i J/‘AIK“LK [GeV] _ :f | | I PDGl |
\ i Y L - 5.5 56 57 58 59 |
\ ST, =T MA(B) [GeV] <}

Ve e— o m— o — o m— — —
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X(5568) search : signal extraction

» The search from reported quite soon a negative result [PRL 117 (2016) 152003].

> lcan complement this search by probing a central kinematic region (similar to that of [3£¥ )

» Measure/constrain the relative production rate of X(5568), w.r.t. B, times the unknown BF of
the X(5568)° — B'n* decay :

/ N 15
/ k ! g, relative !
- + . - + 0.+ : N : —_ X !
pPx = o(pp — X(5568)~ + anyzhmg) B().((:>568) — B, ) = ,Y-{VX ol T2 > Eret = 8_ reconstruction r----2
¢(pp — B! + anything) € m})%sg A i B efficiency i
\\ ________________________________
== mmmmmmmmmmmmm g e t slide)
_ from fit to the B gt et
mK'K)eEM +10MeV _ >~ Lommmmm"
10000 CMS KD EHonol0) 19.7fo" (8 TeV) | mass spectrum !
% - N, =49277£278 | cvms | ¢ Data | 4920 /x2/6 v 4 TTTTTTTTTTTTTTTTETTTTTTTTT
= i ‘ﬁ-s'_-5§6-6-5-4-f(-)f)6MeV | —Fit 19.7 fb™' (8 TeV)
1O 8000l o, =8.03+0.18MeV -.-- Signal
> "~ o, =18.6+0.5MeV - Background ;
o L =04740.02 " Wi ﬁf ¢
© C . ’ i Sy {
% 6OOOD ( /0 " >3 Pr i {ﬁ??? gﬁ; ;M%ié
C B -
m — f—
O 40001~ i . i BY signal region
- = || BY sidebands
2000 B R (normalized)
B R )
_. M [CEEE LR ..\\..‘5,4 / - —+§ + -
I P 20 2 D 5% 2R M A 1/ 200 : m(J/y K" K"7")
5.2 53 54 | 55 R [ e Xreglon | KK )+ m,, (BY)
: + _ - B PDG
| : J/ﬂ/KK[GeV]’" P P i
\ i B BT g 5.5 5.6 5.7 5.8 59 |
ke R MA(B)r*) [GeV] --i

Ve e— o m— o — o m— — —
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X(5568) search : spectrum fits

-----3» Reconstruction efficiencies derived from simulation of X (spin-0, mass & widths from
PHSP decay) and B! signals. Systematic uncertainty on &, due to the finiteness of MC samples

-----3» The model of the fit to the M* (B x*) spectrum (for “baseline” selection) includes :
- for BKG : 3"-order polynomial shape multiplied by a threshold function
- for SIGNAL : BW (I3 parameters) convolved with a triple-Gaussian resolution function (MC)

CMS 19.7 fo” (8 TeV)
>
g5l @ bt fnit
= 800 t } bt *i;* oo
LT t *
600 — e '
£ 'o_(BY) > 10 GeV!
ke B g R
g + Data
S — Fit
200
= oL T T *- t {' * ;
E _g ?%**’é%_* d '}trn {***,“ *",” * 2,3, T‘;{x'};*hi ;4 H }r ,%ﬁ*,x“i_
MA(B’rt) [GeV]

Candidates / 5 MeV

19.7 b (8 TeV)

T 1 | 1 1 | T

ﬂ* 6 H

P32 * $ d*i i

by

##t *}

# §

* 11”1 f" b4 1{*

¢ H % 14 * $ H 61{ m m‘i
i i % {% 45

56

5. 7

5.8
MA(Brr) [GeV]

= N, =-103+122
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X(5568) search : spectrum fits

-----3» Reconstruction efficiencies derived from simulation of X (spin-0, mass & widths from
PHSP decay) and B! signals. Systematic uncertainty on &, due to the finiteness of MC samples

-----3» The model of the fit to the M* (B x*) spectrum (for “baseline” selection) includes :
- for BKG : 3"-order polynomial shape multiplied by a threshold function
- for SIGNAL : BW (I3 parameters) convolved with a triple-Gaussian resolution function (MC)

CMS 19.7 fb™ (8 TeV) CMS 19.7 b (8 TeV)
> >
- (a 4t - (b)
2 goo[- @ gy AR I P
- ARt
Lo ¢ i 2 [
¢ 600 — TN ' o L
% C ip (Bs) > 10 GeVi % 4001
s  F | lmmmmmmmmmeeees oSt
g 4001 ¢ Data 'c% -
O C — Fit O 200
200 -
NX=—851160<———— ---»NX=—1O31122
— 3 — —
> §H#§m ** ;w* ;*4** *;n;;&g*##i*#ﬂi *;****”H *;*;{*miﬁ- R ?**mi i Him *;*;#é mﬁ#gfﬁ ;Hff#;m *;* i H*;H* {m—
55 56 5.7 5.8 5.9 55 5.6 5.7 580
MA(B) [GeV] MA(Br*) [GeV]

2 The absence of a peak is not only supported by direct comparison with the events in the B’
sidebands, but also by several fits to the M (B 7*) spectrum with a resonant component
included, using different kinematic selection requirements (tighter than “baseline”), as well
as variants of the BKG modelling, alternative fit regions and different quality criteria.
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X(5568) search : upper limits by [

» Upper limits on Py 1 the relative production rate of X(5568) & Bf states, times the
unknown BF of the X(5568)" — Bf:f decay, computed using the asymptotic CLs frequentist method :

o, <1.1[1.0]% @ 95%CL for p,(B°)>10 [15]GeV

3 Using MC of spin-1 state decaying to B_’;r*, where the generated mass is shifted by m(B")-m(B"),
the UL were verified to differ negligibly between either the spin-1 or spin-0 assumption.

Y They are more stringent than ... previous best UL b e

... following UL by Q

PRL117 (2016) 152003
(next slide)

npr-»

» Within a kinematic range similar to that of [3£J, at pp collider, no confirmation from * .

* [PRL 120 (2018) 202006] is able to set a not so stringent UL: 0, <6.7% @ 95%CL

>
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CMS, /|

X(5568) search : upper limits by

» Upper limits on Py 1 the relative production rate of X(5568) & Bf states, times the
unknown BF of the X(5568)" — Bf:f decay, computed using the asymptotic CLs frequentist method :

o, <1.1[1.0]% @ 95%CL for p,(B°)>10 [15]GeV

3 Using MC of spin-1 state decaying to B_’;r*, where the generated mass is shifted by m(B")-m(B"),
the UL were verified to differ negligibly between either the spin-1 or spin-0 assumption.

Y» They are more stringent than ... previous best UL b {53 PRL117 (2016) 152003
... following UL by %

(next slide)

npr-»

> Within a kinematic range similar to that of [3£J, at pp collider, no confirmation from * .
* [PRL 120 (2018) 202006] is able to set a not so stringent UL: 0, <6.7% @ 95%CL

3 CMS 19.7 fb™ (8 TeV)

» Upper limits are also obtained for different = fEws A I'=10MeV o I'=20MeV

values of natural width (I'=10 to 50MeV) & g 25F ¢ Eigg mex ['=40MeV

mass [from m(B.)+m(x*)+T up to 5.9GeV-1.5T] ; 2_ S

of a possible ngri resonance, in order to consider 3 1_55_

an eventual exotic state with higher mass a\‘; -

decaying to the B)sr* final state. @ F

0.55—
Systematic uncertainty in the relative efficiency (up to 6%) for extrapolation /;'.' N L
to high-mass values from the low-mass simulation: not accounted in the plot ==~ 5.5 5.6 5.7 5.8 5.9

MA(B.*) [GeV]
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X(5568) search : upper limits by

npyr-»

» Similar results (UL) from

0_05_l ———

S

npr=»
m

500— ' ' p=
- | * f .0 350
400 : 200 &, RN
3 - ] 2 20 e
= = - =
~ 300 - ~ e |
P C 3 s 200
g - . g |
& 200 ' ATLAS e Data B @ 150 ' ATLAS o Deotn
- | , Signal (S) a 4 | , Signal (S)
. Vs=7TeV, 49"  ..... Background (B) . 100R . Vs=7TeV,49f"  ..... Background (B)
100 | {s=8 TeV, 195fb" —— E'gfn;g)s I— : {s=8 TeV, 195" —— E'(tj(f;a'zé ok
‘ Tp.E)p>10Gev | pe 3 50 - P
| P s . 4 0 F D imheteeeasaa—-—-
L & & M - L l_ L
E T t + + t T H E T
z 2 = z 2
S 0 « 0
s -2 S -2

. ATLAS

0.04- s=7TeV, 49"
- {s=8 TeV, 19.5fb"
0.031
e i
0.02f

T

—=— Observed 95% CL limit -
--= --- Expected 95% CL limit —|
v :
[ Jt2o 1

5600

5700

m, [MeV]

s | . '
5700 5800

m(BIrt) [MeV]

' | s '
5700 5800

m(BJx*) [MeV]

px < 1.5% @ 95%CL forp;y > 10GeV

Upper limits on py at 95% C.L. (black squares
connected by line) at different masses of a hypothetical resonant
state X decaying to B} x~, for events with py(BY) > 10 GeV. A
BW width of 21.9 + 6.4( slal);'_f_‘;'(s_\‘sl) MeV is assumed, as
reported by DO. The values include systematic uncertainties.
The expected 95% C.L. upper limits (central black dot-dashed
line) with =16 (green) and 2 (yellow) uncertainty bands on py
are shown as a function of the assumed resonance mass.

px €[1.0 — 1.8]% @ 95%CL for p;y > 10GeV

... does not exceed the t1o0 error band from the expected limit
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Summary & Outlook

3> LHC experiments are greatly contributing to exotic hadron spectroscopy and will
continue to do it with Run-Il data facing new experimental challenges.

CMS & ATLAS try to deal with selected topics where their contribution can be important
[X(3872), Y(4140)+buddies, the search for the bottomonium partner of X(3872), X(5568)].

Example: new findings in double quarkonia frontier [recent result for Y(15)Y(1S)]
can be the preliminary step for searches of heavy (tetra-)quark bounq,sfétes with Run-Il.

7’

CMs,/! 4 7 //
| L =20.7 fo™ (8 TeV) P
— /]\ 6 ,/’
> : : -
o 38 + 7 signal candidates — [
y [EETPN B _’,/
B 74 T R e |
> o 3
= 1.
o 43 2
© 34
~ E 1
®© E 11
2 0 10.5
© .
S 9.5 5 N\
S 10 405 9 @

M, [Gev; 1185 \\w

simultaneous production of two Y'(15)
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Peaking structures/resonances in the J/y ¢ mass spectrum

i

Js =7TeV (Run-1/2011)
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B*—J/y ¢ K* decays @

CMs. |

> In 2009/2011

claims [PRL 102 (2009) 242002; arXiv:1101.6058 (2011)] to observe two

intermediate resonances decaying into //y ¢ while studying 3* — J/zp ¢ K* decays,
denoted as Y (4140), Y (4274) -

» In 2012[PRD 85 (2013) 091103R] do not confirm them and provided an upper limit.

oms VE=7Tev, L=52 1" |

> T 17 17T T T 17 T7T T T T 177 T T T 177 N T 1T T 7T T T 17T r
2 2000 1.008 <m(K*K") <1.035 GeV
w0 - $ Am <1568 GeV S
= 190 I T B* = J)y KKK E[m(B)%30]
§ 1600  “Wagg o O\ - ZEp==e=s = OMS, \s=7 TeV, L=5.216" b
g MoE - S wol [ emesserone ]
€ 1200F o - 400F 1
— — (] - .
© 1000F = B 300F :
- — o o ]
800F = & 200 .
- 2480 + 160 2 o g ]
600+ ) B} — 100 .
400 — 3] AP IR SR 2GR -
2m§CMS _; _1002_ +| I + +| + _:
- 1 1 l 1 1 1 1 l 1 1 L L = 1 1-02 1 04 1 06
215 52 525 . , 54 545 m(K'K) [GeV]
mJAKK K" [GeV] Negligible non-@ components

[ BF = J/yf,(980)K", J/y K"K K"]
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Peaking structures in the J/y ¢ mass spectrum from B* — j/y ¢ K*decays @

cMms. |

3 Observation of one structure (& evidence for another) in the
Am spectrum by recostructing the B* — J/y ¢ K* decay
(after background subtraction by 20MeV-sized bin-wise method)

> Fitting with:
* Signal PDF: S-wave relativistic Breit-Wigner (BW)
convolved with mass resolution gaussian
* Background PDF: 3-body Phase Space Shape (PS)

e 1-D Fit: Binned ¥? fit to the extracted Am spectrum
using the BW and PS shape.

* Global 2-D Fit: simultaneous fit of m(B*) and Am
with implicit background subtraction

CMS, {s=7TeV, L=5.2 fb™
AR B

300 T T T 7]
% n —— Data 7
> 250—_ - Global fit T
o - esssees Three-body PS (global fit) -
o u +16 uncertainty band J
— 200 3 Event-mixing (J/y, ¢, K:) -
o - F Event-mixing (J/y, ¢ K') 7
Z r FLL s 1D it .
150— : + 3 -
Tl A Nt H
— + ey I ]
— = =g I L S mai ol CRR b Ly oy =

50 + """" + ++ + | '
ot | | _{:

B TS R R N R v R IS
Am=m(u'w K'K™)-m(u'u) [GeV]
The Am = m(u*wK*K) - m(u*u) spectrum
Is considered up to 1.568 GeV to avoid re-
flections from B, — ¢(2S)¢p — J/Yn*n ¢
(but whole spectrum also investigated)
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Peaking structures in the J/y ¢ mass spectrum from B* — j/y ¢ K*decays @

cMs, |

3 Observation of one structure (& evidence for another) in the

. >
Am spectrum by recostructing the B* — J/y ¢ K* decay 2
(after background subtraction by 20MeV-sized bin-wise method) §
o
- =z

2 | Peaking structure @ threshold (yield: 310=70) .___
With: 4148022 4(stat) = 6 3(sysOMeV T

I = 28"} (stat) = 19(syst)MeV

2 Naive yields’ ratio estimate: v, ,,,, /Y,

- observed with stat. significance >50 (p-value by MC toys)

~
~
~

CMS, {s=7TeV, L=5.2 fb™
AR B

—— Data 7

- ——— Global fit B
I o Three-body PS (global fit) -
_ +16 uncertainty band J

Event-mixing (J/y, ¢, K*) ]
Event-mixing (J/y, ¢ K*)
= 1D fit

lIlIIIIlIIl

TR BT

1.1

B I R I e
Am=m(u'w K'K™)-m(u'u) [GeV]

- consistent with the charmonium-like state, possibly exotic, Y(4140) from *

- evidence from 5 [Pro 89 (2014) 012004]

/WK

~0.11£0.03% consistent with @9 & with previous UL

> Evidence of additional peak (mass-shifted w.r.t. * that may be affected by possible ¢K*resonances
[see next slide]
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Peaking structures in the J/y ¢ mass spectrum from B* — j/y ¢ K*decays @

cMS, |

3 Observation of one structure (& evidence for another) in the

. >
Am spectrum by recostructing the B* — J/y ¢ K* decay 2
(after background subtraction by 20MeV-sized bin-wise method) §
o
- =z

2 | Peaking structure @ threshold (yield: 310=70) .___
With: 4148022 4(stat) = 6 3(sysOMeV T

I = 28"} (stat) = 19(syst)MeV

2 Naive yields’ ratio estimate: v, ,,,, /Y,

- observed with stat. significance >5¢ (p-value by MC toys

~
~
~

CMS, {s=7TeV, L=5.2 fb™
AR B

—— Data 7

- ——— Global fit B
I o Three-body PS (global fit) -
_ +16 uncertainty band J

Event-mixing (J/y, ¢, K*) ]
Event-mixing (J/y, ¢ K*)
= 1D fit

lIlIIIIlIIl

TR BT

1.1

B I R I e
Am=m(u'w K'K™)-m(u'u) [GeV]

- consistent with the charmonium-like state, possibly exotic, Y(4140) from *

- evidence from DS [PRD 89 (2014) 012004]

/WK

~0.11£0.03% consistent with @9 & with previous UL

> Evidence of additional peak (mass-shifted w.r.t. * that may be affected by possible ¢K*resonances
[see next slide]

2> For the Y(4140) decaying into J/y ¢ several interpretations have been proposed: p’p’molecule,
csc s tetraquark, threshold kinematic effect, hybrid charmonium, weak transition with p_D rescattering
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Y(4140)@ [ : checking reflections

» The ¢K* mass distrib. shows an excess w.r.t. PHSP profile in the

: Lo CMS. Vs=7Tev,L=s2®
region where large resg@nances [K,(1770) & K,(1820)] (seen in fixed- 3O 8T ki) <res ok am o ]
target exps.) may appear; reflections studies are carried out: S 1 + \ t Data E

,:' :120:—: 1 —— Phase Space simulationJ
/ o 100 1 E
/ O j| +} Jf E
1 ) (e%\o,,—"’ sof\ ) 3
CMS, Vs =7 TeV, L= 5.2 fo KK o= b E
> 400_—'» T T | T T T | T T T "I | T T T T | T T T T | T T T T T T T T I T LI — . m( "' : :
© F ! 4 D P 1 A\ B o 20F B
E — ! ata d\"\% - o .
350_— ! C\u —’—’ oF ' .
Q - [ Phase Space ¢ eXC' -~ b A AT TR S
— P ~ - 7 1 11 1.2 1.3 14 15 1.6
~ 300F /7 + ~ - - Am [GeV]
2N — \ - .
Ez'izsoj— (' + + k==~ = > Y(4140) appears to be
200F- b A7 ~e tag, ] uncorrelated to ¢K* resonances
E 4 —’, NNN‘\ //7
150 e ++ \\g On/yt CMS. Vs=7TeV,L=62fb" :
- I~ s B 100" 68 < m(K'KK") < 1.88 GeV -
100:— + — ~“s~:77//(’7‘ . E N - ~ ¢ Data . e
- ] Y /""/ re N 80 { ST Phase Space simulation ]
50— —] S~ _ / 1 ]
0:' T < : ' :
_50:—L 1 1 1 1 I L 1 I 1 L 1 1 I 1 L 1 1 | L 1 1 1 | L 1 1 1 I 1 1 1 1 I 1 1 -0—:: + ——
1.5 1.6 1.7 1.8 1.9 2 2.1 ~ 2.2 ! _
m(K*K'K*) [GeV] H’ +
! T T2 T '1A.15' [G l{/?
m e
Understanding the nature of both structures needs further » Additional peak may
investigation & requires a full amplitude analysis (not enough be affected by them

statistics to get a sufficiently pure & sizable B* signal for an AA)
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Y(4140) & “buddies” : status & prospects

>> Later (2016) [PRL 118 (2017) 022003; PRD 95 (2017) 012002], by performing a full
amplitude analysis, observed 4 structures in the J/I/J ¢ spectrum while
studying the B* — J/y ¢ K* decay, the X(4140), X(4274), X(4500), X(4700) resonances.

Their quantum numbers were determined to be: |- /" =1" for X(4140), X(4274)
- J7¢ =0 for X(4500), X(4700)

> observed inclusively the Y(4140) prompt production [PRL 115 (2015) 232001]: needs confirmation @ LHC

It is important in the understanding of an exotic state to know if ...
... it is promptly produced and not only seen as an intermediate state in a decay.

> Prospects for CMS & ATLAS ?

>» Work with challenging amplitude analysis technique;
because of the high backgrounds Run-II data may be necessary.

2» Inclusive search to confirm or not the result might be viable

by exploting triggers for double charmonia.
Because of high background it makes sense to use full Run-2 data!
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X(3872) : interpretation - Il

> A few more details concerning Meng et al. [PRD96 (2017) 074014] :

do(pp = X(J /yn*n")) =do(pp = x.,) - k,

where p is either a proton or an antiproton, and k =
Z.; - Bry with Bry = Br(X — J /yn*z). The feed-down
contributions from higher chammonia [e.g., w(3S)] are
negligible for the prompt production of X(3872)/.,, so

here “prompt” is almost equal to “direct,” and the cross
section of ¥/, in Eq. (2) can be evaluated in NRQCD
factorization, which is given by

do(pp = x.1)

= dé((cc),) (0{—3

me "

= Z / dx,dx,Gy,G/pd6 (i > (c2),)(OF).

where G; ;,, are the parton distribution functions (PDFs) of

p, and the indices i, j run over all the partonic species. The
Imatrix element (O,',/“) is marked by “n,” which denotes the
color, spin and angular momentum of the intermediate c¢

pair. Here we will evaluate the cross section at NLO in a
and at LO in » (the relative velocity of ¢¢ in the rest frame

of y',); therefore, only n => P\'! and 35" are present here.

The outcome of the fits at CMS p; distribution
can well account for the recent ATLAS data,
even at a larger range of p,, for the CDF total
xsection, and are consistent with the value of
k constrained by the B-meson decay data.

S =7 TeV and |y|<1.2
for CMS Collaboration

-1 .
107 )

1072

NLO CMS
1073

r=0.26, k=0.014

do/dp,; XBr(X(3872)=J ¢x*x") (nb/GeV)

) CMS Data

10—4....1....1....1....1.

30

wm
—
=
—
wm
[ ]
=
o
wm
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Non-prompt X(3872) production compared with FONNL

2> Measured differential Xsection for non-prompt y(25) Measured differential Xsection for non-prompt X(3872)
compared with predictions from FONLL calculations : compared with predictions from FONLL calculations :

; 10 1 r " ' e % b ' ' ’_
8 E - ATLAS ‘ 8 jo2le== ATLAS -
g o2l e (s=8 TeV, 11.41b" £ . s=8TeV, 11.4f0" 3
‘S’:,_ Non-prompt y(2S) 103 Non-Prompt X(3872)
5 T joef = 1
i 104 3 A : E + E
a . 4 ATLAS data e = 105k +4-ATLAS data = .
g 10 SEDFONLL %’f E :g - EEFONLL rescaled 1o X(3872) :
;T; 10°¢ 'l . = 1 g 10 ¢} [_|Branching fraction uncertainty j
3 10 20 30 40 50 6070 2 ;0 2‘0 3'0 20 50 60 7‘0‘
o 2S) p. [G <

© JHEP 01 (2017) 117 | V(25 P, [GeV] % X(3872) p_ [GeV]

2.5p

[ +ATLAS data [#]FONLL

n

1.5}
1 S - % PPN N R —— $

0.5f

Theory / Data

10 20 30 40 50 6070

v(2S) p, [GeV]

FONLL calculation describe the data well

over the whole range of p;.

25¢
20:_ —— ATLAS data - FONLL

15 - UBranchlng fraction uncertainty

10F

10 20 30 40 50 6070
X(3872) P, [GeV]

salenielis

Theory / Data

This is compared to a calculation based on the FONLL model prediction for ¢/(25), re-
calculated for X (3872) using the kinematic template for the non-prompt X (3872)/¢(25)
ratio shown in figure 3(b) and the effective value of the product of the branching fractions
B(B — X (3872))B(X (3872) — J/yntn~) = (1.9+£0.8) x 10~* estimated in ref. [11] based

on the Tevatron data [33]. This calculation overestimates the data by a factor increasing

with pp from about four to about eight over the pr range of this measurement.
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Observation of x,(3P) system by

%

npr-=»

>

nyr-=»

has reconstructed ), P-wave quarkonium states [each being a closely

spaced triplet spin states ( y, , J =0,1,2 )] through the radiative decays x,(nP)—Y(1S,25)y

» The X, cands formed associatingareco Y — u"u~ cand with a reconstructed
either unconverted or converted .

Invariant mass difference m(u*uy)-m(u*u”) calculated to minimize effect of Y — u’u” mass resolution:

T T
- ATLAS

LI S S N B R R B R R L R

70 ;_ I . 200 e Data:Y(1S)y —— Fitto T(18)y
- Ldt=4.4fb S EJ -1 o Data:V(2S)y —— Fitto V(28)y
_ e0F P J - —|Ldt= 4.4 fb e :
2 = pr(u'p)>20GeV | ¢ Data Y (1S) — wuu __%\:ITBO E_ |' 'l ----- Background to T(18)y
2 st 1| 8 b | - sesges sy
L 1|/ s _ y - TTEal Py ——————
% 40 ferrrrrerrrrrrrees : ¥I “ ----- Ba’c’k}gjmnd 1 Y(ZS) I M+M ~~~~~ 8 120 - > } | Xb (2P) A:COT\VGHGG Photons PRL 108 (2012) 152001
m - 5P —-s = T o o
Q - <l i N 1P | e
-_*g 30F Xb(lp) +H Xb(ZIP) IA }(}H Vs 1 E 100 E_\*?ib( )%I *I +'L *pT(‘u Mi)>12GeV
-g : I x . “I \ o 80 }' ~~~~~~~ | ( + ; \ / C L L L LT
] AT AR YA 8§ V=Ll W LA
S 2ob — * N W b AT T E)>25GeV| & % i Ve Pt i
i 10F %; 'III \M . =\\ g 40 E_ ./-‘/‘,.‘ LA S . f\L_‘l ™1
s S| 4 + i i 20 = ”‘/. I‘l\ ﬁ"“’:“Ab G
0 PRI ! L B eI e 0 AR ‘L.ll__‘.-.‘du/-;'r'.l.ill...
%6 98 100 102 104 06 108 96 98 100 102 104 | 106 10.8
uy) - u I R + -
mEy) - mw) +m o [GeV]| m(uwy) - m) +m o [Ge}/]
| |
Each peak represents :
an unresolved triplet !

Interpreted as the previously
unobserved x,(3P) states
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Observation of yx,(3P)system by

%

npr-=»

G

nyr-=»

has reconstructed ), P-wave quarkonium states [each being a closely

spaced triplet spin states ( y, , J =0,1,2 )] through the radiative decays x,(nP)—Y(1S,25)y

» | Later (2014) was able to estimate the
two (J=1,2) masses (*) and to measure for the
15t time the Y (3.5) production fraction (~40%)
due to Xb(3P)C—>>Y(3S)y (first observation)

':‘; 8O- LHCb _
= 0F . A7
= Vs=38 T(,V_é
= E 1 ]
Lt S =
-~ E
§ A0 ~ -
2 wf ~ ’ =
4 E £ i ]
o 10E ‘
0 1 J‘T L L
10.5 % 10.6 10.7
My (3s)y { Ge\v",fcz]
Xpi | X2

(*) by assuming Am = 10.5MeV

mass [GeV]

Invariant

Observed bottomonium radiative decays in ATLAS, L=4.4 6

—
o
o

10.41

10.2

10

9.8

9.6

9.4

9.2

- ATLAS
I 1 (4S) ]
B:B threshold
- /,',7 M (3P) .::::::LZ:;::;:?
________________ >'I / ,"," Mass g;rycentre on'e‘lgdlzei'
:—_ ------ Y (38) .L'/, :,:, :{H:;};ud.r,nfuum‘n )
B S A EeYVY—=
— fou World
Co XbJ(2P) averagzes
- Mass barycentr
= r(@2s) i i
L T —
- i (P
Mass barycentre World
— averages
- ris) f
- ++
- S (0,1,2)

|

| | | | | | |

(in agreement with our new measured value)
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X(5568) interpretation

> The X(5568) should have a 4-quark content with quarks of different flavours (b, s, u, d).
It could be either:
- a compact tetraquark (tightly bound di-quark anti-diquark pair such as ... [» u][d 5],
[b dI[5 7], ./\.
— — 4 ~ :
- a loosely bound B)K* molecular state [s ulls d], | § ()

- -

[disfavoured: binding energy ~200MeV] [s d][b T] )
> If produced in an S-wave its spin-parity would be: j* =0*
2> However it cannot be excluded the following decay ) “\ J/ ]
(with y undetected): ) [ —K
J/\VE‘.{
%J\JM

X(5568)° — B 7* — B y * Nﬂ*

In this case :

- JP — 1+

- the mass of the new state would be shifted towards lower values P
(thus increasing the energy difference from BK threshold : molecule even more unlike!)
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X(5568) search : precaution in selection

Constraints on the angle AR (called “cone-cuts” in jargon) between the momenta of the BSO& 7T~ candidates (*)
are not imposed in CMS analysis, because such requirements sculpt the Bfﬂ:i invariant mass in a nontrivial way
(for instance producing a peaking shape) :

CMS 19.7 fo (8 TeV) CMS 19.7 fb” (8 TeV)
<1200 — <1200 — :
- 0 . . quwement © - 0 (0] requwement
Qo - B; signal region AR < 0.4 - B sidebands AR < 0.4
= - (a) R<03 = - (b) R<0.3
151000~ AR <0. 151000 AR <0.
- - B AR<0.2 - B B AR<0.2
) i B AR <0.1 ) B B AR <0.1
L 800 m & 800
(U I~ ('U -
° T 2 r
3 o0k 2 sook M
© B o N
O N O -
400~ 400~
200f 20|
55 56 5.7 5.8 5.9 55 56 5.7 5.8 5.9
MA(B]w) [GeV] MA(B)m*) [GeV]

AR < 0.3 : cone-cut applied by 355

() AR = \J(An) +(Ag)’

Exotic hadrons / 2018 May 29th Alexis Pompili (Bari University & INFN) BACKUP-18




X(5568) search : selection check

Tighter selection criteria are imposed to reduce the BKG level.

To verify the reconstruction procedure the requirement m(K'K™)€M,,.(¢)+10MeV is removed,
thus allowing the B° — J/y K decay to contribute to the Bf signal & the higher sideband
regions of the m(J/y K*K™) spectrum (as checked by simulation) because of misreconstrution.

CcMSs 19.7 o™ (8 TeV) CcMSs 19.7 fo'' (8 TeV)
> T <1400 ‘
2 [@ " g 0 |
800— g}ﬁ w mﬁ% ? 1200 k? .53::{“ Wit ‘)‘
SO ﬂ f bt },, ¥ ‘;%M 2 F e
E 600_ 51000:— ‘
© — © C
% C #f ¢ BYsignal region m v % 800 ;
% 400_— Jﬁ Bg sidebands % 600 :_ y 7 No requirement on M(K*K")
O “0Or # O C ¢ B! signal region
i # 400 ~ ] BY lower sideband
20014 C I B higher sideband
:, 200 _—"
_‘? 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :x‘ 1 L I 1 1 I 1 L 1 1 I L L 1 1
5.5 5.6 5.7 5.8 5.9 55 5.6 5.7 5.8 5.9

MA(B) [GeV] MA(B) [GeV]
The two excesses in MA(nyri) for events only in the higher BKG region and Bf signal region are
consistent with contribution from the decays: B,(5721)° — Bz — B/ n*

B,(5747)* = B"’n* — B’ y) T
... where the photon is not reconstructed while B’ — J/y K is misrecontructed as B’ — J /iy KK !
Note that the peaks are shifted by m(B’)-m(B"") w.rt. the nominal masses of the B[ states.
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Further search in the B)z* system

The extension of M A(Bfari) investigated range (w.r.t. LHCb) is important, for instance, for the
following reason:

PHYSICAL REVIEW D 94, 034036 (2016)
B decays into tetraquarks

A. Ali,' L. Maiani,”* A.D. Polosa,”"* and V. Riquer™”

'Deutsches Elektronen-Synchrotron DESY, D-22607 Hamburg, Germany
2Dipr(/zJ"z‘imento di Fisica, “Sapienza” Universita di Roma P.le Aldo Moro 5, 1-00185 Roma, Italy
*INEN Sezione di Roma, P.le Aldo Moro 5, I-00185 Roma, Italy
4CEI'UV, Theory Division, Geneva 23, Switzerland
(Received 9 April 2016; published 23 August 2016)

The recent observation by the DO collaboration of a narrow structure X (5568) consisting of four different
quark flavors bdus, has not been confirmed by LHCb. In the tightly bound diquark model, we estimate the
lightest bdus, 0" tetraquark at a mass of about 5770 MeV, approximately 200 MeV above the reported
X(5568), and just 7 MeV below the BK threshold. The charged tetraquark is accompanied by I = 1 and
I = 0 neutral partners almost degenerate in mass. A bdus, S-wave, 1 quartet at 5820 MeV is implied as
well. In the charm sector, cdus, 0 and 1 tetraquarks are predicted at 2365 and 2501 MeV, about
40-50 MeV heavier than D ,(2317) and D,,(2460). The bdus tetraquarks can be searched in the hadronic
debris of a jet initiated by a b. However, some of them may also be produced in B, decays, B, — Xy + &
with the subsequent decays X, — B, + &, giving rise to final states such as B, x* z°. We also emphasize
the importance of B, decays as a source of bound hidden charm tetraquarks, such as B, — X(3872) + x.

To be seen as resonant B, x states, their masses should lie
below the BK threshold. A good part of the B,x invariant -—
mass spectrum is excluded by the LHCb, but still there 1s a
window of opportunity left unexplored so far.

Exotic hadrons / 2018 May 29th Alexis Pompili (Bari University & INFN) BACKUP-20




