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XYZ exotic hadrons

2> 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 cc spectrum.

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

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

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

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

2> Two main production processes @ Hadron Colliders :

Prompt (inclusive): pp(pp) —=(cc)+X

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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XYZ exotic hadrons

2> 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 cc spectrum.

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

2> 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
2> Two main production processes @ Hadron Colliders : pt ) pp(pp)—(cc)

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:

3 Hadronic transition to a lighter cC meson through the emission of light hadrons [7T, 7T7T, O, ¢]
3D suitable for triggering on dimuon objects (J/y, w(25), ... ) but still difficult without hadronic PID (CMS)

2 Electromagnetic transition to a lighter cC meson through the emission of a 4

2> 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 “guarkonium factory”; prompt production + from B decays (charmonia only))

Data samples:
2> X(3872) production
Run-1/2011/s = 7TeV : L ~5/b”
>» X, search Run-1/2012/+/s =8TeV : L ~20 /b
2> Yresonances in J/y ¢ system Run-I1/2015//s =13TeV : L, ~ 4"
Run-11/2016/+/s =13TeV : L ~ 38/
X(5568) search
b 24 ( ) Run-11/2017/+/s =13TeV : L ~ 45
Expected : Run-ll/2018//s =13TeV : L, ~45+60 "
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X(3872) production features

s =7TeV (Run-1/2011)
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X(3872) @ LHC

B' —K'X(3872) = K" (//yar) and confirmed by @B with
inclusive pp collisions (mainly prompt production:

only ~16% from B mesons).

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

>

x10° SRS _
_____ > “o0l 1 CMS \s =7 TeV
- L=48M"
. | <12 - g);gll(ﬁ}'ound
8 80: signa
g P B
O 15 !
-8 60: 2 X(3872) B
= ' =13 ]
O . g 12
40 I 0 ~12K
:/] E 175 38 Ass 39 365 4
! mJv 2°x) [GeV] |
20:
: pp—=J/Yam+X .
8.6 3.7 3.8 3.9 4
m(J/y ') [GeV]
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X(3872) @ LHC

----- > ~ CMS \s=7TeV
+ + + . . Q ' \S-‘ ¢ 1
B' —K'X(3872)— K" (J/y7r) and confirmed by @ with = 1000 0 ﬂ 10<p <50Gev 5 oa2®
. R : : 0 <1 >data
inclusive pp collisions (mainly prompt production: > sol } =12 — ek ground
[ signa
only ~16% from B mesons). E [ L : ]
% 60. 2 X(3872) |
CMS /| { = 13 1
% As soon as LHC started, quickly confirmed by | | & \ﬁ’ﬁ@ ) S | 3 12 |
either inclusively and exclusively (B decays) 4°f 1 3 ‘.,°,5~--3-8--.;gg~~-3},j~-;e,.:;'0;‘~a§
» | |inclusively reconstructed the X(3872) in the | op— I+ X |
J/y iz final state & studied (with 77¢V data) : gi AAAAAAAAAAAAAAAAAAAAAAAAAAAA »
______________________________________________ . 6 3.7 3.8 3.9 4
(3> Xsection ratiow.r.t ¥(2S) ) iy 'K) [GeV]
3 non-prompt componentvs p, i=»nextslides g e T e ey ]
. . : CIRE S <. A
\ 3> prompt X(3872) prod. xsection | ; o — S X60721 e T
3> inv. mass distrib. of the 777 system : 8
©

The data spectrum compared to simulations w/ & w/o an intermediate po

Er ]
05 055 06 065 0.7 075 08
m(n*) [GeV]
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X(3872) @ LHC

3 CMS, JHEP 04 (2013) 154
2> First exotic state discovered byin the decays > X0 oMS 7w ]
B —K'X(3872)— K*(J/y7r) and confirmed by*with f) 1000 Las) .. 10 <p_< 50 GeV Ed:taefb j
inclusive pp collisions (mainly prompt production: % ol ‘ Iyl <12 ~ background
only ~16% from B mesons). = ; i ’
% 60 ‘\ 2 X(3872)
cMs, ! | -
% As soon as LHC started, quickly confirmed by | | & w , S | ‘ T g o
either inclusively and exclusively (B decays) 40 4 N Mt AW [
/). . M x'x) (GeV] |
NS, | 20 ”\\\N
» | |inclusively reconstructed the X(3872) in the | p_)mmmx 4
J/y i final state & studied (with 7TeVdata): 8 U ‘
6 3.7 3.8 3.9 4

'}:> Xsection ratio w.r.t y(295)
' D non-prompt componentvs p,
L D prompt X(3872) prod. xsection

_______________________________________________

§|:>next slides

3> inv. mass distrib. of the 777 system :

The data spectrum compared to simulations w/ & w/o an intermediate p

in the decay shows much better agreement when assuming it (as for $ & *)

> performed a full angular analysis of the B* — XK*, X = J/yp°, J/y — uu, p° — nn
decay chain, thus unambiguously determining the quantum numbers:

m(J/y ') [GeV]

14 - ‘
I .p > 10 Gav CMS \s=7TeV -~
12, vl <1.25 L=21M" -

- Simwdation; X(3872) — My x'x (non-resonant)

/o do/dm,, [GeV"

Fr— o ]
05 055 06 065 0.7 075 08
m(n*) [GeV]

J;C — 1++

[PRD 92 (2015) 011102 : under general conditions : w/o assumption on lowest possible L in the X sub-decay]
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X(3872) @ [~ |: Xsection x BF ratio [ w.r.t. {(2S) ]

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

__________________

o _ O (PP — X(3872)+ anything) B(X(3872) = J/y 7' (Nyin] Avas £y |
G(pp g T/J(ZS) + anythlng) ) B(l/](ZS) - ]/}/_J_fjf___) ______ : N1/J(2S) J\ X (3872) . 8){(3872) ’,E
o 012 i_YIELDS from fits fg_c_lffa_____ii_ CCEPTANCES&EI;I;I_(;;EI_\I_C_I_E_S__HE
011E L=a8m" E ! from SIMULATION !
E Iyl <1.2 ] i (and cross-checks on data) ]

[ TR

0.08+ - 2> integrating over 10 < p, <50GeV : Acceptance estimated

0.07F ‘ £ _ . . assuming X(3872) &

oosk ‘H’+ E R =0.0656 +0.0029(stat) = 0.0065(syst) (25) unpolarized and
é ; JPC _ 1++

0.05; = x =

0.045 55 ag

30 .40 50
p_(Jiy m* ) [GeV]
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X(3872) @

CMS, |

Xsection x BF ratio [ w.r.t. ¢(2S) ]

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

__________________

o _ O (PP — X(3872)+ anything) (X3872) = I/ ') (Nyem| Avos, Epias, |
= - = i
(pp _— w(ZS) + anythlng) ° ('l/j(ZS) —> ]/lp .7-[ .7-[ ) | Nw(2S) \_ X (3872) X (3872) ’:
0.12 e | YIELDS from fits to data :E_ ACCEPTANCES &E;;]?(;]_:E;I_C_I_E_S____i
x 3 e "I from SIMULATION !
E Iyl <1.2 ] i (and cross-checks on data) ]
0.1 = Sttty
| 2
0-08+ 3 > integrating over 10 < p, <50GeV : Acceptance estimated
0.07F ‘ 3 B N N assuming X(3872) &
o H [ : R =0.0656 = 0.0029(stat) = 0.0065(syst) w(25) unpolarized and
g 1 PC ++
0.05" E Jy =1
004G %635 '4'c_)' 50
pT(J/\y " ) [GeV]
5 0.12—cr—oooo o .
> Acceptance corrections depend on assumptions on the angular E o1 .pT(J/w)>7GeV‘; fMjS\’;JTeV E
distribution of the final states (production mechanism of the X(3872) © o 'i;((z);/?;fgvssi <12 E
is unknown) B a result without them in a-fl_q_u_gl_gl_r_g_gjp_r_w.ls given : oot _
P o Y 0.08F { =
{Nyas2id Eps) | : : 3 E
R. ==t XG82% wCSH} 3 integrating over 10<p, <50GeV : 0.07¢ I ]
fiducial =N 'l i E .
LV y2s) .Emgm | R i = 0.0694 +0.0029(star) = 0.0036(syst) 008" —+— E
"""""""" ’ o005 -
NO significant dependence on the p, «——""7"7"" 0.04 sl
pT(J/qf ") [GeV]
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X(3872) @

CMS, /]

I: non-prompt fractio

n

2> 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) from B decays selected requiring: £, >100um

... for which prompt-fraction is negligible (<0.1%) [MC]

B 5500 nar= 61874 T
= r CMS \s=7TeV 7
Te) L L=48fb"
5000 444 +data B
) T —total fit
~ L - background
g 4500— —
©
i)
B 4000 —
© 18 <p_<30 GeV
© vl <12 .
3500— 3
r 1]
30007 . . Ll P B IR
3.75 3.8 3.85 3.9 3.95 4
m(J/y ') [GeV]

-

X(3872)

Ty *TNX(3872)

X (3872) L
£XG8T) _
zy

Pr

primary seconda H
vertex verte
Ot

+J/y
w
o

T

\

)

D .| ondr=s27m6 | B K
S 1500~ CMS \s=7TeV
Te) L=48fb" E
g 1400 +data B
[<r) E —total fit E
; 1300; - background E é ----------- —
2 E E il NG
© 1200+
o =
2 1100[- =
8 g 18<p'r<30 GeV
F T2 1
10001 xyyl:wo o |
d >100um
9005 fxy u E
800’ PN TS O N S S S I N ST ST S SNNN HOY Y H M
3.75 3.8 3.85 3.9 3.95 4 e
+, - o oo
m(J/y ') [GeV] j",‘—

nonprompt fraction = Nr.of X(3872) from B!

\Nr. of X(3872) ,
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X(3872) @ | |: non-prompt fraction

2> 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

4 N

. . X X (3872) . -
X(3872) from B decays selected requiring: £, >100um pxesm) _ Ley™ - mxcsmy
zy
Pr
) ) ) .. +J
.. for which prompt-fraction is negligible (<0.1%) [MC] orimary  secondapyab i~ Iy
vertex L V;I e “
O =r
21500:,)(2/"(": 52.7/76 i K /
51400
% 5500 cghams || s ]
s | Meant ™ | | a0 z e W
‘(3.5000%f i1 : ] %1100’ T ———— -
2 f i . ] % . e |
S ] 900
?40007 : 800:‘ L Lk ‘x}‘)‘ I—— ‘}: L-N’: 0fX(3-872) l
8 ] 3.75 3.8 3.85 3.9 3.95 al o mmmmemm————T
3500— {_ m(J/y ') [GeV] "_,_ -
r ] 'j
0% as s 3e s 4| e mmn - [Ems, | | " coms \;’EL%Te\; ]
My 1) [GeV] fmm m i 0.5 ﬁ L=48"fb" 7
C Iyl <1.2 ]
. 0.4F -
3> non-prompt fraction : NO dependence on p,. - { ]

3 integrating over 10 < p, <50GeV(for|y|<1.2): f,»=0.263+0.023+0.016

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

» In agreement with recent results by

N

Nonprompt X(3872) fraction

IIlIIIIIIIIIIl

Qo 2630 a0 B0
pT(J/qf ") [GeV]

Y

[JHEP 01 (2017) 117]

npr-»
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X(3872) @ | : prompt production cross section

=====|||...._
2> Exploiting the previous measurements, the prompt production xsection for the _ﬂL = ||l!
X(3872) is measured as a function of p, @ central rapidities (complementary to LHCb): f’_‘“-” . ll[
prompt +o— >/ )I(S 3872) ,' \ ,pro'n:;t ------------- ::NZ\ f ’(——(—2—5_) ]/ ;?;T::;TE)\
Ox(3872) " B(X(3872) = J/prr" )= =R} ( - B((2S) = pp ):) ' !

non-prompt fraction

1;:;fﬂ,,L/** € e “~~5Tfﬁ(2s)'_””tﬂflL"
'\ '\\

Cross sections ratio measured by CMS in JHEPO2 (2012) 011 from PDG

% 16 CMS Vs=7TeV
- _ -1 ]

Q - L=481b .

Pe) i lyl <1.2 _

c L -

— ~ —LONRQCD

as) - i .. ---LO NRQCD uncertainty |

_ \

Q.

o

~

—
Q
Illllllr
H—-H

prompt
X(3872)

T

d
—
Q

N

IIIIIII

T T T T T T T T T
T T T T I T T T
N

T T T T T [ T T T 17

Lol

|

v eid

15

-
oOf

20 25
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):

_.rB
prompt _ f X(3872)

Oy (3872 " B(X(3872) — J/prtm )=

non-prompt fraction Cross sections ratio
r— LI BB I N B N B B N B B
< BN CMS Vs=7TeV
O - L=481b" ]
o) - lyl <1.2 ]
= I LO NRQCD |
m - .

J-..  ---LO NRQCD uncertainty

T

/dp
S

prompt
X(3872)
Lol

T
|

I
S
. B
’ ?
s /
¢ / i

X(3872) & (2S)
assumed unpolarized

T I TS, ST S— T
pT(J/\p ) [GeV]

—

Q

N

f

Lo edd

IIIIIII

N

,'P‘l ( prompt B(Lp(zs) +~~. )\>\’B(4)( ) ]/477T+7T )'\

J

1—f%) 47(22- L s\B(.(/i(zSo) - ‘llt‘l_l ).
_\ '\

measured by CMS in JHEPO2 (2012) 011 from PDG

2 Results are compared with a theoretical prediction
based on NRQCD factorization @ LO approach by
Artoisenet & Brateen [PhysRevD.81.114018] with
calculations normalized using Tevatron results,
modified by the authors to match CMS phase-space

D The shape is reasonably well described by the theory
while the predicted cross section is overestimated by
over 30 ! [ the same happens with LHCb data @ low p,]

» Integrating over p;(10-30GeV) [and [y[<1.2] get the
integrated cross section times the branching fraction:

ol < B(X(3872) = J/yp a*w” )= (1.06+0.11+0.15)nb
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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):

(Tp rompt
X(3872)

non-prompt fraction

1
. B(X(3872) — J/pmt )=

1%,

Cross sections ratio

% 10 CMS \s=7TeV
E s - -1 .
Q RN L=48fb :
O AN ly| < 1.2 i
c i 3 ]
— —LO NRQCD
M i i . -~ LO NRQCD uncertainty 7
o 101 N _
) g : NN -
~ [ \\\\"-.\ —
-— E\T ~ ‘\\\- \\:‘.,\ —
Q - N _
58 | 5 ]
& X N |
B - G
102 i R
_. 1 | I - | PR I P I | | I | |
10 15 30

P (J/\p v n) [GeV]

_fB
fX(3872 "P\'

N

T 7101]’1 ot ~~~ ’5(4’(25) ]/4’7T+7T )'\
( l}l’(%)} B(y(25) " ',)'>‘ (47(25) — W ) /

-
- -

""" AN

measured by CMS in JHEPO2 (2012) 011 from PDG

_————

Predictions by Artoisenet & Brateen assume,
within an S-wave molecular model, the relative
momentum of the mesons being bound by an
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.

On the other hand, one order of magnitude
lower upper limit would imply lower prompt
production rates of few orders of magnitude
[Bignamini et al., PRL 103 (2009) 162001]
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X(3872) : interpretation & prospects ? - |

2 One crucial aspect in the study of exotics is the possibility to discriminate experimentally between compact multiquark
configuration ( ccuir ) & 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)
... that leads to a radius of ~14 fm (3 times as large as the deuteron) !

. CMS /] . . . .
2> The previous ¢ | measurement is not supportlng an S-wave molecular mterpretatlon

3» 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

2> 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"™,
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X(3872) : interpretation & prospects ? - |

2 One crucial aspect in the study of exotics is the possibility to discriminate experimentally between compact multiquark
configuration ( ccuir ) & 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)
... 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

3» Pure molecular model (Swanson et al.) not supported by the @5 measurement of the radiative
X(3872) = y(2S)y sub-decay in the B* — X(3872)K* decays

2> 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"™,

JHEP 01 (2017) 117

2 Recent results on X(3872) production from @g [JHEP 01 (2017) 117] § 10_2;' ATLAS ;
i i g S s 4"

have been compared with the latter model (next slide) S P = =8 TeV, 114107
%F 1073 = —— Prompt X(3872) <

I , :

: o [ems : " . 10 E
Comparison with |~ | results provided as paper’s additional material: £ 2 - :
+j_ [ i

- ATLAS points positioned @ the mean p; of the weighted signal events ;% 107 E —4— ATLAS, |y| < 0.75, 8 TeV, 11.4fb™ E
T - <1.2, , 4. 1 .

- CMS points positioned @ the mean p; of the theoretical predictions a 10-8 _||—+— el 12, e 49,fb l —f— |
§ 0740 20 30 40 50 60 70

] P, [GeV]
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X(3872) : interpretation & prospects ? - |l

wyr-»

2> Measured prompt production xsection (times BFs), as a function

of p; is compared to NLO NRQCD predictions assuming the

X(3872) modelled as a mixture of x,,(2P) & a D’D™ molecular state

by Meng et al. [PRD96 (2017) 074014].

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 DDst, DDy aswellas J/yp, J/yw .

T

Br(X(3872)—J/y (W ) w)d?s/dp_dy[nb/GeV]

Theory / Data

102k ATLAS 4
g.- \s=8 TeV, 11.4 fo! 3
10°%E l- Prompt X(3872) -
105 +ATLAS data ]
- [lnLo NRraco - E
106 3
:| ) ) ) ) . =
10 20 30 40 50 60 70

JHEP 01 (2017) 117

X(3872) P, [GeV]

2.5
2 + ATLAS data [B]NLO NRQCD E
1.5 3
1 =
0.5¢ =
O:' ]
10 20 30 40 50 6070

X(3872) P, [GeV]
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X(3872) : interpretation & prospects ? - |l

@

wyr-»

102 ' ATLAS ]

> Measured prompt production xsection (times BFs), as a function ook = ::ri;e)\(/@;l; ° _
of p; is compared to NLO NRQCD predictions assuming the : e .

— 5 10745 3

X(3872) modelled as a mixture of x,(2P) & a D°D™ molecular state g R E ;

105 +ATLAS data ]

[FnLo NRacD -

10’6;

:I ) ) ) ) ) =

10 20 30 40 50 60 70
X(3872 GeV

JHEP 01 (2017) 117 | 3872 P, [GeV]

by Meng et al. [PRD96 (2017) 074014].

Br(X(3872)—J/y (W ) w)d?s/dp_dy[nb/GeV]

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 DDst, DDy aswellas J/yp, J/yw .

+ ATLAS data [B]NLO NRQCD

Theory / Data

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

2 Prospects for new measurements at CMS concerning the X(3872) ?

3> Precision measurements using non-prompt X(3872) from B decays may use displaced J/y 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.
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Search for X, , the bottomonium partner of X(3872)

s =8TeV (Run-1/2012)
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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)].

2 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.

D (& % )looked for X, — Y (1S) 7'~ decay seemingly analogous to X(3872) —= J/yx 7"

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)]

| - ! I ' ' ' ' l ' ' ' ' ' ! ' ' —
Sl v (29) Y(3S) CMS endcap

T T

> o IS
[} [ Y (2S) Y (3S) CMS barrel | %)
= gooo [« s=8TeV - = = 5= 8 TeV
© - L=20.7fb"' ] © 4000} L=20.7 fb'
~
» p,>13.5 GeV | » p,>13.5 GeV |
D 6000 lyl<1.2 ] 9 1.2<lyl<2.0
PLB 727 (2013) 57 | S 3 ’
© B ©
< 4000 & 2000 N
O - O
2000 . i
i BARREL 1 - ENDCAP
PSR N ST N T (N S S S [N SN TR SN (N SN T W (ST S T R S T SN T S N [N SN N SN NN S TR S [ T S PR S —'
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Search for X, - I

] ] w 1 —_ T T T ]
2> For each mass point of a mass scan (by 10 MeV-sized steps), 2 WY J\/ \ MIAYAS
- : : : . : > e | cMs T
the mass spectrum is fitted (gaussian signal with width fixed y 10 B T — 30 _]
. . . © 4| - § ]
to values from the simulation & 3™ order polynomial bkg)and ¢ 0= ( ) _________ L=207f" 4o
- — -
Risevaluatedas.. oo . 100 o | 50 —
i observed YIELDS i,-]-\;;;;-\\ D N i ; ]
-------------------- 1 1 -8
=~ ! X 1€y gy ! 10° — —
‘\ ,FE ObSl‘) i.: ( S) i —____________:“_“_"_"_"____________'_:,_‘ ______________________________________ GQ_ I
- :NY(ZS) i i 8Xb ! 1071 —=——— Observed ~_
| N r'l Y Expected for R=6.56% 76
P T T T 1 102 = 9
 overall EFFICIENCIES estimated from SIMULATION . - 10 10.2 10.4 10.6 10.8 11
Q:_E_; T T T T T T T
S cms ) + 1o Expected
- . . = 10% [ ys =8TeV + 20 Expected
Assumptions in simulation: E go [ L =20.7 fb" - .
¢ same production mechanism for Y(2S) and X, 2 6% [ EEEE———— 2
Q
¢ 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 ol i :
: : : I 1 [ H 1 ! |
(asymptotic approach & barrel/endcap CO“ZSE'"at'O“) 101 101 102 103104 105 106 10.7 10.8 109 11
*) . - = R I M, [GeV]
L] - L] : 0 é . >
[(¥): smallest p-value = 0.004 2.80 0.80 ] i Exclude masses close to Y'(25), Y(39) i %

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

JHEP 740 (2015) 199

>» Similar results from @

W»r-»
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Search for X, : prospects - |

» According to Karliner&Rosner [PRD91 (2015) 014014], the analogy with X — J/y 77" is misguided for

this particular decay channel: X, — Y (1S) 777" should be forbidden by G-parity conservation :

,,,,,

> For the X(3872) the I-conserving decay X — J/l/Jw was kinematically B(X — ]/1/)‘3-5 T )

suppressed, thus equally likely than the I-violating X — J/I/J po : B(X — J Iy n*)

_______________

> In the beauty sector Isospin should be well conserved & X, — Y'(15)w allowed (preferred if it exists) !

C x & h
2> Thus the search strategy for X, should include the Y(ls)w(% s )‘2
reconstruction of these decays with 1 or 2 photons: < X, —(x,(1P)7"7" Y(1S) V
------------------------ »Y(1S)y
X, —=Y@BS)y
\(*) No significant signal found by 3 in Y(5S) decays [PRL113, 142001 (2014)] )
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» According to Karliner&Rosner [PRD91 (2015) 014014], the analogy with X — J/y 77" is misguided for
this particular decay channel: X, — Y (1S) 777" should be forbidden by G-parity conservation :

L <&

> For the X(3872) the I-conserving decay X — J/I/Ja) was kinematically B(X = J/Iya T )
suppressed, thus equally likely than the I-violating X — J/I/J po : B(X — J Iy n*)

_______________

> In the beauty sector Isospin should be well conserved & X, — Y'(15)w allowed (preferred if it exists) !

. = Y(AS)w(—=n"n 7w

2> Thus the search strategy for X, should include the (S) ( )‘2

reconstruction of these decays with 1 or 2 photons: <{ X, e9(,,(1P T T , !
----------------------- »Y (1S)y
X, —=Y@BS)y

\(*) No significant signal found by . in Y(5S) decays [PRL113, 142001 (2014)] )

s | D)8 . EKOF'CM.SIEWI P— i

» NOT easy task for | & [ : = o % Yo = Y(AS)y

4 180}

Reconstruction of SOFT photons by conversions into the tracker ... ,_%"62: et 16 Gay \ ﬂ

140 <p;< ) g

2> ... provides enough mass resolution to resolve the two peaks (separated by 19MeV) | 120} ?' ift c

... BUT conversion efficiency is LOW ! B e S \ ]

o R

» Makes sense to use full Run-2 data ! 20-:»"“"“ T —— |

97 917;“‘918“1985“‘919“.9‘195 11010105 :

m,,., [GeV]
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Search for X, : prospects - Il

» In Run-I1l data taking we have a low enough dimuon p -threshold (at expense of a reduced ‘77‘ muon range)

collec$ed with severalldimuon triggerf

10 L=3.9f"(/s=13TeV,2017) """ 769 GiS Frelimnary 1 39715 S 18 Tev, 2017) |

> 10 Trigger paths 1 > L e I e e O
3 CMS _— .4 1o EH
& 10°E preliminary Al i § E c = 85 MeV ER
*“E) 108 Jhyp ll:. P c P (W) > 12 GeV El
o ' m— v - 5 - =1
> - doubl track [ — = 1.5 =
o 107 B, ¥ e senmonkeies: | & e0- )l < E}
10° z {0 soc =t
10 & P oo --= 40&- c '
300 =l

10* . . . e el ae & i

,£ dimuon invariant mass distribution 20E- EL

10 AL o SRRy, ] i

11

1 10

0? 9 9.5 10 10.5 1

_ w'w invariant mass [GeV] i Hu invariant mass [GeV] ;

» Adding a converted photon to Y'(15) ...
[ Y(1S)y system has vertex-fit probability >1% ] :

CMS  Preliminary L=39fb" ({s=13TeV, 2017)|
® C [Gs |
E 250 “ Xm,bz“ P,2P,3P) - Y(1S) v
- pT(p+ w)>12 GeV
2
$ 200 — Total fit
w L s S|gna|

....... Combinatorial bkg

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

100

Illlllllllllllllllll

50
B
sahastegs .'.':"'1':'- 5 5 | " .1‘:.:12—‘ (PO Coey
8.6 9.8 10 10.2 10.4 10.6
M(yu" 1) [GeV]
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Search for X, : prospects - lll

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

» With the X, far below the BB threshold and the I-violating decay mode X, — Y(1S) z*x~ 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) .

2 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=3.91fb" (s =13 TeV, 2017)]

>

®

z 250 Xy o 1P2P.3P) 2 Y(1S) v
- p,(u* ) >12 GeV

2

§ 200 — Total fit

w M s Signa|

~----- Combinatorial bkg

150 Y(18S) v+ X [reflection]

100

IIIIIIIII]IIIIIIIIIIII

50

s
s
-
-

o |

‘B

Hi 4
;;;'@bi@

86 98 10 102 0.4 106
M(yu™ W) [GeV]

ﬁ{%
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Search for X, : prospects - lll

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

» With the X, far below the BB threshold and the I-violating decay mode X, — Y(1S) z*x~ 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) .

2 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].

100

2 Thus the experiments (@ ,w,w) that CMS-DP- 2017-029 L=391fb" ({s=13TeV, 2017)|
. . > - ‘
reported observing y,,(3P) = Y(15.28)y might 2 s0f |4 a(1P2P3P) 5 Y(1S) ¥
have actually discovered a mixture of X, & x,(3P)! = [ P (* 1) > 12 GeV
It would be worthwhile to examine the Y'(nS)y § 200 — Total fit
mass spectra for any departure from a “single w L N e Signal
” . B Combinatorial bkg
BW" behaviour. 150 Y(1S) v+ X [reflection]

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

o |

" \
#;%Wi&&;;?@#
b

o) %

86 9.8 10 102 104 106
M(yu™ w) [GeV]
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Peaking structures/resonances in the J/y¥ ¢ mass spectrum

-\

Js =7TeV (Run-1/2011)
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CMS /1

B'—=J/y ¢ K decays @ |

TN

5> In 2009/2011 85 claims [PRL 102 (2009) 242002; arXiv:1101.6058 (2011)] to observe two

%7

intermediate resonances decaying into J/y ¢ while studying B* — J/w ¢ K* decays,
denoted as Y (4140), Y(4274) .

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

OMS ¥5=7Tev, L=52 1" | PTG GOIA St

> 1 Ll T I I 1 Ll T I I 1 1 T I I 1 1 T I I I_I T I I 1 | T I
2 2000 1.008 <m(K*K") < 1.035 GeV
P P I ——— » B*—J/y K'K'K"E[m(B")+30]
N 1600 90 THaad . F O\ eI _CMS, F_7 TeV, L_52fb’ _________________
2 > F_T T re— “
g 1400 g 500;— CMS § B S:dﬁt-)f_nf_fumramei?iti——-")
£ 1200 > 400}
(] -
© 1000 S 300f
o -
o0 2480 + 160 g %
600 _ T 1oof =
400 ok +: '+T T L {
200 Vertex separation -100 E_ + L L +' _f
1 1 I 1 l 1 1 1 1 l 1 1 1 1 l 1 L 1 1-02 1-04+ 1-06
215 52 525 53 535 54 5.45 o m(K'K) [GeV]
mJApK'KKY) [GeV] Negligible non-¢ components

[ B — J/wf,(980)K*, J/wK'K K]
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CMS /|

Peaking structures in the J/v ¢ mass spectrum from B* — J/y ¢ K*decays @

. . . - 34 (2014) 26

3 Observation of one structure (& evidence for another) inthe  50oCMS, Vs =7 TeV, L=52 fb" & .PL.B,7 Al .1‘.'), =
> u ¢ ]
Am spectrum by recostructing the B* — J/y ¢ K*decay 2 r — cDaia;ﬁal fit ]
. . . o Three-body PS (global fit) -
(after background subtraction by 20MeV-sized bin-wise method) N F +16 uncertainty band
5200:— Event-mixing (J/y, ¢, K*) ]
> Fitting with: Z sof E
e Signal PDF: S-wave relativistic Breit-Wigner (BW) 1005_ E
convolved with mass resolution gaussian !
50 0
* Background PDF: 3-body Phase Space Shape (PS) g #
A : 0 5
« 1-D Fit: Binned y? fit to the extracted Am spectrum SRR I

T N -
using the BW and PS shape. Am=m(u w KK )-m(u ') [GeV]

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

The Am = m(u*wK*K) - m(u*u) spectrum
with implicit background subtraction (WH ) - m{uw) sp

Is considered up to 1.568 GeV to avoid re-
flections from B, — Y(2S)p — J/Yr'n ¢
(but whole spectrum also investigated)
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Chis, |

Peaking structures in the J/v ¢ mass spectrum from B* — J/y ¢ K*decays @

3 Observation of one structure (& evidence for another) in the  300CMS. Vs =7 TeV, L=5.2 fb™ m

= N ¢ ]
Am spectrum by recostructing the B* — J/y ¢ K*decay 2 B 7 T Ciobal it .
] I e Three-body PS (alobal fit) 2
(after background subtraction by 20MeV-sized bin-wise method) § :L_I@_l_fl_o_)__ g r(eiacour{certa(%g' t?ar:g ]
200 i : Event-mixing (J/y, ¢, K") ]
2 | Peaking structure @ threshold (yield: 310=70) .___ oo E
WIth: ) — 4148 0+ 2 A(stat) = 6 3(syst)MeV ook L
T = 285 (stat) = 19(syst)MeV oL . E
o +
C PR IS S S SR ENT SR SR ST SO NN ST ST ST S ST ST SN SN S MU ST
1.1 1.2 1.3 1.4 1.5
- observed with stat. significance >50 (p-value by MC toys) Am =m(u w K*K™)—m(u"u™) [GeV]
- consistent with the charmonium-like state, possibly exotic, Y(4140) from 0
- evidence from 33 [Pro 89 (2014) 012004]

2 Naive yields’ ratio estimate: Y, 4, /Y, =0.11+x0.03% consistent with “ & with previous UL

VoK

2 Evidence of additional peak (mass-shifted w.r.t. *) that may be affected by possible K™ resonances
[see next slide]
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Chis, |

Peaking structures in the J/v ¢ mass spectrum from B* — J/y ¢ K*decays @

3 Observation of one structure (& evidence for another) in the  300CMS. Vs =7 TeV, L=5.2 fb™ m

= N ¢ ]
Am spectrum by recostructing the B* — J/y ¢ K*decay 2 B 7 T Ciobal it .
] I e Three-body PS (alobal fit) 2
(after background subtraction by 20MeV-sized bin-wise method) § :L_I@_l_fl_o_)__ g r(eiacour{certa(%g' t?ar:g ]
200 i : Event-mixing (J/y, ¢, K") ]
2 | Peaking structure @ threshold (yield: 310=70) .___ oo E
WIth: ) — 4148 0+ 2 A(stat) = 6 3(syst)MeV ook L
T = 285 (stat) = 19(syst)MeV oL . E
o +
C PR IS S S SR ENT SR SR ST SO NN ST ST ST S ST ST SN SN S MU ST
1.1 1.2 1.3 1.4 1.5
- observed with stat. significance >50 (p-value by MC toys. Am =m(u w K*K™)—m(u"u™) [GeV]
- consistent with the charmonium-like state, possibly exotic, Y(4140) from O
- evidence from 33 [PRD 89 (2014) 012004]

2 Naive yields’ ratio estimate: Y, 4, /Y, =0.11+x0.03% consistent with “ & with previous UL

VoK

2 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: D_D. molecule,
csC s tetraquark, threshold kinematic effect, hybrid charmonium, weak transition with D_D, rescattering
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Y(4140)@| "  : checking reflections

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

CMS, r 7TeV,L = 521fb"

region where large resenances [K,(1770) & K,(1820)] (seen in fixed- 3 5] PSR AR
target exps.) may appear; reflections studies are carried out: 2 k1 + '\ t Data E
! :120:—: + 1 —— Phase Space simulation—:
/ o 100f 1 R
/ Z : +
/ o0 s 80Ey E
{ ) @@ -7 oy ] =
CMS, (s =7 TeV, L=52fb N =g b E
> 400FF T T L LB LB BN .Sm(_,,—‘ z 3
§ E :" + Data B (\% ‘x\\,a"' 20:_ E
350 / \uohte. - of
S - x-==_ Phase Space ¢ et I K e I S e F
— ’f ~ . . . . K . .
~ 300F- /7 + N - = Am [GeV]
+ - /4 —”‘ -
%250;— ( + + Yo" = > Y(4140) appears to be
200F N /T~ ¢ ] uncorrelated to ¢K* resonances
150 ++ ~~8 0ny oM V§=7TeV.ls=so”
- N;'"*~ t/)/S /}7/ 2100_— 1.68 <m(K'’K'K’) < 1.88 GeV 7
100 — Ssao % ¥ ¢+ Dat ]
- + - ‘\NA:A/\ /(/74/ § 80— / - ~&T P:aase Space simulation ]
50| = L leg; = f / \ :
ok Jo 3 G T . -
- T = K 40f .
_50:1- b v b v by b b b by gl L
1.5 1.6 1.7 1.8 1.9 2 21 22 20 i "’ -
m(K*K'K*) [GeV] - H’ +
0: T +
i 17 T2 T S W
Am [GeV]
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/¢ ¢ spectrum while
studying the B* — J/zp ¢ 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)
- 70 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.

>
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Y(4140) & “buddies” : status & prospects

2> Later (2016) [PRL 118 (2017) 022003; PRD 95 (2017) 012002], by performing a full
amplitude analysis, observed 4 structures in the J/¢ ¢ spectrum while
studying the B* — J/zp ¢ 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)
- 70 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 ?

2> Started working with challenging amplitude analysis technique;
however going to apply first to an easier B decay.
Because of the high BKG 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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Search for the X(5568)

I

s =8TeV (Run-1/2012)
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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)° — Bin*, B, = J/y¢, J/y—u'u , 9—K'K~ (meaning implicitely : B'zw", Bin~, Bixw*, Bimw™ )
» 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 [ ulld 51, [b dI[5 ], [s ul[b d], [s d][b T] )

» a loosely bound BgKimoIecuIar state [ disfavoured : binding energy would be ~200MeV ]

» It would have J°=0" if produced in an S-wave or ...
JP=1I7 if decay proceeds via the chain X(5568)* — B;w* — (B,y)m* (unreconstructed Y)
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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)° — Bn*, B, = J/y ¢, J/q; —u'u , $—= KK~ (meaningimplicitely : B{w*, Bin~, B{n*, B{n™ )

» 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 [ ulld 51, [b dI[5 ], [s ul[b d], [s d][b T] )

» a loosely bound BgKimoIecuIar state [ disfavoured : binding energy would be ~200MeV ]

» It would have J°=0" if produced in an S-wave or ...
JP=1I7 if decay proceeds via the chain X(5568)* — B;w* — (B,y)m* (unreconstructed Y)
> Surprising large relative production! The fraction of Bg from X decay : ,0)?0 =(8.6x19+x1.4)%

» 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).

2 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 Bg + (undetected/unassociated) tracks [ BZ, B,(2S), B." ]

» 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].

2 can 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/w* decay :

_ o(pp — X(5568)* + anything) B(X(5568)* — Bn*) Ny
- o(pp — BY + anything) B €retNgo

Px
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X(5568) search : signal extraction

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

CMS /1

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

o(pp — X(5568)* + anything) B(X(5568)* — BYn®) Ny

Px = o(pp — BY + anything) N €m11\’1‘89
+ - i
10000 CMS mEK)E Mo (0)£10MV (5 grey i
" [ [Ny =49277£278 cwvs | ¢+ Data 149277+278 ! A
= i "ﬁ = 536654 £006MeV § | — gl_t | i o
10 8000|- o, =8.03+0.18MeV | | -~ Signa i i ko=
@ - o, =186=05MeV BaCkgrOU_“_q___L?.-??P_qlgfitP_S_
) L f =047+0.02 D rrrrersnnenanme
g 60001)( 0/0 53 pr(K”)>0.7GeV]
g T T D) pT(Bf)>10GeV
O 4000[~ L |cosa(B))>0.99
L “ 0
2000 EoN | (B> %
o RS 2 SN 5N Amsaaen e
5.2 5.3 54 5.5

- MJAKK) [GeV]

| can complement this search by probing a central kinematic region (similar to that of 3£ )
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X(5568) search : signal extraction

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

CMS i

| can 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/w* decay :

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

Px = o(pp — BY + anything)
10000 CMS m(K"K™) € M y5(9) £10MeV 19767 (8 TeV)
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= [ i = 5366.54£0.06 MeV | — Fit i i 19.7 fb™ (8 TeV)
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> - o, =18.6+05MeV ~--Background | 17 T
Q L f =0.47%0.02 2 it
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© 4000~ V1 |cosa,(B))b0.99|Hla E[PV tracks ;
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X(5568) search : signal extraction

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

CMS i

» Measure/constrain the relative production rate of X(5568), w.r.t. B!, times the unknown BF

of the X(5568)* — B/w* decay :

———
-~
~
~

| can complement this search by probing a central kinematic region (similar to that of 3£ )

- : - _ i \ £ relative i
oy = o(pp — X(5568)* + anything) B(X(5568)* — Byr™) _ yNxe.. ... S =5 econstruction b--->
o(pp — BY + anything) (€ ml:IXBE N i B  efficiency i
*=f § { |
A S S S } (next slide)

m(K'K™)E M, (¢)£10MeV

“..si from fit to the B, 7*
| mass spectrum -

B? sidebands
(normalized)

m(J/yK* K™ 7*)

~m(J/Y K K™ )+m,,.(B))

10000 CMS 19.7f0"'8TeV) _____ . |
= - N Tassrise | ] + Data 149277 +278 |
= [ i, =53665450.06MeV | —Fit i |
O 8000F o, =8.03+0.18MeV -- Signal I
> © 5, =18.6+05MeV ~--Background | i7s 7T T
o L f =047+0.02 2 it
g 6000/ (BO)/O .3 (K*)>0.7GeV
5 0 +
2 T pr(BY)>10GeV [[[[fp-(7*)>0.5GeV
O 4000 cosa, (B)) b 0.991(|" E[PV tracks
i 0 S
2000 v (B)> 1%
B - ves \'-:; M.-..v.m / p,
53 ? 53 e PR 200:7 s-r-+ Xregion
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X(5568) search : spectrum fits

————— 3> Reconstruction efficiencies derived from simulation of X (spin-0, mass & widths from I35,
PHSP decay) and B! signals. Systematic uncertainty on &, due to the finiteness of MC samples.

_____ > 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 (B3 parameters) convolved with a triple-Gaussian resolution function (MC)

CMS 19.7 fb™ (8 TeV) CMS 19.7 o™ (8 TeV)
> >
© onnl (@) $ b oté ; } o + ()
= 800 3 PHETEY a4 =600l
Te] - { * * Te] -
» 600 [T Tommm - ' PR
£ Ip(B)>10GeVvi | £ ,,[
s + £ lemmmmmmmmmeees ot
24001~ ¢ Data 2 r ¢ Data
S T — Fit S 200k — Fit
200 -
NX =—851160<—— — ---»NX=—1031122
" : L | L N . ' I I '
= 2 i i oatinh i H ] iy 4 = 2F T s 1; NI
03_ 0 :_*J ﬁr** d H’?’ * ; ,N im” * {" ; #;;i;{hl i I ?* ' ré x{’xm_ 03_ _g __{ﬂ tf"}&“ Hh“{ 6 Li $} IT%”"*}TT i ; Hi 144 § I*L Hi“ mﬁu
55 5.6 5.7 5.8 5.9 55 5.6 5.7 5.8
MA(Bgnr) [GeV] MA(B) [GeV]
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X(5568) search : spectrum fits

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

----- 2 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 (B3 parameters) convolved with a triple-Gaussian resolution function (MC)

CMS 19.7 fb™ (8 TeV) CMS 19.7 o™ (8 TeV)
B gool @ b bt faid 2 [
= 800F 3 Tt o § =600
bar Ry
° T t 2 [
600 N I n i
(0] - 1 0 1 o)
-0(3' - Ip (BS) > 10 GeVI -oa 400_
s - ¥ | lmmmmmmmmmmeees S+
2 4001~ ¢ Data ot
S ot — Fit S onnl
o [ O 200
200 .

NX_—851160<—--- | . . -——»NX=—1031122
= g-_q*px it IHH*% * HHL%H;&{HH*“;% = g .ﬂ* &&L hu*ixihn {' H Hhuh*ﬂiu*;ﬂ .m‘E
@ o e W”Hf mmwﬂnﬂ KRN T 2 ”H R Y 4”’9’}“”H§ KRG

55 5.6 5.7 58 5.9 55 5.6 5.7 580
MA(BSn:r) [GeV] MA(Blm )[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’x*) 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

>> Upper limits on o, , the relative production rate of X(5568) & BSO states, times the
unknown BF of the X(5568)" — BSOJIi decay, computed using the asymptotic CLs frequentist method :

Py <1.1[1.0]1% @ 95%CL for p,(B,)>10 [15]GeV

» Using MC of spin-1 state decaying to B:On‘i , Where the generated mass is shifted by m(B:O)—m(BSO) ,
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 by {6 PRL117 (2016) 152003

... following UL by %

r=>

arXiv:1802.01840

A
S|

» Within a kinematic range similar to that of [3£J, at pp collider, no confirmation from * .
€D [arXiv:1712.09620] is able to set a not so stringent UL: Oy <0.7% @ 95%CL

Bound states / 2018 March 13th Alexis Pompili (Bari University & INFN) 21/22 \



X(5568) search : upper limits

>> Upper limits on o, , the relative production rate of X(5568) & BSO states, times the
unknown BF of the X(5568)" — BSOJIi decay, computed using the asymptotic CLs frequentist method :

Py <1.1[1.0]1% @ 95%CL for p,(B,)>10 [15]GeV

» Using MC of spin-1 state decaying to B:On‘i , Where the generated mass is shifted by m(B:O)—m(BSO) ,
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 by {6 PRL117 (2016) 152003

... following UL by %

r=>

arXiv:1802.01840

A
S|

» Within a kinematic range similar to that of [3£J, at pp collider, no confirmation from * .
€D [arXiv:1712.09620] is able to set a not so stringent UL: Oy <0.7% @ 95%CL

_ 3CMS 19.7 b7 (8 TeV)

» Upper limits are also obtained for different ix ;CMS 4 T'=10MeV  I'=20MeV

values of natural width (I'=10 to 50MeV) & 2 2'55 : ;jgg mzx e

mass [from m(Bf)+m(Jf)+F up to 5.9GeV-1.5T] ; 2F )

of a possible Bsoyf resonance, in order to consider c_'J 1.55_

an eventual exotic state with higher mass XL

decaying to the B sr™ final state. @ I

o.5f—
Systematic uncertainty in the relative efficiency (up to 6%) for extrapolation ’i,v
to high-mass values from the low-mass simulation: not accounted in the plot =55 5-|6 N 5-I7 T 5!8 59

MA(Bgni) [GeV]
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Summary & Outlook

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

CMS tries to deal with selected topics where its 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(JS),Y(JS)]

can be the preliminary step for searches of heavy (tetra-)quark boung,sfates with Run-Il.

GMs, |

JHEP 05 (2017) 013

o, 10
M, [Gevj

Candidates / (50 MeV x 50 MeV)
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Compact Di-Muon Solenoid — u reconstruction

2 Tracking system
2 Good p;resolution (down to Ap, /p, =1% in barrel)

» Tracking efficiency >99% for central muons
g y

» Good vertex reconstruction &
impact parameter resolution down to =15um

2 Muon system
> Muon candidates by matching muon segments and a silicon track in a large rapidity coverage (|n|<24)

» Good dimuon mass resolution (depending on |y| ): AM/M =0.6+15% () J/y:=(20+70)MeV )

e(ulm)=(0.05+0.13)% , e(ul K)=(0.08+0.22)%
e(ul p)=(0.04+0.15)%

2 Excellent (high-purity) muon identification :
[ fake rates estimated in MC and data (K,, D", A )]

2> Di-muons provide a clean signature & are easier to be reconstructed and triggered on !
All shown results here involve dimuons ...

cMs L=52M" \§=7TeV
Fe g% cms < SoF + Data
> 1l [ i > L * st
g“: cous 5= g [ %‘\ pp \s=7TeV a L BO — K Tf,m' fit
P PP VS=7TeV [ | - ---Signal
3 12f L=4910" 8 a0/ [ L=49m" & 40
27F 18<p_<20GeV @ ! S . --- Comb. bkg
. . . e T . E f [ o lyi<06 5 f O
Wlth d eﬁ n Ite Gl lyl<0.6 — Signal+background 3 0 ‘ “ S 2 2N 9% 1.00 - 6.00 GeV?
. : —~ Bacigrount 8 I e . 06<iyi<12 S 30H ak Signal yield: 107 + 14
30 1 @ r gnal yield: +
. . alj/q)—>u+u_ ! Signal region [ + ‘ .ees Or nOt € H
invariant mass | S : Y(n$) = 'u- g K !
6l 20— 4 L
3 ? [t g
o 10!
10 4 !
S I S W v g KJ‘ s
[ i o ‘ ol [TLL A PP B 1 PPN SR Mrin
o T ek ey Dbk P et B P B e e e S 51 5.2 5.3 5.4 5.5
285 29 295 3 305 81 315 32 a’ﬁGevsle v 9 9.5 10 I;?'.‘S N 11 (Gev] M(K'n u'p) (GeV)
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Compact Di-Muon Solenoid - triggers

. trigger paths
2011 Run, L= 1.1 fb" Jhy |

CMS \s=7 TeV —

> Trigger system

Flexible triggers are essential to collect data
@ increasing luminosity (and pile-up).

Flavour physics analyses rely on displaced 10°
(or inclusive) quarkonium (J/y, ¥/, Y(nS)), B, 10’1;
& non-resonant dimuon triggers: -----=----------> 103

) B, — 'y

¥ WY

i low P, double muon
high P, double muon

Events per 10 MeV
S

z

1
» - fast HW (Muon Detector based) triggers (L1) 1041: CMS dimuon triggers
- SW triggers with full tracking & vtx recon. (HLT) ? : < o
.pe . . dimuon mass [GeV]
- specific triggers developed for various analyses

- ~10% of CMS bandwidth (~¥10kHz @L1) given to flavour physics
- different features & needs: rare decays/quarkonia almost 100% BKG/Signal paths
- Data Parking in 2012 : clear benefits having ~120Hz (@HLT) on top of the 25-30Hz on prompt stream

RUH-I/2011/\/E=7T6V'L ~5ﬂ?_1 Run-II/2015/\/E=13TeV:Lim ~4fb_1
* ~int
Run-11/2016/ \/E =13TeV:L_ ~ 38]7?_1

Run-11/2016//s =13TeV : L ~ 45"

2 Data SampleS: 7 Run-I/2012/\/E=8TeV:Lim~20ﬂ7_l

2 Trigger strategy for Run-Il being defined in view of higher luminosities and pile-up:
Constant work-in-progress (to stay within 100Hz of bandwidth @ L. =2 10°*cm~2s) is

crucial for the capability of carrying out flavour physics in Run-II !
The possibility of Data Parking (delayed reconstruction) is under discussion for 2018 as CMS did in 2012.

int
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Exotic charmonium-like — |

>> After the X(3872) observation (2003), many (~30) unexpected — |
states observed either @ B-factories and/or at Hadron-colliders. | W-

n4'sy)  [Faseo)
Among them: | e ™

3> 3 states of equal mass that differ for quantum numbers:
X(3940),Y(3940), Z(3940)

Mass (GeV/c?)

2 2 states with C-parity = +1 : Y(4140) and X(4350)

3 a family of vector states (Y states with /' =17):
Y(4260), Y(4350), Y(4660)/Y(4630)

2 aset of charged states: Z(4430)*, Z,(4050)*, Z,(4250)*,

Z2(3°Py)

Established ¢ states

Predicted, undiscovered

Neutral XYZ mesons

... and recently Z(3900)* 1a -
2> Few of these states were subsequently adopted into the s0 4 T
exististing cc scheme, some others remained in a limbo o~ =

(not confirmed by other experiments), ...
...but many of them, even if experimentally established, still remain a puzzle
(for many of them ... guantum numbers are not experimentally determined yet).

3> Analogue states in the bottomonium sector have been found.
“Beauty partner” searched for [see backup for X(3872) partner]

1+=

e

o+ 1+ 5

2Mp,

Mp+Mp,

2Mp,
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Exotic charmonium-like — |l

2> To explain their nature ... alternative models have been introduced:

(1) conventional quarkonium, which consists of a color-
singlet heavy quark-antiquark pair: (QQ),,

(11) quarkonium hybrid meson, which consists of a Hybrids :
color-octet QQ pair to which a gluonic excitation bound states of quarks and gluons
is bound: (QQ)g + g, (i.e. charmonium + excited gluons)

(iii) compact tetraquark [8], which consists of a QQ pair Tetraquarks :

and a light quark g and antiquark g bound by | bound states made of a diquark-

interquark potentials into a color singlet: (QQg3);, | antidiquark pair (charged and
(iv) meson molecule [9], which consists of color-singlet | doubly charged states foreseen)

Qg and Qg mesons bound by hadronic inter-
actions: (Q7); + (Qg):.

(v) digquarkonium [10], which consists of a color-anti-
triplet Qg diquark and a color-triplet Q § diquark
bound by the QCD color force: (Qq)s; + (Q ),

(vi) hadroquarkonium [11], which consists of a color- Hadro-charmonium :

singlet QQ pair to which a color-singlet light-quark binding a compact charmonium

pairis bound by residual QCD forces: (QQ)1_+ (93):- | state inside an excited state of
An essentially equivalent model is aquarkoniumanda | light hadronic matter (QCD analog

light meson bound by hadronic interactions. of the Van der Waals force) —
(vil) quarkonium adjoint meson [12], which consists of a { \ﬁ
color-octet QQ pair to which a light quark-antiquark i o

pair is bound: (QQ)s + (493)s- [ from Brateen et al., PRD 90 (2014) 014044 -

Hadron molecules :
weakly bound states formed
by 2 (or more) hadrons

2 Non-resonant kinematic effect (in proximity to thresholds) - CUSP
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Decay processes & experimental strategy

>> Decay processes

>

such as a single vector meson ( ¢ or w ), asingle JT ora JI7T pair.

3 suitable for triggering on dimuon objects ( ]/1/} y W(2S8),..)

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

3> more suitable for LHCb

3 An hadronic transition to a lighter cc meson through the emission of light hadrons,

» An electromagnetic transition to a lighter ¢C meson through the emission of a 14

3 Hadronic decay into a pair of charmed mesons ( Dl3, ...) , or a pair of charmed baryons ( A:A;

To identify the exotics:
- measure J°C that is forbidden for charmonium

- observe a narrow width above thresholds (in 3-body decays of beauty mesons/baryons)

- observe cc-like states with charged and/or strangeness (Z states, Y(4140), X(5568), ...

- look for prompt production through inclusive searches

)

To further explore them:
- reconstruct as many decay modes as possible (radiative, ...) for these states
- measure BF ratios

- observe resonance character through a circular trajectory in complex plane (Argand diagram)

(180° phase change across poles of the S-matrix;

beware: kinematical effects correspond to “Landau” singularities of the S-matrix but are not poles)
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Vector-vector threshold enhacements & beyond

2 Maybe worthy to note that the Y(4140) state is the most recent of a series of
vector-vector threshold enhancements from OZI suppressed strong processes:

Compilation by K.Yi

CMS,Ns=7 TeV, L=5.2fb' T 7
g =TI (30 v, 7
s - 1 e ~ L
g wo- _ /e 1 2 33 p¢--BES
s | ] . :
Rt [T ] 220 =25
g - AT ] § o2
E 100 T - 1 -
P ' Z { Wos
of e e 0475 2 228 28 273
B K R VR F R v R ’ ? = e (GeV/C)
M KK ) Gev - M(®d) (GeVicT)

PRD 77, 012001(2008)

- I ' I I . | 0£ T T T '7)(‘} 22'5
eI o) BaBarB-lyoK* | 3 dd--BES <5
S 383M 8B S 2of 1 Zers
7’ S =
o. [ | | s | 18T ~.
= (i 4t ~J ) £ 10
~ L J““w, | } N | mj i S s
é | :‘*1i1;:" I . T\\-\{ w 5
T ~ 2e
(S - N X ) ) ) .

mJ.Um [GeV,’C.) © - 2.25 25 275 3 °

(@) M(99) (Gevic)

Possibility to similar behaviour in pairs of heavy quarkonia?

2> So far we have discussed how many states have a minimal quark content of 4 quark, and regardless
the way they are organized and interacting [compact system or molecular system?] they can be
considered 4-valence quarks bound systems (2 heavy + 2 light):  X(3872) , Z(4430) , Y(4140)
Nothing prevents from thinking about 4-heavy-quark systems; ccut ccud cess

e.g. CCCC [Berezhnoy et al., PRD84 (2011) 094023]
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X(3872) interpretation - |

[proposed pattern by Maiani et al., PRD89 (2014) 114010]

2> Main hypothesis are :

Z_(3900)° is the neutral partner of X(3872);
» Tetraquark ( /5 =1"") Z(3900)* is its charged partner;

Z2(4430)* is its first radial excitation.

Diquark-diantiquark

2 Conventional charmonium: assignments would be x_,(23P,) or n ) with JP€ =1+ 0D>'<
BXX = Jlyn‘na’)

Unlikely: cc — pJ/y violates isospin; it should be a pure isoscalar & instead B = Ty ) =1.0£0403

» Loosely bound molecular state: suggested by proximity to DD threshold (JPC =>< 1+) 09

The size of the X(3872) as a DD* molecule is determined by its scattering length which in turn @_’
depends, by quantum mechanical considerations, upon the binding energy: e ID"'”
EXC) = m(D°D™) = m(X) = 2m(D°) + Am(D" = D°) = m(X) = (0.09 + 0.28) MeV

X(3872) would be a large and fragile molecule with a miniscule binding energy (~100 KeV')
... 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

3> Significant L would hint 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 []

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

2 Pure molecular model (Swanson et al.) not supported by
the recent LHCb measurement of the radiative sub-decay

X(3872) = y(2S)y inthe B* — X(3872)K" decays ...

0]

30

20

Candidates/(15 MeV/c?)

10

ol

- Total

- Combinatorial

[Peaking Bkg? From : missing or random Y in B decays] NPB 886 (2014) 665 M (28)yK-
S of tos el P28y
... because of the following BF ratio: s F bl
B(X(3872) — W (2S)y) 2 * 44
Ryy = =246 +0.64 £ 0.29 = F 440
YT U B(X(3872) — JAby) o
S
ot ¥ a—
TNy (2S)y [GeV/c?]
. 4 ((2009)
. Beo
| > KHCh Barnes et al.(2005), Li et al.(2009)
Prediction for pure D°D™ molecule i == Prediction for pure CC state
""""""""""" .,

s P re d I Ct

ion for admixture of c¢ + D°D™

[Swanson, PLB 588 (2004) 189, Dong et al.(2011)]

Eichten et al.(2006), Badalin et al.(2012)

o b b b b e b
7

0 1 2 3 4 5 6
R
Yy

> Alternatively to the tetraquark option (cc u), the X(3872) may have a significative

2°P.. ' : .
X.(27P..) component [see Karliner&Rosner, PRD91 (2015) 014014] 5D °+65[x61(23Pl)]

(mixed wave-functions)
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X(3872) : interpretation - llI

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

do(pp = X(J /yzx*n~)) =do(pp = x.,) - k,

where p is either a proton or an antiproton, and k = The outcome of the fits at CMS p, distribution

Z.. - Bry with Bry = Br(X — J /wn*z~). The feed-down can well account for the recent ATLAS data,
contributions from higher chammonia [e.g., y(3S)] are even at a larger range of p,, for the CDF total
negligible for the prompt production of X(3872)/x.,, so xsection, and are consistent with the value of

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

do(pp = 1., 2N

= dé((cc),) ——(05:)

p)
m

k constrained by the B-meson decay data.

™ T T T

L T T T T

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

-1 | .
107 £ )

1072

=3 [ dndaaGy,Gyypdelij ~ (c2),)(05),

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

do/dp,; XBr(X(3872)=J x*x") (nb/GeV)

J/p NLO CMS
p, and the indices i, j run over all the partonic species. The 0F =0.26. k=0.014
Imatrix element (d') is marked by “n,” which denotes the _ ® CMSDaa
color, spin and angular momentum of the intermediate c¢ ol
pair. Here we will evaluate the cross section at NLO in a; s 10 15 20 2 30
and at LO in v (the relative velocity of ¢¢ in the rest frame pr (GeV)

of x',); therefore, only n => P\" and 35" are present here.
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X(3872) in Run-Il data

2 Transverse momentum threshold is still low enough only for events triggered with a displaced J/y :

2017 data
CMS Preliminary L=39fb" ({s=13TeV, 2017)
2016 data 864 pb' (13 TeV) 3 i
2N o _cmsDp-2017.029 |
UM | e ows |
m = - - P =
@ - e Preliminary P - -
€ 20000 Iy . g N Jy t*n
n ) > 40000 —
. - Y i p.>10 GeV
- pT>10 GeV : T T t Ift
15000 [— — Total fit B — Total fi
- Bl eeees w(2s) 30000— B e y(2s)
B ? e Combinatorial bkg - oo S(c;mgt;gl)atorial bkg
10000 [T X(3872 P N =
[ (3672) 20000 —
B /. S0 epctgtesettetersy aadiihe SoPetestgen -
5000 [gs - ’; ol
§ I 10000 — §
! i
_ o b
Ll L I Ll l Ll 1l Ul l I l | 1 [ I‘Ll l Ll il l Ll il | é g‘
9 365 a7 375 38 385 39 395 4 . EE T T
My, xne [GEV] 6 3.65 3.7 3.75 3.8 3.85 3.9 3.95 4

M(J/y n*r®) [GeV]
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Dimuon invariant mass spectrum

ib L=3.9f" (Vs =13 TeV, 2017)
> 10 § Trigger paths
. o L 2 FCMS —
Dimuon mass distribution collected with various dimuon triggers. o 10 Preliminary .y
The light gray continuous distribution represents events collected with inclusive dimuon triggers i J -
with high p, thresholds. c 10 = ) b i — 3“
The dark gray band is collected by a trigger with low-mass non-resonant dimuon plus a track. 2 - = L Y W low mass double muon + track
The other colored spectra are acquired using specialized triggers which require a pair of muons w 10 E— B, double muon inclusive
with opposite charge, a vertex-fit probability > 0.5%, and specific dimuon invariant mass and p, 108 L Z

regions:
Magenta: dimuon mass within [0.85, 1.2] GeV, dimuon p. > 14 GeV, dimuon Jy| < 1.25 10°
Red: dimuon mass within [2.9, 3.3] GeV, dimuon p, > 25 GeV;
or dimuon mass within [2.9, 3.3] GeV, dimuon p,. > 20 GeV, dimuon |y| < 1.25 10
Blue: dimuon mass within [3.35, 4.05] GeV, dimuon p, > 18 GeV; 3
or dimuon mass within [3.35, 4.05] GeV, dimuon p.. > 10 GeV, dimuon ly| < 1.25 10
Cyan: dimuon mass within [4.5, 6] GeV, the leading muon p; >4 GeV ] i L

and the sub-leading muon p,. >3 GeV 1
Green: dimuon mass within [8.5, 11.5] GeV, dimuon p, > 12 GeV, single muons || < 1.5

10

02

u*u invariant mass [GeV]

L=3.9fb" (Ys=13TeV, 2017)

Trigger conditions: opposite-sign muon pair with invariant mass in range 8.5-11.5 CMS  Preliminary
GeV, p; > 12 GeV, single muons 5| < 1.5 and vertex-fit probability > 0.5% E
250
The T has p, > 12 GeV vc\-’
(2]
The y is a converted photon $ 200
w

The distance between the 7" and the y vertices along the beam direction is < 1 mm
150

The T y system has a vertex-fit probability > 1%

Fit method: unbinned extended maximum likelihood 556

o Signal: double side Crystal Ball for each peak with common n,

= m(y,,) - m(y,,) fixed to previous CMS results

m first peak corresponds to the misreconstructed decay x, (2P) — y 7(2S) (— 7(18)z*x)
o Background: exponential times power law

IIIIIIIIIIIIIIIIIIIIIII

50

%, ,,(1P.2P.3P) > Y(18) ¥

pT(p* w)>12 GeV

Total fit
Signal

Combinatorial bkg
Y(1S) y+ X

|

10.6

M(yu" W) [GeV]
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Observation of ),(3P) system - |

2 % has reconstructed X, P-wave quarkonium states [each being a closely

<

» Observed bottomonium radjative decays in ATLAS, L =4.4 6
> - ATLAS i
S0 e 1 B-8 threshold]
U) I Bttt it B
« i i %,BP) T Rotential |
m B \/ ,“:' Mass tézjiryt:enlre model 7
E 10.4 - ED) Fied: comersons B
o i i i
a B PR T e—
— P World —

> 10.2 Cor y XEJ(WZPT averagfes

C I . lass barycentre
- T (2S) -
10 - —
= T ———
oo 1P

B N / Mas)scgifycenzre World h
9.8 - ' averages —j
9.6 -
r Y(1S) ¢ T
9.4 — —
L - — J
o e (0,1,2) _
9.2 — I_ = 1 -
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Observation of ),(3P) system - |

2 % has reconstructed X, P-wave quarkonium states [each being a closely
spaced triplet spin states ( ,,, J =0,1,2 )] through the radiative decays X, (nP)—>Y(1S,28)y

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

| T

from electromagnetic clusters from e*e” conversions
(good efficiency but ... (better resolution but ...
...worse momentum & direction resolution): ... much lower efficiency):
selected energy deposits selected pairs of oppositely charged tracks
- not matched to any track - with common vtx
- pointing at the dimuon vtx - consistent with the electron hypothesis
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Observation of ),(3P) system - |

2 % has reconstructed X, P-wave quarkonium states [each being a closely

spaced triplet spin states ( ,,, J =0,1,2 )] through the radiative decays X, (nP)—>Y(1S,28)y

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

Invariant mass difference m(u'u"y)-m(u'u") calculated to minimize effect of Y —u'u” mass resolution:

S
70 ATLAS

s 60 p (u'u)>20GeV "
S eafrmmmmmmmmmm——————a
0 505_: Unconverted Photons I L;
§ o :
% - P
g of x,(P)f| %P
c = [ 1A
8 20F y \| * /
.; E — ;T\ 'l 'Y B D 4 .
= 1o @s A l

0 L L 1

LA B B

ILdt =441

I”
-

.:>

220 F T

e
-7 "
e
-

-

AY(2S) = u'u g

E.(y)>2.5GeV

wuy Candi

PR 371 PR S
96 98 100 10.2
m(upy) - mu'e) + m

Each peak represents
an unresolved triplet

P
10.4

r(18)

(GeV]

_----.-.-

10.

L
ATLA

——————————————
S e Data:Y(1S)y —— Fitto Y(18)y

) 5 = 1 f o Data:v(28)y —— Fitto V' (28)y
Y(1S)—= u'u [ 180 :—'[Ldt-4‘4 fo

----- Background to T'(1S)y

10.8

(=] =
(&)

9.6

9.8 10.0 102 104 i 10.6 10.8

m(uuy) - mew) + M s [Gelkl]

Interpreted as the previously
unobserved x,(3P) states

T ——

Bound states / 2018 March 13th

Alexis Pompili (Bari University & INFN)

BACKUP-12




Observation of ),(3P) system - |

2 % has reconstructed X, P-wave quarkonium states [each being a closely
spaced triplet spin states ( ,,, J =0,1,2 )] through the radiative decays X,(nP)—>Y(1S,2S)y

Observed bottomonium radiative decays in ATLAS, L =4.4 6

> - ATLAS ]
Oto6 Mo BB threshold ]
m B ,{ Bttt it B
é R 9/F ) T paenial
________________ ‘E'FJOA — Y(3S) o i e oo B
» | Later (2014) LHCb was able to estimate more | © - i 1
. S 0ol === -
precisely m, p and to measure for the - : P ERET :
15t time the Y (3S)production fraction (~40%) ol ¥(25) 1
due to Xb (3P@Y(3S)y . : {IIIIIIIIIIII]II\I(II1II:__I,II)IIIIIH— :
L 0o X i
N / Mass tt;;rycemre World
EPJ C74 (2014) 3092 9.8 ' averages
90 T T T B - —
Ry 8O- LHCb 3 B |
2  T0F — £\ 9.6 — —
s Vs =8TeV i ]
.‘:i 50;’_ _; : Y(1S) ¢ :
g wf | E 9.4 |- -
T WE T \ E i ]
A ge. T 012" |
@) 10E— “ “ l * X Tf 9.2 — I_ = 1 —
0 105 “ T s 07 i ]
m'r{m.;}y [Ge\"’/cz]
X [ Xp2
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Cross-check for peaking structures (B* — J/y ¢ K*)

2 More stringent quality and kinematical cuts are used to produce a cleaner sample :

CMS, fs=7TeV.L=52M
<00 e et
+ lO!?br.ﬂU('l( ) < 10265 GaV

Additional requirements:

350 Am < 1.568 GeV
. kaon pr > 1.5 GeV %8 —

= = Background

. B* vertex CL > 10%
- B* vertex detachment: >7X from beamspot ™

Candidates / 5 MeV

100
- M(K+K-) within 7 MeV of ¢ mass “
CMS \Ns=7 TeV. L=5.2 fb' 815 52 525 53 535 | 54 545
100 ' midyK'K K) [GeV]
three--body PS

i o 2 BWs + three--body PS

Solid structures appear in clean B sample.

N(B')'e,, per 20 MeV

40% of default B signal, 10X less non-B
background
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Further investigation in the whole Am region (8" —J/y ¢ k")

The Am spectrum after subtracting B°,  The extension of the Am spectrum, after

contribution but including non-B evens,  subtracting non-B background, to the full
within 1.50 (o = 9.3MeV) of the B mass. phase space.

_ e CMS. BE=7TeV,L-521" 20,CMS, IS=7TeV, L=5.2 b
L j ) » _l L I L L L I T rrrr Py rrrrgypnra III I L L L
- B mass signal region > _ —4— Data -]
§ 500 Me-1-50 < M(JApeK) < mg+1.50 . z 2503_ —4— Data minus 8° | e
« 4 g > TF —— Giobal fit | ]
2 400 4 | = 200:_ ----- Three-body PS | E
L= + -%H#- ++++ ; ) - —- Three-body PS | -
% + + 3 - extrapolation | .
% 300 150}— —
o = | =
= | =
- | -

100

Candidates in the region previously cut-off are consistent with phase-space

The absence of strong activity in the high- A m region reinforces our conclusion that the
near-threshold narrow structure is not due to a reflection of other resonances.
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X(5568) interpretation

2> 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 7],
(b dls 7], G
- a loosely bound B)K* molecular state [s ullb d], @0

- ————

[disfavoured: binding energy ~200MeV] [s d][b U] )
2> If produced in an S-wave its spin-parity would be: J© = 0"
2> However it cannot be excluded the following decay o N\ e/
(with ¥ undetected): Wj/ :

,
X(5568)° — B 7 — B y 7 NETT

In this case :

- Jh =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 unIike!)
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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 Bf & 7T candidates (*)
are not imposed in CMS analysis, because such requirements sculpt the BSOJTi invariant mass in a nontrivial way
(for instance producing a peaking shape) :

19.7 b (8 TeV 19.7 o' (8 TeV
>1200CMS 9.7 fo” (8 TeV) >1200CMS 9.7 fo” (8 TeV)
> - 0 . ) —— No requirement > - 0. —— No requirement

C (a) B, signal region AR < 0.4 = L (b) B, sidebands AR < 0.4
151000~ AR <0.3 51000~ AR <0.3
- B B AR<0.2 g B B AR <0.2
7)) L B AR <0.1 %) B B AR <0.1
£ 800 me%q £ 800
(4] - © -

2 - S C
-CC) 5001 '8 sook PHMWLH
© B S _
o i o B
400— 400 —
200F 200}~

55 56 5.7 5.8 5.9 55 56 5.7 5.8 5.9
MA(B)r) [GeV] MA(B)r*) [GeV]

AR < 0.3 : cone-cut applied by I35

(*) AR = \/(An)2 + (A¢)2
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X(5568) search : selection check

To verify the reconstruction procedure the requirement m(K'K")EM,,.(¢)=10MeV is removed,
thus allowing the B’ — J/y K decay to contribute to the B’

N

signal & the higher sideband
regions of the m(J/y K'K™) spectrum (as checked by simulation) because of misreconstrution.

Tighter selection criteria are imposed to reduce the BKG level.

CMS 19.7 tb™ (8 TeV) CMS 19.7 o™ (8 TeV)
> i ~ 1400 :
2 @ 2
o 800~ il 1200
o T i o
© 600 0. . S
O - ¢t B? signal region m v O - ,
-8 - b TR -8 B ? ; +e
G - s Sidebands S 600 § No requirement on M(K'K")
S 400 4 S 600 0. .
[ B j ¢+ Bg signal region
i fi 400 7] B lower sideband
200+ -y I BY higher sideband
[/ 2007
7’ 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 T 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
5.5 5.6 5.7 5.8 5.9 55 5.6 5.7 5.8 59
MA(BJrt) [GeV] MA(B) [GeV]

The two excesses in MA(Bthi) for events only in the higher BKG region and Bf signal region are
consistent with contribution from the decays: B, (5721)* — B ’x* — BO// T

B,(5747)* — B"’x* — B’ @)
... where the photon is not reconstructed while B’ — J/y K is misrecontructed as B — J/y KK |
Note that the peaks are shifted by m(B’)-m(B"") w.r.t. the nominal masses of the By, states.
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Further search in the B)7* system

The extension of M2(B°x*) 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
2Dipar‘timento di Fisica, “Sapienza” Universita di Roma P.le Aldo Moro 5, I-00185 Roma, Italy
*INFN Sezione di Roma, P.le Aldo Moro 5, I-00185 Roma, Italy

4CERN, 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 7 = 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, + 7
with the subsequent decays X, — B, + &, giving rise to final states such as B,x* n”. 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 Bz states, their masses should lie
below the BK threshold. A good part of the B,z invariant <~
mass spectrum is excluded by the LHCDb, but still there is a
window of opportunity left unexplored so far.
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Double Quarkonia - |

2> New findings in this frontier will potentially have beneficial effects on other measurements.
Among them ... not only rare Higgs decay to pair of quarkonia ...
... but also searches for heavy (tetra-)quark bound states.

Indeed it is possible to immagine 4-quark valence bound systems with 4 heavy quarks (e.g.
or cccC or ccbb or bbbb [Berezhnoy et al., PRDS6 (2012) 034017] ) above the relative
vector quarkonia pair thresholds, in analogy with other vector-vector systems

such as J/y p and J/y o [ X(3872) and Y(3940)/X(3915) with ccuii / ccdd content ]

or J/y¢ [Y(4140) (+ others ?) with ccSS content].
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Double Quarkonia - |

2> New findings in this frontier will potentially have beneficial effects on other measurements.
Among them ... not only rare Higgs decay to pair of quarkonia ...
... but also searches for heavy (tetra-)quark bound states.

CMS /1

> [ JHEP 06 (2012) 141 ] and | [ JHEP 09 (2014) 094 ] have measured total & diff. xsections for
prompt doubIeJ/1/J production in complementary regions of transverse momentum and rapidity:

Ns=7TeV,L=4.71
LI B BRI T B I e

L CMS

Unpolarized J/y
£ S -

When considering theM, ,,, ., around the 717, mass region
the yield in the 77, 30-signal window [(9.16 +9.64)GeV/c?]
is =15=4, perfectly agreeing with the expectations derived

Stat. unc.
—}— Stat. and syst. unc.

e ]
10 E _l_ Jhy phase space: B
F p, > 6.5 GeVicfor|y| < 1.2 ]

p,>6.5>4.5GeV/cfor 1.2 <|y| <1.43 4
P, >4.5GeVicfor143 <ly|<22

do/dM,,, ., (nb/(GeVic?))

== CMS, JHEP 09 (2014) 094 . .
from the sideband regions.
10° { ] 21 0 mmemmecae———— : ,-,7‘ ------------------------------------------------------------
| //
IIIII | 1111 | 1111 | 1111 | 1111 I 1111 | 1111 I 111 1 ’,,”
0 10 20 30 40 50 60 70 80 7
M (GeVic?) -~

Jhydiy -,

2 No evidence found for the 77, resonance ( 17, = J/y J/y) [suggested in analogy to 1, — ¢¢ ]
that is expected to be rather suppressed [but FSI may enhance short-distance Br~1074].

No evidence for any other signal (exotic 4quark or CP-odd Higgs boson of NMSSM) as well.

2> To be redone with 8TeV Run-l data and Run-Il data.
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Double Quarkonia - 1l

CMS /!

2>2> | |[JHEP 05 (2017) 013] observed for the first time the simultaneous production of two Y'(15)mesons &

measured the total xsection for the Y'(15)pair production (assumed unpolarized).

JHEP 05 (2017) 013 CMS L- 207" (8 TeV)
= [ ¢ Data
» % 25 }— All components
CMS L=207%"@8Tev) I’ S S
. P ey 6 ; 20 -+ Y(1S)-combinatorial
> 313 Y(lS )Y(lS ) candldates L R G ionirnid
[0} T 151
S T e e T 5 T °F
o e -‘% |
o 73 4 S oF i
> 6_E """"""""""" : “ ————— l "
R T | 3 ° ; T l l
- E | e guas i 1L RN N
o 41 e e B2 85 a5 G0 g
8 3i R T P 2D ﬁt projectionsm:iGevi
>~ o3 g CMS L=20.7 b (8 TeV)
8 1. 0 % F ¢ Data
— s r — All components
'g 0 10 511 o 25: -.- Signal
o ' f 20 - --‘-zggg-zgnsginatorial
c \]\ o “UC -...Y(25)-combinatorial
4] . 9 68 2 . - - Combinatorial
&) (1) 10.5 \'L\\ T F
M, [Gevy 1185 g "
& 10
simultaneous production of two Y(1S) ;:
ok RNy = AN
8.5 9 9.5 10 10.5 11

M2 [GeV]

2> This analysis will be extended with Run-Il data (diff. xsection with higher statistics;

try pairs with havier S-wave bottomonia).

3 Search for signals in double Y'(15) invariant mass to be explored with Run-Il data.
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