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LHCb Spectrometer

» The first hadron-collider experiment that is dedicated to heavy flavour (HF) physics

> Thegeometryof | Lepch INRREne

VRCD  Height | 10 m
forward spectrometer Length: 204

RICH:
Separation of K, p from m:
e(K2K)=95% ¢e(m2>K)=5%

e(p>p)=95% &M Dp)=5% Vertex
Locator

RICH1

Vertex Detector:
Impact parameter resolution:
orp =20 pum
Decay time resolution:
heavy hadrons: =50 fs

| RICH2

Dipole magnet: Turicensis — l\CA#grr:lbers
Bending power: 4 Tm I?AIpOIet Tracking gafrﬁrr:_l tor
agne Stations panele
P(rekc)lszctsr;ckmg system: Electromagnetic and hadronic ~ Muon system:
e(trk) = o .
lorimeters 2u)=97%
Momentum resolution: JINST 3 (2008) S08005; calo ete oh D e MR €lu S W) ~(1 ; %
UMPA 30 (2015) 1530022 ECAL: E VEGe] el ) =(1-3)%

A
2P _05% p=20QeV

0.8 % p=100 GeV Spectrometer: | Trigger:
very good mass resolution U(‘HLB_)hh) ~ 22 MeV Highly flexible, currently have “offline quality”
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@Crg Pros and Cons of Heavy Flavour Spectroscopy with LHCb ‘ﬁ;?

» General advantages (pp interaction):
= High production cross-sections for HF (at the LHC are 103 larger than at the e*e” B factories)

I = Simultaneous accumulation of huge B, B,, B_ and b-baryons data samples

* The decay vertices are well separated from the production point
(high boost of the b- and c-hadrons)

» LHCb specific advantages (single arm forward spectrometer: 0.8°<© < 15.4°) :

I = LHCb captures a HF production cross-section, comparable to that of ATLAS and CMS (high-p;
range) in MUCH SMALLER SOLID ANGLE = smaller number of electronic channels
- smaller event size = larger trigger bandwith to store

= LHCb - forward detector (p >> p;): efficient muon identification for lower P; values

= Space to accomodate excellent RICH detectors (flavour tagging, background suppression)

> General drawbacks:

® The instantaneous luminosity is limited (4x1032cm2s1)

= The efficiencies of y, t° and n reconstruction are much lower to compare with the e*e-
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Run | Years Lum. NG O | Ocz Nucl. Phys. B871 (2013) 1

JHEP 03 (2016) 159

[fb_l] [TGV] [pfb] [H’b] JHEP 09 (2016) 013

JHEP 03 (2017) 074

1 2011-12 3.0 7,8 70 | 1400 PRL 118 (2017) 052002
2 | 2015-17 | 3.7 13 150 | 2400 2<n<4.5

LHCb Integrated Recorded Luminosity in pp, 2010-2017
» All results presented here

correspond to Run 1 data: 3 fb!
4 x 102 b-hadrons produced

s 2017 (6.5 TeV): 1.69 /tb 201 2
2 ....... ™ 2{]16 (65 Tev) -18? J,rfb ....................................... FIUPRURRRRRT = SRR
E 2015 (6.5 TeV): 0.33 /fb ?
1.8 - e 2012 (4.0 TeV): 2.08 /fb _
1.6F o 2011 (BB TeV): 111D [ T S—
: 2010 (3.5 TeV): 0.04 /fb ' '

> Run2vsRun1:

= more abundant production of
b-hadrons

= improvements in trigger and
selection efficiencies

Integrated Recorded Luminosity (1/fb)

Month of year
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> Standard states:

®

> Exotic states:

Pentaquark H-dibaryon Tetraquark
g 9
dQu 0
diquark-diquark- diquark-diquark- diquark-diantiquark
antiquark diquark
Molecule Hybrid Glueball
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Exotic states (with heavy quarks)

» About 30 heavy, potentially exotic states observed (since 2003)

> Most of them are charmonium (cc) or bottomonium (b_b) like

» Quantum numbers: P

J C
Unconventional — N Conventional

e.g mesons with
0~ 0*,1%,2*  Supernumerary atypical production and/or decays

=Unconventional charges may occur (e.g. baryon with S=1 or meson with electric charge +2)

» Tools:
angular distributions, Dalitz and Argand plots, amplitude analysis, model independent approach...

» Taxonomy (general, not universally accepted, guidelines):

P pentaquarks

X Neutral-charge resonances (most of them observed in B decays), positive parity
Y  States produced in the Initial State Radiation (ISR) processes, negative parity
Z

Charmonium-like, charged states (and its isospin partners)
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@5 Pentaquarks in A,° 2 J/Y p K Decays

> Pentaquarks Stay With us from A SCHEMATIC MODEL OF BARYONS AND MESONS
ot
the onset Of the quark mOdel,,, California Institute of Tecknology, Pasadena, California
Baryons can now be
H u constructed from quarks by using the combinations
» Intense experimental searches oo, B e e ong are made aut
(rumour about the ©*(1540) state...) of (4@), (@aqaq), etc.
> LHCb (2015, Run 1 data, 3fb) : goos o) R
T 6000F ,", 3
study of the decay A, 2 [J/Y pl K- (J/¢ = ptu) 2 soo0f I :
Huge, very clean sample of A,s: 26 007+-166 signal events, """ 1 f
background fraction: 5.4% a0t E £
1000F PR e
S |26 Standard contribution: 00 S0 S0
3 i my/prp [MeV]
o |24F J/
St Al b—’—&}wﬂ%ﬁ—w#
[~ ] -
a5l b u
ol R d_'\u}/\* A" > Kp
201 d
F Exotic contribution:
e,
mip [GeV]? d —_’__—_'_d
> Surprising structure in m(J/ p) mm) P'- the minimal valence quark content: uudcc
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@ Pentaquarks in A,° 2 J/Y p K Decays

PRL 115 (2015) 072001 |

* The full 6D amplitude analysis using the helicity formalism and Breit-Wigner (BW) amplitudes
- observables: resonance mass, three helicity angles, two angles between decay planes;
- takes into account 14 well-defined A* states and interference between both decay sequences

> discovery of two hidden-charm pentaquark-like states P (4380)* and P (4450)*

* The satisfactory description only after including two additional BW amplitudes of P_ states:

]
Y

[on]
(o]
[s5]

A{1670)
A(1690)

vents/(15 Me

A{1805)

- Af18101

E
¢
=]
(%=

2.8

My [GoV]

State Mass [MeV] Width [MeV] JE
P.(4380)" | 43804£84+29 | 205418+ 86 ﬁg (3+)
P.(4450)" | 44498 +1.7425 | 39+5+19 £ 57 (27)

Opposite parities
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@ Pentaquarks in A,° 2 J/Y p K Decays

> Argand Diagrams (for 3/2 and 5/2* hypothesis)
Data points in the six equidistant bins of m(J/p) in the range from (-I) to (+I)

0.15; 'I|\IIIIII\IIII\Illllll\IIIIHIIII\IIIIIII\IIIIII\}IIIII\IIIIIIIIIIIHIIIIL
P, (4450) | E
P.(4450)*: oosk E
Consistent with resonant behaviour N A o :
(rapid counter-clockwise change 008 E
of the phase around the maximum) e | ok (4450 P (4380) 3
<k ; E
| s | E
Tloaof ]
P.(4380)*: needs more statistics 025 | E
o3F 'LHCb , E

O3B 53 05e 0z 015 01005 0" 00501 015 01 005 0" 505 01 015 05 025 03 0s

Re AF- Re AF-

» The amplitude method is powerful but

\E - requires the A* model (spectroscopy of these states is complicated)

‘fg - can provide the detailed info about new states (mass, width, JPC...)
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YHC

Pentaquarks in A,° 2 J/Y p K Decays

» LHCb: fortification of the P_states observation: Model independent approach

. “‘5 - no need for the A* model; -\E - can only indicate the presence of exotic states
- 2D analysis in terms of (m{Kp), cosBx+) (B helicity angle of the K-p system)
» The cos @A~ ang. Distribution is expanded in Legendre polynomials (in bins of m(Kp)):
dN ’f (PYY P(cosOx-) A" resonances can contribute only J,...— the highest spin of any Kp
=" to low order momentsupto |y “_ 97 | contribution atthe given m,, bin
* < P/ > -Legendre moments: contain all the information of the angular structure of the system
as well as the spin of A* resonances
% 1000~ 5 HO - . -
s LHCh 3 Ay = J/pA e The [Kp] mass and angular distributions
S oF Ry ]y kPt are projected as reflection into the J/{ p system
B & NS > 90 discrepancy with data, assuming only A*
wb 2 M contributions (HO hypothesis)
Efs‘ ______ ‘\ » The discrepancy concentrated in the region
L B T e st of mass corresponding to the P_ states
myjypp [GeV] (best seen on the m(J/ p) distribution)
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@ Pentaquarks in A,° 2 J/Y p = Decays

B(A, — I /ypr~)
* The Cabibbo suppressed mode B(A,: _; ;//,J,;T = 00824+ 0.0024 £ 00012 1885+-50 A, candidates

* The background fraction is higher by a factor of three Run 1 data, 3fb?!

* The amplitude analysis again “'% 30 IN* ST (;) L'HCL);
* Four contributions - three of them exotic - considered : % 28; i E
N* — pr~ Reported by Belle in (J/y m) (2014) “5 zj— —
PO = i M = 4196731 17 MeV o ' -:._‘---,?c:%
P.(4450)* — J/vp I =370+ 70+132 MeV o T Ty R T T
Z.(4200)~ — J/¢m™ JP _ 1+ 2 ! e [gev]z

(The masses and widths of N* and P_ states are fixed; Z(4200) parameters set free)

————— » The data favour the existence
. of exotic contributions

CZR”

1 » 3.1ossignificance if both types of
g exotic resonances are included:
3 P.(4380)* & P (4450)* & Z_(4200)

Yields/ (25 MeV)
(ZIS'
i

_ 1 » 3.30 forthePs, assuming that the
e Z.(4200) contribution is negligible:
Ts70m [GEV] P(4380)* & P (4450)"

L s
Ry

—h
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@5 The First Observation of A ° - Xc(1,2) P K ‘ﬂ?

> Motivation: LHCb: 3fb?

1. Test the kinematic rescattering effect (KRE) hypothesis W=

* The mass of P_(4450) is very close to the [x,p] threshold " . 5
mPc-"(4450) — My —myp = (09 + 03) MeV |d » d

* If P(4450)" is due to KRE =» should NOT be observed Al 7 2
as a narrow enhancement near the [x_,p] threshold R

inthe Ay — XcipK ™ mode

2. Test the factorisation approach: the decay with x,, is expected to be suppressed w.r.t. that with

~ T T T 3 LHCb: both Ay — xapK and Ap = Xc2pK™
S YE 1:453+25 ev. |{ E . .
S 60E }I{Cb Xel # i observed for the first time
< pof \&) 290 Nﬂi- 3
= L . _ Ea . | - - - -
no120F BSA-z oK N 4 Ad1. distributions of m(x p) and m(pK) studied
— E Y - o] 4 o o . .
~ 100f 0 ol N E — more statistics needed for the amplitude analysis
= sof : | 3 : i
5 Ve srnen (TR A 3 Run 1 & 2: >1000 X, candidates
m OVE "7 S\ E|
~ ioF 170 117\ 3 B(Ay — xeapK) | ]
OE 4 o deal %% T ado2 Boww® )5 00 oy, suppression,
A() T Y= W T er 1)\, Y ERS sl i | B(Ab — o1 pK ) | C
R WMWY ¥ o ANy *
Fg') S ET R v G N TSN SN AL |

CIS

00 5650 5700 differs from ’ BUB® = xe2K™) _ 0ot 008 |
l |

6 5
0 MY A
| B(BY L K*0) '
m(xapK ™) [MeV] Nucl. Phys. B874 (2013) 663 [ T Xl AT
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» Motivation: search for possible (udscc) states, decaying to (J/y A ) pair

» LHCb: the first observation of the =, — J/¥AK™ decay

210
b » > ¢\ p/o
- ¢ Y/ PRL 117 (2016) 082002
L
== (A0 a k- Run 1 data, 3fb!
=, (43) ot ’
S <:: u
g : : g }A(p) LL (A candidates):
(u) (u) both tracks combined for
the A — px~are long
—include segments in VELO
b » » c .
- = DD (A candidates):
=14 > > d }/1 both tracks are downstream
¢ ﬂ — reconstructed using only
U V- the tracking stations
- 8 | > 8

downstream of the VELO

=

b

fag

B(Z, — J/YAK™)
B(AY = J/ihA)

> Results:

(4.19 £0.29 £ 0.15) % 1072

m(E; ) —m(Ay) = (1

77.08 £ 0.47 £ 0.16) MeV

» The amplitude analysis, in

search for (udscc) states,

feasible with the full data sample of Run 2

Candidates/(6 MeV/c?)

40

—_
SRETFON

- —$-Data
— Total fit

- Wy EK
Comb. bkg

signal

i

.l.

5900

00 5800

m(JJAK ™) [MeV]
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@5 Search for b-flavoured Pentaquarks

» The (uudcc) states observed (decaying strongly)

» The Skyrme model: JREEEANCIIY PR )
expectation of b-flavoured pentaquarks P,(bqqqq/bgqqq), that decay via the weak interaction
and are

* tightly bound (Skyrme model: the binding grows with the mass of the constituent quarks)
* narrow ([ = 6 MeV, to compare with (40-200) MeV for P_s)

> LHCb: the search for four types of P, states Run 1 data, 3fb?

Mode Quark content Decay mode Search window
I bduud Pgo p JWwKtn—p 4668-6220 MeV
11 buudd P_ _—> JWK n"p 4668-5760 MeV below the threshold
I11 bduud PIO +— J/’l,.’b K_1T+p 46685760 MeV for strong decays
IV bsuud P+ Bop, — S dp 5055-6305 MeV

(a) [ J (b) c
E _,_@é }K/:p 5 _’—"'\'\«/W/A.<C} J /lp
S uyh s S
P B ENE T Png Eaz } q)
d

P
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@‘ﬂ Search for b-flavoured Pentaquarks
> No signal observed

sp 25
z m:Lll(b z IS:_LHC:h *2 ISE_LHU’ -
Z £ o 2
g L = F S F S
] _ |“ i o g: ||.[lﬂ”]nlml ‘ . 0 |||illld 1 L
0 5000 3500 5000 5500 a3 6000
J/¢K+7r_p [MeV] m(J/pK 7 p) [MeV] m(J /YK~ 7"p) [MeV] m(J/¥ép) [MeV]

> Upper limits on the P, production ratiow.r.t. A, — J/¢ K™ p

alpp — P X) - B(Py — J/¥X)

R—
0(pp — AJX ) B(Ay — J/¢pK—)
T T T (b] T 102

< P (e LHob T L1 >
: s :
2. g 5 ©
= 1 o <. ~ |
x § 10 ) 107 a v
L © * ©
= = 3 3

5000 5500 6000 _ 3000 3300 S0 00—

m(J /YK 7 p) [MeV] m(J /K7~ p) [MeV] m(J/ K 1T p) [MeV] m(J/4¢p) [MeV]

» The limits (90% CL) on R are at the level 102 - 103
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» Reminder: the X(3872) revolution

a) @s) § o X(387
o 300 f i T
> Belle (2003): observation of narrow state - v E oo
0 - S - L i 4
Xin B — [#Tx~J/¢] K decay 2 200 % ook H o
s 5 F R N
. . & 100 ;% E 200 #J' :l'- . i
» The most studied exotic state Hoee £ o 8 S N L
by ; ] zm;[— : LHCb
® 040 0.80 1.20 s i Ao ot S

o
L,

Y L i A = i R T T T R R i d
> LHCb: JPC‘ SRR R 110 (2013) 222001 M('nt't)-M{E) (Gev) 600 800 fooo 1200 1400

> X is most probably a mixture of Xc1(2) and of I?D* molecule

» The X(4140) - evidence for a narrow near threshold structure in B* 2 (J/¥ ¢) K* decays: CDF, DO, CMS
» The X(4274) - the second relatively narrow [J/{ ¢] state — evidence from CDF and CMS
» Negative results from other experiments (B-factories)

imi - 1 CMS, Vs =7 TeV, L=5.2 fb”
™ 10 CDF Flun II Pre"mlnary L_G'O 'b ::. 300 _l 1 T 111 r]rr 1|1 &t |_ CDF
2 © [ Phys LentB 734261281 —*— Data . 3
= N i ]
> 9 CDF/DOC/BOTTOM/PUBLIC/10244 = ool — Gilobal fit = AR 0 EOSe] oo
% B o L e Three-body PS (global fit) | arXiv: 1101.6058 [hep-ex]
X(4140‘) E - X +1o uncertainty band ]
2 7 200 . — — Event-mixing (J/y, ¢, K")
L . - ————mm Event-mixing (J/y, d K*)
g © X(4300) @ I ooy Event-mixing (v ¢K°) 3
o 51 < 150 - cMs:
o 4 - . PL 734 (2014) 261
S 3 100~ =
T L o B NP = S 7
e 2 - =
[+ 1+ 50 B —
(&) 7 DO:
0 pe PR D89 (2014) 012004
1 0 H PRL115 (2015) 232001

T.Lesiak XYZ states at LHCb WPCF18 25 May 2018



» LHCb: the first amplitude analysis of B* 2 [J/¥ ¢] K* decays

* 4289+-151 candidates;

Run 1 3fb1?

nearly background free

1
|
e
=

* 6D phase space composed of m(¢dK),
helicity angles and A¢ angles

Candidates/(10 MeV)

1
_

* The amplitude analysis aimed 60
to resolve K*-> K ¢ from the potential
X—> J/U ¢ resonances

* The model with excited K*s (=2 Ko)
does not describe the data

(
.llllll[\lll\‘llllllllllllllllllllll‘\lllll

B

PRL 118 (2017) 02203

PR D95 (2017) 012002

—&— data

—e— total fit
—— background
—— I"NR
—— K (1"

—— K'(1)

—— K2 )+K'(2)
—— K (1)
——K'(2"

—— K(0)

=== 1" X (4140)
== 1" X (4274)
390 0% X (4500)
444 0% X (4700)

4200 45060 4700 4800 —— 0" NR, s
* Good description tfpon inclusion Reflections from K* states m(J/¥p) [MeV]
of four broad exotic resonances Siptre | i [o] Mass [MeV] Width [MeV] | JFC
+4.6 +21
« The X(4140) width is substantially larger _X(4140) | 84 4146.5 + 4. 5+17 | 83 21+8 1:
than previously determined (average 2 6.0 4273.3 £ 8 3+1326 06 = 11+H ! \i
of other meas.: 15.7+-6.3 MeV) X (4500) 6.1 4506 &£ 117 92 £21°" 0t [ 400 |
T X (4700) 5.6 4704 & 105;{ 120 + 31i§§ 0FF [450 |

* X(4140) and X(4274) — JP¢ incompatible with cusps and molecular
bound states - possible interpretation as tetraquarks cCS$

(no light valence quarks) or x.,(3P)

* X(4500) and X(4700) -

DD

state or X.,(4P), X.,(5P)
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Controversy About the Tetraquark X(5568) ‘Fﬁ

> DO (2016): reports a narrow structure X(5568) in the B t* spectrum

X*(5568) — Bor*
B s

A system (tetraquark or molecule) containing valence (anti)quarks with four different flavours (b,s,d,u) ?

TBC

o(pp — X + anything) x B(X — Blr<)
a(pp — B¢ + anything)

ox = (86i19i14%§ (5.1 0)

> LHCb (2016): 20x more D, than DO collab. > Not seen by CDF (27.Dec.2017):
- lack of observation of any X(5568)-like signal 3fb? AR IO o
- » Seen again by DO (29.Dec.2017):
= ‘ I ‘ I ‘ 3 ey = =
: = é :'_ iatoria _:‘
FRT L 3 || X% (5568) — Boxt
1 SR ORI R
S ; E g 150:— !!‘L=1TT+>t {' l + % i_{.g‘[ : Bs ﬁ l‘l‘ Ds X? Ds _> 'wﬂ'
5300 550 5400 5450 5500_ 5i50 5600 _t-z sooE- M _f N 300~ DO Run I1,10.4 fi! ¢ Semileptonic Da(?a)
m(D77T) [MeV] © E = ke # Hadronic Data
. 7 . . ' ' EU el - % 250 + + +
% 12000 i = S 7
sedmoawe] 4 2 : = 20 HH bttt ity
= r = e NP~ - 5
8 :EZE, HE E D:." g nll;ur*m”{} i Ilflﬁlﬁh[} Tﬂ” ;lhﬁqu?llx}“n il'Lflgl ‘H”‘,} |;l }1"111*Y b “T 'E 150~
B E 2t e rannd L TR S U S S LRSS o
9 E E -4 =
& oo s e 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000 ; 100 ‘ﬂ (Y ++¢ Ll CEPRTLN
Do B0 00 550 Si0 Sam 5500 BO — MeV 50 ‘# AL * “* *
m(J /) [MeV] m(Bsm~) [MeV] A
O s 556557 575 58 585 59
BO +
px <2% | (95 % C.L.) [t (e
m = 5566.9732705 MeVv 6.7 0]
= Similar negative result from CMS: _ +7.94+3.5 /0
& I =18.674773% MeV
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2

> Belle (2008): evidence for Z(4430) in {’n mass distribution (B” — 1)(28)7~ K™ decays)
» LHCb (2014): tenfold increase in signal yield (25176+-174 decays); Run 3fb

PRL 112 (2014) 222002 PRD 92 (2015) 112009

4D amplitude analysis:

Z(4430)~ | Model independent approach:

5L 1000 1; p——— Y P 0S T * The Krt angular distributions are extracted from
D) . — _mﬂ]'excluﬂed =T ] . . .
O I =im l data with Legendre polynomial moments and
ST - projected as reflection of the m({’mt) spectrum
~ | —— background i
% 500 — xowo - * The Kn reflections with J{K”) < 2 excluded (>80)
_"S P .
= 7 —~ T T T T T T T Ll T T T T T T T T LI
= ] > N : : L ’ i
o _ 2004 1 Lok "y -
- =] o 1. avn AT T -
0 e T e e -!: - S i Yoo~ i
16 18 20 22 < T ! ]
2 ~ .03 —
m(Z(4430)7) = 4475 £ 7713 MeV | | Moesyn- [GeV'] 2 F - & N
= A —
T(Z(4430)7) = 172 + 13137 MeV B 0.02 By $etugaett upto (R
. . . é I;";— - EEEEEEEREER] l'rn.a'54 ‘|‘ =
JP — 1+ | assignment established relative to: N \ ](;{*) R
JP | 0~ | 1~ | o+ | 9= i:‘ l_u_ug!;;? . . > \‘é—:
Sigﬂ. [0_] | 9.7 I 15.8 | 16.1 I 14-6 g K__;g Stat.uncertalty '\_‘;
Positive parity = hypothesis of threshold effect 5 38 4 42 4.4 4.6 48
—k —& “ ‘ My (28)m~ [GeV] |
D" (2007)D1(2420) and D" (2007)D;(2460) ruled out

* The most plausible interpretation of Z(4430): a tetraquark; the minimal quark content czdiz
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Conclusions

» The renaissance of heavy flavour spectroscopy in recent 15 years:

« Observation of numerous new states: many of them exotic-like

* Avivid field of research with strong liaisons between theory and experiment

» LHCb has recently provided valuable contributions to heavy
flavour spectroscopy of exotic states:
= Observation of hidden-charm pentaquarks P_; searches for b-flavoured states P,
= Observation of candidates for tetraquark ccss states in the J/Y ¢ final state

= Non-confirmation of a tetraquark X(5568)
= Confirmation and extensive studies of Z(4430) in Y’ mass distribution

» More precice spectroscopic measurements from the LHCb experiment and,
hopefully, some discoveries should follow with the analysis of Run 2 data

» LHC and LHCb upgrade: 50 fb! of integrated luminosity expected by 2030....
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