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Hadron spectroscopy

>Spectroscopy coIIectlng and sortlng energy Ievels e

. . .from the. wewpomt of quantum mechanics -

> An indispe nsable procedure to elucidate the
~underlyi®g dynamics from complex phenome.na "

" »>Study of hadron Spectroscopy can reveal
. properties of strong mtera{:tlons between quarks

- »New particles and decays are potentlally new tools
: of the search of NP SR |
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.' -‘7-Renaissa_nce_of.spectroscopyin heaVy'fIavor- ol

>States observed in. 2003 do not f|t in avallable models E
.+ X(3872) » J/Ymt L by Belle as the poster child . selle; PrL91 (2003) 262001

> The particle zoo is now proliferated with ’.PQ.ster.Child -
. new hadr’\s exotic or conventional -

| Exotlc hadrons 't e
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Contrlbutlons at LHCb

> LHCb has been playlng a crucial
role to the proliferated partlcle Z0o
. PC(4380)Jr 6(4450)’F X the four, g
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> More and more excited (complex) o e
 PRL118 (2017) 182001 - PRL119 (2017) 112001
- More amiplitude analyses - L | - '
performEd/needEd ot C A | \ : 80E LHCb 13 TeV
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— Total
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---Background

 Precise measurements of the o
properties: masses, widths, j*, - ¢
production, transitions, ... b
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LHCb upgrade-ll & the perspectlves

>Upgrade llina nutsheII W e . o
. The upgraded detector W|II be mstalled in LS4 (2030) of the LHC

~ + The new detectof can operate at a luminosity of 2x 1034 cm 2.5‘1,
~ ‘ten tlme’;that of the Upgrade -1 |

~+ An inte@fated luminosity of 300 fb~.is expected .

+ Capabilities of the experlment will be extended to seIectlng v, 7% n .

and low-momentum tracks, bottlenecks of many physics,

P Perspectlves of hadron spectFoscopy

+
+ A rule- of-thumb estimate is‘to scale the Run-I y|elds by a factor of +
360 for hadronic final states and 180 for muonic final states . .

- Difficult in general to predict spectroscopy Sath
AL Estlmated numbers could be wrong by order of magnltudes
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Conventlonal hadrons

RS Ry s -+

> A Iot of phy5|cs cases of conventlonal hadrons that LHCb
‘can explore with the Upgrade-ll detector, e.g.-
- .+ Precisi measurements of conventlonal heavy quarkonla
+ (Almost) unexplored B, spectrum : e '
Doubty/trlply WEEY flavour baryons and thelr exated states e. g
Y G R B by Roos Mheer Dony & T .
i Exated c-+and b- hadrons espec1aIIy baryo'ns

- -

Some of these states could be. dlscovered/studled before Run5,
 however, most of them need a muich larger sample and more
powerful detector to of fuIIy explored <
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Preductlon & polarlzatlon W|th heavy quarkenla'

¢>0bservatlon of Xc12: —>]/¢ﬂ w decays IS ° .

fundamental, which opens-a wmdow to
detailed studies of 1,2 e

.+ Excellent altss resolution to separate Xc1 and xcz = 10
. Almost b ground free | 30

> With Upgrade-II, the y|eI.ds are expected to
be around 500k - . . .

. Allow precise measurements of productlon and polarlzatlon to hlgh D1
(> 12GeV/c) region, prowdmg powerful tests to theoretlcal models

- > This also-applies to y,;, — Y(lS)u p~ decays
> PreC|se studles of double heavy quarkonla aIso need Run5
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B, spectrum e e
e - s L S. Godfrey, PRD 70, 054017 (2004) |
+ » (bc) is.a unique meson family in WEE o BESEE
~SM with two open heavy:flavors. 0 127 TR Delel

> Rich spectrum and decay modes

> Only the b!kground state B? is
- observed tihambiquously . |~ cool

‘> The Iowest excited states could
be observed with Run2 pIus %
Run3/4 data™ - T

o Upgrade-ll with 300 fb*1 and |mproved selectlons of Y,
and low-momentum tracks would allow the exated states

to be Iargelyexplored
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Doubly/trlply charmed baryons: Cpd :ﬁc, !lcc, -.Qccc |

> LHCb observed the. doubly charmed baryon
Ze using the 201 6 data, ,confirmed with the

. h'Cc
201 2 data pepEpwrE—— MeV/c2
Yield at 2016: Ny;, = 313 + 33 |
‘ Yield at 2012: NSlg =113 + 21

4 > Observation of = o and .(ljc expected

Wlth Run2+Run3/4 oo >’_ LHCb 13 TeV
- > Upgrade-ll wilk be useful to - o uop T

e Signal

- stady their properties and to _ [EXII S EE—__y
. 'search for the excited statés, | ,
‘and could be needed for  “. i O

.an ObS,erva-tiQn of ﬂz'_ct' ‘. . - 3700
o S g g o (55 [MeV/e2]
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Searches for Sar .ch, .s,,b, .(2,,,,, .(2,,,,,,... )

-+

>Searches for such baryons suffer from low productlon rate
“small branching fractlons and Iow eff|C|enC|es

; > P055|ble decay me'des to detect

* J/X. moges such as J /y5; J/BES, ] /A 1/¢A+K—
. Z.. modeS, double charm-hadron modes e

* ‘penguin topologles H, modes

: >Y|elds at Run5 can be estimated by.N(B+ —>]/II)D+) =30 + 6 at -
Run1 theoretlcal predlctlons e\al... -

| N(ER o pwER) =3000 | s T e

| Largelv depends on unknown BF and cross- -sections; and upgrade-II wnII allow
us to be fuIIy armed for dlscoverles of these (exated) states ’ i '
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Exotlc hadrons

> A Iarge amount of studles are under way and/or prospected to
understand the nature of exotic hadrons, e.g. B

' - Establishig multiplets of observed tetraquarks pentaquarks
e 'Prompt ’ductlon of exotic hadrons = . " e
e dplltu e of analysis to precisely establ[sh propertles of exotlc -hadrons
ordinary mesons |

b e Tetraquarks with open heavy flavor(s): (hb)(ud) (cc)(qq’) (bs)(ud) (cs)(ud) '

. Searchmg for analogs in the beauty ector é i .
Some of these states. could be dlscovel‘ed/studled before Run5 g
 however, most of them need a mtich larger sample and more

powerful detector to he fuIIy explored

-*
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Pentaquarks

> Two P+ States observed in /lb - ] /1ppK decays .A

‘> A Iot of open questlons |

¢ Nature of the struc;ure5° tlghtly or Ioosely’
Multlplets7

' >Eff|C|enC|e f sIow 14 n® and r* are essentlal
. for some studies - i

LHCb, PRL115 (2015) 072001

.+ .. An mcomplete I|st of decays for (p055|ble) pentaquark ¢ E. Séntopint‘o et al, P'RD'96‘(2017).014014 .
studles v/ Ab - ATDSK~ 4 ¢ = : -
v B/ —>]/1[)pp1t v Ab % AD \“‘K_ Isospin partn
4 . 0 . $ waace
v BY - ] /Ypp v Ab_>/1+p ¢ ;
. R i "
T 7 A8 S Jpprtn K
v BT > J/YpA ++ -~
AT + -‘/‘Ab° X DK_ .
Prompt P; — J/Yp . 5 - : Strangenesp partner
e A A . v Ab “’]/1/)/177 , P~ (4694) P2 (4694)
A /1_3 NP v A S /A dsSce usSes
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Pentaquark study in /1,, - )(c]pK_' '

> Observatlon of the P (4450)+ = )(clp contrlbutlon would help

s F.-K. Guo et al, PRD 92 (2015) 071502
to clarify the nature of P3(4458)" states [l o o F D oter 674035

> LHCb observed the decays /1,, > Xet, 2pK with.the Run1 data
LHCb PRL 119 (2017) 062001

: > Expected eIds at Run5

N(/lb — Xc1PK ) 8 x 10*
; N(/lb —>xcsz ) #'5.x 104 |- N

Events / (5MeV/c?)

Allowlng preC|se amplltudes anaIyS|s ;

| > Observatlon i A)'= xeo(=, ]/lljy)pK
s expected a,t Run5 N ~ 3000,
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E. Santopinto et al, .
PRD 96 (2Q17) 014014
.

Multlplet of pentaquarks

> Multlplets of the observed P states (ccuud)
should exist e Y- 4

_' > E. g. P!, —>]/t[)/1 (ccads) to be explored in e
:,; — J /1/111 decays i 2

J.-J. Wu eta RL105(2010)232001
H.-X. Chen et al, PRC93(2016)065203 4 : i . o
E Santopmto et al, PRD 96 62017) 014014 | . | i

— r;;..-f.o K
----Comb. bkg.

> 300 candidates of H; —>]/1/j/1K bbserved in
Run1 data |

| > Expected yields at Run5
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Tetraquarks W|th double charm/beauty fIavors  ' |

+ > Mesons W|th double charm or beauty fIavors such as (bb)(q Y
(cc)(gq), would unamblguousl‘y be states with.four quarks |
> (bb)(ud) is predicted by LQCD and pheno models
> (ec)(@qq)) i roposed in PRD 88 (201 3) 054029 . . e
- » (bs)(ud) (cs)(ud) proposed in arX|v 1709. 02571 are aIso good |
candldates '
> If (bb)(qq"), (cc)(qq’) have mass*es below BB or DD thresholds
- they will decay via weak interactions, otherW|se strong
| mteractlons T . e -

- For strong decays, the|r W|dths couId be narrow (pure tetraquark)
which.is helpful to be observed in. prompt productlon or broad
- (doubly ¢charged molecular states) - '

2018/3/22 o ‘ Sy Zhenwel Yang Tsmghua University . RO i, 16
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‘Searches for (cc)(qq’) states
+ >If (cc)(qq’), which decay into D*D* .or'D+,D;f, are narrow States',' |
. they could be easily observed‘in prompt production

- » Associate production of D*D* and D*D} with 0.3 fb~! data

B LHCb, JHEP 06 (2012) 141

N(D*D*) ~ 750k |
N(D*DY) ~ 150 k
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Searches for (co)(@q"): states in BJr decays

.

> If (cc)(qq ) are broad states searchlng in BJr decays |sa
~good opportunlty, B} - D"D"'DJr G

>N(BJr —>]/1/;D+) ="30 ol 6 in Run1 and to be 0(104) in Run5

> Expected eld of B} - D°D°D in Run5: ~ 100 |

CIear signal for observatlon T o TG SN e
. ' BN LHCb, PRD 87 (2013) 112012
Sample size marginal for AmAn , : :
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Summary

e LHCb Upgrade-ll will be very heIpfuI to studles of
' spectroscopy of heavy fIavor hadrons

»Alot of studies suffer from smaII productlon rate, Iow
decay ratg, and low efflclenaes a much Iarger sample |s |
essentla‘ 1 | -

- » Many studies are dlfflcult |f not |mp055|ble W|thout the -
~ Upgrade-II detector to allow the detection of slow y,
and low- “P1 charged tracks - S S |
Eg Measurlng baryon magnetlc momient W|th radlat|ve decay . 4
| P.(4450)" - P_.(4380){y [G.-). Wang et al PRD94(2016)094018]
> With Upgrade-1I' we can hopefully establish a new >
| Iandscape of hadron spectroscopy T 0

o‘ ‘¢
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Summary (cont) L

= The I.-'xperlmen ta/ Foundations of Partlcle Physics by Ro be rt
+ . " Cahn and Gerson Goldhaber -

neutral atmn has, as well, Z electrons, each with a mass only 1/1836 that of a proton. The

chemical properties of the atom are determined by Z; atoms with equal Z but differing A f THE EXPERIMENTAL
have the same chemistry and are known as isotopes. FOUNDATIONS OF
This school-level description did not exist at all in 1895. Atoms were the creation of  PARTICLE PHYSIC S
chemists and were still distrusted by many physicists. Electrons, protons, and neutrons 1 .
. , . - - : . - Second Edition
were yet to be discovered. Atomic spectra were well studied, but presented a bewilder- |
ing catalog of lines connected, at best, by empirical rules like the Balmer formula for the
- | e — ROBERT N. CAIN
hydrogen atom. Cathode rays had been studied, but many regarded them as uncharged, Lavwrence Berkeley National Laboratory
electromagnetic waves. Chemusts had determined the atomic weights of the k e o
£ £ GERSON GOLDHABER
ments and Mendeleev had produced the periodic table, but the concept of atomic number Lanwrence Berkeley Natimal Laboraiory and
had not yet been developed. G e
: - .
+ .
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S . L (o - < 4 . . ¢ 3 e S e 2



2018/3/22

R

RS HEALRAEMEATC

21



" . SRRl . ? )
L. . : o + o

.‘..

.. /.f

018322 . i BEASESMERRG

e s e



Pentaquark study in BJr - ] /1[)ppn'

P> The baryonlc decay B/ ‘—»]/1/)ppn was observed by LHCb
~using the Run1 data = ;.

> A large sample of B} — ]/IIJppTl’ decays would aIIow an S
exploratlo’of the P+ = /II}p contrlbutlon LHCb, PRL 113 (2014) 152003

>Expected ylelds at Run5 I | 5 I+ paa

— Total
--- Signal
Background

.__/-*
+

' N(B+ —>I/¢ppn ) 5% 103

- aIIowmg an amplltude analysis = “.I*

6100 6200 6300 6400

| _ . ; . . : M(J/1|!ppﬂ:+) [MeV/c?]
2018/3/22 e .. ZhenweiYang  Tsinghtia University . - . . (0 e P e 23



How to do spectroscopy at LHCb
> Prompt productlon .
) Large productlon Cross- sectlons
+ ® Large combinatarial background
- @ Difficultto disentangle broad structures

e ® leflc;l(*o ‘assess.spin -
: > Central usive production (CEP)
« © Small background | - |

©]Pc_1——]++ i .

- ® Small cross- sectlons R, 4
> b hadron SV R

.- © Small background.  + . ° e

. © Amplitude analysis can be performed to access ]P quantum numbers
e L|m|ted Cross- sectlons
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