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[Search for physics BSM
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THE STANDARD MODEL

The Standard Model of particle physics 1s
a successful theory of three (out of four)
fundamental interactions that govern the
universe: electromagnetism, the strong
force, and the weak force.

It explains how all know matter is made
of quarks and leptons which interact by

force carrying particles: photons, gluons,
W and Z.

Fundamental particles acquire mass
through their interactions with the Higgs

/
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BEYOND THE STANDARD MODEL (BSM)

/ Why are we looking for physics beyond the standard\

model?

Fundamental questions to be addressed:

» Why there are three families of quarks and leptons?

» Why the masses of fundamental particles span several orders of magnitude?
» How to accommodate gravity into the global quantum picture?

Compelling empirical evidence that the standard model is incomplete!

» Dark matter
» Dark energy

» Non-zero mass of neutrinos
waryon asymmetry in the universe /
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HUNTING PHYSICS BSM

@ candidates for BSM particles: \
» Supersymmetry particles

» Quantum black holes,

» New boson partners (e.g. 7Z,...)
» Excited quarks
» Dark matter mediators

How to look for them?

Looking back to the history, often New Physics has showed up first at the
intensity frontier rather than at the energy frontier

v GIM Mechanism used to predict 4th charm quark

v" CP Violation / CKM Matrix used to predict 5th/6th bottom/top quarks
v' Neutral currents found before discovery of Z

v' Top quark mass predicted from electroweak corrections in B physics

\/\Higgs mass predicted from electroweak corrections W and Z bosons /
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DIRECT AND INDIRECT BSM SEARCHES

Direct Searches (Energy Frontier)
» Use of high-energy colliders (Tevatron, LHC, ...) to produce new particles

Indirect Searches (Intensity Frontier) € This Talk
» Production of a huge numbers of particles (B-factories, LHC, ...) needed to
study very rare processes

Which rare decays to look at?
* No SM tree level processes (SM contributions suppressed /absent)

* Small loop or penguin contribution (flavour changing neutral currents) (
 (CP Violation

* Lepton flavour / lepton number / lepton universality

QM prediction should have high precision /
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EVENT TOPOLOGY AT LHC

Direct Searches (Energy Frontier)
» H-> gg and search for X-> gg

CMS Experiment at the LHC, CERN
.\ Data recorded: 2016-Oct-09 22:33:24.645376 GMT

§ | Run/Event/LS: 282735/ 1316770314 / 669

g
(¢) Associated Production W/Z  (d) Associated Heavy Quark Pro-
duction

Indirect Searches (Intensity Frontier)
» Search for rare b-hadron decays

000000000 ——<¢——

000000000 }—Pp—r
(a) s-channel Flavor (b) t-channel Flavor
Creation Creation
\ (c) Flavor Excitation (d) Gluon Splitting
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CMS AND LHCb DETECTORS

TRACKER
CRYSTAL ECAL

Total weight : 12500 T
Overall diameter : 150 m
Overall length 215 m
Magnetic field : 4 Tesla
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» Mainly high p; physics (Higgs and
Supersymmetry) but large samples of B » b quark production o ~ 0.3 mb (7 TeV)
candidates available > ~5 10" b-anti b pairs /year

>

> B-hadrons reconstruction mainly exploits Excellent vertex resolution to resolve
excellent vertex detectors and muon detectors. fast oscillation of B, (~ 40 fs)

Excellent vertex and tracking reconstruction .
capabilities also in high pile-up » Good particle ID (m, K, p, v, p)

» Limited hadron identification, but excellent > Precise momentum resolution (~0.5%)
A Lhoton identification y |9

21-22 June 2021 M. Pappagallo 9




I

Ryk: TEST OF LEPTON FLAVOUR UNIVERSALITY
[LHCb-PAPER-2021-004, in preparatig
(> b-2>sll decays mediated by flavor changing currents. Sensitive to NP particles A
» In the SM couplings of gauge bosons to leptons are independent of lepton
flavour— Branching fractions differ only by phase space (~1)
» In SM free from QCD uncertainties affecting other observables

NP example 6.0 GeV? dB(B*—)Kﬂﬁu_)d 2
N u U u N R 1.1 Gev? dg? q
B + L K =
; Br._ L Q. . K 6.0GeV dB(B* K eve) 4
N 1.1 Gev? dq? q
ot 0= B* = I\",/;zv(l‘,S')(/'/ )
[
—~ & 240 Bt — K*(2S8)(¢+¢7)
o8 SO0 LHCb < 220§ LHCb
> s — Data 9 fb'! > 200 By — Data 9 fb! -
© 500 F ) e i o )
2 F —— Total fit 2 180 Total fit dg?®
[ N B*— K*utu- < 1608 IiNgeldi sl e B*— K*e*e
~ 4005 Combinatorial g’ 140 Bl B'— J/ y(e*e )K" T
8 300F % 120 [ Part. Reco. 1 B* = K+ete-
S E < 100E 3 Combinatorial
3 200 T 80F ;
5 g N(K*Tutpu=) ~ 3850 g 60 Y N(Ktete™) ~ 1640
100:_ ; O ;8 k e [4m(0)? — ¢
3] 2 I e 2, e 0 I S bay SN
5200 5300 5400 5500 5600 5000 5500 6000 2 H $ )
o : o i g* spectrum, showing selection regions
P P Ve ALK EET) e/ c for rare, control, and 1 (2S) channels
Rik = 0.846 19912 (stat) $2-013 (gyst . . .
4 “0.039 (Stat) Zg 012 (syst) Evidence of LFU violation at 3.10!
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R(D,): LEPTON FLAVOUR UNIVERSALITY %

/ #+/T+
W+§

Test of lepton flavour universality using . )
the transitions b — ctv transitions x,,. ) ) ‘X
q)
Study of the semileptonic B —» D; £*v, decay ratio RUN1 and RUN2 data
R B(B? - D7ttv,).
s/ — 0 -+ : _ g
B(By = D u V,u) Dy > K*K™m
HADRONIC @
tt >t nt(n)v, m.
_—— D@
- L4
PV

\_ _/
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r F. Simone et al.

SEARCH FOR THE 7—3u DECAY

¢ T—3u transition
v doesn’t conserve the lepton family number

v" doesn’t involve neutrinos in the final state
» Charged Lepton Flavour Violation (CLFV)

Neutrino flavor violation - CLFV (e.g. 7—3u) also allowed

1

% Suppressed in the Standard Model: Z/y m

Branching Ratio t—3u (SM) ~ 0(107>%)

from the most recent calculations, EPJ C79 (2019) 84 = VTX V. H
+ Enhanced BR in SUSY, 2HDM ,;{/<

7—3u (BSM) ~ 0(1077 = 1079) oA a

https://doi.org/10.1016/i.physrep.2005.08.006 ‘\

https://doi.org/10.1103/PhysRevLett.89.241802

The rates for CLFV processes are expected to provide
information regarding the nature of new physics
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https://link.springer.com/article/10.1140/epjc/s10052-019-6563-4
https://doi.org/10.1016/j.physrep.2005.08.006
https://doi.org/10.1103/PhysRevLett.89.241802

r F. Simone et al.

SEARCH FOR THE 7—3u DECAY

Run ll, pp @ 13 TeV
2016: 33 fb-!
2017: 38 fb1

2018: 59.7 b

B* (12%)

Heavy Flavour (HF) (D — tv, B — V..., B — D(1V)...)

W (0.01%)
large cross section; low p; high n; high background

BO (12%)

T sources Heavy Flavour (W)

relatively small cross section; high pr; low background
CMS is capable of exploring both (unique!)

B. (3%)

D* (3%)

D, (69%)

\_ A
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F. Simone et al.

CMS Preliminary 33fb" (13 TeV)
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No signal observed

Run ll, pp @ 13 TeV
2016: 33 fb-!

2017: 38 fb""

2018: 59.7 fb-1

BR(t — 3p) < 9.2 x 108@90% C.L.

Br(t—3p) < 19.5x10® @ 90% CL

» Analysis of 2017 and 2018 data 1s ongoing, INFN Bari group works

NFN Bari group works on 7—3u dedicated trigger implementation

on the Heavy Flavor channel
> 1
for Run3
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Hadron Spectroscopy




SPECTROSCOPY IS A HOT TOPIC

Discoveries in spectroscopy are between the most cited papers

. T Observation of J Resonances Consistent with Pentaquark States in A) — J/yp K~
Observation of CP violation in the B® meson system /yp a b /YK p

Decays
BaBar Collaboration « Bernard Aubert (Annecy, LAPTH) et al. (Jul, 2001) k LHCb Collaboration « Roel Aaij (CERN) et al. (Jul 13, 2015)
Published in: Phys.Rev.Lett. 87 (2001) 091801  e-Print: hep-ex/0107013 [hep-ex] Published in: Phys.Rev.Lett. 115 (2015) 072001 » e-Print: 1507.03414 [hep-ex]
pdf (@ links @ DOl [3 cite Is pdf @ links @ DOI [ cite
. . f i " + + 9+ p—
Observation of a narrow meson decaying to D} 7 at a mass of 2.32-GeV/c? Test of lepton universality using B™ — K £"£" decays

LHCb Collaboration « Roel Aaij (NIKHEF, Amsterdam) et al. (Jun 25, 2014)

BaBar Collaboration « B. Aubert (Annecy, LAPP) et al. (Apr, 2003
( Vi ) ( Pr; ) Published in: Phys.Rev.Lett. 113 (2014) 151601 « e-Print: 1406.6482 [hep-ex]

Published in: Phys.Rev.Lett. 90 (2003) 242001 « e-Print: hep-ex/0304021 [hep-ex]

pdf @ DOI = cite %) 1,086 citations
pdf & links & DOI [= cite %) 903 citations

Measurement of the ratio of branching fractions B(B® — D**7~%.)/B(B" —
Observation of a broad structure in the 777~ J/w mass spectrum around 4.26-GeV/c2 D*+M717ﬂ)
BaBar Collaboration « Bernard Aubert (Annecy, LAPP) et al. (Jun, 2005) LHCb Collaboration « Roel Aaij (CERN) et al. (Jun 29, 2015)

Published in: Phys.Rev.Lett. 115 (2015) 11, 111803, Phys.Rev.Lett. 115 (2015) 15, 159901 (erratum)  e-Print:

Published in: Phys.Rev.Lett. 95 (2005) 142001 « e-Print: hep-ex/0506081 [hep-ex] 1506.08614 [hep-ex]

pdf (@ links @ DOl [Z cite %) 901 citations pdf @ links @ DOl [S cite 2 868 citations

Observation of a narrow charmonium - like state in exclusive B+- ---> K+- pi+ pi- J / psi
decays

Published in: Phys.Rev.Lett. 91 (2003) 262001 « e-Print: hep-ex/0309032 [hep-ex] ®

pdf & links & DOI [= cite @

Observation of large CP violation in the neutral B meson system

Published in: Phys.Rev.Lett. 87 (2001) 091802 « e-Print: hep-ex/0107061 [hep-ex]

pdf @ DOI [= cite %) 1,065 citations

Study of et e™ — ta J/t/} and Observation of a Charged Charmoniumlike State at Belle
Belle Collaboration « Z.Q. Liu (Beijing, Inst. High Energy Phys.) et al. (Mar 30, 2013)

Published in: Phys.Rev.Lett. 110 (2013) 252002, Phys.Rev.Lett. 111 (2013) 019901 (erratum)  e-Print: 1304.0121
[hep-ex]

pdf (@ links & DOI [= cite B datasets %) 716 citations
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FWHY SPECTROSCOPY DRAWS SO MUCH
ATTENTION?

/>The discovery of new particles provides valuable \

information on probing the limits of the quark model
» New states, bound by QCD, do not test the SM per se
» However they do provide insight into a still-to-be-fully-
understood corner of the SM, namely confinement
» Understanding strong interactions could be important for
new high energy phenomena
v' Higgs boson as a composite state

v' Strong interactions in a dark sector (e.g.
arXiv:1602.00714)

\ v" Hadronic dark matter? /
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50+ NEW HADRONS AT LHC(C!

Over the past 10 years the LHC has discovered 59 new hadrons

ATLAS (2), CMS (5), LHCb (52)

LHCB-FIGURE-2021-001

™\
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r G. Robertons, M. Pappagallo, M. Needham

SEARCH FOR PENTAQUARKS IN X_.D() STATES %

K The LHCDb collaboration announced the
discovery of the first pentaquark states,
coming from a /A, baryon decaying to a
J/YpK: final state. Two of the observed
structures occurred very close to the X.D®
mass thresholds

» Due to the implications of isospin symmetry,
it 1s expected that there will exist a multiplet
corresponding to the pentaquarks shown,

\ with differing total charge.

Loosely — bound pentaquark Tighly — bound pentaquark

- J/ (cc)p(uud) suppressed (P narrow) - J /Y (cc)p(uud) easier (P} wider)
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Table 1: Different possible combinations of X_baryons
with D mesons to produce the isospin multiplet.
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THE PUZZLE OF THE EXCITED D, MESONS

D
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\®)
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D
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25+1LJ ISO 3S1 IP() 3P1 IP1 3P2 lDl 3D2 1D2 3D3

{

Inclusive studies of D /() 1mx®
[BaBar, PRL90, 242001][CLEO, PRD68, 032002]

: —--- Dy T :
- D‘* DsZ ég -
— D_*(2860) D #(28603
- ---DA2S) -
r D@80 4
__I)M(j(»ltly — —F _Dis;*- __
e WU ) 417 —p*K
i I Dr ® D>‘(I25‘36'§ |
- D, (2460) —
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i . 1 |
I P o ]
- _D‘S*- -
s |

jq 1/2 172 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2

JPoO ot 1t 1t 2t 1 2 2 3
Surprisingly
narrow!
i Mass (MeV) Width (Me\}{\
*(2317)F  2317.7+0.6 < 3.8/
D,1(2460)*  2459.5 & 0.6 <35
\. /
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ch
STUDY OF Bs'>D*(2010)- K’ n* DECAY CHANNEL \

» The production of D,** in B’ decays can help understanding

the nature of these states
» Dalitz analyses involving DK final states have been also
performed in B.° decays:
__________ Excited charm-strange states above the D*3(2573) seen in D(¥*)K
N B BT e ] |\ spectra in collisions BaBar e*e- and LHCb
e 1t Dyt By ]
O 2 8 - --- D, *(2860) D_*(2860)] I
=1t ] State Mass Width Comment
2 i 11
N2I6-D\/—S))\‘(—) - — - - - - —_- BaBar
= T . 4 10 D¥ (27007 27104+21)? 1494+ 773 Seenin DK and D*K
240  ——- ok Dr,(2860)" 28624273 484 346 Seenin DK and D*K
5 23_ ) ; D.(3040)~ 3044 £871Y 989857 Seen in D*K only
I ] LHCb
2:—__3__ - Dz, (2700)  2709.24+1.9445 11584734121 Seen in DK and D*K
L 1 D%;(2860)" 2866.1+£1.0+6.3 69.9+3.246.6  Seenin DK and D*K
#*L,'s, °s, 'p, P, 'P, P, 'D, °D, 'D, 'D; D7, (2860)~ 2859 + 12 159 4 23 From Bg - DK~ xt
J, V2 V2112112 312 312 32 312 512 512 D%,(2860)"  2860.542.6 3£ T From BY — DOK =77
JOO T 0T 1t 1t 2t T 2 23 -
[ Now investigating D*K final states in B" decays ... ]
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r A. Palano, M. De Serio, A. Pastore, M. Martinelli
ch
)

STUDY OF Bs'>D*(2010)- K’ n* DECAY CHANNEL

B(B° > D* KO, 1*) = (3.0 = 0.8) x 10+ * major background for B? > D* K® n*
’ with LL KO, :
« BY% > D* K% n* has not been observed B(B? > D* n*nn*) = (7.21 %+ 0.29) x 103

(D*(2010)- KOs mt+) invariant mass
§ 2000~ Entries 110381
© 1800 —
g2 E Run2, . . '
£ 1600/~ LL data sample signal mainly due to
E 0 - -
1400 B®->D*m'mn” 3 220F Entries 5654
1200 ;_ LHCb E 2005_ Bo
1000 . % E
ook Unofficial TMVA & 180 One example
= 160
o “ LHCb (beltg > 0)
400 =f Unofficial
2001~ 100
D06 "2055 51065155200 5250 5300 53D 5400 54505500 sof-
m(D*(2010)- KOs nt+) (MeV) 60:—
PDG B® mass = 5279.64  0.13 MeV :
PDG B°, mass = 5366.88 + 0.17 MeV 20
O b~ 4005 57065200 33058400 55003600 5708
m(D*(2010)- KOs n+) (MeV)

)
_
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WHAT WE KNOW ABOUT D_,(2460)*

[> Observed in prompt production and from B decays D1 (2460) \

> Absolute branching ratios of three decay modes | Decay Mode | BR (%)

> JP=1"
> m = 2459.5 = 0.6 MeV
> [ < 3.5 MeV at 95% C.L.

o

D0 | 48+ 11
Dty 18+ 4
Difntr~ 4.34+1.3

TOT 70 £ 12

11

Largely dominated by
m = 2460.2 = 0.2 = 0.8 MeV
from D4;(2460)*>D * o* 1" decays
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FIG. 33: The invariant mass distribution of (solid points)
Dl nt7™ candidates and (open points) the equivalent using
the DI sidebands. The curve is the fit described in the text.
The insert focuses on the low mass region. The dotted line in
the insert indicates the D} ;(2317)" mass.

[PRD74 (2006) 032007]
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r F. Debernardis, A. Pastore, M. Pappagallo

SEARCH FOR Dg; © D¢ pp DECAYS (S

)

Search for Dalitz decays of D,;(2460) by using the CF decay mode:
Dt > K*K-11* (5.45 = 0.17)%

= 3
>0 DL e ]
O i Dg _D_S_Z_Dg* ]
O 2.8 ---- D_*(2860) D_*(28603
—_ 4
@ - ---b®S)
- D.(28)*(2700)
§ 2'6 __IJMQQ(»IH) __
---------- ek S i 101 ¢
B D* .
2'4:_ _________ _'_?_(2_4 ________________________ -1DK
i D *(2317) |
22F _
- B ‘\
o . D (2460)* 2> D f p~u*
i A 1 sl S
\ Y J v J - )

2S+1LJ ISO 3S1 1P0 3P1 IP1 3P2 ID1 3D2 ID2 3D3 P _ .\ P P
J V2 12 1/2 172 312 3/2 3/2 3/2 5/2 512 J=1 JE=0 Jr=1
JFo 1 ot 1t 1t 2t 1 2 203

21-22 June 2021 M. Pappagallo 24



I

DIQUARK: A BUILDING BLOCK OF HADRONS?

f> The heavy quark effective theories (HQET) predict the masses of the heavy
mesons/baryons by a perturbative expansion of Aqcp/mg ~ 0

» Precise measurements of the excited heavy meson properties are a sensitive test of
the validity of HQET

» The observation of new baryons and measurements of their properties provide
information about the role played by diquarks in baryons, which can also help to tune

\_ tetraquark and pentaquark models.

~

/
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P-MODE A-MODE

[Phys. Rev. D92 (2015) 114029]
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P-WAVE STATES

» Baryons made of 3 quarks (fermions)
» Wave function must be antisymmetric under interchange of any two equal-mass quarks

[ lqqq) 4 = |color) 4, X |space, spin, flavor) ¢ ]

5;=0(A)—» 65 () —> ji=1: Z(5,2) Eq(3,2) Qg(z,2) (1-a)[651,0,]
®<

Jr=0: Ao (5) Eeo () (1-b) [35.0,1,9]
s;=1(8) —>3p (A)<J'l LA (2,2) Eal(z,2) (1-¢) [3p,1,1,0]
)

- (
T’ 3c(A) J1=20 A (5,3) En(3,3) (1-d) [35,2,1,0]
- 5;=0(A)—>Fp(A)—> 1=l Ag (5,5) Eq (5,9) (2-2) 3. 1.0.]
3 1,=0(S . - =0 (1" -
10 Ji=0 T () EG () Qi) (2-b)[65.0,1]
Credit: M. Pennington ~
AIP Conf.Proc. 1432 (2012) 176-184 s;=1(S) —> 65 (S) < z =l 2 (5,3) Zg(5,3) Q4 (5,7 (2-¢) [6,1,1,4]

)
7, %_) 02( 27: % (2'd) [6F72917/1]
[Phys. Rev. D91 (2015) 054034]

jl:2: 202(%77 %_) EC’Z

[ 7 excited L =1 Q_=» 5 A-mode excited states ]
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I
P-WAVE STATES

» Baryons made of 3 quarks (fermions)

» Wave function must be antisymmetric under interchange of any two equal-mass quarks

[ 999) 4 =

|color) , X |space, spin, flavor) ¢ ]

3
qq
T 3¢ (A)
q
3

Credit: M. Pennington
AIP Conf.Proc. 1432 (2012) 176-184

5,=0 (A)—> 65 (S) —> Jji =

s,:l(S)—>§F(A)< | =

5;=0(A)—>3p(A)—> ji= Lt

S1=1(S)—>6F(S)< 1=

12 (3,3

———\

ad(%,%)f Q. (+,%) 1 (1-a)[6,,1,0,0]
20 () | (1) B0
Eq (,3)] I (1-¢) Bp.1.1,p]
Ea(7,9) ] : (1-d) [3.2.1.]
Bt (1 %‘): I (2-2) [35.1.0.4]
2 (1) :QCO(%) : (2-b) [6.0.1.4]

EC,I(Z’Z ) ch( H] ) I (2 C) [6F’1’1’]

So (2, 9) Eca(%,nmcz )I' (2-d) [6,,2,1,7]

[Phys. Rev. D91 (2015) 054034]

[ 7 excited L =1 Q_=» 5 A-mode excited states ]
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r A. Palano, M. Pappagallo

FIVE NEW EXCITED Q°, STATES! &

[LHCb: PRL 118 (2017) 182001]

(> Observation of 5 new excited Q). states! Two of them extremely narrow
» First time so many states observed in a single mass spectrum
» Comprehensive explanation of all peaks challenges our current

Phys. Rev. D95 (2017) 116010

\ knowledge Yy
N F T T I T T T .
2 4005 LHCb A Are they orbitally excited (I.=1) states?
E i +EK ) Or radiatally excitations? Or...
~ L — Full fit .
> 300' --- Background
% 5 F_ied.'gol;”nz . TABLE II: Spin-parity (/) numbers of the newly observed Q. states suggested in various works.
- E_ sidebands
% - - State |[191  [20] (210 [23] [29] [25] [27] (28]  [32] [26] This work
% 200'_ 7 Q.(3000) 1/2- 1/27:(3/27):1 27" 12-"1]2% 127 1}2* or:3)2% 1)2~ 1/2-
@) L Q.(3050) 12 1/27.(3/25)::1 /279527 3] 27 127352 or T2+ 327 3/2%
N Q.(3066)|1/2* 1/2* or 1/2- 3/27(5/27) 3/2~ 3/2 5/2 3/2° 3727 1/2* 372
i Q.(3090) 3127 (1/25) 312 1/27i1 ]2 327 5/2~ 1:/2* 5%
100 Q.(3119)]3/2* 3/2 5/2°:(312:), 5/2-"3/2: :3/27 :5/2:5]2 057 /2% 3/2% 1/27 T/2% or:3/2"

3000 3100 3200 3300
m(E'K") [MeV] [

...are they pentaquarks? ]
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FIRST EXCLUSIVE OBSERVATION OF Q_**0IN
Q, —E KT DECAYS

Candidates / (12 MeV)

90
80
70
60
50
40
30
20
10

)]

21-22 June 2021

LHCb 9 fb!

IV,’II‘|IIII|IIII|

—+— Data
Total fit

OpEKpr (ot
- QEN—EIK
- O—EKK

- Combinatorial background

S. Mitchell, M. Pappagallo, M. Mikhasenko

wich

[LHCb-PAPER-2021-012, in preparation]

@ Strict exclusivity cut = No feed down!
@ Same four peaks (no clear fifth)
@ + the threshold structure

{42, background
12 background

Preliminary

Candidates / (2.5 MeV)

I|I|II|IIII|II

Preliminary
b
6200

m(E;

Ny — — ==/ ey o s s B B B
= ]

—

hep A 8 ey £ |CR RS pARAGR Y]
100 120 140 160 180 200 220

") [MeV]

M. Pappagallo



r
COMBINED SPIN TEST S

[LHCb-PAPER-2021-012, in preparation]

A popular J¥ assignment: the narrow states are A-modes in the

natural order 1/2-, 1/2-, 3/2-, 3/2~, 5/2~
[Karliner:2017kfm, Padmanath:2017Ing, Wang:2017zjw]

Preliminary Excluded by 3.60
~— L L L I L L L L -
Ol 5 Dua 1l «~—r——r——1

2 20 r 1 —— Total fit n % 400 E
N _ LHCb 9 fb -.=- Non-(2, background - p= -
Q B 1 / 2 (2 20 ) ----- Non-, " background ] = B
w2 B . = B
L 15 — S 300
= J#1/2(360) 1 5 Tp
S 0 1 R i
6 10__ 1 ] 8 200:_
5 8 100

|

tghiﬂ!@““li‘iiﬂiﬂﬂi}“ﬂ“i

050 a0 80" 80 100 120 140 160 180" 200 220
m(ZK") - me. = m,- [MeV]

3100 3150
m(Er K) [MeV]

3000

Adapted from Fig. 2 of arXiv:[1703.04639]

3050

to be revisited!
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Z . SPECTROSCOPY ¢

5,20 (A)—> 65 (S) —> ji=1: 2y (5. [E4 ()| Qu(5.9)  (1-a) [6,.1.00]

ﬁfi (1) (A)®< J1=0: Ay () B (7)) (1-b) [35,0,1,0]

5= 1(8) —>3p <A><ﬁ= LA (L) | Ea (1.9) (1-¢) Bg.1.1,0]

3c(A) Ji=2 Ao (L) | Ea (2,9) (1-d) [3.2,1.,0]
5/=0(A)—>3p (A) —> i=1: Ag (1,2 B (£,2) (2-2) [35,1,0,1]

ﬁg'?(s)®< =00 () |26 Qo) @H6.0.14

5= 1(S) — 65 (S) {jl LS, (OB ()] Qu (55 20 [6,.1,1]

=220 (5. 25 ()] Qu (5.5 (2-d)[6,2.1.1]

a8 \ T *%0 S T 0t 17
%2000 e > S I TT
i 1500 L. Lagrange, M. Pappagallo, F. Muheim
s m(£2,(3050)°) — m(Z(2923)°)~ 125 MeV, Rkt D 5 o+t
_g —c —C 7T 7-[
5 100 1(£2.(3065)%) — m(=,(2939)°) ~ 125 MeV, : -
8 f TL(QC(3090)0) _ m(50(2965)0) ~ 125 MeV. R. O,Nell, M. Pappagallo, M. Williams
500
i L,L_\A_ L Ec**+ 9 AC+T[+ K
° m AICPI(;—) - m(AD 2_0,21([(—) [Me\;’]oo / F. Oliva, M. Pappagallo, M. Williams
.
[PRL 124 (2020) 222001]

E. Gabriel, M. Pappagallo, F. Muheim
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AMPLITUDE ANALYSIS OF B*2>(K/(Km)K*

A. Palano, M. Martinell1

[ et L ot
e

. . - () - .
O In this analysis we study the KoK 7 system in the B" decay

BT - (KeKm)K™

O We have two different final states (charge conjugation is implied).

Bt 5 KK nTK™,

Bt 5> KoKtn K™

0Bt — KeK 7t K" (79565 events) and BT — KgKTn~ K+ (76180 events, two

combinations per event).

- =
§ - ' LHCb
© 3000 ..
2 - Unofficial
I~ 1
e .
2000}~ "
[= J/I|'
1000~ = Xy M(29)
: "‘..I“W""-:--d/w-’\amv_.,s,n¢ oy "\'v""w: .J‘ '.1.\,‘_.'-_Mﬁ"m.-ﬂ',‘.«'m.‘_.‘
ol ¢ ; . L L ..
2 3 4

21-22 June 2021

m(KgK'm) GeV

events/10 MeV

M. Pappagallo

4000

3000

2000

1000
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+ Mot
"
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r
AMPLITUDE ANALYSIS OF B*>(K'.Kn)K+ 5SS

| Plan of the work '

e Precise measurements of the charmonium resonances parameters.

e Measurement of the partial BY — (cé) K™ branching fractions.

e Dalitz plot analysis of the n. — KYKm decay.

e analysis of the K9 K system in the threshold region.

HCb
_;Lofficial

e Amplit

o 6()0’ 600

9: -
S 400p 400

2001~ 200k

mZ(KZ:r‘) GeV?
mz(Kg.f) GeV?

o N W (S )
R R R

IS -

m?(K n*) GeV?
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A,? EXCITED STATES

[A‘,’, excited states in CMS: AY - J /¢ A and AY — ¢(25)A]

M(A,(5912)°) = [5912.32 + 0.12(stat) + 0.01(syst) + 0.17(mppg(A%))|MeV

M(A,(5920)°) = [5920.16 + 0.07(stat) + 0.01(syst) + 0.17(mppe (AL))|MeV

M(A,(6146)°) = [6146.5 + 1.9(stat) + 0.8(syst) + 0.2(mpps(AY))]MeV

1M(Ab(6152)°) = [6152.7 + 1.1(stat) + 0.4(syst) £ 0.2(mppg(A)))|MeV

600CMS | Admvs Apmr—mt [13TeV)

i

m._ [GeV]

5750 . -

6.05 6.‘10
M [GEV]

2

0

Candidates / bin

eMs | Admtvs AYmtm

T

Candidates / bin

6.65 6.|1 0
My, [GEV]

6.00

Ifx IS*)i — Ajm* vetoed: bump disappears

21-22 June 2021

M. Pappagallo

A. Pompili & A. D1 Florio et al.

( cms up to 140 fb' (13 TeV)
> 100F

2 ™t Nsoz0 = 159 + 14 |14.50 i E:ta

- 80 - — Signals

ﬁ L ---- Comb. bkg.
3 60

2

S F

O 40_—

[ Ngos, = 284 458
20 570
O— - RQELRGF 1" . L PR L
5.91 5.92 5.93 5.94 5.95

First confirmation of 4, (5912)° mo.. [GeV]
and confirmation of 4, (5920)° )

o
/

(o

%) [ ¢ Data

= 120 —Fit H
"‘\’ C — Signals

§ 100:— .....

3 80f

2

© 60—

Consistent with a single peak
1 Peak vs BKG: 5.4 + 6.50

\ 2 vs1Peaks :0.40
0 ‘_‘»e'.ﬂ; Il PORT S (I T I T
First confi 6'9‘ f A (66'146)0 d6'2 63 64
irst contirmation of 4, an
A, (6152)° MM \Op - [Ge\y
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r A. Pompili & A. Di Florio et al.

2,(6100)

Z; - J/YE~ and Ej - J/WAK ™ Ep = J /YK~
/ CMS 140 fb" (13 TeV) C _CMS 140 o™ (13 TeV)
E’ £ — JWE, B — JAAK™ 2 - ! Data =; — JAps°K
o 20F ! Data ~  20F — Fit
= E — Fit P - — Signal
% 15[ — Signal % e P == Comb. bkg.
2 N | s Comb. bkg. 2 C
8 jof gt
S 1or 8 10f
5 B
T i
........ v WAL T R N T
0 20 40 60 80 100
_— . 0 20 40 60 80 100
M(E, 7 ) - M(E,) - 2mF2% [MeV] / M(E; n* ) - M(E;) - 2mPPC [MeV]
4 . . . B _ A
 Significance > 60 : first observation of Z},(6100)
. . . . —_— . 37 -
« Compatible with the orbitally excited £, with J© = p & analogue of = (2815)
\_ y
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I
B.’ >

X(3872)¢

A. Pompili & A. D1 Florio et al.

\_

* X(3872) was discovered by Belle in 2003. What we know

m(X) very near to m(D°D*?)

JP =1t '<1.2 MeV

*  What we don’t know (yet): its nature. A 4quark, a molecule, a mix, y.,(3872) ? Observed in PbPb (prompt &
nonprompt), prompt in pp, nonprompt from B° , B*, but not from BY.

/

Significance > 60 :
first observation

N cMs 140 fb” (13 TeV) . CMS 140 b™ (13 TeV)
) Dat © 140 ¢ Data 0
2 2s00p P B2 - (25)¢ = E — Fi Bs - X¢
10 i - 120F
T 2000 — @99 > E — (X(3872), 9)
2 ' —- (¢(2S), bkg) % 100 — - (X(3872), bkg)
£ F kg S gob - (bkg,9)
L) TO00F" o (bkg, bkg) g 80: """"
< - Frt | IS 60F . .1 1l e
& 10001 o 60 I LA
F 40
00 20F
E N - L LA —
3.60 3.65 3.70 3.75 1.00 1.01 1.02 1.03 1.04
m(Jpr*) [GeV] m(K'K") [GeV]

* The measured B value is consistent with B® but two times smaller than the one for B* (not for 1) 25 instead)

L L L L L L L

2 @ BJ—X(3872) ¢ |
E. BX(3872)K*]
- e B"—X(3872)K° |

2 @B+—>X(3872)K+§

=TI PP IS AT IR ST P I
0 2 4 6 8 10 12 14 16
B(B—X(3872)h)x B(X(3872)—=Jyx*z-), 107°
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O R A T R R L B N A
By ¢ .~
B°—Jiy K*° +:
BY—Jiy K° - —
B*—Jiy K* - :

i I—:

Fror T T T g F
- Byes) @
: B"—y(28)K™ —— : f
: B"—y(2S)K° —e— : *
: By (@S)K" : 7
B R T S R o 0

BB—y(2S)h), 10™*

M. Pappagallo

e Po ol v ol g o Lo
0.2 0.4 06 08 1

T BRI
12 14
BB-Jyh), 1073

In  PhysRevD.102.034017
this results is interpreted
as possibly favouring the

compact tetraquark
hypothesis
5 e
f
%
d,u, s d,u,s




I.Prospects and Future Plans
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SHORT TERM

o . « [1.1,6] |
(Though no single measurement deviates i wm{ -
more than 50 from the SM, a global coherent s
picture starts to emerge o —
» Many more measurements are in the B0t 1) L
. . B(B® = ) —————
pipeline: (e.g. Rk vs Rk, Ry) =21 i -
R(D*) R PN
R(J/¥) i I N
Flavour Anomalies Workshop on 20 Oct 2021 R S
(Organizing Committee: M. Pappagallo, A. Pompili et al.) A .

/ e
msool o*GP 59 new hadrons at the LHC Xe2(3P)

k https://www.nikhef.nl/~pkoppenb/ anomalies.w

©)1(37)
~ [LEIC e h Tzl —
experiments have contribute 2
zpe22n-_ plELea I°°‘63"°’5(6227)u
= e ie22m0
largely to the spectroscopy of the heavy — ==  cwz  Zaeii: i o g B
b - B4(6063
hadrOnS ;: 30009) - X(4700) X(4685)
= : Zg P.(4450)"  ®X(4500) i'jﬁé" 9x(4630)
= i
g o cilad) @ 11240} Pg(43i80) oz lP w32y i
40001 o cécé X(3542) [
®
» Many more on the way! Stay tuned! S i T —
30004 W P99 0)(3000)° o D 1(2860)" /\(2860) Qc(3066)° X1(2900)
cqq D (2760)", ' 8 ‘(28(5)830 2.(2923)° .X (2900)
m g gjg;gg; ® D;(2760)° 5 ®p,y(2590)"

T T T T T
k 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 /
Date
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rLONG TERM:
LHC EXPERIMENTS ARE GOING UNDER UPGRADES

=== LHCb Upgrade | == — LHCb Upgrade Il —)
e HL-LHC

2019 2022 2025 2027 2031 2032

ss

cm®s F =15x10*%*cm?s
9fb~!

Z =4x%x102cm?s™! P =2x%1033cm?s! 2 1
50 fb~! 300 fb~!

. .
HiLumi ’
LARGE HADRON CULI:IDEH

LHC HL-LHC
‘ ‘ Run 2 ‘ ‘ Run 3 ‘ Run4-5..
LSt Ls2 13- 14 TeV 14 TeV
13 TeV =t b —_— —eeee energy
Diodes Consolidation
lice consolidation |mq LIU Installatiol 3 HL-LHC
8 TeV e i let
7TeV b“"g;;:f'g;:::"“ 7 Givil Eng. P1-P5 d o it installation
| o [ o2 | zoto [ ot | zos | aote [ zor7 | aots [ oo | zoeo | oozt [ zoz2 | oo | aoes | aozs | o | zoer [l
ATLAS - CMS 510 7.5 x nominal Lumi
experiment upgrade phase 1 ATLAS - CMS /’_,’_4
- jom | 2xrombaltum, ALCE-LHCb , 2xominaLumi T
75% nominal Lumi |/_ Upgie
-1 -1 -1 integrated 30°P fb!
30 fb 190 fb 350 fb luminosity [E0VIVR {3l

The large data set collected in the HLL-LHC era, together with upgraded detectors, will
boost sensitivity in searches for physics BSM and heavy hadrons with small
production cross sections and/or small decay rates
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HOW TO DO SPECTROSCOPY?

Prompt Production: (e.g. pp > D#*(>DK) + X)

~

4 Large cross sections
X Large combinatorial background
X Hard to disentangle broad structures
X Daifficult to assess spin

X Presence of “reflections”/“feed-downs”

b-hadron decays (e.g. B, >D_**(>DK)r)

@ Small background )
Access to the phase of the amplitude and
spin-parity

X Limited cross sections

X High spin resonances suppressed

\X Presence of “shadows /

21-22 June 2021 M. Pappagallo

Candidates / 20 MeV/c?

Candidates / (9 MeV/c?)

P-4
200, T

150

100 —

— T
LHCb

(b)

400 —

350
300
250
200
150
100

50

LR R RN RS AL LARR RARRE RAR

32

) [GeV/cH]
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THE PUZZLE OF THE SCALAR MESONS

JP=1-
mass
qq nonet
I =0:m[4(1020)] ~ 1020 MeV  s§ —— S5

I=1/2:m[K*(892)] =~ 892 MeV  ns . S0 s

I=1:m[p(776)] ~ 776 MeV  na i e
dii dd d
I=0:mw(rs3)] ~ 783MeV  ni 10 | = — = —
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THE PUZZLE OF THE SCALAR MESONS

[ The inverse mass hierarchy of the scalar mesons ]

JP=0"
mass
Observed scalars

, a,4980)
s —_ £{980)
I=1/2 — = K
I=0 sema G

I

21-22 June 2021

mass

I=0.1

I=1/2

I=0

qq nonet

du dd

arXiv:1410.8757

M. Pappagallo

mass

qqqq nonet

ussu
dssu ussd

dssd

I=0.1

sddu udds

I=1/2

udud

43




r
(GROUND STATES

|

» Baryons made of 3 quarks (fermions)
» Wave function must be antisymmetric under interchange of any two equal-mass quarks

]

[ lqqq) 4 = |color) , X |space, spin, flavor) ¢ ]

Qi JP=3/2+

N

JP=1/2%

N.B. Q.9 doesn’t belong to the same
multiplet of the well famous Q-
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FF ANGULAR ANALYSIS OF

Q,—Q *(-E FKH)I-

@ Spin of , is 1/2

o Q**Y cannot have spin

projection > 1/2

@ = non-trivial angular
dependence for J = 3/2,

J=5/2.

@ Noticible inefficiency at

cosf =1 (soft K7).

3.60: J(Q:(3065)°)! =1/2

2.20: J(Q:(3050)°)! =

1/2

|

21-22 June 2021

[LHCb-PAPER-2021-012, in preparation]

3000
10.0}
N
2 LHCb 9fb ™" + ? “““
B I
£ 715}
<
= B 1\
=
E
S sop
0.91 1.0
3065
3 LHCh 9™ + Data
J=1/2
kS 15K Ji=:3/2 1
g \ -J=5/2
T : Backgrounc
2
S10f [ |
@) ‘\»x
Y an
5 ) e ; 2= i ]
\4—;"“1\» A
0
oy A -0.5 0.0 0.5 1.0

M. Pappagallo

e

3050

D- 125F T LHCbom™ + l;mul i}
% 1 ':-
Z 100f
-l B k nd
=
z 75F
O

5.0F

25 ; l

0.0 s

Q(.(3090)

(o]
= 12F LHOb9m™ I I]
g 1 2
% 10
< = I 5'2
o Backg
=
<
S}
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#JF
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r
THE THRESHOLD STRUCTURE

[LHCb-PAPER-2021-012, in preparation]

9 :I §~ F L L B LI IR I I B I
S 400_ = 9 B ——— Data i
E : LHCb E‘ 2 — LHCb9 fo h T ;(())t:-l.(f)l; background ]
:/ g - b e Non-0," background |
8 300¢ § 15| ]
s - ‘ :
B < 10— =
5 200- S 5
; Lo —i
100- ﬁ ] L L ‘ R 'l

: 00 20 40 -60 80 100. 12(.) --1-40 .1-60 r18 “
i m(E'K") - My = my [MeV]

3000 3100 3200 3300 @ Exclusive analysis: no feed down is possible

m(E7K") [MeV]

@ Explained in the prompt analysis
by the partially reconstructed
Q(3065)T — =K~ with
anomalously large coupling.

@ Other non-physical sources are excluded

@ Singinifance in the nominal fit is 5.30,
4.30 including systematics

@ No model sensitivity due to the low statistics

Further investigation in needed! J
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[LHC experiments going to Upgrade




I

LHCb GOING TO UPGRADE

Up_grade I (Approved)

(>

Main limitation that prevents exploiting higher luminosity with the present detector
1s the Level-0 (hardware) trigger
v" Level-0 output rate < 1 MHz (readout rate) requires raising thresholds
> Hadron final states will benefit from removing LO
@ Running at 2x1033 em2 s with full software trigger, running at 40 MHz

~

Up_grade II (Under approval)

(" To be installed in Long Shutdown 4 of the LHC:

> Subsystems redesigned to operate at a luminosity of 1-2 x 1034 cm2s™!

> Integrated luminosity of > 300 fb !

> Extension of the experiment’s capabilities to select m% n and low-momentum

\_ tracks

)

j—————LHCb Upgrade | === — LHCb Upgrade |l ==

fre. HL-LHC >
2019 2022 2025 2027 2031 2032

P =4x102%cm?s™! P =2x%x10¥3cm?s™! Z=15%x10**cm?s!
9fb! 50 fb~! 300 fb~!
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CMS towards Run 3

The —3u search in Run 3:
« Study ongoing to optimize the dedicated trigger path
» Goal: lowering the pT threshold to enhance the signal acceptance while keeping
similar rates as 2018. Enlarge eta acceptance
 New tools in Run 3:
« Level-1 trigger: implementation of a 3-p invariant mass object
« CSC-GEM segment (1.6 < |etal< 2.1)
« improved momentum resolution at L1 trigger
« Extended eta coverage
* INFN Bari group works on 7—3u dedicated trigger implementation for Run3

n 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0 11
6° 84.3° 78.6° 73.1° 67.7° 62.5° 57.5° 52.8° 48.4° 44.3° 40.4° 36.8° n 8°
E 8 B T T \:’g ‘ ;”,rl | T ‘ T L T r T )( T ] T \\ ‘L T DT‘s: 12 335°
5 y
7.5 x 10* Ultimate luminosity® ««««s «ees Y 4000 &
- / e
o 3000 g
E 5 x 10 Nominal luminosity == = e
.g 3
£ e
E 2x10% &
= a0
8
300 =
5 3 3
S LHC - Phase 1 S HL-LHC - Phase 2 3
© LS2: Upgrade injection to ® LS3: Upgrade Int. Reg.to *° 5
increase beam brightness increase beam overlaps i ECAL EEE—— T
1 = P p— 2 7 [ il
racker .
Run3 -1 N St
Cn !S ~ 0 L e i e e e

21-22 June 2021 M. Pappagallo |


https://indico.cern.ch/event/1025014/contributions/4303741/attachments/2232950/3784834/Run3_lpc2021.pdf

HL-LHC

€ LHC/HL-LHC Plan

&)

LHC HL-LHC

LS1 Ls2 13- 14 TeV 14 TeV

13 TeV energy

Diodes Consolidation

splice consolidation cryolimit LIU Installation - L HL-LHC
button collimators inferaction o inner triplet : N
R2E project regions Civil Eng. P1-P5 radiation limit installation

(o0 | v | s | o | o | ave | wv | zow | o | x| s | i | mes | e | ow ||||||n@
5 to 7.5 x nominal Lumi
ATLAS - CMS I/_______————l
experiment upgrade phase 1 ATLAS - CMS

beam pipes HL upgrade

zaew: DIV

nominal Lumi w ALICE - LHCb

75% nominal Lumi upgrade

= 1 integrated 3°°P fo!
m 190 fb m luminosity @GIE{

.2 xnominal Lumi
T

HL-LHC e _
_ sqrt(s)=14 TeV To extend the sensitivity for new physics searches, a

_ Pile-up = 200 major upgrade of the LHC has been decided, the High
_ Lint = 3000 fb-1 Luminosity LHC starting from 2026.
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