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Exotic hadrons = not qq, qqq
Concentrate on developments since Charm 2018 (still selected topics)
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Initial charm revelation
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Belle 2003:

Discovery of X(3872)
PRL 91, 262001 (2003)

The most cited Belle paper (1947 citations) The most cited LHCb paper (1218 citations j 4600
» [
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Continuing charm revelations since 2003

LHCb 2015:

Discovery of Pc states
PRL 115, 07201 (2015)
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New particle Zoo
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Mesons/baryons are predominantly (gq/qqq)

bound states below the open flavor threshold.

They are more complex structures above it,
and we have not yet understood them.
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ew particle Zoo: bottomonium above flavor threshold

Difficult to explore experimentally:

> Not accessible at e*e- B-factories = 11200r
» Prompt production at LHC more promising but o [
comes with suppressed cross-section (m, > = 11000
m,) and very large combinatorial ﬁ -~ Y, (1086
backgrounds (huge particle multiplicities out s 103001 “‘Kg
of PV) I e Z5(10650) 3 B*B*
> t — bW at LHC does not produce secondary 10600~ =z, s B BB
vertex unlike b —» ¢W (much smaller [ NV [ ]
backgrounds) since top is too short-lived 104001~ YOS /7
» Future high-energy e*e collider? i IS
ISR production from Higgs factory? 10200
«  Z0factory (Z° - bb) (29 Y@
- Doubtful a dedicated high-luminosity e*e- 10000F==" 7
machine to scan above Y(6S) would be i |
built o800 M
Because of much easier " i i

experimental access, 9400
charm hadrons are a better goldmine!
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Types of exotic states expected

« In QCD, expect attractive force in a .
diguark in the color antitriplet
configuration (charge of antiquark)

« Expect tightly-bound by color forces
compact tetraquarks and

entaquarks
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Very rich mass and JP
spectrum expected!

Could be broad. Does
effective mechanism to
suppress their fall-apart
widths exist?

This likely depends on
specific quark masses
and quantum numbers of
the state.

From QCD also expect .
compact hybrid states, in
which a gluon acts as a
valence constituent

5 (@ D
00

Mixing into higher mass
excitation spectrum of
mesons and baryons.

Different decay properties.
Some may have JP not

reachable by conventional
mesons and baryons.

=1

From nuclear physics, expect weakly-
bound, spatially extended states.
Usually called “molecular”

@(-3

Usual phenomenology
(J

describes binding
forces here via
exchange of light

g,

WLl

mesons: T, 0, W, 1], ...

©

2 fon r

- 35

\ Bound state of

deunterinm at
about - 2 ERlae™w

BAew |

Typically expect only n=1, L=0 split by S1 S2

Mass and JP fairly constrained from the

constituents

Fall apart prevented by spatial separation —
narrow states are expected.
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A lot of recent measurements on X(3872)

BESIII PRL 124, 242001 (2020)

e

BR(X(3872) = y(25))

My3872) MeV

In prompt pp, production of X(3872) is suppressed
with multiplicity relative to ¥ (25)

BESIII PRL 122, 232002 (2019) BESIII PRL 122, 202001 (2019) ~ |
S [X(3872) —+ Daa L X(3872) L 30l X(3872) %10; In tension with BR(X(3872) »v]/Y)
9050 X(3915) §gggg = E : 2 | the LHCb result < 0.59 (90% CL)
o F A ] T mly 2 50 © i All measurements
P e ereobrd g 2 £ 5 statistically marginal.
c 2r- 1 c (]
g : g ok
2 i i N T R i ® xc1(2P) = yi(25)
0.5 T * T R T N 3.83/ Gas/ ,. 395 M3(-85 )G \3/}9 2 395 favored EL1 transition.
: : : . ' ' ' ' ' : eV/c Ty ) (sevic
Isospin conserving M(wj) GeV Isospin violating M (™ xe1) GeV 1) ) Important controversy to resolve
BR(X(3872)~wJ /) _ 1.6%04 1 02 BR(X(3872)-1%¢1) — 0.88+933 £ 0.10 77 nb" (PDPD 502 TeV)
BR(X(3872)-m*n~J/¢) 03 =+ BR(X(3872)-mtm~] /) ' 0.27 See the next talk by G 400 CMS 15<p_<50 GeVic -
in agreement with Belle (2005) - Inclusive lyl <1.6 E
,and BaBar (2010) Isospin violation in the denominator (°) forFrr?cr)\rge Etr:nXG;8072 g 350 , 4. 20-* }Ce"t 0-90% f
Large isospin violations in X(3872) still the best evidence for it not being cc. (D°D*° ?) ( ) = 300 {I' ¥ +,L+TLH'IH_L+_4 o 2
— T T T T T T T 1 - :; 250 j L(_+r" ){(38?2} :_1
Tayy = 0.96t8 12 +0.21 MeV o LHCb 9 fbl B* - X(3872)K* JHEP 08, 123 (2020) £ pooftttt (25) 2
Tz = 1.39 + 0.24 + 0.10 MeV # |HCb 3 fb1lb — X(3872) + --- PRD102, 092005 (2020) * 150 ! . _;_3
b4 | mpo +mpwo 1 g 70 i data =
3 +0.05 + 0.11 LHCDb 2 fb* PRL 126 092100 (2021) b b-enriched (Ixy > 0.1 mm) _: . S
FWHMpigee = 0227 ' 27 2 MeV 1e4 PDG 2018 T -3 1| " background 2
' . HeH | CDF E & s pp V5 =8 TeV +Pr0mpt -+ b decays . g S0 31
The non-zero Wldth |-|—-.—|-| Belle i +§_ e E_p'r >3 GeV/ Comover Interaction Model, Esposito et al. _E = ;g | E
's now established, H—e—1  LHCD 1R E—af - s - S _mksd | 8 o ; B
but it is model dependent ——e——1 BESIII S @ s 41| = 1} §2
: <l F —$"‘_$_ 114" ﬁ'H' +=€_3
| ————1 BaBar S| E % - 0365 375 385 395
| . H BaBar :: Fla o _ - 4&- _________ : My {Gewc?)
Lo 1 Baar b mf 3| oPbPb > (X(3872) > mr j/Y)) + )
Mass still indistinguishable . . DO, . — — 1 o(PbPb - (Y(2S) > /) + )
from mpo + mpxo 3872 3874 Charged track multiplicity of pp collision =0

= 1.08+ 0.49 £ 0.52

vs ~0.1in pp collisions  Need more datal
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Near-threshold & narrow: Z,*9 and Z_.*° states

T Charged and neutral versions detected | =1+
no confusion with (QQ) ! . Y(4260)

10700 _

10600 4200

10500
10400 |3

10300

10200

10100

10000

9900
9800 3400

9700

9600

%)

-
oLLLLl

1381 %o

0 ['=18+2MeV 51+ 7 MeV 3000_1180

9500

- B e e e e S e R e e e Seae ., .
-1 10.2 103 10.4 10.5 10.6 10.7 -8

9400

 Near thresholds, relatively narrow, large fall-apart modes, J°=1* — molecular states BB*, B*B*,

DD*, D*D* (very weakly bound or V|rtual) No sign of such states at DD and BB, hints at forces
dominated by m exchange.

Not everybody agrees: the states actually peak a few MeV above the thresholds. A. Ali, L. Maiani,
A. Polosa, V. Riquer, PRD91, 017502 (2015) - ((gqc)(gc)) diquark tetraquarks.

BES-IIl 2013

Events/(0.005 GeV/ic?)

Events /0.01 GeV/c®

a7 38 39 40

M(redi) (GeVIC?)

425

['=28+ 3 MeV

BES-IIl and Belle 2013
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Observation of narrow Zz - D;D*°, D;"D° state by BESIII -
ete™ - :

Clever partial reconstruction technique 220 F———1——— S
~,200 F— z,.— D,D* D)0 |
BESIII PRL 126, 102001 (2021) = 180
Lt _ (s=4881GeV| L o _ (s=4.681GeV —  K'D'D* —— Fit result
E 2000p @ DS " { Data E I (®) DS +I'++ ¢ Data E 140 E NR K+D*;Dn e \ﬂ:'SreDSa‘:a
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A / 195 2 205 21
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~*“F 530 —+— Data : 5
o | :
> 30[Zcs(3985) Total fit B +1.8
§ i I ch(agas)- mZCS(3985) = 39825—26 i 2.1 MeV
= 20] --o-o- D*(2600°D  mp- +mpeo = 3975.2 0.1 MeV
SRR AR T2 TR () 5 {1 S R non-Res. Mp:- + mpo = 3977.0 £ 0.4 MeV
s 10 % = (") +5.3
o ~~~#~ D, D\ [yesa08s) = 12877 £3.0 MeV
a8 i — 4.
comb. BKG
0 B Narrow, a few MeV above the threshold

4 405 41 415
M(D; D™?9) via Recoil Mass against K *

SU(3); partner of Z°(3900) ?
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Near- thresholg & narrow: P’F pentaquark states ’

XD D* < The only thresholds in this mass range 246k Ay, — J/YpK™

% oredicted 37 L 1 1~ 37% below which molecular bound states of ~ 9x more than in 2015
E 1200k 2 2’2 very-narrow hadrons are expected | pcp prL 122, 222001 (2019)
:U; L data i 1+ 0 LH Cb Loosely — bound pentaquark Tighly — bound pentaquark
£ . oooh—total fit 2D 2+ p*o ——
° . — background 2 17 37 5T D" or D
o) i i 2 5 13 13 "
c . -
g o of I f
= 800_—
2 "
L
St i
%J 600 |

n - J/Y (cc)p(uud) suppressed (P narrow) - J/Y (cc)p(uud) easier (P wider)

400 } b (4440)" EP 44575_ However, to confirm baryon-meson Difficulties in explaining
Pc(4é12)+ ol ) ol _hypot_hesis need to measure JPs, find narrow widths and the mass
500 ; Isospin partners, other expected decay  splitting between P_(4312)*
: : : modes with predicted rate. and P.(4440)*,P(4457)*
Also expect 4 relatively narrow

= l v vaa K4 (*)0
4300 4250 4300, 4350 4400 4450 4500 4550 4600 StAES 2D q

m [MeV]

V
Existence of X} D° molecule would imply importance

of nr Or p-exchanges  Narrow, near-threshold states!
[ < 0(101) MeV
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Search for P_* states In photo-production at JLab

o Y

o Iy = QUi
—~= Wy

e} c S A M,
=

—

= 0 o o SN
T Hliir .. )
o > 3.5
% M(e e), GeV

No photo-produced P * states have been observed so far.
Expected cross-sections are model dependent.
More data will be analyzed.

Cornell

JPAC P;(4312) 3/2 BR=2.9% [{| <4.6nb + +
JPAC P;(4440) 3/2 BR=1.6% ||| <1.8nb Omax(y = F)BR(E = ] /¥p)

101 JPAC P;(4457) 3/2' BR=2.7% ||| <3.9nb at 90% C.L.

E, Gev 20
In Refs. [30132] the partial widths of the PJr — J/1p decays were calculated and shown to be orders of magnitude
different for two pentaquark models, the hadrocharmomum and molecular models. Our upper limits on the branching

fractions do not exclude the molecular model, but are an order of magnitude lower than the predictions in the

hadrocharmonium scenario. [30] M. I. Eides, V. Yu. Petrov, and M. V. Polyakov, Eur. Phys. J. C78, 36 (2018).
[31] M. I. Eides and V. Yu. Petrov, Phys. Rev. DOB, 114037 (2018).
[32] M. I. Eides, V. Y. Petrov, and M. V. Polyakov, arXiv:1004.11616 (2019).
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Near-threshold & narrow: P;; pentaquark states?
1.8k E) = J/YAK™
LHCb-PAPER-2020-039

arXiv:2012.10380 m, . > 22 GeV/c2 L L I L 1< - - . 1 - < - 1 1T T T
_ i 15t i |
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o - i P 4459 0:‘065 :\3 i 22 §F, i
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2 ) {—‘ v Il L L I L 1 | 1 | | L L
Mg 1GeV] 44 4.45 4.5
Potential F;5 contribution? mJ/l,wl [GeV My [GeV
Amplitude analysis in full phase-space 4454.9 + 2.7 MeV  4467.8 + 3.7 MeV 4 '
State M, [MeV] [y [MeV] FF (%) 7.5+9.7 MeV 5.2 +5.3 MeV
P.,(4459)° 44588 +£29747 173465750 27719407 .
- - : Iy 276 30 evidence for
Z(1690)" 1692.0+1.3752 259+957130 221 752+07
Z(1820)" 18227415710 36.0+£4.4F78 329732409 a J /YA mass structure
Z(1950)" 1910.64+18.4  105.7+£23.2  11.5735+4%9
Z(2030) 20228447  682+85 73718438 one or two states?
NR — — 35.8 T4.6+10.3
i AR Need more data!




Narrow states near hadron hadron threshﬁ

Mass
MeV ' Exotic mesons Exotic baryons Conventional Exotic mesons
I _ _ _ mesons
4600 | I=0 I=1 I = 1/2 (some still to be discovered) I=1
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i e - 1P, 1 P210
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3400 _ _ 9800 |~ _ _ bediscovered, also
Charmonium cc¢ 00 BOttOmonium bb involving other quark
3 Theoretical disputes about exact dynamics of near- g0 - combinations !
I ﬁl threshold states — need more experimental results B 3
1g _ , 950051 1°8,
3000} 1 0 to sort out (pattern of production and decay modes~ 2100 2

JP? more states?)
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3 Asnomsalouss charmonium-like vector states BESIII PRD 102, 012009 (2020)
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(cd)(cd) tetraquarks,...?



Number of events / (10 MeV)

B - XK, X - ]J/Yo
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The channel that keeps giving: B - J/yp¢pK™

LHCb-PAPER-2020-044

[&] .
Ej CDF 2008 . arXiv:2103.01803 Mar 2021
o6 0.06k ‘ ) —~ 5000
‘ > : T 1 T T ¥ T 1 T T T T T i
2 b LHOb Bt 1 Daa
& 4000
- = 9fh! — Total fit
é o0 0000000 |y Background ]
TN Gevich I 24K
- soQMS, (527 TeV. L2 b ‘ . $ 2000 6X more E
:.  CMS2013- @ : than in 2016
ézoo— \ 2.5k E r 4% bkg
= ] e =
My ek [MeV]
) Dramatic sign of new spectroscopy!
140~ X(4274) > F T T R
120:_ J X(4500) L_'lHCb g 700 } LHCb
: I TRy S 600 'y ooo9fp!
100F z B 4 4 ]
80 i 7% ++++++++ +++ H+ E
Q e
Sa00E 4o W P
60 = - FON t t,
R I L
40 S 2000 M
20 100; M
0 410 4200 4300 4400 4500 4600 4700 0 ‘ 412 — 4.‘4 — 416 — 4[87

Mass of J/y¢ system [MeV]

A whole family of J /3¢ states! Not so narrow and not near molecular thresholds.
J/Yw spectrain Bt - J/YywK™ are different (c¢ explanations not plausible).

m,;,, [GeV]

(cs)(cs) tetraquarks?

14

lllllllIllllllllllllllllllll'l




Hadron Exotics @ Charm2020, May 31, 2021, Tomasz Skwarnicki 15

Observation of ch+ — ]/1[)1("' states LHCb-PAPER-2020-044
arxiv:2103.01803 Mar 2021

New amplitude analysis of B* - J/Y¢K* N —— R T v
Contribution Significance [xo] My [MeV] 'y [MeV] FF %] 560 g: i::g;ﬁ: LHCh _ ew amplitu e mo L%Cb _
All K(1%) 2544+ 8 35005 — X(700)
2'P,  K(1%) 45 (4.5 1861 +10*15 1494 41 + %! grTE—
) 16 = < 400E— X@140)
2P,  K'(1%) 45 (4.5) 1911+ 374128 2764 50 +319 2 E— xem
3P, K,(1400) 9.2 (11) 1403 174 1543+ 3 O 300E — uaans
ALl KC(27) 2.1+04+20 e
‘ : R | 100 E «(4000) f
1'D,  K(1770) 7.9 (8.0) 1773 186 3 i = \E
3 - ") ] I3 ard & o o T T -
1°D,  K,(1820) 5.8 (5.8) 1816 276 Z700F '2016 amplltuoﬁ model E
All K(17) 50+4%00 S600 , LHCb 4
1D, K*(1680) 4.7 (13) 1717 322 1442438 2500 4 k2
23§, K*(1410) 7.7 (15) 1414 232 38 +5+11 a0k + &7
e 'g F == Background
K(2%) {5300;_+Tota]gﬁt
2P,  K3(1980) 1.6 (7.4) 1988 £ 2219 31848281 23405407 200f +puasm’
K(07) 100
2'S,  K(1460) 12 (13) 1483 336 102+12+190 of = 3 . : S
E 2 42 44 4.6 48 3.6 38 4 42
X(27) m gy [GeV] My, [GeV] My [GeV]
X (4150) 1.8 (8.7) 4146 £ 18 £33 135+28%5%  20+05*98 £y
X(17) R
X (4630) 5.5 (5.7) 4626 £ 16+ 18 17442743 26+ 05430 COF T T T T3
Lo k. 2 i m, . €(425,435)GeV 3 Foainifs
All X(0%) 20+5° "] 2ok e SLp 1 Z.,(4000)7 significantly
AE B AAT 10 E + 2.4 [ o 7 .
X (4500) 20 (20) 4474 +3 i: TT+67 3 5.6+ 0.7 “bd =~F LHCb i wider than Z (3985)+ from
X (4700) 7 (18) 4694 £ 4118 87+ 8+ 16 8.9+ 1.2+%9 _ _ 200 4 pata 9 b 3
NR /s 4.8 (5.7) 28871 Previously claimed, A i | BESIII. |
ALl X (1) 2637 dominant, J /¢ S ENo Zom 1 Likely different states with
X (4140 13 (16) 4118 £ 11419 1624£21+2 1743+ states confirmed £ 100F — Z(4000) | different dynamics.
X(4274) 18 (18) 4204 4+ 413 53+ 545 2.8+ 0.540% U s0E
X (4685) 15 (15) 4684+ 750 1261515 T2+41.0757 )
All Z_,(1%) 25+5+ 1 3.8 4
il [ Z..(2000) 15 (16) 00367,  I31£15+£26 04+21+34 e [GGV]
ﬁ; Z,.(4220) 5.9 (8.4) 4216424713 933452497 104+ Two J/@pK™ states needed, Z.,(4000)" with overwhelming significance
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Doubly flavored baryons and stable (?) tetraguarks

baryon
U

LHCDb- PAPER 2017 018 LHCb PRL 119 (2017) 112001

?g 180‘ = c - . T;:Aj A/\C*'—)DK"II+
= 2 LHCb 13 TeV 1.7fb1 1 .. ~—d
2 160 F q = e
= : : e
v 140 + Data = e e G IK
= F —Total . W
% 120 :_ ........ Slgnal —:
g 100 ---Background .
R _
O 60 =

40 =

20 =

) TR E——— N R
3500 3 600 3 700
m, (Z55) [MeV/c?]

Karliner,Rosner PRD90,094007-(2014)

State Quark content M(J=1/2) M(J =3/2)
2L ccq 3690 + 12
=) blcq] 6914 + 13 6969 + 14
= e b(cq) 6933 + 12

=) bbq 10162 = 12 10184 = 12

LHCh: 3621 +£1 55
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Doubly flavored baryons and stable (?) tetraguarks tetraquark
6
baryon
w [ :)

LHCDb- PAPER 2017 018 LHCb PRL 119 (2017) 112001

RS
> 180; LHCb 13 TeV 17t ]
S 160 5 E
F +Data E
lg 140; — Total .
S120F Signal E
g 100 ---Background -
O 60F E
40 E
20 E

L ] 1
0 3500

Karliner,Rosner PRD90,094007-(2014)

3600 3700
m.,, d(._ [MeV/c?]

State Quark content M(J=1/2) M(J =3/2)
2L ccq 3690 + 12
=) blcq] 6914 + 13 6969 + 14
= e b(cq) 6933 + 12 .

=) bbq 10162 = 12 10184 = 12

LHCh: 3621 +£1

55

the same toolkit
- )3

Distance from threshold (MeV)
for hadronic decay

—100

—-200 ¢t

The lightest 1* state

above threshold but v. narrow

Karliner,Rosner PRL 119, 202001 (2017)
Eighten, Quigg PRL 119, 202002 (2017)
See also:

Esposito,Papinutto, Pilloni,Polosa, Tantalo |
PRD88, 054029 (2013)

Stable tetraquark,

will decay weakly f
cec be bb

1000 1500 2000 2500
tzpp(QR)  (MeV)

Consistent results predicted by LQCD:
Francis,Hudspith,Lewis,Maltman PRL
1118,142001 (2017)

Future searches for such states above or below the (Qq)(Qq)

threshold will be very exciting
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Charming and strange exotic state
LHCb 9 fb't PRD102, 112003 (2020) amplitude analysis

PRL 125, 242001 (2020) model-independent 1.3k BY = DTD™K™ Amplitude analysis
— — — — B B R e L | [T [ R =
Tor I A new resonance? 1 L sF V(3770) - D" O ihees LHCh =
Lok expiony LHCDY = F rmnooe g DK :
L s ti i SR/ - D =
o exote 1 = F -~ eso-vo D, K -
— 20f — o 60 = w(4415) — D* D =
—F 1 =~ S X ,(2900) - DK’ -
9 N i — S0 - X,(2900) - D'K* =
Q 18 -_ __ ::’ 40 :_ ------- NoOnresonant _:
T [ 1 8 . X1(2900) -
16 - — & FTE I A =
i XCE(B%S)) . .;2 0 E X0(2900) E
C 3770 T s -
14— w _— 2~ - =
- P S S @) 10 - ]
6 8 10 12 0 E _ TR e

m2(D"K™) [GeV2/C4] 25 3 35

m(D"K") [GeV/c?]
Xo(2900) : M = 2.866 & 0.007 £ 0.002GeV/c?, T['= 57412+ 4MeV
X1(2900) : M = 2.904 + 0.005 + 0.001 GeV/c?, T =110+ 11 + 4 MeV

«  The 0* X,(2900) state 6
IS a good candidate for

a “nearly”-doubly-
heavy tetraquark e

Proximity of the thresholds motivates other
explanations - molecular or triangle diagrams
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Hidden double charm tetraguarks 7

pp = (/Y > utu )Y/ P - ptu) + -

B

=
I e
o A ! - "
=
= - 1 .
= e K
= =
L ¥ 5
S L - - -
S bt L - = .
1 - " — 5
.I -
S
=
g 8 § o 3000 3050 3100 3150 3200
R e a2 = : 2) 2
/(2 MeV/) My [MeVic] g

C an;iidalcs

T,.(6900)

~ 220
= 200
180
160

3000
2500
2000 [

1500 [

Candidates / (2 MeV/c?)

1000 |

Weighted Candidates / (28 MeV/e?

7000

Candidates/(5 MeV/c?)?

My, [MeVic?]

=

Very significant structure in JhyJhy mass
Interpretation of data is not clear:

One, or more (interfering?) resonances

possible effects due to nearby thresholds, however, there are no
known mechanism for binding forces between two charmonium states, and
the X(6900) peak seems too wide to be a molecule (I'-80 MeV or more)

likely theoretical interpretation: (cc)(c¢) tetraquark state(s)

Experimental questions to answer in the future:

How many states? JPs? Other decay modes e.qg. J/yn,

LHCb-PAPER-2020-011, Science Bulletin 65, 1983 (2020), arXiv:2006.16957

FFFPF
-

f.
b

Ezop

Weighted Candidates /{28 MeV/c?)

8000 9000
My [MeV/e?]

7000

—[—I |J.|..‘

= Tuul fir

—— Reinanic

= = lmierfercac:

BB Jnicfercace BW
&5 ves

K000 9000
Mgy [MeVic?]

Structure die I Slgmﬁcan;iml ,

pp ' -threshold | pp ™" -binned
Any structure beyond NRSPS plus DPS 340 6.0
Threshold enhancement plus X (6900) 6.40 6.90
Threshold enhancement 6.00 6.5
X (6900) 5.1e hdo

Tetraquark ?
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Summary and outlook

It is a jungle out there! More exotic states than conventional for the charmonium
above the open flavor threshold. They keep coming.

Many relatively-narrow states at heavy meson-meson and meson-baryon
thresholds.

— Are they bound “molecular” states or something more complicated?
— Quantitative and predictive theoretical model of such interactions?
Tantalizing evidence for diquark hadrons. The strongest from Jhy¢, J/ Iy mass

structures.
— Experimental evidence needs to be solidified and provide more constraints on theoretical models.
— How strong evidence for diquark is from conventional heavy baryons?
— Stable diaquark tetraquarks?

Any hybrid states in the mix?
Do conventional heavy and light qq, qqq states get modified by multiquark effects?
A lot of work to do for both experimentalists and theorists!



Hadron Exotics @ Charm2020, May 31, 2021, Tomasz Skwarnicki 21

More from LHC (pp at >13 TeV) Future looks bright!

LHCb Upgrades

Run1 Run 2 Run 3 Run 4 Run 5+
(2010-12) | (2015-18) (2022-24) | (2027-30)  (2031+)
LHCb Int. Lumi. 3 fb1 6 fb1 —_— 50 fb? *300 fb1
nst. Lumi.  4x1032 cm-2s-L 2x1033 cm-2s°t 2x10%* cm2s
| o upgrade In anticipated
Even higher luminosity BeIIe Il is ramping up progress upgrade
(ete™ near cc threshold) (yp near cc threshold)

Belle II RIZESR
_- = [new T — ¢ factories?] Guun o % -

nnnnnnnnnnn

diamond
nnnnnnnn
central drift
mmmmmm

supareonductins
gggggggggggggggggggggg

mmmmmm

VVVVVVVVVV
nnnnnnnnn

[PANDA]
(pp near ccx threshold)

and many more...
including other future colliders!




