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Multiple Heavy Quarks

® Multiple Heavy Quarks in high-energy hadron collisions
Single Parton Scattering vs Double Parton Scattering
ccec
* DPS: Jylhy, JyD, DD, ....,
* SPS: T+, X(6900), T,*
® ccbb
* DPS: YD, Ylly, ....
* SPS: B;*
® bbbb
®* DPS: Y Y
(Triple Parton Scattering eccecec)
M ATATLTA LAY

24 Feb 2023, IHEP/Beijing =~ Vanya Belyaey "Physics with multiple heavy guarks™ 2



High energy hadren gluon collisions |ngme

® Heavy flavour production at LHC is dominated by gg-fusion process
® Quarkonia: reasonably (rapidly improving) agreement with NR QCD

* I WMy Ka2s X 2(BP), -
®* Open flavour: FONLL does good job
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® Heavy flavour production cross-section in forward region is large

T(CC) pras Gev/e, 2.0<y<a.5 = 1419 & 12 (stat) £ 116 (syst) £ 65 (frag) pb, VS o (pp > U.Q_GBV/C, 20<n<45)=550%+24mb,

Nucl.Phys. B871 (2013) 1 JHEP 1502 (2015) 129
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http://dx.doi.org/10.1007/JHEP10(2015)172
http://arxiv.org/abs/arXiv:1510.01707
http://arxiv.org/abs/arXiv:1509.02372
http://dx.doi.org/10.1016/j.nuclphysb.2013.02.010
http://dx.doi.org/10.1007/JHEP02(2015)129

Q,Q,Q,Q, production: 3 possible ways i ch
® Single Parton Scattering gg—(Q,0,)(Q,Q,)
* State-of-art theory calculations |
* Many theory approaches ZZZQC<
* Typically large theory uncertainty
® Double Parton Scattering g8—(Q,Q,) g2—(Q,Q;)
* Two idependent gg fusion processes
* Very large parton flux | .ﬁ
* Simple approach Pare=
* Large predictive power —0

(Intrinsic charm: if there is some intrinsic charm in proton, one
needs to produce only one Q,Q, cc is already here...)
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SPS e.g. for JhyJhy

® Typically large set of diagrams
* Many approaches, CS/CO, large uncertainties, ...

* 36 diagrams of two types * No selection rules
W oxe = x T mi K T
J e e e Y ] i

Type 1 (~ pT Type 2 (~ pT Type 3

Type 1
32

Type 2

( o<
— —
— —

Ax
**Small" ~102 color-octet com‘mbutlon To wave
® Intrinsically it can' | function of quarkonium
Intrinsically it can’t be small wm, |
* Solection rules: EM it || However could be dominating:
* For high p'-region due to gluon fragmentation graph
(gooffat (NNLO) B . * For final states, suppressed for CS scenario
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LHCD

%) DPS: 'simple paradigm

Two independent scattering processes

p .w, Relations through (unknown) ,PDFs
F
(./_-'_u_\ _/"1\_ i 7 ¥
"?‘;'?;‘:1 ’i?fif)-'.‘c Tij(1, 29301, b2; QF,Q3) = DY (w1, 22;Q1, Q3) f(b1) f(b2),
NS —

&, Assume factorization of ,PDFs

H_\\‘ /T)\ - c
& **. o Dij(il:m;@i@%) = DEWIE@%)D}HIE%Q%)-

AN (Can't be true for all x,Q?)

._..\ “

Easy to make predictions!

L B
And the predictions are easy to test ogAB m o8psTaps
DPS5 Teff

Universal (energy and process independent) factor

DPS =145=%1. 7+ b
1/0-eff — f deFQ (b) CDF, F.Abe et al., PDR 56 3811 (1Hsalsa7)
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LHCD

Q:Q,9,Q, production

® Large theory uncertainty Single parameter:

* Low predictive power * data-driven predictions
® Correlated final state ® No correlations
® Moderate dependency on Vs ® Large (~quadratic)
® Kinematics: dependency on Vs
* Can have large py ® Kinematics:
* Smaller masses * Smaller p,
* Angular/rapidity * Larger masses
correlations * No correlations
® (Can be largely violated in
Possible to produce and study certain kinematic regions)
particles with Q,Q, or Q,Q, No particles with Q,Q, or Q,Q,
YVanya Belyaev "Physics with multiple 7
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Q161Q2(_12 studies at LHCb
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LHCD

LHCb: beauty detector

General purpose universal detector in forward region

Ma M5
M2 ve
SERES HeAr, =
Magnet ECAL
——— T3 RICH2 o
| RICHI 2<n<S
4% of solid angle
- o,
— 407% of heavy
T — quarks
............... / /'j
—5m | 5 i I | | i
— A * wul i a
L 1 | 1 L I I 1 1 >
Sm 10m I5m Om z
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VELO LHCD

---------------

—5S5m |

42x2 silicon strip planes |-
r-¢ geometry

40-100 pm pitch

, | 7mm away from the beam

for 25 tracks:
0,816 um

o.. 16 ym
0,376 ym

LHCb YELO Preliminary
Vs = 7 TeV Data

“Primary vertex resolution
G PR | P | P | P | P "

s 10 15 20 25 30

P | Y
35 40
nTracks

NY
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LHCD

Tracking system

Two silicon stations upstream magnet

Dipole magnet 4Tm

A Three stations downstream magnet
' Inner: silicon

QOuter: Straw tubes

Momentum resolution: 0.4-0.6%
Jhy mass resolution 13 MeV/c?

Vertex

...............

—5m /|

Sm 10m ISm 20m z
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LHCD

% Hadron ID

Two RICH detectors
Good /K separation up to

A
y ~100 GeV/e
Sm
Magnet
Vertex ‘%
Locator _ | =
| 9
b ‘. o
i g
! =
o
| -
c
2
........... @
=
o
—5m | -
10* 10°
Momentum (MeV/c)
| | | | l | | 1 | | 1 l | 1 l | 1 »
Sm 10m ISm 20m z
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LHCD

Calorimeter. system

Scintillating Pad Detector/SPD
Preshower Detector
Electromagnetic Shashlik Calorimeter Ma MS
Hadron Tile Calorimeter \gpmp i P

1C
Important to trigger hadronic final states .--
Vcnc; £ | I | .
Locator _ |
LN
—5m | e ——— l I '
I T —
l | ‘ I L 1 | I 1 L 1 I l L I 1 | I >
Sm 10m ISm 20m z
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LHCD

Muon system

4(+1) stations

MWPC

0.7% n—umisID

oooooo

Vertex

----------------------

—5m
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cecc : Jylly

Four-act play
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LHCD

Jhydhy at (m,p)Pt collisions

SWIV/GIV = (3+£1)x10*

NA3, 1982
J. Badier et al., “Evidence for yy production in n" interactions at 150 and 280 GeV/e", Phys. Lett. B 114, 457 (1982).
J.Badier et al., "y production and limits on beauty meson production from 400 GeV/e protons™, Phys Lett B 158, 85 (1985)

' Pt 13 (=6+7) Iy [| pPE: 1624 Jylly
> -
o L |
s [ i
@) [ "
8 & | | B I “
N - ‘P"’” - §
0 |i I u § Myy (B&V/c2) oo
£ Of ! I =1 [ '
> x[x[x] | :
- - x| |
O X l_’—l r.—i ] m i : : : x
1) o 1
a2 0. 08 16 24 6
M,'LIJ’ (Ge ¢ ) 4 (AmlGBAmZ)VZ d (GevC") P“;w (GeV/c)

24 Feb 2023, IHEP/Beijing ~ Vanya Belyaey "Physics with multiple heavy quarks™ 16



LHCD

JhyJhy at Vs=7TeV pp-collisions LHCD

PLB 707 (2012) 52
First observation o ey -

® 141+19 events, >6c

ol/VI/V —514+1.0+1.1nb.

* SPS: 4.2nb (+30%) e,

Mo, (Gev/e?]

* DPS: 7ab (+£30%)
® Compatible with SPS, DPS i -
* ..and their sum ;15 +
oIV 1V = (51+£1.04£0.677) x 1074, | +++++ o

6 8 10 12 14
My g [GeV/c?]
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%} Jhydhy at Ns=13TeV pp-=-collisions LHCD LHCh

JHEP 06 (2017) 047
RN A A LA .
2% pHob 13TV s ?;filﬁt 1 Z%C LHOb BTV S ?E?ﬁilﬁt 3
2000:— o + _E 2000 — —E
1000 [ 1 -“A | 1000 [ 1 s
3000 3050 3100 3150 3200 3000 3050 3100 3150 3200
M(puy)  [Mev/ed] M(ptpug) [Mev/ed]
* Signal of (1.05+0.05)x103 events ®SPS: (1-12)nb (+£30%)

o(Jhp Jfb) = 15.2 4+ 1.0 (stat) = 0.9 (syst)nb, |  DPS:81ab (+25%)

o(J/p J/p)
o(J/)

— (10.2 = 0.7 (stat) £ 0.9 (syst)) x 1074,
Neither SPS nor DPS can be excluded
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LHCD

Jhydhy at Vs=13TeV pp-collisions LHCD

(I SPS: LO CO{,E;T):Q GeV/c
XXXXX SPS: NLO CS

\ LHCh 13TeV

JHEP 06 (2017) 047
— _IIIIIII|I]I:)1:;SI|IIIIIIII ?50:III|III|III|III|III:
N SPS: L0 by M LHCH 13TV ;
—-=-=-=SPS: L0 €S &4 i3
""" 3PS NLOY CS’E’;\T;:Q;G&.--/C 235 =
e SPS:NLOFCS SEE ]
(L‘T)—zGC\;C \EH - 30_ i
=—=5P5: L0 COppy=05cave < - .
250 ]

.
——
1k

L]
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Jydhy at Vs=13TeV pp-collisions L HCh JLBCh

&

JHEP 06 (2017) 047

'_Ul 7_ I l ])l]‘:)S I | I i '_Nll2_ | | | ]
~ | 1l A2 ¢ ]
E % 6L SPS: 1O iy 1| = :;;:10-_ LHCh 13TV -
= i === $PS: NLO (Y 1=, :
e 5— Lo e SPS: NLOY CS,(,JCT):O.F)GeV/c - _ 8_ [ \ |
I , x ol . e 0T \ N
S =SSO e 1| 5E T |
3 3 4+ ———SP5: 1O CO(]CT}:()ﬁGeV/c 3 St ) ]
% % E [TTTITISPS: LO COpypj=2cavyc & 3 o \ __
T | 3? i s 7 OO SPS: NLO €S R %E :'XI x . |
ok V? LHCh 13T&V ! -
NN . ! I;‘\K_Fﬂﬂ _
RN e 1

__: N G g - - VS PR 0 5 P S s rbees - =
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pr(JRb ) [GeV/d m(Jfp Jfp)  [GeV/e|

Neither SPS nor DPS can be excluded
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cccc: J/yDc
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C LHCD

JyD

Other cccc processes

JHEP 06 (2012) 141

J

nvr;ﬁ - +_._ uLp - / AR 0TX0T L VHUH.:__% - +1 up

3.05

22
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LHCD

Cross-sections: J/yDc

JHEP 06 (2012) 141

Mode LHCb measurement o [nb]

JAp DO 161.0 &= 3.7 = 12.2
JAb D™ 56.6 = 1.7+ 5.9
JAb D 3054=26=x 3.4
JAb AT 432+ 7.04+ 12.0

Theory predictions: SPS << DPS
EE
Mode “ oPPS o Sea
[nb]

JAp DY 10 £ 6 7.4+ 3.7 146 4= 39 220
JAb D" 5+ 3 2.6 +1.3 60 + 17 100
JAb DS 1.0+ 0.8 1.5 0.7 24 + 7 30
JAb AT 0.8 £0.5 0.94+0.5 56 £ 22
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JwDc JHCD

JHEP 06 (2012) 141

Largely uncorrelated: DPS dominance?

? 0.25 T T T T ] T T T [ T 1 J/ D — 02_ | B — T T T T 1 J/ D ]
2 Licy | YW 1 "1 o015 Lacy | YWH ]

e Vs=TTeV 7 2 7% V5 =T TeV
0% 02k Je=3s5pb~t | 1S 160 fc =355 pb~1
A 1 ns 014 3
- 1 & - ]
0.15- o F o #ﬁl =
i qb ] 0.1 4 _‘ﬁﬁ -
0.1% ._H:ﬂL" :JF 0.08F —735 =
I | ] 0.06F- if =
0.0 . 0045 = ol =
i 1 0mF 3
0_ | | | | | | | | | | | | | | | | | | Oﬁ | | | | | | | | | | | | | ;‘1—:
0 0.2 0.4 0.6 0.8 1 -2 | 0 1 2

AP| /7 Ay
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cecc: DDcc
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ccee “in TA by WATS

EV_No 1 @%

P¢=0 35 GeVJc

EV No. 2 /<
@

361 2.02— 372 422 547 622 mm

©)

-
~—=~~1 34mrad P;=0.81GeV/c
Nuc int

LHCD
HCD

® 1987
® 350 GeV/e -
® 7 events
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LHCD

DDcc

Other cccc processes

JHEP 06 (2012) 141 .
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Cross-sections : DDcc

LHCb measurement

JHEP 06 (2012) 141

LHCD

Mode o |nb ooc)ocs |%) | Theory predictions
00 S oDPS )]
DED 690 + 40 =70 10.94+ 0.8 - u
DD 6230 £+ 120 £+ 630 D'D L0 £0.25
0D+ DD+ 0.85+0.2
DDD_ 520+ 80 =70 128491 0
DD 3990 £ 90 £ 500 D°D7 0.33 £0.07
0N+ _ / DAY 0.75 4025
DUDS_ 270+ 50 =40 157434
DD 1680 =110 £ 240 DD 0.17 £0.05
DOA; 2010 + 280 =+ 600 — DD} 0144003
DTDT 80+ 10 £+10 0.6+16 D*A; 0.32+0.12
D™D~ 780+ 40 £130
+T+ =
D7D 70+ 15 £10 191433
D*D; 550 + 60 =+ 90 data ~ DPS
+ A+
D j}c 60+ 30 +20 10.7 459
DFTA; 530+ 130 £ 170
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DDcc

Largely uncorrelated: DPS dominance?

,—.O-35_"' e L LENNL I L L | 0_5:|||.|.||| —r r r [ r 1 r 1
&S C &) e DD 15 045F| e DD
— 03 m p’Dt |J— 045— m DDt
v . fLHCD 1. LHCb
°lq 025F 4 B> o35k
L= R —3 ol 03E ]
'U"c r . '—'E :_
02F J©° 0%
C ] 0.25F
0.15F N '_l_l ] 02— +
0.1:_ i : | H I _: 0.15;— _+_
- —4— + - 0.1F ) N
0.05/- == 1 ot S
D:I 1 1 | 1 1 1 | 1 1 1 | 1 I 1 | 1 1 |_ 0 1 1 1 | 1 1 1 1 | 1 1 1 | i
0 0.2 0.4 0.6 0.8 | 0 0.5 l 1.5
Ao /m Ayl
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beb¢ process: ¥Dtc

LHCD

JHEP 1607 (2016) 052 S
4y LHCD By X crv,%z?,m, 155 + 21 (stat) = 7 (syst)pb,
< . T(18)D+ . -
o By X Uv,%l:;,m, = 82419 (stat) £ 5 (syst)pb,
= - T(18)D° ax 5
g B+ - X UJE:Q:TCV = 250 4 28 (stat) £ 11 (syst) pb,
g o T(18)D+ 5 . -
S Bs - X Uv,'gs:;rm, = 80 &£ 16 (stat) = 5 (syst) pb,
U;::] = T+100%. Predictions:
2 T G SPS: (0.1-0.6)%
i S — (8.0+09)%,
2 SR Ve DPS O(10%)
5 By 75/%%3} = (13=£5)%,
S \/‘zsz&'
:;\ B T/‘E";:Sé?";”' = (20 =+ D)%
et m T Expected:
— DPS: 25%
B,y =< 7}/?1:5_.3—% = (22 +7)%,
ﬁzfn_w
Signals 1(15) 1(25) T(39) s x LAY (09 4 gyop,
' \/EZ:S'TL%’
DY 980 £ 50 184 =27 60 =22
D+ 956 £ 35 116 £20 =17
Df 3£7 9+5 64 .
A Wi o s data agree with DPS
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LHCD

JHEP 1607 (2016) 052

——0 ; ; ——025 T ‘
—= o5 . 1 - 1 =T
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3 T(lS)D”_,-E . T(15)D*/3 N S 1 — F / _
02F P 04 3 Ei *—i E F/ \E
0,15;:}—.++ s //’ _}___ 0 32—.— ’ 4 0,05;—“‘}:. ‘_\\ :F:i: _: 005¢+ %f% 4
0.1k | 1 = 02F = E r ol . h ._—F—u«%
oost L e e S o1f S - — of- , %ﬁﬁhﬂ% of- , e
of _ L L L of L L L 0 5 10 15 0 5 10 15
0 02 04 0.6 0.8 1 0 0 04 0.6 0.8 1 T(18) AT T(15) r
) ‘ P GeV/e p GeV/e
|Ag] /m Ao /7 ! e ' e
— — — Ig \ T — I T T T
N ‘ . . g g 4 ‘ . . ‘ s E BN
S o LHCh 5 oxsf LHCb 4 S oy LHCb 3 7 | = q) LHCD
NES L ras)ne L 0i D ras)p+ = == T@as)p® 1= P +q{= T(15)D*
5|5 E E [ E . == 1
S| oasp E = 107 —+= E e —i- E
—6 E sl E —_—— E| slg E ——
ST E e
102 %;*: = 107 :4: 5
o 2 4 6 8 10 0 2 4 s 8 10

Py’ [GeV/d] P [GeV/d]

— 02— — 02— — T T '__,\!"0 T T
MR y LHC 1 E ) LHC LICb 3 & | a) LHCb ]
| Mi_ d T(IS)DO ] | 0'2;_ Af(lS)D+ . T(IS)D R T(lS)D
; + 14 0.15: ] oF ]
E b E ] L
. 0.1
D,[b'f |
0: |
N (; ['} 0'_ " 1 T 5 s ] 2 25 30 10 15 20 25 30
- - > - - > mT(1S)D° GeV/e?] mT(18)D* [GeV/e?]

L i

ALL differential distributions in excellent agreement with DPS
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CbEB : YJ/\V (by DO)
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Signal: 12.0 +3.8+2.8

Jhy+Y DO @ 1.96TeV

DO, L = 8.1 fb™

PRL 116(2016) no8, 082002

®

o 7
£ %2: 6
>~ =
Hs 73
S 6 5
—£5
5 4 L
= 3
= 0: 'n.!!. 2
10.5
£ 7510 1
Z G, o
T s DO, L=28.1fb" -= Data
- | - DP MC
L7 SP McC x10°
5 -
= 66—
e E
w 5
a— I
3
2 [
1=
T R B R B R e
% 2

2.5 3
Ad(JIy-Y), rad.
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LHCD

® Very interesting final
state: no SPS LO CS
diagrams!

o(J/y+Y) = 27+9+7 nb
® Uniform A¢ suggest

DPS dominance
Gt — 2.2+0.7+0.9mb
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LHCD

Q:Q;Q,Q, production

® Jhylhy : neither SPS nor DPS can be excluded
®* cross-sections
* correlations

* JyDe: DPS

® DDcc: (likely) DPS dominance
* YDt DPS

®

(J\yY by DO:  DPS)

® One can conclude that SPS is not so important..
* Is there an evidence for SPS processes?
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B: X
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B pure SPS ‘ccbb

LHCD

PLB742 (2015) 29

w 0.16 11— - .

= 014l + +Daa ] ® Very special case:

ERa + T * © Large signals, properties

= 0.1F = [

2 o osk E are well measured :

“ 0.06f ] * Mass , lifetime,

ol: E * Ratios of Brs
o . h = * © differential rates in
p(B2) (GeVic) excellent O(1-5%)
g Ol JERARRRS : agreement with o’
o B Data ] .
=008 + — BCVEGPY calculations
S 008l LHCD * ® Overall rate is largely
= B w ",
S ool E unknown": no measured Br
e 1 | Puzzle:
03 53 5 35 g = | where are double heavy baryons = & =,.?
V(B - also pure SPS
- essentially the same matrix element
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cecct E VX
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PRL 119 (2017) 11. 112001

— 4+
D

CC

cecc pure SPS process %

S0 .. s N=313 +33
- LHCDb 13 TeV ] o
160 3 o
RS ~ 4 Data .
S 140 = o L
> E — Towl : Long-waited
E 120 -~ Signal | E
g 100 - --- Background + B 'l' .
g sof Tt 1
g 605_ } + et H. I + E
§ u . + T +.H, E
O 40f I =
20 i
E GG | ] ® Need more
3500 360 3700 data to stuqy
m, (Z55) (MeV/e?) the production
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LHCD

® ® . .
Numerous theory Lifetime from theory
predictions (wide range) is rather uncertain
%37505 L 'PI 'd.' 'd' :I‘+’_;-+' LI L L L L ': . 200-700 ﬁ
= 37003_ _________ T elctz_ccmass _______ - _ PRL 121 (2018) 5. 052002 |
3650 -0 0 5o EDD ; S 02 | LHCb -
o e ——m e —— 2 =] || ] sz
3600 7 ° " Toog - gms— +++ 4 A0 .
[ LHCb 0o ] 2 % ]
330F 0 ° R ‘“O‘ﬂ I3 .
: = O 5 O . RER AR ]
35005— """"""" DD """ |;| '''''' _ 0.051 “$*¥?"‘_v_ _:
3450 L I et
® Measured mass allows " ' Decay time [ps]
edict the T..* mass!
predic cc’ MASS 256123 24 fs
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cece ¢ X(6900)
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Fully charmed tetraquark cccc %

LHCb: Science Bulletin 65 (2020) 23 1983

MS Preliminary 135 fb' (13 TeV

—

(33.3£0.2)x 10% 2xJhy LHCb Run 1+2
® Significance >5¢ | ofp-1
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® Large interference
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There exist sizeable SPS contribution!
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—— LHCb: Nature Phys. 18 (2022) 7 751

ccec pure SPS process D°DPrn* %

LHCb
9fp1

4 Data

Total

TS — D'DOnt
Background

T
= 35
£ 30
S 25t
 _f
= 20
s 1
>~ 10
e

D*+*D? threshold
D*'D* threshold

it
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!
Hf

M :

Peak is stable
® Data taking periods
® Data taking conditions
® Dipole magnet polarity
® Charge
Refleetions
Feake-DBY
Bupheates-
Breit-Wigner fit
Value

Parameter

E‘J |I_—|—+—H||I|||\III|||\||||||\||||||||\

[Ge\// 02:
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N 117 £ 16
—273 £ 61 keV/c?
410 £ 165 keV

dmpw

I'esw

®* Significance 22¢

® mgy below D**D°
threshold 4.3c
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LHCD

& T.." double charm tetraquark ccud

J. Carlson et al. 1987 . * * .
B. Silvestre-Brac and C. Semay 1993 Ac*lve theory dlscuss‘ons
L C. Semay and B. Silvestre-Brac 1994
M. A. Moinester 1995 O .
S. Pepin et al. 1996 ConsenSUS'
B. A. Gelman and S. Nussinov 2003
J. Vijande et al. 2003 ® . P= +
D. Janc and M. Rosina 2004 |soscalar J =] nO'r 1'00 far‘
F. Navarra et al. 2007 ’ * ’
I Vi ot ol from the DD" threshold
D. Ebert et al. 2007
S. H. Lee and S. Yasui 2009 ~ ~
" o w2 Close relation with =,
— N. Li ef al. s =—ice
—_— G.-Q. Feng _cf g 2013
. Luo et al. 2017 baryon
Iﬂk M. Karliner and J. Rosner 2017
E. J. Eichten and C. Quigg 2017 () . ~
— e 7. G. Wang 2017 ver‘y '“ter‘es*'ng
— W. Park et al. 2018
L P. Junnarkar et al. 2018 ° ——
C. Deng et al. 2018 per‘spect|ve for‘ bb“d
L] M.-Z. Liu et al. 2019
H L. Maiani et al. 2019 ®
G Vang et ol It can be stable!
Y. Tan et al. 2020
Q.-F. Lu et al. 2020
g E. Braaten et al. 2020
D. Gao et al. 2020
J.-B. Cheng et al. 2020
S. Noh et al. 2021
R. N. Faustov et al. 2021
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LHCD

Amplitude pole

LHCb: Nature Commun. 13 (2022) 1 3351
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@ Low energy scattering parameters %

LHCb Nature Commun. 13 (2022) 1 3351
60

k‘Z
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— _|_9"? —$k+O(k4)

—1

® Scattering length

= | (716 0.51) 1 (185 % 0.28)  fin

® Real part is negative
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(] . 1 16
Effective range = "Wl

0 < —r < 11.9(16.9) fm at 90 (95)% CL

Non-positive < "feature" of our model
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® _ attraction
* Compositness | .
) S V12 /Rl
Z x |g|

Z < 0.52(0.58) at 90 (95)% CL

Weinberg 1965,
Matuschek,Baru,Guo&Hanhart 2021
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Event activity/Track multiplicity SR
arXiv:2109:01056
E 100: T [ T [ T 1 T T | R ¢ TI"OCk mU|Tip“CiTY
= 90F- LHCb 4 |e =
~ 90 on-1 1 low-mass DD and DD
80;— ® T DDVt _; Cmtue R —
70:_ 1 pOpo Mmpope < 3.87 GeV/c? = p=Value. TCCVS DD — 0.1%
60§ DDP 3.75 < mpopo < 3.87 GeV/c? ; p=va|ue: Tct: vs DD = 12%
402— + 3 | ®* Similar to DD
30——odho = ®* DPS process
20E T = ® .. unexpected
10f- + = | * Different from DD
O: | | | | | | | | | | | | | | | | | | 1 ] . . ExpeCTed .b_ut
0 100 200 N 300 400 500 totally different!
tracks
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P+ Spectrum

arXiv:2109:01056
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p-value: Ttvs DD =1.4%
p-value: T vs DD = 0.02%
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® A bit inconclusive
® More data is needed
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Other Q,Q,0Q,0Q, studies
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2xY CMS @ 8TeV

JHEP 1705 (2017) 013

CMS L=20.7 b (8 TeV)

Candidates / (50 MeV x 50 MeV)

10.5
0 Fiducial cross-section:
9-9 2 6‘3\‘\ 68.8+12.7+7.4+2.8 pb
Mo 105 (185" (O bbbt
tu eV G = 2.2—6.6mb
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LHCD

% eeccee o JyJhylhy by CMS

Nature Phys. (2013)

5.01%$ signal events, significance 6.7c

. CMS 133 b7 (13 TeV) o CMS 133 b7 (13 TeV) CMS 13367 (13 TeV)
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9— { Data 9— } Data 9— 4 Data
8 _ — Total fit 8 _ — Total fit 8 _ — Total fit
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LHCD

ccecec's JyJhydhy by CMS

Nature Phys. (2013)

PP PIHX GPP= P +X pp— {3 +X

® Interpretation is not simple | o (m@d a"

TPS 3! 2
Octr Tps

Pure prompt production: Non-prompt contributions:

pfﬁ

=y
b= Jjy

1y

SPS:

=y
-..'-_ ) ‘l B....<_.. J/W
==y

DPS:

"
= g

oclo olg ol o

Sum of DPS and TPS
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LHCD

Q,Q,0,Q, conclusions

Adv.Ser.Direct.High Energy Phys. 29 (2018) 141

® Multiple production of heavy ERRAAY AR
quarks in high ener'gy hadron Pt JAbIAp DO [10] pp@y/s = 1.96 TeV
. e . . . H———H JAbJAb ATLAS pp@y/5 = 8 TeV
collisions is studied in many Wl s 0 s - T
fiﬂﬂ' 51'01'35 JAD® LHCH [52] pp@y/s = 7TV el e
. . JApDT LHCb pp@y/s = 7TeV o
Some f l na| s*ates J/lbDir LHCb pp@\/gi 7TeV e
. JAp AT LHCb [52] pp@y/s = 7TeV .
unambiguously DPS ol
dominated el B
. . D+DF LHCb [52] pp@/5 = 7TeV —e—i
Bright examples of pure vt o= . .
r Bt = +t + e o G oy
SPS ' Be ’ h:‘ee ’ cc ¢ YEISiDM LHCpr@\f/;: 7eTeV e
X(6900) show that for S v AT
certain final statesé v
kinematic regions SPS can | Lol | Lol

play important role 1 10 10’

Ocff [mb]
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LHCD

Q,;Q:Q,Q, conclusions

® Multiple production of heavy quarks in high energy hadron
collisions is studied in many final states
® Allows test of various QCD approaches:
* color octet/color singlet, k-factorization ...

® Important for understanding of proton structure

® DPS, universality of o, violation of factorization, parton
correlations

® TPS - expected many results at LHC Run3

® Multiple production of heavy quarks in pA and AA
interactions, where can be even more interesting!
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Thank you!
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