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LHCb — unique capabilities for QCD

* Unique forward rapidity coverage
* Unparalleled access to low- and high-x regions inside the nucleus

* Large forward momentum boost
e Full PID, reconstruct resonances to p; = 0

* Clear separation between primary and displaced vertices i

 Fast DAQ and detectors

* Access to rare probes: b quarks,
higher quarkonia, exotic states

* Unique fixed-target system
* Explore pt+gas and Pb+gas collisions
at ~RHIC energies
* Incredibly versatile physics program

* Major upgrades in place — increased centrality reach
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LHCb and EIC:
many overlapping physics topics

Partonic structure of nucleons Photoproduction

Hadronization Hadron spectroscopy

Science Requirements and Detector Concepts
for the Electron-Ion Collider

EIC Yellow Report

NPA 1026 122447(2022)
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* Forward rapidity allows us to look deep into the nucleus:

Understand the physics of QCD at high gluon density — search for saturation

Low X
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Low X

* Forward rapidity allows us to look deep into the nucleus:

* Constrain structure of nucleons at low x values
* Understand the physics of QCD at high gluon density — search for saturation
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Forward charm — constraining nPDF
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Forward charm — constraining nPDF

JHEP 10 090 (2017)
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 Precise LHCb data on D mesons now the
primary nPDF constraint at x<10-3

* Dramatic impact on gluon uncertainties
down to x~10¢ (nNNPDF3.0)
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Backward charm — challenging nPDF ch

arXiv: 2311.08490
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* Forward data well within uncertainties from updated nPDF calculation
* Backwards rapidity shows clear deviation from nPDF
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Unidentified charged particles

PRL 128 142004 (2022
e e
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* Forward data well within uncertainties from EPPS16 nPDF calculation
e Backwards rapidity not described by nPDF or multiple scattering calculation
» Additional effects from medium?
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Identified light mesons - i° ch

PRL 131 042302 (2023)

15 LHCD | [LHC |« Forward rapidity:
* Excellent agreement with
—————————————————————————————— . nPDF and charged particles
A Gk | * Backward rapidity:
~ - EPPSIGHLHCD DY b n e = 816TeV, 25 < rest < 85 » Slight excess over nPDF
2 15  LHCD 1 TLHCH _ calculation
= * Deficit compared to charged
particles

* Potential mechanisms:
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GeV GeV 1
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Identified light mesons - and 7’ ch

PRC 109 024907 (2024)

* Nuclear modification of identified particles allows us to probe mass-dependent effects
* The n' is especially interesting: a meson with nearly the same mass as a proton
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PRC 109 024907 (2024)

Identified light mesons - n and n’ %

* Nuclear modification of identified particles allows us to probe mass-dependent effects
 The n' is especially interesting: a meson h nearly the same mass as a proton
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* Agreement between all light mesons - no evidence for mass dependence
* Potential baryon/meson effects under investigation with identified hadrons
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From vacuum to the QCD medium — quark coalescence
Vacuum (ete™) Diffuse medium (pp

PA) Increasing T, N

Event display from LEP

Xe-Xe
5.44 TeV 5.02 TeV
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From vacuum to the QCD medium — quark coalescence
Vacuum (ete™) Diffuse medium (pp
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From vacuum to the QCD medium — quark coalescence

Vacuum (ete™) Diffuse medium (pp,pA) Inéroasim SN
” ‘I

vi

\ Event dis%}am m A
\ ,/‘!/ ’ f«ﬂ‘l{\ X »g\%(‘«i "

5.44 TeV 5.02 TeV
Quarks that overlap in position/velocity space can
coalesce to make color neutral hadrons
At high density, expect increased production of
hadrons with strange quarks and enhanced
production of 3-quark baryons
Expect pure fragmentation at low density
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Modification of b hadronization — B baryons

* Coalescence provides a new mechanism for baryon formation - 3 quarks wavefunctions overlap
* Baryon enhancement is therefore a signature of coalescence
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Modification of b hadronization — B baryons

PRL 132 081901 (2024) IZ T T ey
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.081901

Modification of b hadronization — B baryons
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g 0.8 A o ILHICbl | 'pp' \E :' 1?; TIeVI | Baryon/meson ratio shows significant p; dependence
== 07 :_\\ ¢ 2<y<45 Consistent with previous results (semileptonic decays)
F l t 2<n<5 Consistent with pPb results, within large uncertainties
0.6F \ |
N pP:’ @< §<163£e Compare to Statistical Hadronization Model that uses two

sets of baryons as input:

* Expanded set of baryons predicted by the
Relativistic Quark Model
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Modification of b hadronization — B baryons
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Baryon/meson ratio shows significant p; dependence
Consistent with previous results (semileptonic decays)
Consistent with pPb results, within large uncertainties

Compare to Statistical Hadronization Model that uses two
sets of baryons as input:

Expanded set of baryons predicted by the
Relativistic Quark Model

PYTHIAS fails to reproduce p; dependence

EPOS4HQ with fragmentation+quark coalescence does
much better, slightly overpredicts ratio

Matt Durham
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Modification of b hadronization — B baryons

PRL 132 081901 (2024) [Tl
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Q 076 ¥ LHCb pp Vs=13TeV 94 < Baryon/meson ratio shows
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OSE ¥ ++++—+——+——+— I E
$ 04F + ++ 4 ¢ Increases by a factor of ~2
— o3F £ ++ E and plateaus for collisions
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b quarks in low multiplicity collisions have nothing to coalesce with = fragment in vacuum
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Modification of b hadronization — B baryons

0.8 — [HCbpp 13TeV (p50) e Baryon/meson ratio shows
07 ! (b) 3 significant multiplicity

CE-SHM (RQM) :
0.6 L= — - CE-SHM (PDG) + _: dependence

$ o : * Increases by a factor of ~2
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* Reproduce ete” result as
multiplicity approaches zero

N

tracks

SHM reproduces trend with plateau — all possible baryon states populated at high multiplicity
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Modification of b hadronization — B baryons
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* Clear multiplicity dependence at relatively low pr
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Modification of b hadronization — B baryons
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* Clear multiplicity dependence at relatively low pr
e Reproduce eTe™ result at high pr where b quarks don’t interact with bulk and just fragment

e |dentical conclusions for strangeness enhancement in B mesons: Phys. Rev. Lett. 131, 061901
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X(3872) in pPb

PRL 132 242301 (2024)
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X(3872) in pPb

PRL 132 242301 (2024)

Losoo LHCb  pp 5=8TeV,2 b~ _
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s F T towit ——Rackgromnd 3 o4 >15 GeVic p
_3;315000 - w(2S) . (3872) = \§ +§ Pr ‘ IP(ZS) SuggeStS Someth"_"g
2 0o E P ? 2 different may be happening to
° YR LHCb 7 exotic vs conventional hadrons in
5000 = 3 g o f ] .
I a ;%S% p.>35GeV/c 1  medium
S A0E 4 3R ]
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£ we e Eﬂ should largely cancel in ratio
3 3 3 xX'lo 7
g 200;; _é o}
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$ 00 E
L 250 5
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C g ) R E Prompt X(3872)/ (2S) = 0.23 £ 0.15 £ 0.10 in backward pPb

E C 3

o = A . S Falls between pp (~0.1) and PbPb (~1.0)

Myyew MVIE] - AMBIGUITY between X(3872) enhancement and (2S) suppression
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X(3872) in pPb

PRL 132 242301 (2024) [EREEFEEE C . c1(3872
. Ambiguity lifted by measuring X (37 _ gk P
A CFT T o 0 o "1 nuclear modification factors: PR 208 x o)
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i —#— y(2S) > uu ]
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3:_ @ N
2F .
1_::_ _______________
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First measurement ever of nuclear
modification factor of a tetraquark!
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PRL 132 242301 (2024)
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First measurement ever of nuclear
modification factor of a tetraquark!
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X(3872) in pPb

Ambiguity lifted by measuring X (37 _ gk P

. . . A
nuclear modification factors: 8 208 x o5t ¥

Evidence for enhancement of X(3872) in pPb:
Coalescence dominating over breakup?

Similar mechanism for
baryon enhancement could
also increase tetraquark
production

Quark yield
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J/Y in jets

Charmonia provides a platform for testing
perturbative and non-perturbative QCD
Long-standing with description of
charmonia production and polarization
Charmonia in jets provides new way to
examine production mechanisms

z(J/w) = pr(J/y)/ pr(jet)
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J/Y in jets

Charmonia provides a platform for testing
perturbative and non-perturbative QCD
Long-standing with description of
charmonia production and polarization
Charmonia in jets provides new way to
examine production mechanisms

0.3

z(J/w) = pr(J/y)/ pr(jet)

b L L
g I DData (syst) 1 LHCb
- [eyins (s =13 TeV
0ol Pythia8 b—Jly
[ ]
0.1 ] — -
- = | .
= = :
0 0.2 0.4 0.6 0.8 1
Non-prompt: well z(J1y)

described by PYTHIA
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J/Y in jets

Charmonia provides a platform for testing
perturbative and non-perturbative QCD
Long-standing with description of
charmonia production and polarization
Charmonia in jets provides new way to

iy

= pr(J/w)/pr(jet)

z(J/w)

examine production mechanisms PRL 118 192001 (2017)
b Oy——T T T T o 03— —

g [ [/pata(sysy LHCb | .Data ys) - DPS rL_IffTbLV-

i . s = e . i

_ - L — -
0.1 . 0.1 _— .
GE P R R B l N -‘ 0-_1" —l :"".'"":- e o
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Non-prompt: well z(J7y) Prompt: significantly less Z¢//¥)

described by PYTHIA Matt burham  isOlated than NRQCD prediction

AAAAAAAAAAAAAAAAAA


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.192001

P(2S) in jets %Iﬁ

The same measurement can also be done with 1(25) LHCb-PAPER-2024-021
* \Very I|ttIe feeddown, unlike J /Y

0.35 T T

5 - LHCb Prellmlnary Dlslplaced corlnponent 1

E os PP s=13TeV 3

S [ Atk R=057 =25-4 ;

L 025 p (jet): 20 - 25 GeV/e 3 .

T C P (v@s)>2Gevic 4 .

0'2:_ -e-Data o _:

F - Pythia 8.309 k& ]

0.15F -

r £ ]

0.1 == -

C =5 ]

0.05— -

L = m

- == 8

0— | o 1 | 1 1 1 | L 1 | L (l‘ J

0 0.2 0.4 0.6 O 8 1

p(w(2S))/p_(jet)

b — P(2S) : well described by PYTHIA
Very similarto b — J /Y
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P(2S) in jets

The same measurement can also be done with ¥(2S) LHCb-PAPER-2024-021
* \Very I|ttIe feeddown, unlike J /9
0.35 ; ; N 02— T T
1'\3' - LHCb Prellmlnary Dlslplaced corlnponent 1 2 [ LHCb Preliminary Prompt component |
N os PP Vs=13TeV B N - pp Vs=13TeV -
8 Anti-ky R =05, 7 =254 g 8 02 antik; R=05, n,=25-4 ]
L o025 p_(iet): 20 25 GeV/c - — g i p_(iet): 20 — 25 GeV/c ]
T - p,(v(28))>2GeVic B_;—_l ] 015 P (W(2S)) >2GeVic r
0.2:— o Data — = [ -eData @:
E - Pythia 8.309 3 1 - - Pythia 8.309 =Y |
0151 ] 0.1 +
. &2 ] i —— - 8
0.1 == = - =¥
- e ] 0.05- ]
0.05— - L = ]
E == E'j‘( E ill ——_ o [ | ]
% OIQ e 0!4 — 0|6 — 018 =~ % 02 o4 06 08 -' 1
p(w(28))/p_(jet) p,(w(2S))/p_(jet)
b — (2S) : well described by PYTHIA Prompt: less isolated than NRQCD prediction
Very similar to b — J /1 Two component structure: different

production mechanisms?
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X(3872) in jets

LHCb-PAPER-2024-021
N F T T T | T ] T ] T | T T T ‘ T T T ‘ T T T 3
B 09 LHCb Preliminary Displaced component—
N s PP (s =13 TeV E
S - Anti-k; R=0.5, n,=25-4 ]
0.7 M —
L = p(iet): 20 - 30 GeV/e E
T 08 p (1 (3872)) >2 GeVie =
0‘5; -o- Data é
E Pythia 8.309 —4— 3
0.4 e | —
03k —— =
0.2;— Al —;
0.1 | =
0: O v, Lo e I R R |-‘|+_ >
0 0.2 0.4 0.6 0.8 1
P, (1 (3872))/p. (et

b — X(3872) : well described by PYTHIA
Very similarto b — J /Y
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X(3872) in jets

LHCb-PAPER-2024-021

N I A B B e e S S A e A N0.6_||x{|.|.||xxx||||{xx'_

T 09 LHCb Preliminary Displaced component— 3 - LHCb Preliminary Prompt component -

N 085_ pp Vs=13TeV E N PP (s =13 TeV E

L © Antik, R=05, n,=25-4 ] g - Anti-ky R=05,7 =25-4 1

L 0'7;_ p,(iet): 20 - 30 GeV/c E g 04l Plied):20 —30 GeV/c B

T 08 p (1 (3872)) >2 GeVie = C p,(x(3872) >2 GeVie i

o5 - Dala E °'3i +Sattr? 8.309 $

- Pythia 8.309 —— 3 B yihia o. ]

04t g - EEEE i

0.3;— —e— _; 0.2:— _:

0.2;— oL — 0_1; %E 7

01 - B i ]

O;l . %% 1 ‘ 1 1 1 ‘ 1-‘?_‘5 O;L‘ . | ¢ Y I I_ i \T| 1 1 1 \ 1 L 1 ]

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 . 1

p(x_(3872))/p_(iet) p.(x_(3872))/p_(jet)

b > X(3872) : well described by PYTHIA Prompt: Rises towards isolation, very

Very similar to b - J /1 different from conventional cc state Y (25)
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1/ do (2)/dz

0.3

Compare:

prompt J /1 , Y(2S), X(3872)

0.25—

ch

[ T T ‘ T T T | T T | T T T | T T N T T | T T T I T T T | T T T N T T T N [ T T T N T T T I T T T ‘ T T T I T T
- LHCb Prompt component K [ LHCb Preliminary Prompt component ] " LHCb Preliminary Prompt component
- pp (s=13Tev N - pp Vs=13TeV N C pp Vs=13TeV ]
0.25 ) -4 = L = osL .
- Anti-k; R=05,7 =25-4 @ LHCb Data S %2 Antik;R=051n =25-4 1 8 C Antik; R=05,7 =25-4 1
r : t)> 20GeV/c NRQCD B i jet B ] jet i
ol p.(e 0Covie J b [ p_(jet): 20 - 25 GeVic L o4l Prlie): 20 -30 GeVic E
- PUM)>2GeVie T .l p.w(@S)>2Gevic A4 T L p(,(3872)>2GeVic ]
L L~ | 0.15 T . X1
0.15 - | -e-Data + ] | -eData !
C . - o Pythia 8.309 =¥ : 031" . Pythia 8.309 -
- —— o1 2 - =
0.1~ e a e ; ol ] ]
C - —— w 1 SN B
r —e— L 1 C ]
0.05—9— — 0.05 N C ‘ + 1
- —e] i o g
ol R B R R B E + == B | L ]
0 0.2 0.4 0.6 0.8 1 " - 1§.=. = 0—_‘_ ) | dessseet®®® |
p (J/-lp)/p (Jet) 0 0.2 0.4 0.6 0.8 ) 1 0 0.2 0.4 0.6 0.8 ) 1
T T P (w(2S))/p_(jet) p(x (3872))/p_(jet)
Prompt ¢ (2S):
Prompt J /Y. less Prompt X(3872):

Two component structure:
Different production
mechanisms?

More isolated than
conventional charmonia

isolated than expected
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LHCb and EIC:

many overlapping physics topics

Partonic structure of nucleons

Science Requirements and Detector Concepts
for the Electron-Ion Collider

EIC Yellow Report

®

NPA 1026 122447(2022)

Los Alamos
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Hadronization

Photoproduction

Hadron spectroscopy
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https://www.sciencedirect.com/science/article/abs/pii/S0375947422000677

Different probes of the nucleus - UPC

 LHCD has full particle ID and collects large samples of UPC events
* Forward reach and high statistics provides new constraints on saturation models
JHIEP OEIS 146. (&_21|3 .

LHCb

LHCb

2
- PbPb sy =5.02 TeV 180 PbPb |s,, =5.02 TeV
4 D NN
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- -y 140
3 o l//(2S) + Data
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100 — Fit

= = =« Coherent w(2S)

Candidates / (5 MeV/c?)
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e LHCD is a nearly ideal detector for UPCs: fast DAQ, forward boost, full PID
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https://link.springer.com/article/10.1007/JHEP06(2023)146

Different probes of the nucleus - UPC

 LHCD has full particle ID and collects large samples of UPC events

* Forward reach and high statistics provides new constraints on saturation models
JHEP 06 146 (2023)

6,5 \r{l‘l I I I | I I I I | I I I I | I I I I
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Rh Coherent J/1 production

Luminosity unc. : 4.4%

® data
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* High precision access to very low pr identified hadrons uniquely accessible at LHCb

* Multiple new UPC measurements underway
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https://link.springer.com/article/10.1007/JHEP06(2023)146

Different probes of the nucleus - UPC ch

 LHCD has full particle ID and collects large samples of UPC events

* Forward reach and high statistics provides new constraints on saturation models
JHEP 06 146 (2023)
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* High precision access to very low pr identified hadrons uniquely accessible at LHCb

* Multiple new UPC measurements underway
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https://link.springer.com/article/10.1007/JHEP06(2023)146

New hadrons discovered at the LHC
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Central exclusive production of | /Y ¢

2407.14301
~ f0F T . ~ 100F—1 T =
% i Data % : I Data
= 70 LHCb { — Total fit S - LHCDb — Total fit
-1 i ---- Signal 80 | ---- Signal =
o 60 51b J» , + - - Background < i 5 fb + ---- Background |
o N i &\ i
< g - KT K < 6o '
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: i = b
s 30 ‘ X -
20 4 | 20
10 i it i
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* Select events with exactly four tracks: two muons, two kaons
e Veto additional activity with HERSCHEL
e Clear signals for ¢(1020) and J /Y
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https://arxiv.org/abs/2407.14301

Events / (25 MeV )

Central exclusive production of / /y¢ %Iﬁ

2407.14301
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e Structures apparent when selecting only 4 tracks
* Gone when looking at “sideband” of events with more activity

0'0 Los Alamos Matt Durham

AAAAAAAAAAAAAAAAAA
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Central exclusive production of / /y¢ %

2407.14301 B* —>]/¢¢K+ PRL 127 082001 (2021)
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* Structure consistent with tetraquark candidates L
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My [GeV]

The beginning of a totally new hadron spectroscopy program

0'0 Los Alamos Matt Durham

AAAAAAAAAAAAAAAAAA


https://arxiv.org/abs/2407.14301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001

LHCb Upgrade 1(a) — Installed

LHCb has advanced the state of the art with full streaming readout in pp at 40MHz
All new tracking system allows reconstruction up to ~30% most central PbPb collisions

Side View ECAL HCAL o M5
M3

LHCb-FIGURE-2024-004
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Fixed target upgrade — SMOG2

* Dedicated gas storage cell has been installed in front of LHCb VELO
» Allows greatly increased rates of beam+gas collisions

x10° LHCb-FIGURE-2023-001
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140 —
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40
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1 1 ‘ ] 1 L ‘
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SMOG?2 provides huge flexibility in targets:
e. g. run O+O at two collision energies simultaneously

z [mm)]
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Fixed target upgrade — SMOG2

* Concurrent running with pp data will provide HUGE data samples

* Reconstructions from 100 minutes of 2024 data

» Target species and luminosity priorities determined within LHCb
* So far: pNe, pAr, pHe, lots of pH,, Pb+gas data coming

iy

LHCb-FIGURE-2024-005
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Tracking upgrade — Magnet Station (LS3)

Scintillating bar tracker for very soft particles at LHCDb, start installation L'S3
Expands soft physics channels previously unreachable at the LHC.

Enahnced access to very low x, Q2 region where gluon saturation may exist in nuclei.
Access to very soft particles from UPCs

Magnetic Field
Effects in Heavy
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Upgrade |
| Exotic hadron search
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1 —y+A, yy scat.

| Radiative
Decays
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LHCb Upgrade Il (Run 5+)

Further upgraded tracking to deal with high pp pileup and heavy ion collisions
» Access the full PbPb centrality range
* Precise measurements of b hadrons, exotic states, and more at low pr in central collisions

Side View Tungsten

Discussions beginning for a new Magnet & I .
. agnet Stations SciFi Shieldin: _

era of fixed target physics: &Silicon _RICH2
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Huge complementarity with EIC

Phase-II Upgrade

_ CERN-LHCC-2021-012
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https://arxiv.org/abs/1901.08002

Summary

éi ﬁCb
 LHCDb plays a unique role in international heavy ion physics experiments

— Widest range of x, Q? accessible in the laboratory
— Unparalleled access to b quarks, higher charmonia, exotic hadrons, etc

— Resonances reconstructed down to pt=0

* The LHCb heavy ion group currently has a very high data/people ratio

— With multiple SMOG?2 species coming, soon we will have more data sets than groups
involved in the heavy ion program

— Severely under-utilized for UPC, flow, femtoscopy, jets, many other areas

* Ambitious upgrade plan with a direct impact on the heavy ion physics program is
well underway.

Los Alamos National Laboratory is supported by
DOE/Office of Science/Nuclear Physics
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Hole radius

47mm

Hole radius
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Cut-out
~108x230mm

goomm

Station B2
z=-114.0m

Station B1

z=-19.7m Station BO

z=-7.5m

Station F1
z=20.0m

1% Los Alamos

NATIONAL LABORATORY

Station F2
z=114.0m
Matt Durham

53



