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Outline & Physics Topics

» LHCDb Detector + unique capabilities
* Odderon search in pA and AA

* Photoproduction (in pp, pA, and AA)
* Vector meson production

» Exotic states, scalar and tensor mesons
from P + P and ¥y + y interactions

» Searches for glueballs + tetraquark states
 Summary + Plans

July 5, 2024 Brandenburg.89@osu.edu | LHCb



The LHCb detector

Converts stopping e,y energy
in scintillating signal.

LHCb Detector E| _
We_ight: 5,600 tonnes ethomagnetIC
Hont Calorimeter

ength: 20 m

RICH1

Unigue coverage

* Rapidity

* Low transverse momentum
Collider & Fixed Target modes

* Unique coverage
. ﬁﬁ%ess lower COM energies at

Vertex
Locator

SMOG2

» Enables fixed target mode
» Plethora of collision species

Resolution

* Precise vertex determination

* Powerful invariant mass resolution
vioon © Particle Identification
Hadronic Stations e e, u,m,K,p,yinl <p<100GeV

Tracking
Station

RICHZ2

Dipole .
Magnet sracking Calorimeter ~+ Unique forward instrumentation
onverts stoppin H
% _ s 10, adron nor for pp, pPb, PbPb physics
p scintillating signal.

J. of Instr.,3(08):S08005, 2008
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The LHCb detector

Converts stopping e,y energy
in scintillating signal.

LHCDb Detector E| .
Weight: 5,600 tonnes eCtr:omagnetIC ———
Height: 10'm Calorimeter

ength: 20 m

RICH1

Vertex
Locator

Tracking RICH?2

Muon

Station | _
Dipole : Hadronic Stations
Magnet Tracking Calorimeter
Stations Converts stopping
@ < 05—1% hadron energy in
p scintillating signal.

J. of Instr.,3(08):S08005, 2008
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HeRSChel: High-Rapidity Shower Counters for LHCb
5<|nl <9

Hole radius
47mm
y

1 Hole radius
‘ LHCDb XX) 61mm

Cut-out
~108x230mm

eoomm

Station B2
z=-114.0m Station B1
z=-19.7m Station BO
z=-7.5m
K. Carvalho Akiba et al 2018 JINST 13 P04017
July 5, 2024

Station F1
z=20.0m
Brandenburg.89@osu.edu | LHCb

Station F2
z=114.0m 5



LHCDb rapidity coverage

HERSCHEL inelastic

p,Pb P
.A.A.‘A.A.A.A—LI.A.A.LLAAA_A_A_A_ P

July 5, 2024
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single diffraction

double diffraction

CEP+UPC elastic

CEP+UPC inelastic
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Motivations for photoinduced measurements in pA
J /1

Pb Pb

o photon energy Invariant mass of the photon-proton system
(|
]P : : [ ky = (Mw/Z)eiy‘p} Wi = 211{7:|:\/§
: : External inputs IIA IT Photoproduction result from H1(HERA)
|' : gap surviv?r photoln flux /l ,’ parametrization = a (90 Gev)5
I I
Pb ® Pb’ ' fdn) ! / dn
/ \\ Jpp—>p¢p = T(W+) m k+o'yp—>1/)p(w+) + T(W—) d_k_ k_ O-yp—npp(W—)
Challenge in pp, AA Benefit of pA

* Photon source ambiguity « pPb vs. Pbp -> disambiguate photon emitter

» Uncertainty on survival fraction in pp  Better control on survival fraction

July 5, 2024 Brandenburg.89@osu.edu | LHCb 7



Odderon search in pPb and PbPb

Isolating the Odderon in central production

in high energy pA and AA collisions

» C-even mesons can be produced in exclusive events either via the
fusion of two C-even objects (Pomeron-Pomeron) or two C-odd

ObjeCtS ()/ + OddBTOTl) McNulty, Khoze, Martin, Ryskin, Eur. Phys. J. C 80,
288 (2020)

Would provide first *direct*

observation of the odderon

Odderon Exchange from Elastic Scattering
Differences between pp and pp Data at
1.96 TeV and from pp Forward Scattering
Measurements

V.M. Abazov et al. (DO collaborationT["id", "col1"], TOTEM
Collaborationi["id", "col2"))

Phys. Rev. Lett. 127, 062003 — Published 4 August 2021 u m
Phys. Rev. Lett. 127, 062003 (2021)
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Odderon SearCh approach I;Agg\ltzétgéOK)hoze, Martin, Ryskin, Eur. Phys. J. C 80,

 Study the production of C-even mesons 16(PC)
* f,(1270) is an especially good candidate

0+(2 + +)

PP-)fQ, PR%fg, ’YO%][Q, /YR%]C%
P = Pomeron, R=Reggeon, O = Odderon, y = photon

* Sighatures of Odderon:
* Enhanced f,(1270) production
* Asymmetry when beam/target are flipped (pPb vs. Pbp)

* C-even mesons due to Odderon-y fusion could be quite large, up to the ub level

L. A. Harland-Lang, V. A. Khoze, A. D. Martin and M. G. Ryskin,
Phys. Rev. D 99, no. 3, 034011 (2019) [arXiv:1811.12705 [hep-

ph]].

July 5, 2024 Brandenburg.89@osu.edu | LHCb 9



Signhal and Backgrounds in C-even mesons

PP — fg,

PR — f27

’VO — f27

f}/R — f27

P = Pomeron, R=Reggeon, O = Odderon, y = photon

p+A— p+f2+A
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Require exclusive events
with ‘gap’, Survival
fraction:

Son(b)) = exp(—0oiot(pN) Ta(by)) ,

oo

dz(pp(2,b) + pn(2,0)) .

-

=

||
™

McNulty, Khoze, Martin, Ryskin, Eur. Phys. J. C 80, 288 (2020)
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Signhal and Backgrounds in C-even mesons

* 'Flipping’ beam
provides
enhanced
sensitivity to
Odderon signal

* A(pPb) uses
measurements of
pPb vs. Pbp for

the same yy.

* In PbPb collisions
- 'flip’ by requiring
breakup on one
side or the other

July 5, 2024

g(A*A) — o(AA¥)

A(AAY) = |
A+A— A+f,+A
~0.2 o
< [ Vs=512TeV s
g | Ve G = 7.85mb
< Oy=—"F—
.......................... %0.50mb
_0.of X P - P fusion
0.4+
>, Y- Ofusion
-0.6 ‘
-0.8¢
A e

Rapidity

A(Ap) =

o(pA) — o(Ap)
o(pA)+o(Ap)
p+A— p+f2+A

T Vs=816TeV

Rapidity

Brandenburg.89@McNulty, Khoze, Martin, Ryskin, Eur. Phys. J. C 80, 288 (2020) 11



n and n’ in pp and pPb

(@)}

Candidates / 10 MeV
DO

BG subtracted

=
w O

e

—
o

10.1103/PhysRevC.109.024907

X 104 % 102
4<
LHChH Data | LHCb Data |
Pb, /sny = 8.16 TeV it — _ Fit ——
P 95 <N 35 Mixed event = pPb, /sxy = 8.16 TeV Mixed f
: Yem. < O. Y 3] 25 < <35 ixed even
Correlated S = Yen. Correlated 1S
~
82
= + |
= i |
N P
O -
b Lo
g
3
Q
§ 1.01
= t
s . - So_or* 'f}fﬁinH
00 400 800 M 900 980 1000
M(77) [MeV] M(x*mn) [MeV]
* Clear identification of n and n' via invariant mass reconstruction in pPb
» nreconstructed from y pairs identified in ECAL (clusters p; > 500 MeV + isolated from charged tracks)
* 1’ reconstructed from n candidates (500 < M,,,, < 600 MeV ) and charged pion pairs
Brandenburg.89@osu.edu | LHCb 12
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https://doi.org/10.1103/PhysRevC.109.024907

Photoproduction measurements from CEP

LHCb measurements cover a unique
range in W with high precision

J/v

| 1
n /
Opp-pyp = T(W.) (d_k+> K Oypyp
7

= F
= 8F
§: TE
T
\ o
s sE
3 4F E
3E E
- [_JmMRrTLO ]
2 = [ 'MRTNLO E
IE  —— LHCb (f5=13TeV) E
C | | l
JAy rapidity
July 5, 2024

[

photon energy

ky = (My/2)et”

4
External inputs /
gap survivor

/

photon flux /

pp—pyY(2S)p [nb]

do
de

S oo
(el \S N ENe

Brandenburg.89@osu.edu | LHCb

I
A I

Invariant mass of the photon-proton system}

W2 = 2%k, \/5

)
parametrization = a( )
90 GeV

IT Photoproduction result from H1(HERA)
|
|
|

| d
W) + (W) (—") k_ 0y (W)

dk_

12F

[ ]MrTLO

B JMRT NLO
—e— LHCb ({s=13 TeV)

JHEP 10 (2018) 167

2

3

Y (2S) rapidity
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Photoproduction measurements from CEP

LHCb measurements cover a unique photon energy Invariant mass of the photon-proton system
range in W with high precision ki = (My/2)e™v| | W2 = 2ky\/s
Iy External inputs /4 IT Photoproduction result from H1(HERA)
I 5
gap survivor  photon flux | | parametrization = a (90 G v)
I e
[ 1 [ T
dn \ ' ’ dn
Opp—pyp = T(W+) W k+o-yp—>1[)p(w+) + T(W—) W k_ Oyp—yp (W—)
P + J —
= 10° 5 T T I = . ' T T T ]
=] - Power law fit to H1 data ] £10° E
§ I JMRT NLO prediction ] § E E
toT | > |
202 b _ 110 E E
B : « LHCb ({s=13TeV) 3 & F .
- = LHCb(fs=7TeV) ] S - LHCb({s=13TeV) ]
i ¢ ALICE - 1L * = LHCb(Vs=7TeV)  _
T IT.-I- +  HI N = . HI 3
i 111 l . ZEUS - .
10 3 | Fixed target exp. E i H1 J/y power law scaled by 0.166 |
B 1 1 | 1 1 0ol n -1 L T R L L L M R R T |
10 3
10 10° 107

10
W [GeV] JHEP 10 (2018) 167 W GeV]
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Bottomonia photoproductlon

in CEP

» Access to Bottomonia

Y(nS)
Q% ~ 25 GeV"2

JHEP 1509 (2015) 084

o0 | 10*
3 LHCb <4 T(1S) data
S50l LO (7TeV)
g (a) —— LO (8TeV)
= i NLO (7TeV) | 3t
§ 40 —— NLO (8TeV) = 10
% 20/\ =
o IV 7 ~~
: E
.S 20} © 10
=
s
o 10l
=i —5
= | | | 10
0 | 2 3 4 5

July 5, 2024

T (1S) rapidity

Events / (60 MeV/c?)

Total
Y'(nS) signal, 2< y< 4.5

Non-resonant background

J M| L L L L
11000 12000

LHCb
(b)

m(u*u) (MeV/c?)

LHCb sensitivity

LO
NLO :
B.G.bCGC — ]
Gauss LC bCGC -~ ]
H1 2000 —— -

LHCb run 1 —— |
ZEUS 1998/2009 —— §

Brandenburg.89@osu.edu | LHCb

10°
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Vector Meson Photoproduction in UPC of PbPb

Pb Pb Pb Pb

v v =

Liid ki

. ¥ 3

P P E

Coherent Incoherent
Efficient separation of coherent and pA will allow disambiguation of photon emitter /
incoherent thanks to HeRSChelL nuclear target + crucial baseline for

photoproduction compared to pp, AA

July 5, 2024 Brandenburg.89@osu.edu | LHCb 16



J/Q, Y(2S) photoproduction in UPC-

—  r ' 1 . r . r 1 r ]
Cropop LHED J 3
5 JHEP06(2023)146 <& | ™ Pw=302TeV :
o 100 g - . T . T T T . . () 800-— 20< y*<45 ]
S | LHCb Eg, : ]
> - PbPb |5py = 5.02 TeV = L b B
0 E 10* — 20< y*<45 jg;‘ta ‘§ 600: — Fit :
‘,--‘ NI - - -J/ll/ . - = === Coherent J/y -
J/1ﬁ,¢(2§) ; 103 i - Y(2S) 8 400 [~ — = Incoherent J/y ]
*"'u.,u— % % Background ; B sy (28S) = J/y + X ]
:-9 E 200 ... Non-reson.
o O
= 10? LE . e e
O =15 10 -5 0
10 R R R SRR ln(p?) (In(GeVe?)
3000 3500 4000 ~ A R B
m,., [MeV/c?] o 200 LHCb
o 180 PbPb |5y, =5.02 TeV
% 160;— 20< y*<45
* Excellent separation between coherent and incoherent = 120 —+vw
= 100 — Fi
components, thanks to | S
® HeRSCHeL é 60 ;— — = Incoherent y(2S)
. . O 4F ... on-reson.
* High py resolution — allows measurement of 8 oa0E
oF

do /dp; at LHC
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J/Y and Y (2S) : Comparison With Theory

JHEP06(2023)146

July 5, 2024

LHCb

PbPb /sxy = 5.02 TeV
Coherent .J /1 production

Luminosity unc. : 4.4%

]_ i 5 1 T T 1 I T T 1 1 I T 1 T 1 I T 1 T T I T 1 T T
--N\\ LHCb
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J/Ww and ¥ (2S) : Comparison With Theor

040 u LI | L | | |
Comparison with: -
- LOpQCD 0.35 F
- Color-dipole models E LHCD
- Gluon saturationmodels (). .30 F PbPb
- Sub-nucleonic - C Coherent
fluctuations 50.25 —
Future measurements Will\/c;; 0.20
help distinguish model N
predictions =-0.15
b b s @ st s e s e
Measurements with high- 0.10 | g
lumi pA will provide unique -
constraints 0.05
- | |
Flipping beam (pPb vs. Pbp) 0.00 — —— —
will allow LHCb to cover 0 1 2
f d/backward rapidity —
orward/backward rapidity JHEP06(2023)146

large range in photon energy
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Quarkonium production in UPCs

Nuclear modification ratio in UPCs

Yy+A=Jp+X

arXiv:2404.10833 [nucl-th]

Farid Salazar (INT @ U. Washington)

1 2

—_— CGC
- =TMD
===ITMD
Q =0 GeV
3 4 5
p1 [GeV]

Genuine higher saturation contributions have the largest effect in
photo-production (e.g. UPC) which cause a large suppression of the

cross-section and the nuclear modification ratio at low pT

107}
~ MV model, Q%) = 1.0 GeV?
Q=0 GeV
'8 1 1 1 L
10 1 2 3 4 5
PL [GGV]
July 5, 2024
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https://arxiv.org/abs/2404.10833

arXiv:2406.01684 [hep-ph]

Quarkonium production in UPCs

I/

!

Photon is quasi-real, take Q2 — 0 limit of our y*A results (only transverse polarization survives)

Improved TMD regime of validity is very narrow: Q? < M3/¢

but for large nuclei at high energies Q? ~ M3/¢ Need full CGC calculation!

‘ J/y production in UPCs could be very sensitive to “higher genuine
saturation corrections” only present in the full CGC calculation

Better sensitivity than dijets since MJZ/W < Mc%ijet'

Farid Salazar (INT @ U. Washington)

Sudakov effect (soft radiation) should be smaller.

July 5, 2024 Brandenburg.89@osu.edu | LHCb 21


https://arxiv.org/abs/2406.01684

X States in photo production

LHCb-CONF-2011-022

2010 Data
ChiC0 from SuperChiC MC

ChiC1 from SuperChiC MC
ChiC2 from SuperChiC MC
ChiC from Psi’ Starlight MC

50

LHCb
Preliminary
\s =7 TeV Data

40

30

20

10

Number of events per 20 MeV

wIlIIIIIIIIIIIIIIIIIII

3.2 " 34 3.6
ChiC Mass (GeV/c

N
'
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New results: y. states in photo production

LHCb-PAPER-2023-043 in

I ] 1 ] T I 1 T Ll Ll I

Events / (25 MeV )

80 F- | =
- [ Data ]
70 — Total model - (4140) |
60 E- oy (4140) S Oyor(4140) X B = (0.85+0.16 +0.30) pb,
- cl -
S0 "?ﬂ((:iz;(g = Oyen(a27) X BT = (0771015 £0.18) pb,
40F XC(:(4685) = Oyeo(son) X Bl = (0.4435% 40.07) pb,
30 1721"101(4700) T Oxea (4685)+xc0(4700) X B§é1(468°)+x'°(4700 = (0.14X556 0.06) pb,
20 - E onr X Bgg' = (0467575 753;) pb,
10 =
0 lEl ""' . ‘“J' o “J —I ::.l‘;' -'.l‘,r'. ' & . -4 S ol AN A, -'--
4000 4500 5000 5500 6000
J/y/¢ [MCV]

First exotic measurement in events with no other activity.

Golden measurement to understand exotic production.
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LHCb: Complements of SI\/IOGZ

« SMOG?2 provides pA/Ap in fixed LHcﬁprehmuiary (= 113 Gev
target mode
* Access to lower /syy at LHC
« Mid-rapidity coverage

 Collider mode + fixed target mode I I

pPb, Pbp — unique to LHCb o c(,um;;;ien;

LHCb-Figure-2024-005

2
m

T T T E|

—_
S

Recorded luminosity [nb’ h
[

107

107 Syv =110 GeV Sy =69 GeV
8.16 TeV pPb Other Collision Systems
| I LHCh T LHCb 110 GeV © , 6 — 6
10°h o ATLAS/CMS B HERA
I ALICE Pb D Bng
10°} S ALICE Muon LI IH
v | (He,Ne, Ar..)) Pb Gas (Ne, Ar)

Pb
& - il

10t
o5}
O,
S 10°
102
10! E— 0
Gas
(He,Ne, Ar...)

Gluon saturated region
10°° 10-° 10~1 1073 1072 1071 10°
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Possible Future Upgrades: Resurrecting HeRSCHelL

Hole radius Hole radius
47mm LHCb x % 61mm

Ay

Cut-out
~108x230mm

Station B2
z=-114.0m Station Bl

z=-19.7m Station BO
z=-7.5m
Station F1
. . = 20.0m i
Possible upgrade dedicated to UPC & CEP:  ° station F2

- Replace radiation damaged scintillators.
- Add additional station for symmetry

July 5, 2024 Brandenburg.89@osu.edu | LHCb 25



Future : Magnet Stations

——r"3 SciFi

0
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»
¢

Upgrade |

»
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MAGNET STATION
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* Instrument the internal magnet walls with a scintillator-based soft particle tracker
* Tracking for p;>50 MeV/c

* Essentialto complete the UPC program

* High-statistics low-mass vector, scalar and tensor mesons

* Exotic hadrons with multiple decay products

* Low-mass dielectrons and photon conversions

July 5, 2024 Brandenburg.89@osu.edu | LHCb 26



Summary

 LHCb is a powerful detector for pp, pA, AA
physics
Software-based trigger
» Excellent particle identification
Unigue coverage (rapidity and low-pT)
Collider + Fixed target modes

* Recent / Results coming soon!
* Photoproduction in PbPb UPC

« First measurement of exclusive y — J /¢ in pp
collisions

UPC K*K~ production
Unique look at UPC p° production in PbPb

« Each analysis is possible and physics
potential is significant for high-lumi pA

« Upgrades on the horizon

» Potential future upgrades dedicated to forward
physics program!
* |mproved HerSCHeL for UPC and CEP measurements
» Evenlower pT tracking via Magnet Stations

McNulty, Khoze, Martin, Ryskin, Eur. Phys. J. C 80, 288 (2020)

p+A— p+f2+A

[ -
< | Vs=8.16TeV
<

O

P — P fusion

LHCb 2015: [JHEP07(2022)117]

.
ALICE: [Phys Lett B798(2019)134926]

CMS: [arXiv: 2303.16984]

Events / ( 60 MeV/c?)
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