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Low-x phenomena

* At large energies and low parton momentum Lsk

fraction (x) — saturation of the gluon density of 5
hadrons Z1.0

e Base for Color Glass Condensate effective-field
theory

« Gluon saturation enhanced in heavy nuclei ~ A3 9@ a3 07 02 05 09

X

(PRL100, 022303 (2008)) Phys.Rev.D 103 (2021) 1, 014013

Saturation

e Saturation and other nuclear effects can be studied
with the particle production ratio in pPb and pp
collisions — nuclear modification factor

N\
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Ann.Rev.NucI.Part.SC|.60.463 489,2010
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.022303
https://doi.org/10.1103/PhysRevD.103.014013
https://www.annualreviews.org/doi/10.1146/annurev.nucl.010909.083629

Probing low-x at LHC
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0 —n (mmm LHCb (;Pb) mEE PHENIX (pAu)
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V SNN : CMS BRAHMS
0?: exchanged momentum between interacting 10| | . ATLAS =3 pr>15GeV/e
partons | mmm ALICE

x: momentum fraction of Pb parton

e Lighter particles provide access to the lowest x
e LHCb {— forward, 107 < x < 1074 10°}

coverage: | _ packward, 1073 < x < 107!

1077 1076 16—5 1074 1073 16—2 16—1
Saturation region in plot:
PRD59, 014017 (1998), PRL100, 022303 (2008)

A=0288 A =208

O, pp, & 0.26 A5 (xy/x)’ o =310~

forward backward

e Instrumented to detect neutral/charged hadrons Unique access to the saturation

« Excellent performance in pPb and pp collisions region with LHCb

e This talk — light hadron production measurements to tests of nuclear effects
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Measurements for today

1. Charged hadron production in pPb and pp Phys.Rev.Lett. 128 (2022), 142004

2. Neutral pion production in pPb and pp  arxiv:2204.10608

3. DY production in pPb arXiv:2205.03936
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https://doi.org/10.1103/PhysRevLett.128.142004
http://arxiv.org/abs/2205.03936
https://arxiv.org/abs/2204.10608

Charged hadron production in pPb and pp TRC

Phys.Rev.Lett. 128 (2022), 142004

1 d*6,p,(1, pr)/dprdn

Nuclear modification factor — R p.(17, pr) = , A =208
P A dzapp(napT)/ded;/]
d2 o 1 NCh(n pT) N¢h. prompt charged particle yield
= ' An, Apt: bin size
dprdn Z  AprAn . .
pPb, pp Z: integrated luminosity of the dataset

. - -li i ifeti
» Measure prompt charged particles: long-lived particles (lifetime > 30 ps)

- produced in primary interaction or without
long-lived ancestors

* Long-lived charged patrticles:
r, K ,p, &, X7,Q, e, u (+cc.)

Beam Acceptance Luminosit
o Datasetsat /sy =5TeV —> 1Y y
NN pros 2 <1 <48 349 £ 0.07nb 1
» Measure R p, in common 7 range pPb 1.6 <n<43 |42734+0.98ub™"
Pbp | =5.2<n < —2.5 | 38.71 £ 0.97 ub~!
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https://doi.org/10.1103/PhysRevLett.128.142004

Charged hadron production in pPb and pp TRC

Phys.Rev.Lett. 128 (2022), 142004

 N°M measured with long tracks, covering magnet T stations

p>2GeV/c, 0.2 <pr <8GeV/ce
VELO T
o Nch — Ncandidates P
Erecofsel |||||||||M/H/ - long track

Neandidates. soj0cted long tracks

- P: signal purity \J

- E.co- FECONStruction efficiency

- &, Selection efficiency Figure from JINST 10 (2015) 02, P02007
_ . pPb [% pPb [%
» Measurement dominated by Uncertainty source (forW£r$ (backw[ar]d) pp 7]
systematic uncertainties: Track-finding efficiency | 1.5 — 5.0 1.5 — 50 1.6 — 5.3

Detector occupancy 00-28 06 - 29 0.1-1.6

- particle composition (7, K, p) ! L
Particle composition 04 -41 04 - 46 03 - 24

abundance in pPb for most bins

Selection efficiency 0.7 -22 07— 30 1.0 - 1.7
- tracking efficiency and signal _oignal purity || 0r-18 0.1 -11.7 0.1 - 58
purity in boundary (77, py) bins Luminosity | 28 2 20

Statistical uncertainty | 0.0 — 0.6 0.0 — 1.0 0.0 — 1.1
Total (in d*c/dndpr)
Total (in R,pp)

3.0 - 6.7 3.3 -14.5

4.2 - 9.2 44 -16.9

2.8 — 8.7
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https://doi.org/10.1088/1748-0221/10/02/P02007
https://doi.org/10.1103/PhysRevLett.128.142004

Charged hadron production in pPb and pp TRC

Phys.Rev.Lett. 128 (2022), 142004
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https://link.springer.com/article/10.1007/JHEP01(2022)166
https://doi.org/10.1103/PhysRevLett.128.142004

» Nuclear modification factor: R (77, pr) =

Enhancement at backward for
pr > 1.5GeV/c, as observed by

PHENIX in Aup

Observed a 1 dependence of the
enhancement shape

1 d°0,py(n, pr)/dprdn

Charged hadrons R ,,: backward region

Phys.Rev.Lett. 128 (2022), 142004

A d?%c,,(n, pp)/dprdn

Models:
- EPPS16+DDS: JHEP(09(2014) 138

A =208

- does not reproduce enhancement
(MS = Multiple Scattering effects):

- same calculation reproduces enhancement in
Aup collisions at PHENIX

PR C101 (2020) 034910

PL B740(2015) 23

PR D88(2013) 054010
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https://www.sciencedirect.com/science/article/pii/S0370269314008260?via=ihub
https://link.springer.com/article/10.1007/JHEP09(2014)138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.054010
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034910
https://doi.org/10.1103/PhysRevLett.128.142004

Charged hadrons R ,,: forward region

Phys.Rev.Lett. 128 (2022), 142004

1d 20pr(77 , pr)/dprdn
A dzdpp(”a pT)/ded’/l ,

Models:

- EPPS16+DDS: JHEPQ9(2014) 138

A =208

e Nuclear modification factor: Rppb(ﬂ, pT) =

e Strong suppression at forward 7, down
to ~ 0.3 at low pr and most forward

rapidity - CGC (LO): PR D88, 114020
e Discrepancy at low p+ with CGC LO :
p. y Pt *CGC NLO: better agreement with data
calculation
Phys. Rev. Lett. 128, 202302
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https://link.springer.com/article/10.1007/JHEP09(2014)138
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.114020
https://doi.org/10.1103/PhysRevLett.128.142004
https://doi.org/10.1103/PhysRevLett.128.202302
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https://doi.org/10.1103/PhysRevLett.128.202302
https://doi.org/10.1103/PhysRevLett.128.142004

Charged hadrons R

> ) dependence r\{c‘)

ths Rev.Lett. 128 (2022), 142004

Pb ( exp® < exp

- experimental proxies for (x, 0?)
Qexp

2

oxp = m* + pz and Xoxp = e - with 7 and py the center of each bin and m = 256 MeV/c?

- indirect study of the evolution of R Pb with x and Q2

- Continuous evolution of R p, with x,,, at different Q2. between forward, central and backward 7
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regions
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https://doi.org/10.1103/PhysRevLett.128.142004

arXiv:2204.10608

 Measurement of 7" production cross-section:

- Disentangle effects from different hadrons — understand enhancement in backward
- Input to fragmentation functions (hadronization)

- Constrains to nPDFs and test of saturation

- Input needed for direct photon production measurement

* Detection technique fully independent from charged
particle analysis:

cnv
fy

- Measure 70 — yycdl

0 cal,, cal

* usesm” — y "y as cross-check and
efficiency calibration "y
 Datasets: Kinematic coverage:
1.5 < pr < 10.0GeV/c
- pPband Pbp data at 8.16 TeV
2.5 < ey <35
- pp reference constructed with 5 and 13 TeV datasets —4.0 < ey < — 3.0
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https://arxiv.org/abs/2204.10608

* Yields of 7 extracted from fit to mass spectrum
for each kinematic bin

- Signal: two-sided Crystal Ball function

- Combinatorial background: constructed with
proxy sample of charged tracks

- Bremsstrahlung: combination of the
converted photon and its own brem. radiation

e Yields of 7z corrected by detector effects using
simulation:

- Calibration to correct data-simulation
differences (JINST 14 (2019) P11023)

- lterative unfolding technique used to correct
efficiency and resolution effects

Candidates / (5 MeV)

DO

N

o

LHCDH A pPb, /sny = 8.16 TeV |

2.5 <nem < 3.5

+ Data

— Fit

Comb.
BN Brem.

| 2.0 < pr(7Y) < 2.2 GeV |
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https://iopscience.iop.org/article/10.1088/1748-0221/14/11/P11023
https://arxiv.org/abs/2204.10608

Result for do/dp cross-section

Interpolation of 5 TeV and 13 TeV cross-section
to construct the reference for R py,

Correlated uncertainties across datasets cancel

in R pp:
- total uncertainty less than 6 % in most p
intervals

Source do/dpr [%] Rypp [%0]
Fit model 2.0-12.6  0.9-15.8
Unfolding 0.3-6.4 0.4-6.4
Interpolation — 0.9-4.5
Material 4.0 —
Efficiency 1.3-1.9 1.9-2.1
Luminosity 2.0-2.6 2.2-2.3
Total systematic  5.4-15.0 4.3-17.4
Statistical 1.0-9.6 1.4-9.1

Oscar Boente Garcia
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- LHCb
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: + pPb, /sy = 8.16 TeV -

- 208 X pp, /5 =5 TeV —— E
-4 208 X pp, ‘\/5 = 13 Tey o E
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iy, |
Figge. |
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https://arxiv.org/abs/2204.10608

Neutral pion R p,: backward region

_EPPSIG arXiv:2204.10608
b \\ antl—shaqgwmg/'
< | S~
L Ldopmldpr S = 2
Il , \
Pb = 2 : :
P A dG / de E 0.5} shadowmg // \ ]
= e pa/ ton saturation? |
107° 1074 103 102 1071
o _ l ¢ 7 Ew =816 TeV, —4.0 < oy < —3.0.
e Cronin-like enhancement of 7 production 0'5. ~ nCTEg% CLLHChH DO o
' EPPS16+LHCb D°
- Enhancement less pronounced than for  CcqC
charged particles (z—, K, p, ... mixture) 15l LHCb

- Indication of a mass-ordering in the Cronin
enhancement, as observed by other
experiments

- compatible with final-state recombination

picture (Phys. Rev. Lett. 93, 082302) Dol 4 0 /5nn = 8.16 TeV, —4.0 < fjcp < —3.0 |
. L ' hE, /san = 5TeV, —3.5 -
* Excess over reweighted nPDFs predictions | M ht, \/;i—i _ 5Tzv —4.0 i ng i gg
between 2 and 4 GeV/c 5 3 I 5 6 7 8910
pT [GGV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.082302
https://arxiv.org/abs/2204.10608

< shadowing y
) >

23 S
S

=
— p/a{ton saturation?

o~

anti-shadowing]

y

10-7 107 103 1072
w z

e Strong suppression of 70 production

- IXpy, compatible with charged hadron
result

- could indicate that saturation affects
similarly all hadrons, needs confirmation

* In agreement with nPDFs (reweighted with
LHCb DY data) JHEP 05 (2020) 037
JHEP 1710 (2017) 090

e CGC LO prediction underestimates 7’
suppression PR D88, 114020

- no comparison yet with CGC NLO

Oscar Boente Garcia

1077

1.0t

0.5_‘

¢ 0 /snn=28.16TeV, 2.5 < nem < 3.5

— CGC

"~ I nCTEQ15+LHCb D° |
” /1 EPPS16+LHCb D°

0.5_‘

1.5_‘ LHdb

¢ 0 /snn=28.16TeV, 2.5 < nom < 3.5
A4 hE /sav=5TeV, 2.5 < nom < 3.0
hi, Sy =0 TeV, 3.0 < nem < 3.5

10“ ------------------------ o e _+

2

3

4 5

6 7 8 910
pr |GeV]|

Forward hadron suppression at the LHC

17/11/2022 16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.114020
https://link.springer.com/article/10.1007/JHEP05(2020)037
https://link.springer.com/article/10.1007/JHEP10(2017)090
https://arxiv.org/abs/2204.10608

D" production in pPb

e Measurements of D production in pPb with

Run 2 data

e Using sample x20 larger than previous
measurement (JHEP 10 (2017) 090)

e Finer binning and extended kinematic range

to pr € [0,30] GeV/c

Previous results JHEP 10 (2017) 090
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http://arxiv.org/abs/2205.03936
https://doi.org/10.1007/JHEP10(2017)090
https://doi.org/10.1007/JHEP10(2017)090

D" production in pPb

. Rpr probes low-x region in the forward region 4-LHCb ‘{_SNN —=8.16 TeV
# LHCb ys. =5.02 TeV

e Data compared with two CGC calculations, overall good
CGCl1

agreement:

- — PR D91, 114005 (2015) arXiv:1612.04585

- CGC2 — PRD98, 074025 (2018)

3 |+ LHCb sN'N=8.16TeV'--' EPPSIG+ D' --IE]-CG-CZ """" e -
<1 pmmptv; } MnCTEQI5 + D° } BFCEL ! 10 5 10
i r 1] P, [GeV/c]
| Wmﬂwﬂ”ﬂlﬂ“m?: Ty Wﬂ#ﬂmﬂ#ﬁmﬂj M’mmmmmm
L - 3 * -+ o
0.5 T + T .
L 200< yx<225 15 225< y* <250 15 250< y*<275 IV 275« yx <300
Cj; ..................................
1 ——————————————————— P
g ALTRETE o (T g (I §2 I
-4 + +
0.5 1 1 1 ;
300< y*<3.25 325< y*<3.50'+' 350 < y*<3.75 375 < y*<4.00
- . T T s
p.. [GeV/c] p. [GeV/c] p.. [GeV/c] p.. [GeV/c]
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http://arxiv.org/abs/2205.03936
https://doi.org/10.1103/PhysRevD.91.114005
https://arxiv.org/abs/1612.04585
http://www.apple.com/uk

Future prospects

* Neutral side:

- other neutral mesons (1 and 77
- direct photon production

- direct gamma - hadron correlation

e Charged side:
- ldentified hadron spectra: (#—, K~, p)

* good prospects: PID systematic in similar
measurement in pHe system below 5 %

* Reduce one of the main systematic
uncertainties in inclusive charged hadron
measurement

e For Run3/Run4
- Larger pPb sample

- Short pO run possible, saturation in mid-size
nucleus

- LHCb upgrade: improved detector performance

e New ideas to exploit LHCb data always welcome!
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Phys. Rev. Lett. 121 (2018) 222001
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https://cds.cern.ch/record/2715209
https://doi.org/10.1103/PhysRevLett.121.222001

* Hadron production measurements at LHCb provide a unique access to the saturation

region:

- Charged hadron production in pPb and pp collisions  Phys.Rev.Lett. 128 (2022), 142004

arXiv:2204.10608
accepted by PRL

- 7 production in pPb and pp collisions

- DY production in pPb collisions arXiv:2205.03936

* All measurements show a significant hadron suppression in the forward region
- compatible results with independent experimental techniques
» Data has high precision and can constrain CGC-based calculations

* Several oncoming Run2 analyses will improve precision and/or provide additional

information on saturation

» Several interesting prospects beyond: pO and pPb runs, new upgraded detectors
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Forward suppression at RHIC

Phys.Rev.Lett. 93 (2004) 242303
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