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QCD24: 27th High Energy Physics International Conference
in Quantum Chromodynamics, 8-12 Jul 2024, Montpellier (France)
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At QCD-2016:
“Diffractive and Parton Processes with Forward Detectors at the LHC”

Focus on partonic processes in the new regime of LHC and simulation
programs to describe them.

Use measurements of total/inelastic cross-sections to constrain
cosmic ray generators and compare results of hadroproduction.

However, as we’ll see, simulation programs tuned to the LHC regime,
ended up in underestimating the muon flux at Auger Observatory....

On the other side we are flooded with messages (Siderei Nuncii!)(*)
coming from cosmic events, remote in space and time... (**)

(*) Galileo (March 13, 1610)
(**) Pierre Auger (1938)
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Multi-Messenger Astrophysics
Some current instruments observing cosmic signals

via the electromagnetic, gravitational, weak and strong forces

LIGO: Laser Interferometer
Gravitational-Wave Observatory
MAGIC: Major Atmospheric
Gamma Imaging Cherenkov
Telescopes, Canary Islands
Pierre Auger Observatory:
Cosmic Ray Arrays, Argentina
lceCube: cubic kilometre
neutrino detector, Antarctica

Fermi: y-ray space telescope
(NASA)

Complementarity of information
carried by photons, gravitational
waves, neutrinos and cosmic rays
about individual cosmic sources.

Gravitational waves y-rays y-rays

/ '
& MAGIC

LIGO

Cosmic rays Neutrinos

\\\
4 \

(Side remark)  icecube
Astrophysics detectors :

“..an ode to Cherenkov!”

Pierre Auger Observatory
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OF lowa Seen as Extended Air Showers (EAS)
17TeV 1 PeV 1 EeV : ¢
) ° ; Sources: galactic up to the “knee”
s B e emrtmens extra-galactic above the “ankle”
_ Energies: Few PeV (10° GeV) at “knee”
10 _ - Few EeV (10° GeV) at “ankle”
10 "‘u_ ' } E. Fermi (1949): Acceleration from interaction
% Y with random magnetic fields of interstellar
W A clouds; spectrum with inverse power low ...
g e (Difficulties with “injection”, mainly for heavy
u lei
< e R nuctei...) Further developments:
© 10 F. Bouchet et al., Minimal Stochastic Model for Fermi’s
ke ster day % [ Acceleration; Phys. Rev. Lett 92, 040601 (2004);
107 A.Marcowith et al., Multi-scale simulations of particle
' acceleration in astrophysical systems; Living Reviews
10 in Computational Astrophysics (2020) 6:1 ;
i stecentuny LW M. Lemoine, First-Principles Fermi Acceleration in
1D-2ﬂ L1l L1l L1l 111 e

102 10 108 108 1010 102 Magnetized Turbulence; Phys. Rev. Lett 129, 215101
E, GeV/particle (2022)



@ Particle Accelerators... CMS
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oF lowa Cosmic vs (Under-)Ground

Sideral messages can be seized and reproduced, with new decrypting machines

ISR Equivalent c.m. energy \/Spp (GeV) .| Man-made accelerators are
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= f T f f T FIC particular for equivalent CM

~  RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV | energies of CR-atmospheric
108 HERA(y-p) v HiRes-MIA . ..

B LHC (pp) + HiRes | nuclei collisions. LHC covers

- 4 HiRes |l the “knee” region and FCChh

e Auger 2009

will coverthe “ankle”region.

—
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Up to “knee” region, CR are

Scaled flux E*° J(E)inm? s sr'eV'®

10" galactic, and extra-galactic
= above the “ankle”;
— & ATIC e KASCADE (QGSJET 01) Between “knee” and “ankle”
10 Zﬁﬂg: 0 Eigg:g: ?BELL;;; M there is a transition region
— & * -larande L
- % TibetASq (SIBYLL 2.1) &3‘%" @ ——— _ —
. (Greisen-Zatsepin-Kuzmin):
10 = " cutoff on energy of protons from
E 7TeV 1PeV 1EeV I extra-galaxies (50 EeV), from their
B ‘l’ ‘l’ ‘L “ ‘ interaction with CMBR.
porl—rrrd vl v vl o el il R

1D13 1D‘|4 1':'15 1n1ﬁ 101? 1[:}1!1 1019 1‘020 1021
C. Baus, CERN-THESIS-2015-222 Energy in eV/particle 5
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"Hillas plot” (1984) : UHECR sources
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Size

“Hillas’ Criterion”:
lons of charge Ze and energy
E, in a magnetic field B, have
curvature radius r = E/(ZeB)
that should be less than the
acceleration region size L:

E oy ~ Z&(BL)/2

Map of possible sources from
Auger and Telescope Array
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LHC : world largest
accelerator/collider

Diameter : 8.6 km

CMS

ALICE LHC-B

ATLAS

Beam energy : 7 TeV

Intensity: 3.37x1 04

Collisions: 107%/sec
(pp and PbPb)
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e CMS: Compact Muon Solenoid

LINIVERSITY

OF lOWA - Length: 21.6 m

Diameter: 14 m
Weight: 12500 tonnes
Magnetic Field: 4 Tesla

HF

Forward
Region
Large n
(Inl=6)
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CMS Forward detectors
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T ﬁ LHC: Multiplicity and Energy Flux at 14TeV %
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Multiplicity Energy Flux

[TeV]

dE/dn
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M [h=-ln(tan(6/2))] "

Most particles produced in central region
Most energy flows into very forward region (= relevant to EAS)

(NB: Forward —> soft interactions: experimentally &theoretically difficult!)
10



S

O
L
-
e
©
()
o0
©
-
(1))
>
O
O
—
()
o0
—
©
-

ly —stage snapshot

IS IS an ear

Th

>at LHC

H

of the “forward detectors

During the successive stages of

Run1 /Run2/Run3 operations the
configurations of some “forward

detectors” changed drast

For instance

lly

ICa

FP420 has not been
, CASTOR activity

lemented
was discontinued in 2020, as well

as the TOTEM trackers T1 and T2.

imp

On the other side important parts
were added to LHCb and ALICE.

The “gap” around Inl

7 has been

~
~

(FSC),

partially filled during Run’
but now it extends over5<Inl<8
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: ﬁﬂ The role of LHC in understanding UHECR
UntvERstTY (and viceversa?)

OF lowA

Primary proton

[Inspired by T. Sako, UHECR2016@Kyoto,(2016)]
E
(or nucleus) o

Hitting an Air molecule

1. p-A interaction s aasill ) :
P *, 1T° Multi meson production
(Ginel. > Aint) ﬂ\m Y
}fz “’"ﬁ* inelasticity (E . ason/Eo= 1-€lasticity)
2. Particle production o e'\' Multiplicity, meson spectrum
sl o
*TC o e
) ) 8 v 1t s initiate EM showers
3. n—A interaction T\ MU

4. Nuclear effects

’ +
.\t{ n—s eventually decay to muons
'5\7
- TE+
A%
<

5. Leading baryons

12



IR+l Basic cross-section results from LHC (TOTEM) |€M>

UINIVERSITY

OF l()\\’/\ E 140 — T T T TT - T — T TT

= & pp (PDG 2010) # STAR (prelim.) @ TOTEM "= ; / 1
= 120 | o Auger (+ Glauber) 4 ATLAS/ALFA p» CMS % R ]
D _ T |
‘-‘-": 110 Tt fits by COMPETE EAURPIO TN SR SRS S5 W /+r/ e
£ 100 (pre-LHC model RRP,(L20) | T T
= — — — 0, fit by TOTEM - vy V4 :
T % (11.84 —1.617Ins +0.13591In%s) | L T
U P e
2 80F ; ; _.4&” -
= i ; 34 1
r,%_,:' 60 _
g s0f — . -
& - - L e B e
50 y4p s ] - TR - ]
- L ET T g T = . = % : -
3 b eee AT &z F e ° 4 - _‘

30 B = o . i T

i s < ~ s - 1
207 Js e B : ]
ID_—&-%W-JE--B—#E"E""'_’_Q## el __
[} P 1 1 1 1 111 | | 1 1 1 111 | | | 1 1 1 I 1 1 | 1 1 1 1 1111
10! 102 10° 104 10°
Vs (GeV)

F. S. Catagna (tor the IOIEM Collaboration), Latest results for proton-proton Cross Section
Measurements with the TOTEM experiment at LHC; PoS(ICRC2019)207; 36th International
Cosmic Ray Conference -ICRC2019-July 24th - August 1st, 2019, Madison, WI, U.S.A.
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Using LHC ainel to tune “post-LHC” models, differences in
<Xmax> model estimates are reduced.
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LHC is the first collider reaching energies higher than the Equivalent c.m. energy 1s,,, [TeV]
. 10" 1 10 102
knee in the UHECR energy spectrum. The LHC hadron BOOF T T T T T T

J
! b0 .0’0'0.0.0"1'::.‘
0.9TeV 236TeV 7TeV 14TeV

LHC

multiplicity measurements do not indicate signs of any
special change in the properties of hadronic interactions
above Vs = 2 TeV, therefore the break in the power-law

index is probably reflecting simply a change from light to
heavier components of the showers.
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Interim Conclusions on UHECR and LHC

This behaviour can be used to retune some basic model ingredients and improve
their extrapolations to the highest energies. Such a result constrains in particular
the way in which multiparton interactions and gluon saturation are implemented

in various MCs (e.g. in pythia, phojet and sibyll), via an energy-dependent infrared
transverse momentum cutoff, QO(JS) for (multi)parton scatterings.

24
22 i =
[ oo
o “~
v-'o 16 X '-~~‘~
=) = R
W 141 = e B
2
& 1.2
® Augerdata 9
10] - Eros LHC
' . QGSJET I1-04

109
E/eV

1020

UHECR show muon excess (esp. at large axis distance):
Impact of heavy-Q & pQCD minijet production on the
muon excess?

PYTHIA-6 (tuned to LHC data) shows similar EAS as std.
UHECR MCs, but produces more muons (at larger axis
distances) than UHECR MCs. EPOS—QGSIJET p-H, p-Air
diffs. point to nuclear effects.

Solution of UHECR muon deficit requires pQCD minijet
+ nuclear effects combined (probably not missing
heavy-quark production). Enough or new physics?
QGP is known for providing enhanced strangeness...

17
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Ordinary Matter

A multitude of effects, like, for instance:

galactic rotation or gravitational lensing s
or anisotropies in the cosmic microwave
background (CMB), provide overwhelming
evidence for “dark matter” that influence
gravitationally the ordinary matter. In fact Bac Fnecey
dark matter should be roughly 5 times the o
ordinary one. Furthermore, 68% of energy
in the universe is accounted for by “dark energy”, responsible for its
accelerating expansion, while “dark matter” corresponds to 25% and

the ordinary matter is only 5%. In particular “dark matter” (DM) would
be composed by elementary particles as the ordinary one, which is well
described by the Standard Model (SM). The “dark” particles however are
beyond the Standard Model (BSM). They may interact with SM ones,

albeit very weakly (small coupling) and via special portals.
18



From CERN-LHC Seminar on Tuesday 9 July 2024:

Jingyu Luo (Brown University) : Investigating the Physics of the Dark Sector with CMS
https://indico.cern.ch/event/1403078/ CMS

Dark matter/sector searches at CMS

**CMS is a powerful experiment in exploring dark sectors

\
*Excellent detector performances **Map of CMS searches for dark sectors

*Highly flexible data-taking system
» Dedicated trigger algorithms; * § j = @
*Data scouting — trigger-level objects for =
high-rate “real-time” analyses;
- Data parking — delayed reconstruction (@) o Yl

for lower trigger thresholds.

*Innovative reconstruction and Sl Eenced
analysis techniques -

» Displaced tracking, timing, etc.
» Advanced machine-learning algorithms.

19


https://indico.cern.ch/event/1403078/

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

=] Cah| CERN-EP-2024-106
S Y'Y | 2024,/05 /24

-
I

CME-EXQ-23-005

Dark sector searches with the CMS experiment

The CMS Collaboration®

arXiv: 2405.13/778, submitted to Physics Reports

eHuge community efforts within CMS
»~20 editors »145 pages

»~40 analyses *10 updated summary plots

»~9500 authors *27 new reinterpretations .



Covered analyses

T R 2 R R

Mono-X
Monojet (EXO-20-004)
Mono-Z (EXO-19-003)

Monotop (EXO-16-051)
Monophoton (EXO-16-053)

Mono-H (EX0-18-011)
Dark Higgs (WW) + MET (EX0-21-012)

H to invisible
VBF (HIG-20-003)

ttH/VH (HIG-21-007)

Dark photons: ZH (EXO-20-005), VBF

(EX0O-19-007)
Hidden Valley

Semivisible jets (EXO-19-020)

Low-mass resonances

Boosted dijet (EXO-18-012)
Dijet + photon (EXO0-17-027)

Boosted bbbar (EXO-17-024)

Dimuon including scouting

(EXO-19-018)
Dimuon scouting (EXO-21-005)

High-mass resonances
Dijet + ISR (EXO-19-004)
Dijet (EXO-19-012)
Dilepton (EXO-19-019)

Other signatures

Fractionally charged part.
(EXO-19-006)
SUEPs, offline (EX0-23-002)

Stealth/RPV stops (SUS-19-004)
ALPs in PbPb (FSQ-16-012)
CEP w/ TOTEM (EXO-19-009)

Displaced leptons

Displaced ee, emu, mumu (EXO-18-003)
Displaced dimuons (EX0-21-006, EXO-23-014)

H to aa to 4mu (HIG-18-003)
Displaced dimuon scouting (EXO-20-014)

Hadronic LLP decays
Displaced jets (EXO-19-021)
Displaced vertices (EXO-19-013)
Emerging jets (EXO-18-001, EX0-22-015)

Stopped particles (EXO-16-004)

Muon detector showers (EXO-20-015,

EX0-21-008)
LLP + pymiss

Inelastic DM (EXO-20-010)

Delayed jets (EXO-19-001)
Trackless and OOT jets (EXO-21-014)
Displaced vertices + MET (EXO-22-020)

21
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At colliders there are 2 categories of particles going into
the forward direction (of the incoming beam particles) :
1 - Fragments of the interacting beams

2 — Lorentz - boosted light particles

When the LHC proton beams

collide, two gauge bosons may

be emitted by quarks from each

of the beams. These gauge

bosons subsequently interact q
and may either scatter (VBS) or
fuse (VBF). The quarks are
deflected and fragmented and
appear in the detector as jets of
particles, typically emitted at a
relatively small angle with
respect to the beam direction.

q




1 fT VBF, VBS and Higgs Portal processes

LINIVERSITY
OF lOwWA
J . Em*'”‘””'”'"'”" I
et : ' ,;' :— IY’;YWIM.Z; pl‘|>406ev ""Baxwrard Jet ?
/d E nggs 3 1001 ¥,V <0: Iy,}<4.5, m =120 GeV —"’:“?99: @ -
\Forward : Decay * :
o tagging : products E
lets ; B
Wz /1 0 : ]
WW, 22 fusion > 9 Jet N *
Ideas to implement HF with EM N g

sections, to improve granularity,
timing and shower resolution.
With this, the HF calorimeters
would be able not only of tagging
Higgs VBF production, but also
constrain the process in order to
have the possibility of measuring
Higgs “portal” events where the

Higgs decay in BSM particle, f.i. , o(; T aaE e S 8
dark matter. Higgs Portal )

m; > 200 GeV, QCD dashed
S T
signal

-
0.2

Normalized distribution

0.1




% Very Forward Detector: PPS ‘%

Q6 Q5 Q4,D2 < < D2,Q4 Q5 Q6

D1 Q3Q2zQ1Y QIQ2Q3 D1

|0 B i |

Central Exclusive Production at HL-LHC

Tag scattered (intact) protons with Roman Pot detectors in LSS5
(Successfully done by TOTEM, PPS, AFP. A lot of experience gained)

Physics case: Central Exclusive Production of SM processes OR new particles
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https://arxiv.org/abs/1903.04497 FACET
e O u;:;;_;;-,;}_;,-n.;; ey Search for BSM long-lived particles (LLPs)
vertices in 1D+ MET, P in the forward direction of IR5 (CMS),
ats, leplons s | hotens penetrating 35 m - 50 m of steel (Q1-Q3)
D1 yokes, and either decaying in a large
vacuum pipe or interacting in an imaging
calorimeter. Integrated in CMS and to be
used either together with the central
detector or as a standalone detector.
Located around the LHC beam pipe,
| | allowing to study unique physics
Sousadver g [\ processes not accessible to FASER, e.g.,
(1A MRS rare D meson decays. FACET will be built
based on the CMS Phase 2 Upgrade
Many search criteria concept, combining silicon tracker,

N ., timing detector, HGCAL-type EM/HAD
For the “standard” detectors calorimeter, and GEM-type muon system

Also new detectors: FASER .... ina compact design. o5



'l'nhﬁ F A C E T :
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2l Forward Aperture CMS ExTension

CMS

= with a new detector 100 m from CMS

» fiducial volume = 14 m3- high vacuum (10t% mbar)
» forward direction (7.6 >n > 6.2)

= phase-2 upgrade equipment (tracker, calorimeter)

Proposal for LLP searches (ct=0.1-100 m)

JHEP06(2022)110
FACET: A new long-lived particle detector in the
very forward region of the CMS experiment

S. Cerci,”! D. Sunar Cerci,”! D. Lazic,” G. Landsberg,“? F. Cerutti,?

M. Sabaté-Gilarte,” M.G. Albrow,“> J. Berryhill,” D.R. Green, J. Hirschauer,’
S. Kulkarni,” J.E. Briicken,’ L. Emediato,” A. Mestvirishvili,” J. Nachtman,”

Y. Onel,” A. Penzo,” O. Aydilek,” B. Hacisahinoglu,’ S. Ozkorucuklu,”2 H. Sert,’

C. Simsek,’ C. Zorbilmez,” I. Hos,”-! N. Hadley,* A. Skuja,* M. Du,’ R. Fang,' Z. Liu,’

B. Isildak’! and V.Q. Tran™?

arXiv:2201.00019v2 [hep-ex] 18 Jun 2022
https://doi.org/10.1007/JHEP06(2022)110
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e CMS Forward Region
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i ——t-
FACET —
| 1 I s

100 m j 200 m

Rour=50cm, R, =18 cm

R=50cm o r Y ‘ R=125cm
R=10.6cm . i dow l Thin window FeST(I)ROID
P + Si layers
- ©
Additional / \ €9 £ ® g z
Shielding LHC VACUUM g2 é : & e g
DECAY VOLUME = 7 . k
BEAMS e
+ > 5 ¢ q | | HIE
Additional |- P i > A § E § %ca’ & g g
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NEG LINER (A z
N 0.5 |
18 m 'T 3m 2m 0.5 2m
Z=101m Z=119m Z=127 m
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< photon production model via dark fermion ;. m =156V, & =00
bremsstrahlung (arXiv:2111.15503, M. Du et al) <

10 B Y, ps
. . BE e S ACe,
FACET has good reach and nice complementarity | s - :
I . e =
with CMS Phase-2 MIP Timing Detector(MTD) . F@E@\ > Mmp |l
10 R
lﬂ'lwm_”“ﬂm"ﬂ_”mm 10 r MATHUSU{ 7
: [, 300 fb” E :
10_3;_ n=3at3ab’! .~ FACET _; 107105, " o
f VR E ‘ my, = 15GeV,e; = 0.01, £ = 3ab™
10 Fel AMAPP ] 10 . ] :
E _.-"; . ! 3 i ;——— ;
B / Y ] // ANS
g 1051 — £ e N
- " e L NN
sl L 1 | " S . -..\\
1o 'g_ Lommay=0.1 _Ge"‘-._’gl _— ; FACET
Scenano A / / \
107 =
- FASER 3 § o
]_'I'_'II_E_ | | | | | I ol | ] 0/ ;‘I my =2 GeV |
10-% 10 10°% 107 10° 105 10* 103 102 10} ol . .8 my =4 GeV
el Ill. “ my =10 GeV

Wei Liu, Yu Zhang; aXiv:2302.02081v3 [hep-ph] I i

13 Apr 2023: production of heavy neutral leptons. -
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Wil A Figure-of-Merit for LLP Search Experiments %

’O“\OQ S & \\’@QJ C <@
0600 \é@ 0\2\0 *AO @&QJ\Q ‘ \(QQ/
Q& K QQ} QQ/(:b &K R (5}0
\"%RJ --------------------------- " 2R
K D f—t—]
do/dn e = D/Pyct 1- o~ YPyer (R/D)?
Production No decay over Decay in Solid angle
Cross Section distance D chamber L
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J. Phys. G: Nucl. Part. Phys. 47 (2020) 090501 J Alimena et al

R

T iy ims AN\
irnng ayer

L, ta  fsMm
LR S 5, Fsm

Figure 43. An event topology with an LLP X decaying to two light SM particles a and
b. A timing layer, at a transverse distance Ly, away from the beam axis (horizontal gray

dotted line), is placed at the end of the detector volume (shaded region). The trajectory
of a potential SM background particle is also shown (blue dashed line). The gray
polygon indicates the primary vertex. Taken from [363].
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[26] CMS Collaboration, “Search for long-
lived particles using displaced jets in proton-
proton collisions at Vs = 13 TeV”, Phys. Rev. D
104 (2021) 012015

[32] CMS Collaboration, “Search for long-lived
particles decaying in the CMS endcap muon
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detectors in proton-proton collisions at Vs = -100
13 TeV”, Phys. Rev. Lett. 127 (2021) 261804, ~150
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[33] CMS Collaboration, “Search for long- %00 150 100 50 0 50 100 150 200

lived particles using nonprompt jets and X (cm)
missing transverse momentum with proton-
proton collisions at Vs = 13 TeV”, Phys. Lett. B
797 (2019) 134876

137 b (13 TeV)
1 [)4 T I T T T I T T T I T T T I T T T | T T T | T
5 CMS [] Observation

10 [ Cosmic ray muon background
[ Core and satellite bunch background
[ Beam halo muon background
-------- GMSB m. = 2400 GeV,ct,=1m

Events /0.5 ns

[[20] CMS Collaboration, Search for long- 101 v 200 v .50
lived particles decaying into displaced jets S o s s N

in proton-proton collisions at Vs =13 TeV, 10°

Phys. Rev. D 99 (2019) 032011, :z

https://doi .org/10.1103/PhysRevD .99
.032011, arXiv:1811.07991. (o)



Long Lived Particle (LLP) X --> a+b (--> jet)

- B ™ @4, s=n L -

aia -
wsslf
-

|
0
l

| - B
'—_]LHF-calorimeter S5

&

-~ B , ]

—
--

At=L,/Byc
. I.b/C

-L/c

"Delayed" Jet Signature: il & =551

Jia Liu, Zhen Liu, Lian-Tao Wang, Long-lived particles at the LHC:
catching them in time, Phys. Rev. Lett. 122, 131801 (2019)

[In CMS HCAL (barrel): C. Tully et al. , HCAL Trigger for LLPs]
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i Small time differences help a lot!
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3'J('.-“I".w‘IS Preliminary 2017 13 TeV
27 ieta=40, iphi=47, depth=1, anode=1 | 3 10
§ 050 - ]
= 10
: e 20 ]
Particles hitting e
the HF PMTs, 15 =
produce large 10°
10
pulses from
Cherenkov in PMT 5] 10
windows
0 10
_5: | | | | | | | | | | | | | | | | | | | | | | 1
0 500 1000 1500 2000 2500
Charge [fC]

Time as measured by TDC vs anode charge in a given HF channel (ieta=40, iphi=47,
depth=1). The contribution with low time values of <5 ns originate from particles directly
hitting the PMT. Hits from collision particles populate timing values of around 8 ns 33



Beware of afterpulses...

Afterpulses in R7525 and R7600 PMTs
8:22:2

Wtroy
III-III
BRY

R7525 (magenta) : bands of afterpulses;
R7600 (blue) : no special pattern....

.. and fiber length differences!

HF Fibers’ Length

Number of fibers

\ WT/W“T'MA-
20 20 240 250 20 270 280 290 300
Tower Fiber Length (cm)

Can be corrected tower-to-tower,
but not inside one tower!
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o Direct PMT hits: early arrival
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Candidate event in which a pair of W

bosons are produced in association

v/

with two forward jets. An electron from
the decay of one W is represented by

W) the green line (its trajectory) and the

| sreen boxes (representing its energy

¥ depositin the electromagnetic
calorimeter). A muon from the decay of
the other W is represented by the red
line and the red boxes (representing the
muon chambers). The two jets are
represented by the orange cones.
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