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What are light mediators?

Invisible particles which couple to SR A
SM, dark sector(s)

Can be long-lived

Can decay invisibly () or visibly = S
(eTe™, U=, qq)

For this talk, we consider dark
photon as an example model
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Probing light mediators

» Light mediators produced in
abundance at fixed target
experiments



Probing light mediators

DUNE MPD * Light mediators produced in
ECAL/Magnets

abundance at fixed target

DUNE experiments
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[1912.07622] Berryman, de Gouvéa, Fox, Kaysey, Kelly, Raaf
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Probing light mediators
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» Light mediators produced in
abundance at fixed target
experiments

» DUNE Near Detector: 120 GeV
proton beam hits fixed target

» Production and decay of neutral

mesons 7', 1 — YA’
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Probing light mediators
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» Bremsstrahlung process:
pp — ppA’
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Probing light mediators

DUNE MPD * Light mediators produced in
ECAL/Magnets

abundance at fixed target

DUNE experiments
Pr(i’;%n(;]?)e\)?m> LArTPC
(50 1 » DUNE Near Detector: 120 GeV
proton beam hits fixed target
| 20 m o4 m 79 s * Production and decay of neutral
> 7
Z :|O m | Dlistance from Targelt (not to Scalel) mesons 72«'0, ;/] —> }/A,

[1912.07622] Berryman, de Gouvéa, Fox, Kaysey, Kelly, Raaf

» Bremsstrahlung process:
pp — ppA’
» Search for missing energy or
reconstruct visible final states ¢
ete”, utu

+

,
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Probing light mediators
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- Small solid angle of detector
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- Small solid angle of detector

A’ must survive for ~ 500 m, then decay
within 5 m
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- Small solid angle of detector

A’ must survive for ~ 500 m, then decay
within 5 m

. A’ production energetically limited: fixed target
& 120 GeV beam
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Probing light mediators
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- Small solid angle of detector

A’ must survive for ~ 500 m, then decay
within 5 m

. A’ production energetically limited: fixed target
& 120 GeV beam
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LHC as Source and Detector

« Can we achieve sensitivity with
from LHC, with higher
accessible energies”?



LHC as Source and Detector

- Can we achieve sensitivity with Key: ——— Muon

Electron
Charged Hadron (e.g. Pion)

from LHC, with higher W) - =~ - Neura Hadon (e Neutror)
accessible energies”?

- Large solid angle of detector: o o \\\
only forward region escapes
detector >}(\\\\\3\ ]|
)T : |
» ~ 2/3 eventsreach endcap _~ Wk , ’ |
and barrel of CMS detector ™ ",

Electromagneti
Calorimeter

Calorimeter Superconducting

Solenoid

Iron return yoke interspersed
with Muon chambers

Om im 2m 3m 4m 5m 6m

[1706.04965] CMS Collaboration
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LHC as Source and Detector

« Can we achieve sensitivity with
from LHC, with higher
accessible energies”?

» Large solid angle of detector:
only forward region escapes
detector

» ~ 2/3 events reach endcap
and barrel of CMS detector

 Shorter survival length than
DUNE, FASER

Muon
Electron

Charged Hadron (e.g. Pion)
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Key:

)l

Transverse slice
through CMS

— !
S |
|

\\\ H
\\

N ey e Y ‘

Silicon
Tracker

J H‘/J ': ‘:” ““
| /1 . “r‘ i.‘\“%l\ :’)
S| ) /("?A
..7.// //// ;/. . o
& /e
/D/../ ’ .';/ 4 <o :
Electromagneti >
Calorimeter -

Calorimeter

Superconducting
Solenoid

Iron return yoke interspersed
with Muon chambers

Om im 3m 4m 5m 6m m

2m

[1706.04965] CMS Collaboration
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Schematic: 7 Meson Decay

o
. . : Q?*\’ 50\6(\ ste
1 produced at primary interaction 5 auon SY
point, promptly decays to yA’
/ 4+  — 0
A'decaysto u™u~ after 2 0.7 m &

Dimuons observed in muon system
with large displaced vertex

m,, = myandm,  =m, '
[ Graphic design is my passion
X

Om Tm 2m 3m 4m 5m

based on [1706.04965] CMS Collaboration
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Schematic: proton bremsstrahlung

» proton produced at primary
Interaction point

- Brems A’in ECAL

- A’ decays to u"u—, can be prompt

* Dimuons observed iIn muon system
with large displaced vertex

- m,, = my, can correlate HCAL

observation with displaced dimuons

3m 4m 5m

based on [1706.04965] CMS Collaboration
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LHC as Source and Detector

« LHC numbers obtained
using Pythia, cross-checked
with EPOS LHC for low

energy mesons, protons

N =

m ' - A

oy — A

= pp — ppA’

J

NA//€2
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10° I I I Preliminary
10~? 10~ 1071 1 10
T A/ [GGV]



LHC as Source and Detector

« LHC numbers obtained
using Pythia, cross-checked
with EPOS LHC for low

energy mesons, protons

7_______—________—~
-y

7 orders of magnitude
suppression!
Does the LHC have any
chance?
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LHC as Source and Detector

» LHC numbers obtained 0T —————
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LHC as Source and Detector

» LHC numbers obtained 0 T T T
. . in20- T T T TT=S ~ In T 7_‘_0 A’ B
using Pythia, cross-checked ;-819 . n _n:;l, :
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112
» Another channel to probe 10 F |
. . 10 & Solid: LHC £ =1 ab™! -
heavier masses: direct 010 F Dashed: DUNE 10 years N
production! 0L ..., Preliminary
10~° 102 1071 1 10

T A/ [GGV]



Directly produced A" at LHC

» Take advantage of LHC’s higher energy access: can we
directly produce > GeV mass A’ via Drell-Yan? q



Directly produced A" at LHC

» Take advantage of LHC’s higher energy access: can we

directly produce > GeV mass A’ via Drell-Yan? q
 Already being done”? CMS performs monojet & A
monophoton searches @ Oc 00
0
- But at much higher energies p, 2 100 — 200 GeV 0 249

* Probes heavier scale DM, can be extrapolated to

O(GeV), € ~ 10772

» Avoids backgrounds, limited production cross
section



Schematic: direct production

- A"+ j produced at primary
iInteraction point opposite each other

. A’ decays to u"u~ after 2 0.7 m

J

* Dimuons observed iIn muon system
with large displaced vertex

- m,, = my and Jet correlated with A’ '
Y

. Can require sufficient p% for

triggering and boost for dimuon | )
Slgnal Om Tm 2m 3m 4m 5m

based on [1706.04965] CMS Collaboration
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~ « LHC can produce 1 — 100 GeV A’ with

ISR jet
» Estimates produced with MadGraph5
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~ « LHC can produce 1 — 100 GeV A’ with

ISR jet
» Estimates produced with MadGraph5

~* Flux smaller than brem, meson

production

- But sensitivity In that parameter space
IS weaker

» Can require energetic jet for triggering
and correlation: > 25 GeV



Projected Sensitivity

- What kind of sensitivity reach does the
LHC have? et o pn

= ))))ln — — — - Neutral Hadron (e.g. Neutron)
yy == ==- Photon

» Signal: Dimuons produced without tracks .
(standalone) with p7. > 8 GeV

L d
L4
1)

— |

» Different assumptions for each production ||

. SSLLTTL ! Aa | |y
. 177 y
mechanism
. Tracker s i
QY.
Superconducting

» Brem: A’ produced in ECAL e

» Direct production: displaced vertex e

Oom im 2m 3m 4m 5m 6m
|

Hadron
Calorimeter

> (0.7 m ' ! | | ! |

[1706.04965] CMS Collaboration
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Projected Sensitivity
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» Proton brem: sensitivity with required
number of u "y~ events, p > 8 GeV

Projected Sensitivity
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sensitivity with required

number of u "y~ events, p > 8 GeV

* No bkg: maximal but unattainable

sensitivity reach for & = 1 ab™! from

proton brem, includes A’ = e¢*e ™, no
. . ég ll

minimum p.

10 2
10 3

Includes e e_
from brem '

10 4

10 ©.

10 ’
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Projected Sensitivity
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number of u "y~ events, p > 8 GeV

Projected Sensitivity

No bkg: maximal but unattainable

sensitivity reach for & = 1 ab™! from

proton brem, includes A’ = e¢*e ™, no
-y e, U

minimum p_.

required number of 4™~ events with

sensitivity with required 10 2y
10 3 57 . ,
Includes e e_
10 4 from brem #
R
T Orsay
10 6‘; 20 % 7S
sensitivity with — CHARM
1d 7?‘ ....... NO bkg
| Proton brem
1g8 T Direct productiorpr > 5 GeV

p§ > 5, 25 GeV, p’; > 8 GeV

- Can extend to m,, ~ 100 GeV
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Preliminary background estimates

« SM sources of dimuons

CMS Supplementary 101 fb~' (13 TeV)

» Reduction of background events when
requiring displaced vertex ~ 0.1 m

. For]l < mW/GeV < 10,

_ lyy [cm]
10° 5 H 0.0 — 0.2
: i 0.2-1.0
1.0 — 2.4
2.4 — 3.1

\ 3.1 — 7.0
i 7.0 — 11.0

Events / 0.01 GeV

1 — 10 events per bin for

< ~ 100 fb~! W \
. Projections for? = 1 ab™!: )
100 — 1000 background events O U lios
10° 10°

» need 10 — 100 signal events for CMS EXQ-20-014 Dimuon mass [GeV]

sensitivity
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Preliminary background estimates

- Methods to reduce backgrounds
» Correlated photon for neutral meson decays, invariant mass cut
» resolution limited, and messy environment (mesons inside jets)

- Correlated energetic (> 25 GeV pT) jet with directly produced A’, opposite
to dimuons produced with displaced vertex

» Lots of hadronic activity
 Cutting on dimuon invariant mass

» Focus on low background regions while providing more freedom on
survival length of A’

15



Can the LHC be sensitive to
Light Dark Mediators?

» Short answer: We think so! Requires thorough experimental analysis

» A novel method to probe a yet unexplored parameter space for dark photons!

- LHC can produce lots of light dark mediators like fixed target and beam dump
experiments

» Neutral meson decays

» Proton bremsstrahlung

* Drell-Yan with a jet

» Visible decays of light dark mediators can be observed in CMS detectors
» backgrounds controlled by requiring displaced vertex, similar to LLPs

» correlated signals depending on production mechanism

16



Thank you!



Dark Photon Model

* For a nice review, see [arXiv:2005.01515] Fabbrichesi, Gabrielli, Lanfranchi

» Chapter 3 covers production and detection channels for massive dark
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Energy distributions

eta
» proton & neutral meson fluxes from —
Pythia, with low energy parts cross- -
checked with EPOS LHC ok
. 2D histograms of @ and E for 1 ab™! i
- 90: 10~ 102 107" 1 10 102 @[Gew




Comparison to FASER(2), mono-X

Dark Vectors at FASERZ

» FASER similar to DUNE ND, long survival 10 4; [HCb | —— Erective QRA
distance ~ 480 m needed ;‘g”m o ™ M MOd'pedWW_f
> W
» Existing monojet, monophoton require Bige N
pr > 100 GeV I — |
10 &
* Bounds need to be extrapolated to lower "
g7 T g

[2409.09123] Foroughi-Abari, Reimitz, Ritz

. Probes ¢ > 0O(107%)

« Some CMS bounds exist for 1-100 GeV dark
photons around
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Further studies

- Invisibly decaying A’/Z’ to DM

« Search for DM 2-to-4 processes in the ECAL, HCAL, or muon chamber
producing dileptons

» Not only vector mediators, but scalar mediators, or both scalar and vector
mediators

» Dileptons or energetic photon for signal

* Probing mediators using neutrino tridents

 Lots of neutrinos produced at LHC, with high energy access

» Must consider SM backgrounds from other processes like Drell-Yan, etc

» Requiring displaced vertex to HCAL or muon chamber for produced
dimuons can reduce background

21



