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Compact Muon Solenoid
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Ernst Lawrence’s first cyclotron, 1929 (Berkeley). Proton energy: ~ 1 MeV
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Compact Muon Solenoid

The evolution of particle accelerators B

BOMBARDMENT CHAMBER
2l e |
I
et || RF R STARTING
—/’

Cosmotron, the first proton synchrotron accelerator, 1953
(Brookhaven National Lab). Energy: 3.3 GeV
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Compact Muon Solenoid

The evolution of particle accelerators ».

HELICAL PATH
AF IAN STARTING

I "BOMBARDMENT CHAMBER I
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200 MeV \ o
injactor N
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High Ene ation
South Damping Ring Rl?'g (“E'g;' (€SB)

iccelerator, 1953
. 3.3 GeV

Stanford Linear Accelerator, 1966 (SLAC). Electron energy: 50 GeV
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The evolution of particle accelerators >

BOMBARDMENT CHAMBER S -
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l——i - v é-? 4 -
Linac \

200 MaV
Injector

South Damping Ring

.

F Large Electron Positron Collider, 1989 (CERN).
Stanford Linear Accelerator, 1966 (SLAC). Electron energy: 50 GeV Electron & positron energy: 209 GeV
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Compact Muon Solenoid
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LHC can access a vast range of mass scales >

An example from the CMS experiment

(% B-pl VvV | |
y [\ [ v |
m
100 MeV 1 GeV 10 GeV 100 GeV 1 TeV 10 TeV
I ! | ! : —
2
oM

SUSY

Adapted from Nadja Strobbe
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But there’s plenty of room at the bottom!

An example from the CMS experiment

J—

¢/ \
4
i \ % 0 €3
S | : -
n : = 1 : S S
I ' : |tV
I S S S
|
i : o
1100 MeV 1 GeV : 10 GeV 100 GeV 1TeV 10 TeV
- I I I I | |
" 1 1 I 1 1 1 1
|
: .
: :
| 1
I 1
3 . DakMawe ]
(N | Dark Matter
0
: " ST G D
| ,'
\ /
\\_ __________________ _I,
Adapted from Nadja Strobbe
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But there’s plenty of room at the bottom! Ny

An example from the CMS experiment

100 MeV 1 GeV

—— -

g N NN N N N N N N N NN N B N N N R S R S R E—

Adapted from Nadja Strobbe
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What new physics could exist at “low mass”?

Dark Matter Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 10M,

JL
"

classic
thermalDM  WIMP

v, DM

“Interaction Strength”

G)
Z

self-interactions, dark radiation, light relics, etc

bosons

fermions
Snowmass 2021 wave-like DM particle-like DM

A

v

v
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https://snowmass21.org/_media/cosmic/cf_report_10-4-22.pdf

What new physics could exist at “low mass”?

Dark Matter Mass
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https://snowmass21.org/_media/cosmic/cf_report_10-4-22.pdf

A complex dark sector and the dark photon >

* Dark matter could belong to a complex dark sector

* Simple extension of the standard model (SM) is the dark photon (4'):
= A’ is the gauge boson of a new symmetry, U(1)p, similar to photon in SM
" Only dark matter (not SM) is charged under this gauge symmetry

= A “bridge” to the dark sector is permitted via special y-A’ mixing: —eFl/WBW
* This additional term in the Lagrangian creates an EM-A’ coupling:
= Finally, mass is allowed via symmetry breaking: \ ' T EM
+ecA'HJ
1 2 I Al a
Holstom, PLB 166 (1986) 196 +§mAfA A,
[t

4 A
€
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https://www.sciencedirect.com/science/article/pii/0370269386913778

Searches for the dark photon

Ma|  Light DM y and light mediator Ma'[ Heavy DM y>GeV light mediator
I. Oceano

2m,
Invisible decay.

Visible decays
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Searches for the dark photon

Invisible decav.

1
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mar/my =3, ap = 0.5 (solid)
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1076
1072

ma [GeV] 10

Ma'| Heavy DM x>GeV light mediator
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Ml gl
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Ann. Rev. 71 (2021) 37

107! 1 1
0 0 m(A") [GeV ]

Invisible decays

Visible decays
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https://link.springer.com/article/10.1007/JHEP10(2020)156

Compact Muon Solenoid

CERN Accelerators
(not to scale)

ALICE

& Ko
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AD: Antiproton Decelerator
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Compact Muon Solenoid

Compact Muon Solenoid (CMS N
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The CMS trigger system

LHC collides proton bunches with a rate of 40 MHz (every 25 ns)
- Impossible to store every single collision event

CMS developed a two-tier trigger system to cope:
Hardware-based (Level-1 or L1)
Software-based (High-level trigger or HLT)

40 MHz
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The CMS trigger system 51

LHC collides proton bunches with a rate of 40 MHz (every 25 ns)
- Impossible to store every single collision event

CMS developed a two-tier trigger system to cope:
Hardware-based (Level-1 or L1)
Software-based (High-level trigger or HLT)

Rate: 100 kHz (hard limit)
Latency: 3.2 us (hard limit)

40 MHz
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The CMS trigger system 51

LHC collides proton bunches with a rate of 40 MHz (every 25 ns)
- Impossible to store every single collision event

CMS developed a two-tier trigger system to cope:
Hardware-based (Level-1 or L1)
Software-based (High-level trigger or HLT)

HLT

_ . Rate: 1 kHz (soft limit)
Rate: 100 kHz (hard I|-m|'_c) Latency: 500 ms (hard limit)
Latency: 3.2 ps (hard limit) Data BW: 5 GB/s (hard limit)

40 MHz
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Doing more with less: scouting & parking M 1

The need for a trigger system limits experimental sensitivity to rare
processes involving low mass particles

- Momentum thresholds too high to efficiently accept events featuring decays of
such particles

CMS has developed strategies to boost acceptance to such processes:
Data scouting: Limit information saved per event in exchange for more events

Data parking: Save (or park) more raw events in storage, only reconstructing later
when there is CPU available

Initially devised as “siblings”: first scout for new signatures, then
reconstruct parked data once found

But active development over the years offered further improvements to pipelines



Compact Muon Solenoid

The scouting and parking pipelines ».

Storage

1 kHz

Prompt offline

Yes reconstruction

100 kHz

Hardware Online
reconstruction reconstruction
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Compact Muon Solenoid

The scouting and parking pipelines ».

Scouted
data

Parking Parked
triggers Data

Storage
Scouting
triggers

No

1 kHz

Prompt offline

Yes reconstruction

100 kHz

Hardware Online
reconstruction reconstruction
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The muon scouting dataset »
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* Scouting exchanges complete event
information for higher trigger rates
= Only save muon objects per event

= Trigger rates up to 60x higher

* Dimuon momentum thresholds
substantially reduced

= (17, 8) GeV = (3, 3) GeV

Muon scouting triggers in 2017 & 2018:
* At least two muons with pr >3 GeV
* No mass cut (low mass resonances)
* No displacement cuts (Up to ~ 10 cm displacement)

137 fb! (standard triggers) and 96.6 fb™ (scouting triggers) (13 TeV

~
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What new physics could exist at “low mass”?

Dark Matter Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 10M,
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thermal DM~ WIMP
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“Interaction Strength”
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self-interactions, dark radiation, light relics, ete
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v

7/28/23 Low-mass new physics in CMS | A. Frankenthal | Fermilab 27


https://snowmass21.org/_media/cosmic/cf_report_10-4-22.pdf
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Dimuon mass spectrum with scouting M 1
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34 b (13 TeV, 2018)
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. . . MS,
Dimuon mass spectrum with scouting .
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2u, P> 4.5 GeV, Inl<2, 0S, m(2u)>7 GeV

2u, P> 15/7 GeV

3u, P > 5/3/3 GeV

3u, P, > 5/5/3 GeV

2y, p, >0 GeV, ni<1.5, 0S, AR<1.4 2y, p, >4.5 GeV, i<, OS, 7<m(2)<18 GeV

* Can we use this neat spectrum
e T to search for new physics with

1 10 102 low masses?
u* w invariant mass [GeV]
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Analysis goal and basic strategy:

Search for dimuon resonances in a model-
independent and general way

Look for a bump hunt in the dimuon mass spectrum

Define custom set of muon identification (ID)
criteria to suppress backgrounds

Measure trigger and reconstruction efficiencies
with data-driven methods

Derive model-independent limit as a function
ofc-B-A
Then compute above terms for specific models

Scouting for dark photons

p\\
:
p /

<MS Pas exo.5,. i

_ f
o IJ
X’


https://cds.cern.ch/record/2851121?ln=en

' . . . Chs, |
Trigger and muon ID & efficiencies B

< \

=

* Measure trigger and ID efficiencies in data & MC to derive uncertainties
* Use BDT for ID, trained on Y and J /1: OS =2 signal, SS > background
* Derived uncertainties: 2-20% (trigger), 4-20% (ID)

10 CMS Preliminary Scouting Triggers, 96.6 fb™ (13 TeV) . CMS Preliminary 61.3 1" (13 TeV)
> = I 3 4r ] >
Q - o - &)
O] — —— Upsilon Trained Selection a.F _EJ
o - 3.5 ©
8 10° &= - - - - Jhy Trained Selection - 25
o = __ —
: i 3 - o
2 - S
& 10°E 250 =
Ll>J = - 0]
! - g
- 2 o)
10° £ -
= 1.5
- Training Muon variables Vertex variables E
108 SR # Pixel Hits, # Tracker Layers, muon track x?, Track Iso. vertex x2 1
~ Y # Pixel Hits, # Tracker Layers, muon track x2, Track Iso. vertex x2, L g'g?m ’
- 0.5
064 068 073 076 0.76 0.79 0.83 0.87 0.1
102 E N N B T 2000 000 £001£002 3002 002 003 004
0 2 4 6 8 m1°[G eV] 02 4 6 8 10 12 O
b m,, [GeV]
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w Event categories

Two event categories to better target different
production mechanisms:

Boosted (gluon-gluon fusion): p5* > 20 (35) GeV
form,, >4.2 (<2.6) GeV

Inclusive (Drell-Yan): no p#” cut

Also have maximum displacement cut to focus
on prompt production

Boosted Inclusive
Gluon-gluon fusion Drell-Yan

g

______ q A

)

Efficiency (Trigger + Selection)
o © © © 9o o © o o
e N w L (&) D ~ oo ©

o

CMS Preliminary 96.6 fb! (13 TeV)

Efficiency (Inclusive, 2017+2018)
--------- Efficiency (Boosted, 2017+2018)

;_ 11 ¢ Uncertainty

-

: — —n

H CL | | CL | |

1 2 4 5 6 7 8
m,, [GeV]



Sighal model and largest excess L

Model signal shape from fits to SM
resonances
Double Crystal-Ball + Gaussian
Assign 20% uncertainty on resolution

Largest excess observed at m,,,, = 2.41 GeV
in the boosted category
3.2 o local, 1.3 o global significances

LHCb observes 3.1 o local excess at 2.42 GeV in
one event category JHEP 10 {2020) 156

To be watched

Events / 0.003 GeV

Pull

x10° CMS Preliminary 61.3 1" (13 TeV)
3 —

Signal + Background Fit
Background Only Fit

e Data (2018)



https://link.springer.com/article/10.1007/JHEP10(2020)156

Model-independent limits

* Limits derived foro - B - A

* Includes experimental uncertainties (no theory dependence)

CMS Preliminary

96.6 fb™ (13 TeV)

CMS Preliminary

96.6 fb' (13 TeV)

g g

= - — Observed = i — Observed

S r ' 3 Boosted

8 B Inclus_lve .- Expected 2 1E : ----Expected

x [ selection o x F selection W+ 1o

3 1 [+ 26 = [ [+ 26

Lo L1071k

c [ T F

m ~ m L

<107 & =<

T F +107°E

Q B Q -

s [ g

) i © -

10—2 ! ! 1 1 1 1 10—3 1 1 I I 1 1
2 4 5 6 7 8 2 4 5 6 7 8
Myp [GeV] My [GeV]
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https://cds.cern.ch/record/2851121?ln=en

* Compute production o - B - A for models and

derive model-dependent limits

* In addition to dark photon model, consider also
2-Higgs Doublet Model + Scalar (2HDM+S):

s a2 —
Opp—a * SN (QH) -B-A= Olimit

10°

o(pp— X)x BR(X— pu) x Acc.[pb]

102

CMS Simulation Preliminary

- [ Dark Photon (e = 0.02)
= [ ] 2HDM+S (sin(e,) = 1)

96.6 fb~' (13 TeV) CMS Preliminar 96.6 fo1 (13 TeV)
L —~ E T I T T T
104 < |
g =
i 7 ! .
1079k 1071} E
10_6; BaBar E
i i cms Type IV 2HDM+S model 1
1077k 1072 tanB=0.5
—S:w L | P ] | T BT T N 1
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https://cds.cern.ch/record/2851121?ln=en

“Updated” dark photon map

1072

)

| (sketch)
' LHCb \

New CMS sensitivity to
lower dark photon masses
using scouting!

1073

107*

107>

107°

B

1072 107! 1

1077
10
m(A") [GeV]

Ann. Rev. 71 (2021) 37
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https://link.springer.com/article/10.1007/JHEP10(2020)156

LHC can access a vast range of mass scales >

(% B-p VvV | |
[\ [ v |
HH =
100 MeV 1 GeV 10 GeV 100 GeV 1 TeV 10 TeV
| | | I I l >
| 1 1 1 | |
p=
2
m

SUSY

Adapted from Nadja Strobbe
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LHC can access a vast range of mass scales >

(% B-p VvV | |
p C\ [ v |
m tttt
100 MeV 1 GeV 10 GeV 100 GeV 1 TeV 10 TeV
| | | I I l >
I 1 1 I | |
p=
)
0

SUSY

Adapted from Nadja Strobbe
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Can we go even lower in mass?

SM
,—---‘

BSM

e
|
]

N > @
100 MeV 1 GeV 10 GeV 100 GeV 1TeV
I | | I

10 TeV

Extra Higgs

Dark Matter

Low-mass resonances Heavy resonances

SUSY

Adapted from Nadja Strobbe
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. . . MS,
Dimuon mass spectrum with scouting .

I
g
°
2
3
4
g
\ E
F
H
E
s
3

2u, P> 4.5 GeV, Inl<2, 0S, m(2u)>7 GeV

2u, P> 15/7 GeV

3u, P > 5/3/3 GeV

3u, P, > 5/5/3 GeV

2y, p, >0 GeV, ni<1.5, 0S, AR<1.4 2y, p, >4.5 GeV, i<, OS, 7<m(2)<18 GeV

* Can we use this neat spectrum
e T to search for new physics with

1 10 102 low masses?
u* w invariant mass [GeV]

2, pT >4 GeV, OS, AR<1.2 1, p,r >22 GeV

_
MR \\
34 fb' (13 TeV, 2018
Q 1012 I I 1 LI I I I 1 LI I I I (I I LI I )
8 10" CMS Online Reconstructed Dimuon Events ° M ost | m po rtant Ll se | ectio ns:
7)) 10 Preliminary Jw pT(u) > 3 GeV, n(u) < 2.4, opposite sign *
o 10
D; 10° Y(nS) L1l path pr[GeV] |y AR my, [GeV] Charge
S 108 #1 >4045 - <12 - 0S
o ' z #2 . 15 <14 - 0S
G 107 & -,.\ <1 |
2 1k T S 43 >15>7 - - - -
S 10° et A #4 >45 <20 - 7-18 0S
Lﬁ ? L1-Trigger Selection Requirements
10*
10°
10?

24,p, >0 GeV, hi<1.4, 0S, AR<1.4 24,p, >4.5 GeV, OS, AR<1.2

2,p_ >4.5GeV, 0S "‘h. “'
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. . . CMS
Dimuon mass spectrum with scouting .

/ \\\ \\
<

I
g
°
2
3
4
g
\ E
F
H
E
s
3

=

34 b (13 TeV, 2018)

L1-Trigger Selection Requirements

2u, P> 4.5 GeV, Inl<2, 0S, m(2u)>7 GeV 2y, P> 15/7 GeV

3u, P > 5/3/3 GeV 3u, P, > 5/5/3 GeV

2y, p, >0 GeV, ni<1.5, 0S, AR<1.4 2y, p, >4.5 GeV, i<, OS, 7<m(2)<18 GeV

* Can we use this neat spectrum
e T to search for new physics with

1 10 102 low masses?
u* w invariant mass [GeV]

24,p, >0 GeV, hi<1.4, 0S, AR<1.4 24,p, >4.5 GeV, OS, AR<1.2

o 102g———rrrrm ——rrr T
S A byl * Most important L1 selections:
o 10
D; 10° Y(nS) Llpath pr[GeV] |y AR m,, [GeV] Charge
S 108 # >4045 - <12 B 0S
8 107 #2 - <15 <14 = 0S
2R #3 0  >15>7 - - - -
i, 10° | #4 >45 <20 - 7-18 0S
T

10° |

10° £

—_— 2y, pT >4 GeV, OS, AR<1.2 1, p,r >22 GeV

2,p_ >4.5GeV, 0S "‘h. “'
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* The n and n’ mesons B

Neutral pseudoscalars like °

_ I R R PC\ — N+(N—+
S=Q=I1=)J=L=0->I°(JF) = 0*(0™) \ XI/{\O }(} S=+1

Mixing of all light quark states:

1(‘+alci 255)
= —\(\uu — 4SS
=6

1

n = @(uﬂ+da+s§)

Masses / widths:
n :547.9 MeV / 0.0013 MeV
n': 957.8 MeV / 0.2 MeV

Mixing angle estimated at 11.5%
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+ n production at the LHC

The n meson is copiously
produced in pp scattering at the
LHC

Events/GeV x Prescale

Clearly visible peak in the
dimuon invariant mass
spectrum with scouting dataset

10"2
10"
10'°

10°

34 fb" (13 TeV, 2018)
T T T T LI | T T T T LI |
CMS Online Reconstructed Dimuon Events
Preliminary Jw pT(u) > 3 GeV, n(u) < 2.4, opposite sign

1 10 _ 10°
u* w invariant mass [GeV]
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* n production at the LHC >

-
2 |
. . N (9 Tey. 200
The 7 meson is copiously g RN, Smmeemese
produced in pp scattering at the &
LHC = 0

G 10H z

g 10 X\
.. ) > 10°F <10° 101 o' (13 TeV)
Clearly visible peak in the mRTOY S Wi v 3 Hamd T
: : : 103 A W e X 3.5 8< T2“<9(;.ev (x5) -
dlmuon Inva.rlant ma.SS 107 § Boioh Vereh 3 - 14<p;;j”<15 GeV (x5) .
spectrum with scouting dataset ' T R 25 < g < 30 GeV (x5) E
§ 2.5;— _;
Fitting gives about 4.5M n — I R EERRPRE .
pu in this dataset 150 E
£ Ny, ~ 4.5M E
I AL LR T T T T E
(T] ‘u‘u) ( ’) 12’ YRR YT 056 057
therearealotofn's (~10*<) 92088 0% 0808 0%
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Some context

* CMS is competitive with several past, current and planned
experiments dedicated to light meson physics:

SEPR 11 — 2u observation (1980) REDTOP experiment at Fermilab

KLOE n — 4e observation (2011)
~2%107 n’s produced ~1013 n’s / year proposed

~5%107 n’s produced

300
200 | 3.l
<
H z |
100 ' 4 + ++ ++ ' 4 4 +++ s0f / P
4 ++++++ + ++++++ + " 44
RaoadisS
0 - = # B .- 20
500 525 550 575 600
M,... [MeV]
PLB 702 (2011) 324 o . https://redtop.fnal.gov

10
My [Gev/ed

PLB 97 (1980) 471
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https://www.sciencedirect.com/science/article/pii/S0370269311008239
https://www.sciencedirect.com/science/article/pii/S0370269311008239
https://redtop.fnal.gov/

Rare radiative decays of the 1 meson ».

This huge n sample makes one contemplate the study of rare n decays

PDG
Charged modes
g  charged modes (27.89+£0.29) % S=1.2
Mo at a0 (22.92+0.28) % S=1.2
M0 Tto Ty ( 4.22+0.08) % S=1.1
M1 etTe (6.9 £0.4 )x 1073 S=1.3
M1 ut oy (31 £0.4 )x10~4
M3 ete™ < 7 x10~7  CL=90%
[14 ut (5.8 +0.8 )x107°
15 et 2e™ ( 2.4040.22) x 102
M6 nta~ et e (v) ( 2.68+0.11) x 10~ 4
L T17 eteptp~ T T T T T < 16  x100%  CL=90% ,
I qg 2ut 2 < 36 x 104 CL=90% 1|

Never observed directly, predictions: B,,~ 4x107° and By~ 2.4X107°
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https://pdg.lbl.gov/2021/listings/rpp2021-list-eta.pdf

C s,/
Rare radiative decays of the n meson B 1

* This huge n sample makes one contemplate the study of rare n decays
* Rich phenomenological motivation exists in the literature

% Double-Dalitz 1) —— /
2<p2> 0 /
07 ) f---- ()7 ) f - T™,nn ---- 0
w0, ii ) 9 o) E— E
4 ipy)

( Refine n_nl miXing angle and\ /o Search for new SM and BSM states: \ ﬁ Measure hadronic ContributiOR

i to light-by-light scattering,
transition form factors Dark photon / X17  2009.05578 g y-l1g g

FE 2 42) for g.. g, £ O: ’ relevant to the muon g-2:
m’)/(ql az) 41, 92 ) ARVAVAVAVLTAVAVAVARY:.| ™, N

2007.00664
1 [cos@o B 2\/§sin08]

— 3 '77'77' """ 0 /
4\/§cos(6?g — Q)2 Fg Fy @ ™, 1, 77//

y
2007.00664 @ ;1%
K Eur. Phys. J. C (2015) 75:414/ True Muonium (TM) PRD 100 (2019) 053003/ K /
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F'I)’)’
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.053003
https://arxiv.org/pdf/2007.00664.pdf
https://arxiv.org/pdf/2007.00664.pdf
https://arxiv.org/pdf/2009.05578.pdf
https://link.springer.com/article/10.1140/epjc/s10052-015-3642-z

Compact Muon Solenoid

CMS Experiment at the LHC, CERN
Data recorded: 2017-Sep-26 01:42:22.588353 GMT
Run/ Event/LS: 303885 / 1462573361 / 1071
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+ my,, in the scouting data

Peak clearly seen at 0.548 GeV
> 100 statistical significance

101 fbo' (13 TeV)
> 777 ]
2 -CMS ... Signal n — 4u ]
~ 603_ ----- Background =
> ~F — Full fit -
= 505_ { Data =
% s0E- 22/ ndf = 68 / 60
© -

O 30k

20

10

0= |
S }{} i E
o - { |
o 0%-511“ TIII{ Ll t}:l”¥l }{{} }E}H%f}f{“*{}}h%ﬁ}h{“%

05 055 06 065 07 075 08 085 0.9

m,, [GeV]
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Branching fraction measurement N

Use reference channel n — uu to measure target channeln —» uuuu
B(n - 2u) = (5.8 + 0.8)x107°, a precision of 13.8%
Also need to measure the CMS acceptance to decays in simulation

By, Ny, ~——_  n-4uinscouting

B Extracted from data = — data (101 fbl)

l]

LA
L] 4u
B Extracted from MC >Ny Y
Experimental input 24
CMS acceptanceton —

/ 441 in bins of py and 7

n — 2u in scouting

CMS acceptanceton —
data (101 fb'1) P 7

2 in bins of pr and n
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Measured from MC simulation with ~1k events per
GeV of pr

Acceptance: all muons are compatible with beam
spot and at least one vertex in the event

Mostly limited by scouting trigger efficiency in 2u
channel, and by reconstruction efficiency of all four
muons in 4u channel

Agceptance goes to zero around pi“ ~ 8 GeV and
pT“ ~ 14 GeV

BE B l,] l,]
A Ay, and Ay, acceptances

ST T

(13 TeV)
(>J\ _I T T | 1T T 1 | T T T T | T T T | 1T 17T | T T T | T T 1 I_
s 1 CMS —t+n-o2lyl<15 _|
£ Simulation ~t1-2lyl>15 1
S T n -4y, ly|<15 T
8 0.8 A lyl> 1.5 —
© ~ ]
"5'_ | +++—0— a
3 L +++4=+——¢—+—'—_
< 06 4+, _
- :¢:=¢= _
- —— _
— _+_ —
0.4 + -
i N ]
i + i
02 -
~ —— +++—v—v—+++_v_ T
0 i [ | 12l —ﬁ_'l__l'_l 11 | L1 1 1 | L1 1 1 | 1 1 1 | 11 1 1 ]

0 10 20 30 40 50 60 70

1 generated P [GeV]



ij . . CMS
Nzu sighal extraction >

* Extract NZL[,]L and derive do /dpy of the n from fits of m,,,, spectrum per péf” bin

* Agreement with ALICE measurement (done to p#”fv 40 GeV only) is robust after
accounting for acceptance

CMS Preliminary 101 fo™ (13 TeV)

101 fb™ (13 TeV)

= 50 x10° 101 fb™! (13 TeV) — 10° gt
8 % : | T T T T | T T T T AIII T 2};' T T T T T | T T T T | T T T : No CMS
=~ 45 S C CMS ¢ p; ] > 107 L ——+— Acceptance-corrected cross-secti
go_,_ o 35 8 < p* <9 GeV (x5) -] 8 Preliminary ——+— Uncorrected cross-section
Ny - T ] Tsallis fit
40 g 4 14 < p* <15 GeV (x5) ] 8 10° oMt
] — 2 - — Fit:p xp_’
35 5 - 25 < P <30 GeV (x5) ] m§|m% 10° T p,: (1.974-0.29)e+10
8 250 ] " p,: -6.03+/-0.05
30 © TE - 10*
25 2 :T ............. -.:- 103 —
20 1.5 — 102
© 3 )
10 0.5 boocoooonoao9°?% 80000000000 E !
5 Do s s s % @ @ = = & 8 8 8 8 8 ¥ 8 % & owowow o5 ow o5 s o8 w5 & 10—1
- (= | | Lo | | — |
C . [ . 0 0.52 0.53 0.54 0.55 0.56 0.57 1072 ' : : —t
82 0.4 0.6 0.8 1 1.2 1.4 m, [GeV] 6 7 8910 20 30 40 5060
2 P [GeV]
m,, [GeV] T

Eur. Phys. J. C78 (2018) 263
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https://arxiv.org/abs/1708.08745

- Ny, signal and non-resonant background M 1

Fit m,, spectrum to extract signal (N,,, = 50) and bkg. (17) yields
Use sideband (0.6—0.9 GeV) and signal MC to study p;}f‘ spectrum

20 101 fb' (13 TeV) 1 101 fo' (13 TeV)
> : ||||||||||||||||||||||||||||||||||||||||||| : D' :l TTT I TTT II |||||||||||||||||||| IIIIIIIIIIIIIII:
= _ECMS ... Signal n — 4y E <09;CMS E
~ 60 .. Background - "“E Preliminary ]
n 50:_ —— Full fit = 08:— E
% = { Data - . E m,, €[0.53, 0.57] GeV (signal window) E
s F C + m,, €[0.6, 0.9] GeV (sideband) 3
© 30 0.6 =

20 ) o E

10E- 0.4F =

OF 03F =

5F - = DS e -

5 b i E 02f- A E

o 01_}11-7_1T 1T }II}T, l;l l { } {III TT}I { TI IIH - ¥ ]

RISPRAEY: 1l :;r p1t It{“ ! {r II“I t} 015 =

-3 0|5 0I55 0‘6 0I65 07 075 08 085 09 0:|||||||||||||||||||||||||||||||||||||||| |||||||| 5
My, [GeV] 0 10 20 30 40 50 60 70 80 4MQO 100

L < > pT [GeV]

sideband
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Resonant backgrounds

Studied several other decay modes as potential resonant backgrounds
Via toy MC simulations reproducing approximate expected kinematics

Conclusion: no other modes can mimic the observed peak

e
Y /
=NNNAN—

TT——
‘}t
X;;J Nucleus imparts pr kick,
\ B but energy is conservey

Photon conversions:

~

\f OUTGOING Mﬂﬂ > Zmu

+

7/28/23

Events / 10 MeV

101 b (13 TeV)

"""""""" AR DL L I I
10° CMS ——MN o pt e pt e
,E_Simulation n-o>ntn Ut
10 NS Y
10 n—-nn xo
1 1 > 00l
+ ”I]—)TI: T Y
107! n-—vy

05 055 06 065 0.7 075 0.8 085 0.9
[GeV]
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Pion misidentification:

Mass peak shifts by ~40 MeV
for each mis-ID’d pion

/

54



4
Non-resonant background and pT“ =

> O T

& [ CMS 053<m,<057Gev .

Can use sideband pr spectrum in data s t  Data N
and signal MC to predict yields in signal - Beckroun o sideband
region S 403_ —— Sum S+B _E
Very good agreement between data b -
and MC - no indication of systematic : | ]
issues with MC-estimated acceptance F | E
across the pr range 10F . i | -
IS IR SRR A e e




Uncertainties

Uncertainties are roughly balanced between statistical (14.9%),
systematic (14.3%) and on B(n — 2u) (13.8%)

Main systematic uncertainties:
Imperfect knowledge of the acceptance curves from simulation
Different fit model choices when extracting the yields

Relative uncertainty estimate on B(n — 4u)/B(n — 2u) is 22%
Absolute uncertainty estimate on B(n — 4u) is 26%
(Details in backup)




* Branching fraction measurement S

Relative branching fraction:

B(n - 4u)

= (0.86 + 0.14 (stat.) + 0.12 (syst.))x10~3 = (0.9 + 0.1)x1073
B(n — 2u) ( yst.)

Absolute branching fraction:

B(n — 4u) = (5.0 + 0.8 (stat.) + 0.7 (syst.) + 0.7 (BZM)) %109

0A904

aniy 2305:

Prediction: (3.98 + 0.15)x10~°

. -9
B(n — 4p) = (5.0 £ 1.3)x10 Chin. Phys. C 42 (2018) 023109

Represents an improvement of over 5 orders of magnitude over
previous measurement: B(n - 4u) < 3.1 x10~*


https://arxiv.org/abs/1511.04916
https://arxiv.org/abs/2305.04904

CMS is sensitive to low-mass physics! >

SM
\

I

I

I

I

I

I
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100 MeV 1 GeV 10 GeV 100 GeV 1 TeV 10 TeV

| | | | i —

Extra Higgs

Dark Matter
Low-mass resonances Heavy resonances

BSM

SUSY

Adapted from Nadja Strobbe
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But could we go even lower in mass?? >

( 1
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Adapted from Nadja Strobbe
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Scouting in Run 3 and beyond

Several improvements in scouting for Run 3 (2022 — present):
HLT speed:

Accelerate pixel tracking and calorimeter reconstruction with GPUs
Running overall HLT scouting reconstruction in Run 3 at ~ 30 kHz (350 MB/s)

Event content:

Reconstruct and store more information per event, while keeping size stable

Now include in Run 3 electrons and photons, and possibility of missing transverse
momentum

Event size remains small (~ 6 KB after compressions)

L1 rate:

For HL-LHC (Run 4, ~ 2028), L1 trigger will feature much improved resolution
— Opportunity for L1 scouting at close to full LHC rate!




* Proposed REDTOP experiment at Fermilab

(1018 POT) or CERN (1017 POT) is sensitive to

dark photons

- Each_scenario corresponds to about 1013

(1012) n / year

* CMS has about 5>§
scouting (100 fb™

1)012 n in 2 years of Run 2

= We are an n factory!

* Challenge in Run 3

ete™ and the photon inn — YA’ with scouting

is to reconstruct A’ —

or parking to reach below m, ~ 200 MeV
* But my > 200 MeV may be feasible with

current setup

kinetic mixing ¢

—_
=
(]

10~5

Al

g Ny

. *3 i
V

| ‘|J\“} o1 ‘ A ind|
| < . Ty 1
ﬁf o oA U07 TR
U

1073 1072 1071 10

dark photon mass m 4 (GeV)

arXiv:2203.07651
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https://arxiv.org/pdf/2203.07651.pdf

— ; ™ D !
A Search for True Muonium > 1
7 mme
True muonium is a bound state of two
muons, never observed (unlike muonium, @
a ue bound state) @ True Muonium
Predicted branching ratioofn - y TM is 7 PRD 100 (2019) 053003
~10710.107° e
— Bell¢ I1 --- FASER
. . — HPS --- SeaQuest
Main decay mode isete™, but also 10 | | — LHdb wtu- <=+ SHiP
dissociates to two muons in material 7 A DHC
ERURNIRS —
Use displaced ee vertex (with material SR S ol [\
veto) to isolate signal, plus photon - B
Might be possible in CMS with B-parking _______ B
dataset (See prOjECtEd LHCb I|m|t5) o 005 010 015 0 0 0% 0@ o


https://arxiv.org/abs/1904.08458

X17 search and resonant production
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Krasznahorkay et al, PRC 104 (2021) 44003
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* Recent results indicate anomalous excesses in “He and 8Be atomic measurements of internal pair creation
* A possible explanation is the existence of a new proto-phobic boson with 16.7 MeV mass (X17)
* Could potentially look forn — y X17 — yee but will depend on electron acceptance

Feng et al, PRL 117 (2016) 078103
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https://www.quantamagazine.org/new-boson-claim-faces-scrutiny-20160607/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803

Compact Muon Solenoid

To be continued... ».
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Conclusions

There’s plenty of interesting physics at “low” masses!

High-energy and high-intensity accelerators allow us to probe
promising new physics scenarios also at these low masses

Complex dark sectors could feature an array of light particles hidden
from view, such as the dark photon and X17

The data scouting and parking techniqgues employed by CMS are
promising avenues to gain experimental sensitivity to rare and low-
mass phenomena

Two scouting results shown today: n = 4u and search for A’
Stay tuned for more updates in this area soon!
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Summary of uncertainties >

* Absolute uncertainty estimate on B(n — 4u) is 25.7%
* Relative uncertainty estimate on B(n — 4u)/B(n — 2u) is 21.7%

Line Source Value (%)
1 Track py threshold 9.0
2 Trigger pr threshold 8.4
3 Efficiency plateau 3:2
1 Fit signal model, Ny, 3.4
5 Fit background model, Ny, 4.2
6  Fit signal and background models, Né}l 3.8
7 Total systematic uncertainty 14.3
8 Statistical uncertainty 16.3
9 Total relative uncertainty 21.7
10 Uncertainty in B(y — 2u) 13.8
11 Total absolute uncertainty 25N
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. ij .
Extracting Nzu signal .

Slice the spectrum into bins of p & 1, then fit the invariant mass
distribution m,, to obtain the n — 2u yield per p; & 7 bins

Fit MC signal first to obtain guidance on parameters
Signhal model in MC:

Double-Gaussian

Sig. & bkg. models in data vary by pr:

Table 3: Fit functions used in the 2-y fits for various pt ranges.

pt range Signal function Background function
(6,8) GeV  Double-Gaussian (floating ratios) Chebychev-3
(8,16) GeV Double-Gaussian (fixed ratios) Chebychev-3
(16,28) GeV Single-Gaussian Chebychev-3
(28,100) GeV Single-Gaussian Chebychev-2
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Fit MC signal first to fix parameters

Extracting Ny, signal S

101 b (13 TeV)
|

Signal model: E 50 E_Srg/!minary N: m,, €[0.53,0.57] GeV __
Crystal-Ball (CB) only (data); CB + Gaussian (MC) g E [ Bankground, N=165
Fix Nog and a g from MC, float m.5 and scp S swf- o+ DataNoed
; I 2/ ndf=45.9/53.0=0.9 —
Background model: 5 [ Fefile
L | ]
fO) = (x— 4mu)ﬁ (data) = J[ ﬂ - -
20— H ]
Parameter Best-fit value in MC Best-fit value in data 10 f— = * —f
B - 1.97 +0.11 4*2
m 0.550 + 0.0004 0.550 4 0.001 GeV E ] ] .
o 0.0049 4+0.0004  0.0053 + 0.0008 GeV = F l { H ] “ ] ” ] H ] } “ }3
0 —0.83+0.10 fixed (—0.83) < ol Hit H{ SRERIS H{HH{HIH :
N 8.1+9.3 fixed (10) -2f { | =
Nigz = 499 + 8.4 05 055 06 065 07 075 08 08 09
Nokg - 906.1 + 30.5 My [GeV]
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* Resonant background studies 2

Potential sources of peaking backgrounds consist of other ) decay modes
with ™ — u misidentification, y = uu conversion, or both

Comprehensive study of these modes with toy MC simulations

Sample 1 pr from measured

Two-body decay chains of M — m,m,. differential production cross-section

Example: n » ntn~n®

% 10 oy
[ Vs =

M= (my +m)H M2 — (my — my)?) 9 il o

|p1|—|p2|— oM 10 n -y

Assume decay products are isotropically

distributed in M’s rest frame [+]Data

=== NOrmM. UNc. 2.6%
---TCM fit

Tsallis fit
— PYTHIA 8.2, Monash 2013
— PYTHIA 8.2, Tune 4C
NLO, PDF:CTEQ6MS5 - FF:AESSS

u=05p,

w=p;

u=2 pT|

Assume uniform dimass (M)
distributions in 3- or 4-body
systems and smear by 1.1%
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* Resonant background studies >

Branching fractions: Event weighing Assume conversions after

e n-31%32.7% first pi
pixel layer are fully
o 0. 0 w = ,C B A
n - 22.9% o fID fconv suppressed with vertex

oy 4.22% requirement
e 1 - mwrup:<1.6 x 1074 /
« n-puuy:3.1x107*

Layer thickness: 0.3 mm / sin(6
fip = 0.0015%2 = 2.25 x 1075 y / sin(6)

(13 TeV)
g Tems T Saaaces 0: polar angle of muon
% kN imulation Prelimina — C B . ' ,
g pomeenremne I e ] / Photon conversions: \ :
0.8 _|
41
i +++*+++f e+ ?
06~ S 5 Y / .
i ++H 1 M = O A AAYAYAY %3
osf- OK approx. for all decays 4 \? ourcone My, > 2my, z
02: - i INCOMING o 2 y > 2.” probability
<L T ] TT———a CZ> . .
S 1 y 5 for normal incidence |
O"m\‘_m*fH‘\H“\“H\HH\HH? ) .
S T , Nucleus imparts py kick, 0 ‘ | , |
Photon Energy (GeV)
Acceptance vs. pr \ but energy stays the same J oy
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- But there’s plenty of room at the bottom!
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1-100 GeV mass range

String resonance

t+9,pseudoscalar (scaar), g7, X BR(¢-21) > =0.03(0.004)
44, preudoscalar (scalar), G, x BR($-21) > =0.03(0.04)
P2 EX

quark compositeness (1), s =1
quark compositeness (1), = =1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector meditor (6, g =025,gou =1, =1 GeV
vector medator (1) 9,01, Gou =1, =001, my >1 Tev
(@i vctor mediatr 4d), =025, g =1,m; =1 GeV

i)
scalar mediator (+£/f), go = 1,gow = 1,m, =1 Ge
scaler mediator (8, o

doscalr mectator €, 5, =1, 0= 1,m, =1 GeV
complex sc. med. (dark QCD), Mx, = 5 GeV, €T, =25 mm

Leptoquark mediator, =1, 8= 0.1, & ou = 0.1, 800 < Mo < 1500 GeV.
axioniike partice, {1 =12 Tev-

inelastic dark matter model, y = 10,25 = 0.1

inelastic dark matter model, y = 10”7, a5 = 0.1

dark Higes model, g, =

RPV stop to 4 quarks
RPV squark to 4 quarks
RPY gluino to 4 quarks

RPY gluinos to 3 quarks.

DD () HLZ, neo =3
DD (.11 HLZ, neo =3
DD Gy emission, nep=2
ADD QBH (). neo =6
ADD QBH (ep). neo =4
ADD QBH (e1), o =4
QH (), neo
ADD QBH (1),
RS Gt ki =0.1

non-rotating BH, Mo = 4 TeV, neo = 6

G =6, Gou 3,620,
SPILUED, 22 TeV

excited ight quark (q0), A=m;
excited ight quark (ap), fs=F=1' =1, A=m;,
excited b auark, fs==F =
excited electron, s
excited muon, s

UMM, V2 =10, [Vl =10
UMM, [Vf? =10, [Vl =10

UM, Ve Vel + Vi) =10

Type-ll seesaw heavy fermions, Favar-democratic
Vector like taus, Doublet

Vector like taus, Singlet

2o, narrow resonance, ¢
2o, narrow resonance, &2
2o, narrow resonance, €2 =7 x 107 (90% C.L)
2o, narrow resonance, €2 = 3x 10°¢ (90% C.L)
ssmZ)

LFVZ, BRley) = 10%
LAV Z, BRler) = 10%
LFV Z, BR(uT) = 10%
SSMWit)

LRSM W(ut), My, = 0.5M,
LRSM W(eN). M, = 0.5,

LRSM Wa(ha), M, = 0.5Ms,
Axigluon, Coloron, cotg =1

e
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Selection of abserved exclusion imits at 95% C.L. (theory uncertainties are not iigged). - Mass Scale [TeV]
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