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Outline of this talk

* Part 0: Introduction to Standard Model, LHC, and CMS

* Part I: Detector R&D.
Studies of radiation damage in plastic scintillators.

* Part ll: Search for Beyond the Standard Model (BSM) physics.
Search for Soft Unclustered Energy Patterns at the LHC.
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The Standard Model
of Particle Physics



The Standard Model of particle physics

Standard Model of Elementary Particles

* Ordinary matter consists particles with
.1 .
spin-- (fermions).
* The 24 fermions consist of:

charge

spin

* And their 12 anti-particle partners.
* The three forces are facilitated by
particles with spin-1 (bosons):
* Strong force: gluons (g)
« Weak force: W*, Z bosons
* Electromagnetic force: photons (y)
* Plus, one bonus particle:
* aspin-0 boson (scalar)

12/18/2025

three generations of matter

=2.16 MeV/c?
%

v U
up
=4.7 MeV/c?
.
down

~0.511 MeV/c?
-1

2 e

electron

<0.8 eV/c?
0

2 v (%

electron

neutrino |

SLAC FPD experimental seminar

(fermions)
[l

=1.273 GeV/c?
%

2 C

charm

~93.5 MeV/c?
iy

2 S

strange |

~105.66 MeV/c?
-1

2 u

muon

<0.17 MeV/c?
0

Y2 v u.

muon

neutrino _

=172.57 GeV/c?

%

+
top

~4.183 GeV/c?

_1/3

7} b
bottom

=1.77693 GeV/c?
-1

2 T

tau

<18.2 MeV/c?
0

2 v T

tau
neutrino

= 4‘\ g

interactions / force carriers
(bosons)

=125.2 GeV/c?

0
@ |- ©
|| gluon higgs

@

. photon

~91.188 GeV/c?

0

@ |2
Z boson
Ig

~80.3692 GeV/c* | i )

+1
W

. W boson

J A\ )



s this the end?



he Standard Model doesn’t explain everything

Various open questions:
 What'’s the nature of gravity at the quantum level?
* Hierarchy problem: Why is the weak force so stronger than gravity?
* Matter-antimatter asymmetry: Why matter dominates this world?

But we also have experimental anomalies: 10
* We have observed that neutrinos oscillate s 08]
between their flavors. § 0.6 |
* This could be explained by a neutrino mass. ‘g 04|
* However, the SM can’t accommodate this... E
* Yukawa couplings require both left and right- w02y

handed chiral components to assign a mass. 0.0
* We have discovered only left-handed neutrinos
thus far...

1 10 100
Distance (km)

12/18/2025 SLAC FPD experimental seminar 6



Dark matter
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Numerous experimental results point to _ ]
unknown matter:

 Anomalous galaxy rotation curves

e Gravitational lensing (i.e., Bullet Cluster)

* CMB anisotropies = best explained by ACDM

100

Vel.r (km S-!)

JWST NIRGam Fiters




How do we test the SM and
search for new physics?



The Large Hadron Collider

The work | will present today is related to
the Large Hadron Collider (LHC):
* most powerful particle collider in
operation,
* underground ring at ~100 m depth,
e perimeter 26.7 km,
* 4 |nteraction Points (IP) hosting
physics experiments:
ATLAS, ALICE, CMS, and LHCb
* charged particles collide heads-on
at unprecedented energies.
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The Compact Muon Solenoid experiment

* Particle detection can be separated
into two broad categories:
* Trackers: Record the particle trajectories.
* Calorimeters: Measure their energies.

* CMS has two trackers:
* the inner tracking system
* the muon system

 and two calorimeters:

e the Hadron Calorimeter (HCAL)
* the Electromagnetic calorimeter (ECAL)

Picture was taken from the visitor balcony
on 01/19/2023 during the YETS.
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Tracking
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Calorimetry

* The Electromagnetic Calorimeter (ECAL). ___, &
* Made of PbWO, scintillator crystals.

Eta index (ieta)
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How it works
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Phase-2 upgrades

* Phase-2 upgrades are set to commence
installation next year.

e Calorimetry is getting a lot of attention
- High Granularity Calorimeter (HGCAL)

 Sampling endcap calorimeter made out
silicon and scintillator.

* Will offer 5-D hit information (x, v, z, t, E).
e Other Phase-2 upgrades:

v'new timing layer,

v'improved tracking & vertexing,
v'higher trigger bandwidth,
v'tracking at L1,

v’and more!

| CEH

‘ é-lﬁiﬁ"i"ﬁ’

A
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Part |: Detector R&D

Publications:
1) Papageorgakis, C., Al-Sheikhly, M., Belloni, A., Edberg, T. K., Eno, S. C,, Feng, Y., Jeng, G. Y., Kahn, A,, Lai, L., McDonnell, T.,

Mohammed, M., Palmer, C., Perez-Gokhale, R., Ricci-Tam, F., Yang, Z., Yao, Y. (2022). Dose rate effects in radiation induced changes
to phenyl-based polymeric scintillators, Nucl. Instrum. Methods Phys. Res. A 1042, 167445.
Papageorgakis, C., Aamir, M. Y., Belloni, A., Edberg, T. K., Eno, S. C., Kronheim, B., Palmer, C. (2024). Effects of oxygen on the optical

2)
properties of phenyl-based scintillators during irradiation and recovery. Nucl. Instrum. Methods Phys. Res. A 1059, 168977.



What is a scintillator

Scintillation: process of UV or visible light emission following the
absorption of ionizing radiation.

Two main categories:

Inorganic crystals Organic materials

Most typical examples:
Nal(Tl), Csl(Tl), BGO, PbWO,, LYSO
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Plastic scintillators in HEP

Many experiments are using
them or planning to use them:

* CMS

» HCAL
» HGCAL

* ATLAS
> TileCal

Future experiments

considering their use:
E.g., FCC-ee: the IDEA detector
(in the form of scintillating fiber)
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Importance of radiation hardness

10 9MS Preliminary 13 TeV
* Radiation tolerance has been important for & F swn
. . . . ° 4 B
applications with high particle fluxes. g 1ok ¢ e
(doses > 103 Gy) 8 E e
e At CMS, during the 50 fb! running at 13 TeV
in 2017, the HE tiles received doses up to a 107
few kGy. i .
1072 3 -
CMS p-p collisions at 7 TeV per beam E .
Absorbed Dose at 3000 fb™ 1072 ! ! ‘ | ! ! ! . |
0 SR -,—-:é-j.-;:.z;-:a_. E——— - —%3 , i 20 25 30

Tower, in

* Typical dose rates from 103 to 1 Gy/h.

* During the HL-LHC run, the HGCal
detector’s scintillator is expected to
absorb doses up to O(100 kGy).

Absorbed Dose [Gy]

2 w0 w0 w0 s w0 s Reaching high doses using low
CMS FLUKA Study v.3.7.9.1 CMS Simulation Preliminary dose rates is very interesting!
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Plastic scintillators — structure

Plastic scintillators consist of:
e Substrate material: Common choices include:

polystyrene (PS) polyvinyl toluene (PVT)
al T
Q'ﬁ C—C—
55T "
| H OH] CHy |,
* Dopants:
p-terphenyl (PTP) BPBD

N—N

» Primary fluors, like: Q O O ho 5
POPOP
» Secondary fluors, like: N oj/©
@/[O\H >—<\N |



Importance of the phenyl group

All the materials shown are aromatic compounds.
They contain benzene rings O

 Bonds are:
e og-bonds with Sp2 hybridized electrons and e
* delocalized -bonds with p, electrons . o

All the interesting properties arise from the m-electron
orbitals.

ABSORPTION

1|
1N

I—Ii H
~, So
2N _H 120 H

C6H6 (l:l ::I: - (l: ﬁ H o H

WS pe Scintillation:
ekulé structures H Planar hexagon . . . . .
(rosonanc formé) bord lngth 140 pm * excitation/ionization of  electrons

* move between singlet & triplet states

Benzene |l|
molecular formula

;@J" . % @ * fluorescence/phosphorescence
& > n ) .

LA Y * Stoke’s shift between

2 - ) ‘ ] Delocalized pi Benzene rin . . .

sp°  hybridized orbitals 6p,orbitals system i simplified depic%ion a b sor pt| on / emission spe ctra
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Plastic scintillators — inner workings

The scintillation process for a particle that enters
the scintillator follows these steps:

1. The particle excites/ionizes the the electrons of
the substrate.

2. Energy transfer from substrate to primary fluor:

i.  Non-radiative transfer through the Forster mechanism.
ii. Radiative transfer

Primary fluor emits photon.
4. Secondary fluor absorbs photon from primary

O
and reemits at different wavelength.

5. Detection of secondary fluor emission with
photodetector.

O primary O secondary x substrate
dopant dopant excitation

w

radiative Forster
transfer transfer



Radiation damage

Mechanisms for radiation damage can be N ) b
categorized as follows: S ~D G
* Decrease in the initial light production N
> Fluor destruction O ()
» Absorption of light between primary and OCO o
secondary fluors. O
»Suppression of Forster mechanism. @) Q
* Formation of color centers C A ”:‘ q

» Absorption of light emitted from the secondary fluor.

O primary O secondary x substrate

dopant dopant excitation
radiative Forster
transfer transfer
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Radiation damage versus thickness
DISTANCE

A —

* Decrease in the initial light production o J= ——

» Fluor destruction \ w—‘\
_\ BEFORE

» Absorption of light between primary and AFTER
secondary fluors.

»Suppression of Forster mechanism. )
. -\BEFORE
* Formation of color centers e—) e

: DAMAGE TO TRANSMISSION ONLY

» Absorption of light emitted from the secondary "
fluor. -\ BEFORE
Differences: =y

O 3 PERIMENTAL CONDITIONS
s Color centers: dependence on thickness
*»Initial LY decrease: independent of thickness
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Samples & Irradiations

e Our samples are scintillating rods supplied by EJ-200 EJ-260
Eljen Technology (EJ-200 & EJ-260).

* EJ-200 has blue and EJ-260 green-emitting fluors.

* Green expected more rad-hard since color center
formation expected much larger at shorter A.

e Rods vary in width, matrix material,
concentrations of fluors and antioxidants.

——"

W

 Performed irradiations at three different facilities. 8 : :
efore irr. After irr.



Recovery process

Days after irradiation end:
Day 1 Day 5

The sample shown above is a EJ200 PS scintillator rod of size 1 X 1 X 5 cm. It was irradiated at NIST in
September 2021 and received a total dose of 70 kGy at a dose rate of 460 Gy/h.

Note: Color balance is not universal. The colors on two picture are not directly comparable.
The irradiated scintillator has two distinct visual features.
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Optical features

Orientation mark

The features:

* Green tint in the center of the rod.

* Boundary that looks like a refractive
index change.

 The boundary depths vary between samples.

Some observations:

 The spatial boundaries of the two features
coincide initially.

 The green tint reduces and eventually vanishes
during annealing = matches the predictions for
annealing from the models!

* The index change boundary remains stable
during annealing.

Picture captured by Tim Edberg.
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Step 1: Measure the
scintillation light




Methodology — Measuring light yield

o 1 | —

. = - oo e 0 days after irr.
alignment® S - Pedesta o T
fixturel g 0.8 - —— Non-irradiated 14 days after irr.
Charge integration = I " 2Bdaysafterim.
over 100ns  © 06| oomsaen
EJ-2600! _ ' 04l N

rod® Tektronix TDS7104 -
alpha@lisk? oscilloscope 0.2 _
| I i
PMT. sourcel - ¥

(239Py) ol i1 : g

Energy (Vx ns)

(dark current, gain)

Calibration measurements + Fit peak
of curve

239py - 5.2 MeV «a particles
penetrate ~28 um in a straight line

Calibrated light yield values
before and after irradiation.
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Dose constant

To quantify radiation hardness, the dose

constant D is used
d d

L=LeD & D=——0>f
ln(—f)
L;

where L;, Ly are the light yields before and
after irradiation and d is the dose.

* Larger D means
— more resistant to radiation.

* |f color centers dominate, D expected to
depend on sample thickness
Do [t

* Interesting to check dose rate dependence!

LYirr.": L Yinilial

T

- 5 Exponenfial Fits -
B . Fit range ]
o PVT - Sandia -
[ PS - Sandia —(040) kay |
i (0,80) kGy
SER SN ES———— S— PO
oA R Rogoa i 2y 'i' E
g s fitin (0,40 kGy v fitin (0,80) kGy
0 20 40 60 80

dose [kGy]



Results — PS vs PVT

About the comparison:

 Comparing rods with PS and PVT substrates.

e Both blue (EJ200) and green (EJ260) fluors are
considered.

* Fluors and antioxidants concentrations are
nominal.

Results:
* Linear trend (vs log R) until ~70 Gy/hr.
 PSand PVT show different dose constant

behavior above that level:
» for PVT, remains constant or continues to rise.
» for PS, remains constant or decreases.

Depending on the fluor concentrations.
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Results — Fluor concentrations

<
Varying fluor concentrations: g 180 PS ; i
= 1X1P: nominal primary and secondary %m i FEE I
= 1X2P: double primary and nominal secondary & t :
= 2X1P: nominal primary and double secondary s .3 R
Some observations: LT oserate Gym)
* No significant effect observed until 70 Gy/hr. 5200 .
* Behavior above that amount depends on = PVT
dopant concentrations. ‘3150__ ; H |
. . . 3 *
* Increasing the primary dopant concentration 2 100 |- 3 L
benefits PS samples. 8 i
* No dependence observed for PVT within o 3 . EpmevTice
uncertainties. L e

O 1 TR AR TE] B S WA 1 el n I
1 10 10° 10° 10*
Dose rate (Gy/h)




Results — Varying thickness

)
The two radiation damage mechanisms show *g
different dependences of D on rod thickness: e
* Color center formation gives D that scale as [ 1. 5
 Damage to initial light production is independent of .
Results: /
* During the recovery period, the dose constant depends
strongly on the sample thickness. 3
* Indication that color centers (radicals!) form during %’
irradiation but their number reduces after annealing. *g
* Final dose constants do not depend strongly on thickness. 9
 Dominant radiation damage mechanism is reduction in g

initial light production after annealing.
* The maximum sample thickness (1 cm) is not large enough
to make color centers dominant.

—_
1Y)
o

100

o)
o

60

-
(92}
o

Y
o
o

50

)(‘IllfJ3 |
B 1 ¥__
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Step 2: Simulate and quantify the
boundary depth effects



Radiation damage — JAERI model

e Radiation breaks substrate bonds and creates free radicals:
YR

P —~—~rn—> P.
» Radicals absorb visible light (stronger at low A) =)

 The radicals can recombine or crosslink:
k
P°+P° — > PP

° k2
P+ 02 - P_Oz

* These are competing processes described by the equations:

Color centers
(temporary damage)

e or oxidize:

- ~
Radical density eq.: % =YR -k [P]? — ky[P]1C(x,t) (1), and
o RO > JAERI model
Oxygen diffusion eq.: (x,0) =D (x, 1) — ky[P]C(x, 1) (2)

ot 0x2 _/

Note: C(x,t) = oxygen concentration



JAERI model — Simulation

We solved numerically the model for a set
of parameters that match some of our
irradiations.

Begin from a steady steady at the end of
irradiation.

Then simulate annealing until steady state
again.

Oxidation rate experiences sharp transition
from full rate = 0 at a depth z,.

Can be shown to be dose1 rate dependent:
Zyg X R 2

During annealing, oxidation moves as a
front to the center of the sample.
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Depth results
SO T Ly A B
E i 4+ data |
= A — fit
£l _
A 3 .
of -
1— + PS —
i PVT ]
OT.I | Ll L 1 ol | . | Ll
109 101 102 103 104

Dose rate (Gy/h)

* Boundary depths vs dose rate for PS & PVT.

L : _ A
Fit with function z = TR

* Samples with R < 80 Gy/h don’t have
visible boundary (depicted with arrows).
* Data consistent with this function.

12/18/2025

=[] SRR ]
E 5: color depth simulation
N - color depth data
4~ ---' index boundary ]
: o Zgolur:At e —r"""’f-j
31 = ]
I ..—*"ij'lf—-’
21 ,-’*"f/ n
- /'
B at
S
1E 7
ot I I A
0 10 20 30
t (days)

Depth of the colored boundary over annealing time.

Including best fit for z o 1/t function.
Also, the result of a simulation of the JAERI model.

Parameters were fine-tuned to match the data.

Full simulation describes the data throughout annealing.
Approximating function holds only initially.
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Step 3: What about the index of
refraction?



Index of refraction

Refractive index for a material:

C tendency to acq.
- _ for non-ferromagnetic dipole moment p
n = - V g‘r',u’r' V ET. i when exposed to

materials
v V EOILLO / external elec. field E

. Mlcrﬁsﬁopically, &, related to the molecular polarizability of the material
a = = via the Clausius-Mossoti equation.

. Lorentz Lorenz equation connects n with average molecular polarizability vol.:
2—-1 A4nm

=—Na
nz+2 3 ™
Change in the bond structure = potential change in a,,, = change in n.

* Materials are characterized using the Sellmeier equation:

2
Z(A)—1+ZABA
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Measuring the index of refraction

Exploiting the concept of the apparent depth to ﬁ\

measure n: 1
"‘“. epth

depth

Ltrue

n =

L .
o “apparent _ sample reticle LED source
The same principle applies to the focus distance of a

camera-lens system:
1. Begin from a position where the camera is in-focus.
2. Add the sample.
3. Translate the camera until the new focus position is found.

( ) z
< TP % reticle camera precision stage diffuser
{ in ) /
camera noyt é . . )
sample Since our samples have two regions, this must be
accounted for as well:
< E %
camera [ ] % reticle Nin = Nout L—2d
Min / —_
Frout Z/ L Nout 2d
sample
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Measuring the index of refraction

* The method is validated with BGO crystals.

* The first order Sellmeier equation is shown both as:
» afit to the data
» a reference using coefficients from literature

* Data consistent with the Sellmeier equation.
* Fitted parameters reasonably close to reference values.

* Measured also indices for PS & PVT unirradiated EJ-200.

» Fitted first order Sellmeier equation.
* Values close to the manufacturer’s specifications.

ot

N

(4]
T

Refractive index n
M
o
o

:_ --- reference
| — fit

[ ¢ data
2.05_ | [

400
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600 700

Wavelength A (nm)

—_
(8))
W

—_
o)}
Mo

I 1

1.61]

1.60|-

Index of refraction n

1.59}

1.581 |
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Measuring inner indices

< 1.66F T T T = — | T M
3 - pVT = inner 3 1'70: PS = inner 1
= 1.651 outer - = 1 68l : outer

) o 1.
._g 1.64} — unirr, - E i — unirr. ]
3 1 g3k T @ 1.66]- ]
- ' 5
1.621 { E 1. 64 ——— ~
1.61} . [ i i i |
i : 1.62} =
1.60_— B i |
1.59_—. A I N 1 160 . T N

10 101 102 103 104 100 101 102 103 104

Dose rate (Gy/h) Dose rate (Gy/h)

 Measurements of irradiated rods at 470 nm after full annealing.

* Indices of outer regions consistent with unirradiated rods.

* Inner regions show increased index by ~0.02.

* No dependence on dose rate.

* Decreasing trend in the inner region for PS (not enough to draw any conclusions, though).

12/18/2025 SLAC FPD experimental seminar



summary

* Understanding radiation damage in plastic scintillators is important.
* We need the next generation as rad-hard as possible.

* Presented measurements of a variety of samples irradiated using a range
of doses and dose rates.

* Exponential dependence of D with dose rate verified below ~100 Gy/hr.
* PVT is a little better than PS only at high R.

* Overdoping improves rad-hardness only very mildly and only at high R.

* Presence (or lack) of oxygen dictates the dominant damage mechanism.
* |rradiation results simulated and quantified with two chemical models.

* Refractive index & color internal boundary observed.

* Matches predictions for oxygen penetration depth.

* Lack of oxygen during irr. leads to increased refractive index.



Part II: Searching for BSM physics

Search for Soft Unclustered Energy Patterns with muons at the LHC

Publications:
1) CMS collaboration (2024). Search for Soft Unclustered Energy Patterns in Proton-Proton Collisions at 13 TeV, Phys. Rev. Lett. 133, 191902.
2) CMS collaboration (TBD). Search for Soft Unclustered Energy Patterns in pp collisions with muons. Under collaboration review.



What lies beyond the SM?

arxiv:2209.07426

—
o.
N
~

 SM is great but doesn’t

accommodate dark matter. hidden

sectors

* Many new possible directions:
* WIMPs
* Axions

e Sterile neutrinos %
* Dark/Hidden sectors %y

—
:u

w

J

=

1047

Dark Matter-SM Interaction Strength [cm?]

eV keV MeV GeV TeV Mpi

Dark Matter Mass
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https://arxiv.org/abs/2209.07426

Energy

Hidden Sectors

* Extend the SM by a non-Abelian confining gauge group:
Gsy = SU(3)¢ X SU(2), X U(Dy = Ggy X Gy

Strassler, M. J., and K. M. Zurek. Echoes of a hidden
valley at hadron colliders. PLB 651.5-6 (2007).

dark
shower

>
Visible sector Hidden sector

* With enough energy this sector can be

accessed through particles acting as portals.
* The hidden sector has QCD-like dynamics.
* Arich phenomenology is possible!

Can give rise to exotic signatures like:
* Emerging jets
* Semi-visible jets

But it can become even more exotic if tuned
very differently than the SM QCD!


https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055

Soft Unclustered Energy Patterns

* For this talk we will focus on models with:
» Mediator is a heavy scalar, §,
» Large ‘t Hooft coupling, A = gN_, and
» Low hadronization scale, A < 1 GeV.

 Large ‘t Hooft coupling > large angle
emission of partons.

* Low hadronization scale = large parton
multiplicities.

* Result is a soft spray of particles distributed
uniformly in the detector.

* They are called Soft Unclustered Energy Patterns (SUEP).
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A SUEP event
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Soft Unclustered Energy Patterns

Our benChmark mOdEI : Knapen, S., et al. Triggering soft bombs at the LHC.
° Scalar’ S’ produced Via ggF or Other J. High Energ. Phys. 2017, 76 (2017).
modes (VH, VBF, etc.). 9

* S decays to dark mesons, ¢, with

Maxwell-Boltzmann kinematics:

> Their momenta are distribute‘d\
according to: temperature  F--- - SUEP

dN JVp? + m?
dTp X eXp(— T —

e Dark mesons decay to dark photons, 4’, Y
viagp - A'A’.
« A’ decay promptly to charged SM
particles (ete™, utu~, ¥ mw™) > for the studied my, values.
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SUEP model parameters

Mass of scalar mediator S: mg
» Controls the energy scale of the process.
» ggSs cross section depends on it.
» Often limits will be displayed as a function of this parameter.



TD =mp ,;a

0.25 Fbiacksi:

SUEP model parameters

arXiv:1906.10831 Al sm

¢ Ié
L - - Temperature of ¢ dark

meson distribution: T

1 DARK 7
-t REGIME

SUEP

qb. A swm
“'< SM

SUEP

sAvoap y
21q15S220DU1 A])D21IDWAUY

(4 10'suoarra1a ko)
sAvaap WS 21u0Upvy ou

SN .

o) 4 SM
R S -

T SM

(2~3) m, 8 GeV % % my, ¢ < S

* The ratio of thése two parameters, T/m¢,
controls the dark shower properties.

* Need to be ~ same order of magnitude
for the model to be sensible.

Mass of dark meson ¢: m
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SUEP model parameters

ST T T T AL su
T l A" model - SM
S 08__ — (..TI e __ A,
Q - I _ F =hadrons 4 , .
0.6/~ T - - A< o
- : s | SM
L I | A/ .
0.4— - :
- K ] Al
i _ _ SM
0.2_— - <, SM
- arXiv:2104.10280 - A .
1 1 1 1 1 1 1 1 1 | 1 | 1 1 | 1 :
% 0.5 1 1.5 2 A’
my | GeV | ~ M
Three decay scenarios: Al SM
> Generic: BR(A' >t n™) = 100% /
» Semi-hadronic: BR(A' » ™) = 70%, BR(A' -» [T17) = 15% Mass of dark phOtOﬂ A my,

- ’ + =Y — 200 " 1t = 400 :
> Leptonic: BR(A' > n*1™) = 20%, BR(A" - [*17) = 40% » Controls the branching

l=enu ratios back to the SM.

12/18/2025 SLAC FPD experimental seminar 51


https://arxiv.org/abs/2104.10280

Search for Soft Unclustered Energy Patterns in
Proton-Proton Collisions at 13 TeV



Offline search — intro/idea

Idea: Look for the recoiling gluon (ISR) from the gluons fusing into a SUEP.

4

* Will increase the total hadronic energy of the event.
e Should be able to use an existing HT trigger!




Offline search — SUEP tagging & sphericity

* We have a process to tag the SUEP cluster:
1) Cluster anti-k; jets with R=1.5.
2) Jet with most constituents is the SUEP candidate. 4 ®z

* Events expected to look isotropic in the rest frame of S.

* Use an event shape variable = sphericity is a good Z
candidate: 7

1) Boost SUEP jet constituents back to the rest frame of the
candidate.

2) Calculate sphericity tensor using the SUEP jet constituents
S(r) _ Z'|pi|r_2piapib

Yilpil”
3) Sphericity variable is §; = = (/12 + /13) where 1,, 1, are

the two lowest elgenvalues of S

Jetty (So — 0)

>
X

Isotropic (S, — 1)

* S, is 1for perfectly spherical events and 0 for pencil-like events.



Offline search — background

* Signal region is defined by: * The background is estimated using an
sno el . > 70, and “extended” 9-region ABCD method.
»>SSUER > 0.5. * Data-based method.

 Can account for some correlation
between the variables.

<
Q
Q.‘M
K 138 fb~! (13 TeV
a o : 1010 1 1 ] T T I T 1 1 [ [ T T T T T 1 1 1 I T T T T 1 1 1 1 T 1 T T 1 1 I (I T lel
(,f’ 5 10%pA B 1 C Soosted € (0.3,0.4] T Sboosred € (0.4,0.5] 11G !H VR | SR SpUER 4€(0.5,1.0]
wn 1 1 1 1 1
‘CIEJ 102 ' H { Observed E i i To=my=3 GeV
b 186 . Fbost-llrit) —— | AT (100%)
- only i == mg=300 GeV
.Ioi —— Pre-Fit -- mz=800 GeV
10
108 L P
102 ______________________ o [EEm——
101 ______________________ —
109 | \ L L
s {1F T __ T _i_l 1 T ]
IR I S— DU S b E
g = | ‘ | | L L | 1 1 | | ‘ | | 1 I_:; | ‘ | | | ] | 1 $ L L L L L I_;; 1 | L L L L | L 1 1 L L L L I_:
o 50 100 150 200 50 100 150 200 50 100 150 200
SUEP
SUEP nconstituent

Neonstituent
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Offline search — limits

CMS 138 fb~' (13 TeV)
s . ‘ : : | T T T T T ' ! ' E
:_ === Otheory -
TD =3 GeV A o Tt (100%) 3
L My =3GeV o opeerved E
3 ---- Median expected ,
E Expected 95% CL

B Expected 68% CL -
A o e'e (40%), p*p- (40%), T (20%) 1
-& Observed 3
---- Median expected -
A Seter (15%), p*u- (15%), T (70%)
—4— Observed 3

-~ Median expected -

I20|00
Mg (GeV)

1 { L
1500

L I L
1000

CMS

138 fb~' (13 TeV)
—e0 e

LI R

T

LA L L L B Y L L A L AL N B L B

Ywgz > %w

syoel) 1d-ybiy may

95% CL upper limits
— Observed
Expected (median, 68%):
--- mg = 2000 GeV
--- mg = 1500 GeV
--- mg = 1200 GeV
ms = 1000 GeV
ms = 900 GeV
mg = 800 GeV
Mg = 700 GeV
mg = 600 GeV
mg = 500 GeV
--- mg =400 GeV
=== mg =300 GeV
--- mg =200 GeV
-=- mg=125GeV

L I ] L L

10

* Very tight limits for larger mg and more SUEP-y models (lower temperatures).
* Left plot shows the contours of lowest m¢ excluded for given parameters.
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Search for Soft Unclustered Energy Patterns
with muons



Muon counting search

Idea: SUEP events have a lot of muons...
...and CMS is primarily a muon detector.

A

,/ * Select events with 27 muons.
/

oo A’ decays are expected to be prompt. ** P —
! * The signal muons should have very
small impact parameters.
* Cut onthe 3D impact parameter:
[P;p < 0.007 cm

P v+ Also using sphericity and isolation cuts.

muon track

——-

primary vertex
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Muon backgrounds

* Background: any process that can give many muons.

e Generally, there are 4 sources of muons:

»prompt muons: coming directly from the hard scattering process (e.g., Z — uu)

»heavy flavor decays: b or ¢ quarks created by the hard process or the parton
shower that hadronize into B and D mesons that decay leptonically.

» light flavor decays: pion or kaon in-flight decays. Created by either the hard
process, the parton shower, or the underlying event.

»fake muons: reconstruction failures that can fake muons.
* Last one negligible since CMS is awesome.
* Jets might contain light/heavy flavor muons = ¢ & b muons dominant
* Processes with prompt muons can have jets too.
* Need combinations of these to reach 27 muons in an event.



Background estimation

CMS work in Progress 118.1 fb~', Run2 (13 TeV)
. % 10121 [- I-_iiggs | ot _+_| m3=125Ge|V,m¢=SGe\l, |
* Goal: design an almost background-less SR. 3~ |2ty =0 o= 123600 my 4G
. . 1010l BB W+jets 77 MC Stat. Unc. T=16GeV, lep. decays |
* Use MC to predict muon backgrounds in = 4 TZT6Gov, ep Gocars
the SR and adjacent regions. 1oef o ms - 125GaVmy 0oV,
high T

* The dominant processes are QCD and DY. 100
* They statistically depleted in the SR. 10°

* Use extrapolation from adjacent regions to 1
SR to make up for missing statistics.

10°

1072

Nmuon
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SRs before & after extrapolation

CMS work in Progress 118.1 fb~!, Run2 (13 TeV) CMS work in Progress 118.1 fb~!, Run2 (13 TeV)
W I I I T T W I I I T T
€ | g1z| EE Higgs mm i . Ms=125GeV,m,=8GeV, € | g1z| EE Higgs mm i . Ms=125GeV,m,=4GeV,
g O ti+V [ DY-+exir. T=8GeV, lep. decays g O ti+V [ DY-+exir. T=1GeV, lep. decays
o Bl singlet [0 QCD-+extr. ms =125GeV,my =4 GeV, o Bl singlet [0 QCD-+extr. ms =125GeV,my =2GeV,
1010 B W+jets 77 MCStat.Unc. ~ T=16GeV,lep.decays | 1010l B W+jets 77 MCStat.Unc. ~ T=2GeV,lep.decays |
EE VV+VVV e ms =125GeV,my =8GeV, Bl VV+VVV - ms =125GeV,my =2GeV,
T=16GeV, lep. decays T=2GeV, lep. decays
108 'Ts L=3,21(235$e|\i,m4,a=8('z‘eV, ] 1081 _Tszé25VGleV,n;¢=4GeV, ]
s tight =32 eV, lep. decays tight =4 eV, lep. decays
Rhigh T + €xtrapolation SRow T + €Xxtrapolation
6 6| . . .
10 10 I SR is this bin!

104 104 =—r |
102 102
100 100
1072 102 3 2 5 5 -
nmuon nmuon
Two SRs optimized for different high low T
model parameter ranges. DY+ extr. 0.0082 + 0.0050 0.0010 £ 0.0021
QCD + extr. 0.18 £ 0.16 0.134 £+ 0.099
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signal strength r

Muon search upper limits

CMSwork in progress118fb~" (13 TeV) + 62.4fb~" (13.6 TeV) CMSwork in Progress118fo~' (13 TeV) + 62.4fb~" (13.6 TeV) CMSworkin Progress118fo~"' (13 TeV) + 62.4fb~" (13.6 TeV)
L L L F . r - - - 1 - T T T T T T T T 1

103 « 10° 3 « 10° E
| —- Theory Median exp. ma =0.5GeV ] :g’ | —- Theory Median exp. my =0.5GeV ] :g, I —- Theory Median exp. mp =0.5GeV ]
1021 T BA s ptpT)=40% | S 1021 T BA s ptpT)=40% | S 1021 T BA s ptpT)=40% ]
- GILGIUToSUEP L Median exp. my =0.7GeV ] 'E.‘ GILGIUTOSUEP L Median exp. my =0.7GeV 1 ":‘,‘ GluGIUToSUEP . Median exp. my =0.7GeV
10 Me=2GeV, T=2GeV B(A - p*uT)=15% T 1ol Me=4GeV, T=1GeV B(A > u"p7)=15% B 10l mMs=8GeV, T=32GeV BA - p"p7)=15%
g Bl 68% expected S g B 68% expected S g B 68% expected
i 1 @ r 1 @ r 1
N . e N 4 7 oo Beomected O . NN 4
107 4 107k 4 10k §
1075} . 102}
1073} 10-3¢
104 10‘47
10° 1 1075} .
10—6, . | . . . . . . | . ) | . . . | 10—6, . | . . . | . . . | ) ) | . . . | | 10—6 . 1 . . . | . . . | . . | ) . . |
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
mg (GeV) mg (GeV) mg (GeV)

* Very strong limits for entire mg range. 3-4 orders of magnitude below theory o.

* Great improvement over offline search for the leptonic decay scenarios.

* Offline search cannot exclude most models with T = 8 GeV. Can exclude all these easily!
* Not trigger limited at low m.
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summary

* Soft Unclustered Energy Patterns can be the result of a hidden valley
extension to the SM.

* Events with isotropic soft spray of charged particles.

* Two searches for SUEP with pp collision data were presented.

* First approach uses hadronic activity to target lower T models.

* The other utilizes muon multiplicity to target mid & high T models.
* Both search produce strong limits.

* Great complementarity = significant part of parameter space
covered.



Thank you!



Backup slides



Nature is guantum

e Subatomic particles with relativistic energies are described by
Quantum Field Theory (QFT).

* Particles are represented as excitations of quantum fields.
 QFT allows particles to be annihilated and created.

* The available energy at the center-of-mass (1/s) dictates which
new states can be created.



Forces

* Particles are not isolated... They interact!
* We observe four forces in our world:

gravity, strong force, weak force, and

* Electromagnetic force is described by
- Quantum Electrodynamics (QED).

* There is a unified description of the weak force and QED
— the Electroweak Theory (EW).

 Strong forces are described by Quantum Chromodynamics (QCD).
* We don’t know how gravity works at the quantum level...



Fields and gauge symmetries

At a more fundamental level, interactions are introduced via the
concept of local gauge symmetries.

e Qur fields are invariant under local gauge transformations:
l/) N eia(x)l/)

* Each interaction introduces its own symmetry.

* These symmetries are described by Lie groups.

* The total symmetry is described by the group:
SU(3), x SU(2); X



Formulating the model

* We can write down the Lagrangian for this:

1 _
L= —ZF“‘%,F“ Wt YriyH D s

* Using the Euler-Lagrange equations, we can recover:
* the Dirac equation for fermions
* the wave equation for the photon
* the Maxwell equations from the photon field

* One slight problem: most particles (except y, g, and the neutrinos)
are massive.

* However, the equation above doesn’t contain any mass termes...



Solving the mass mystery

* Let’s introduce a scalar field ¢ with the potential

V(p) = —p?lol* + Algl*

* The minimum energy is the energy of the vacuum V(¢)l
and is not at 0. A \
* The symmetry of the potential has to be broken B

- Spontaneous symmetry breaking
e Goldstone’s theorem predicts a new scalar boson.

* Mixing the scalar field with the EW sector gives  Re(¢)
mass terms for W and Z.

* Yukawa couplings to the fermions give them
mass.

* This is the Brout-Englert-Higgs mechanism! —— R UERTIHREIEEE
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The Standard Model of Particle Physics

* This forms the Standard Model of Particle Physics.

* Perhaps, the most successful scientific model in existence.
e Described by the Lagrangian

1 2 _
Lsm = = i Fem + + D" = V(@) + mpthy, iy g
\ ) \ J \ )
Y Y Y
gauge fields Higgs field Yukawa couplings

between Higgs
and fermions
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Accelerating particles

Protons pass multiple stages
to reach the LHC:

Final energy

LINAC 4 150 MeV o
BOOSTER 2 GeV

PS 25 GeV

SPS 450 GeV

LHC 13.6 TeV

) H™ (hydrogen anions)

LHC

TT10 S

The CERN accelerator complex

Complexe des accélérateurs du CERN

Neutrino |
Platform

:

TT42

SPS

[ 1976 (7 km) | AWAKE

MEDICIS

AD
ISOLDE

R
REX/HIE- :  East Area

RIBs

ISOLDE £
;/—C;

PS
frmmmmmmmmmmseees !

LINAC 4
H

CLEAR
LINAC 3 LEIR 2017
lons )
[ 1994 |
) ions D RIBs (Radioactive lon Beams) D n (neutrons ) p (antiprotons) p e (electrons) ) p (muons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear

Electron Accelerator for Research / AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE-ISOLDE - Radioactive

EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //

Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform
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Trigger and data acquisition

@i__ -' 8! \l'i_"

LHC > CMS collisions * Collision rate from the LHC ST S OLSTN

20 MHs isenormous.  EEEL—

* Two-level triggering system used
to reduce it:
 L1T: hardware-level trigger

Level 1 Trigger (L1T) - 100 kHz

100 kHz * HLT: software-level trigger

- 0(1) kHz

¥

High Level Trigger (HLT)

0(1) kH
ULk * At the same time, the DAQ system:

‘ * buffers the data as long as needed by the trigger to decide
e collects and combines the data
* sends the data to Tier-0 for storage

Tier-0

storage and RECO
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Detector operations

» 24/7 operations when any systems are on. (always
except for Xmas break)
e 2 shifters minimum. 5 during data-taking periods.
T e * Dedicated shifts for:
o~ £ S » Shift leader
* Technical shifter

S S

Technical shifter station in the new control room. DA.‘O‘
Taken on 02/28/2024. * Trigger
 DQM

The Underground Service Cavern during a séfety tour.
Taken on 07/10/2022.

Technical shifter station in the old control room.
Taken on 07/10/2022.
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Luminosity

CMS has been collecting vast amounts of pp

CO”iSiOﬂ data' 0 CMS | EEE LHC delivered: 391.69 fb™
Run 2 was from 2016 - 2018. __3s0| B CMS recorded: 361.39 o
Run 3 began in 2022. 2 200l
Using the measured total inelastic pp cross 2 0]
section 69.2 mb 5.
» 25 quadrillion (10%) pp collisions inRun 2 +Run 3 &
5, 150
% 100
'2 50

20\@ o\ g0\® g0\ 0020 g2\ 22 02 g2t 020
Date

Some of the very first events of Run 3.

Taken on 07/5/2022.
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Plastic scintillators in HEP — past

Many experiments have used them in the past:

* CDF
» Hadronic Calorimeter

. D@
» outer tracker (scintillating fiber)
» Preshower detector
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Related work

Many studies of the dose rate

dependence exist:

* Previous measurements without
wavelength-shifting fiber were
limited to high dose rates.

 Power-law dependence between

D and R was published by CMS in —

2020.
e These low-R measurements are

for tiles with wavelength-shifting

fibers and 20% of the observed
damage was in the fibers.

CMS

-
o
N

-
o

Dose constant, D (kGy)

o

N

i

t
8
gt !

| H ] e B K K e B (O e

- Power law fit
| IIIIIII| | R | I AT

3! |
CMS HE Laser Data 2017
Source results

CRF 2016

CRF 2017

UMD

Goddard

KIPT

Michigan

ANL

MEPhI
FSU

—
o
= L
o

|

1072

107" 1

-
o

10>  10® 10
Dose rate, R (Gy/h)

Green wavelength shifting fiber

Blue tile

'

/

== %

f
Radioactive
Source Tube

I

\
Optical fibers,  Clear fibers

connector Mirrors



Samples & Irradiations

 Our samples are scintillating rods supplied by Eljen Table 1: 1x1x5 cm samples (units of nominal
concentration
TeChnOIOgy (EJ_ZOO & EJ_26O)' o Scintillator Substrat Primary Secondary Antioxidant
e EJ-200 has blue and EJ-260 green-emitting fluors. type ubstrate — 4uor fluor UL BT
* Green expected to be more rad-hard since color . 1 0,1,2
center formation expected much larger at shorter A. PS 2 1
* Rods vary in width and concentrations of fluors and EJ200, 2 1 1
o EJ260 1 1,2
antioxidants. (Tables 1 and 2) . 1 : 0, -
* Performed irradiations at three different facilities. , . .
(Table 3)
EJ-200 EJ-260
Table 3: Irradiations ] ]
. Table 2: Variable width samples
Irradiation Source Dose (kGy) Dose rate
facility (Gy/hr) Substrate Width (cm) F-Iuo.rs/
12.6 3.1 Antioxidants
GSFC REF Gamma 47 9.8 o 0.2,0.4, 0.6,
47 470 08, 1.0 Nominal
0.2,0.4,0.6, concentrations
83.4,85.3 PVT ’ ’ ’
NIST Co-60 20 T 0.8,1.0

2570, 3900 W

GIF++ Cs-137 13.2 2.2 Before irr. After irr.



Methodology — Measuring T

----- EJ-260

== == undoped PVT |

* Used a Varian Cary 300 spectrophotometer to measure L
transmission. mmm =
* The pseudo inverse of D is defined as: — =
_ ——
. In(T,) ln(Tf)

Ci 100 | "
where T, and T are the transmissions before and after | _ ST
irradiation, and d is the total dose. AN B

1. | o | Unirradiated
* The values of D! indicate: o4 ; Vet
" increase in T when negative = ’,' l frensmission
= decrease in T when positive o II
] |

* A typical unirradiated sample:

= very low transmission at the absorption spectrum of the fluors \ |
0 J--—---I— i e e . | L
500 550

= high transmission at the emission spectrum of the fluors
wavelength (nm)

600



Results — Transmission

| EJ-260 PS & PVT
Some general remarks: N [rgmenson
L 1. ; Ml == B0 5 e e
* Large positive values of D~ ! indicate color |
center formation. S

* Negative values probe fluor destruction.

-0.02 Ae——-

Both are indicators of radiation damage.

Our observations show:
e Radiation damage for both scintillator types.
* Fluor destruction for the blue scintillator

--------- EJ-200 PVT 3.1 Gy/hr

1

-0.20 11 ==== EJ-200 PVT 3900 Gy’hr
L EJ-200 PS 3.1 Gy/hr

EJ 2 OO e — — EJ-200 PS 3900 Gy/hr
’ ¥

[l
]

-0.30 3

_/V —
350 400 450 500

wavelength (nm)
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Radiation damage — Sandia model

* A similar model for radiation damage can be motivated from polymer
photo-oxidation.

* Free radial reaction chain with initiation, propagation, and termination steps
0C(x,1) 9*C(x,1)
=D
ot 0x?

c1C(x,1)

Oxygen diffusion: — R(C(x,1)) (1), and

=
~
®
P
&
Z
N’
|

(2)

Reaction rate:

B c,C(x,t) + 1

e Solved numerically until the
irradiation steady state is reached.

* Very similar effects observed
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Measuring the index boundary depth

Procedure to measure the index &
©
change depths: & T
1. Photograph the 1 X 1 cm faces of the g 1021
rods. = ;
2. Denoise and improve contrast. g_
3. Extract lightness and profile it. ) ¥
4. Calculate lightness gradient. $
5. Smoothen with Savitzky-Golay filter. g ot
6. Find peaks and their widths. Lo &
7. Calculate image scale (mm/px) using total — I
rod width. i
8. Obtain boundary depths.
9. Repeat over more pictures to estimate
uncertainty. 1001
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SUEP parameter space

arXiv:1906.10831  The SUEP parameter space is large — 4-D

:TD * Parameters:
> mge
h > few hard g > mD (Or m(p)
47 5 > my
> T
. S £ * The model has “validity” limits:
T - 9§ » T and myp should be of similar order.

fowbary oo % » mp needs to be sufficiently smaller than mg.
025 Jisd i [ S A T T R
------------- 4 - N A’ model §
= 08f S =
(2~3) m, 8 GeV %_'1 Ezg m, el u %__ B |+ B ! F =hadrons -
0.6_— “KEN / _
- 1 /I A
m affects directly the branching fractions of A’ to SM particles. 04l I ]
This is scanned with 3 values that correspond to 3 decay modes: r I\ 1 i
> Semi-hadronic: BR(A' - nTn~) = 70%, BR(4" - [T17) = 15% ool 1 ( ~
> Leptonic: BR(A' - n¥1™) = 20%, BR(4' - [T17) = 40% — /'I arXiv:2104.10280 -
— [ L F A | S .. | 1. L
l=epu % 05 1 1.5 2

ma [GeV]
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SUEP landscape in CMS

The SUEP program in CMS includes analyses that target different production modes or

regions of the SUEP parameter space:

-

g Unclustered Energy Patters (Offline)
_ PUB in PRL
1) gg-fusion T b) EXO-23-001: Search for SUEPs
g using scouting dataset
GOING TO APP

\_

a) EXO-23-002: Search for Soft )

"¢ EX0-23-003: Search for SUEPs in
Eﬁ association with a vector boson
=== PAS + VH comb. (EXO-25-007)

S
Targeting mg = my (125 Gel)

-

\_

3) W associated °*
production (WH) ;

Vi

Y EX0-24-030: Complements
EXO-23-003 (ZH)!

s PAS + VH comb. (EXO-25-007)

Targeting mg = my (125 Gel) )
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c) Leptonic decays search:
Targeting mostly leptonic BR
EXO-25-011

Other Higgs production modes can be used

but expected event yields are too low
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Data & MC

* Data: °
* Run 2(2016, 2017, and 2018) used.
* Using DoubleMuon primary dataset.
* Intotal: 118.1 fb-l at 13 TeV.

BKG:
> MC simulations are used:
QCD (u-enriched)

DY + jets — Il + jets
(mll > 50 GeV, NLO)

DY + jets = Il + jets
(10 GeV < my; < 50 GeV, LO)

tt (POWHEG)

* Signal:
 MC simulation with Pythia BSM Higgs module.
* Scans over the 4D parameter space.
e 320 scan points in total.

* Theory cross sections given = LHC Higgs XS WG for Single t (t-channel & tWW)

BSM Higgs production. VV (WW & WZ & Z2)
-
 1)hardprocess G) PS, hadronization (Pythia)\ 3) Full detector simulation v wwz &zz2)
(Pythlar MadGraphr POWH EG) . High-Q@ Scattering 2 ; . 2. Parton Shower (Geant4) w + jetS

off 18
LR
(Hadronization

'.-.
| et
) e

) —eo-.,

.-:

4. Underlying Evy

tTV (ttZ & tEW)

Higgs (H — ZZ* — 4l)
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SUEP tagging

Simulation Supplementary arXiv:2403:05311 (13 TeV)
4 CMS
ms = 800.0 GeV
T-1.0GeV B Tracks .
my = 2.0 GeV ¥  Scalar mediator
' + 0 AK15 SUEP Candidate
3 A ST C (pr = 662 GeV)
~
~ AN .. AK151SR Candidate
A 2 (pr=550GeV)
/
2 'l ‘ \\ ’ ‘
1 L T -\|
I . I . .
‘\ a-. .‘-: ° "
1 1\ . ' 7 --" .
\ /
\ ’
M ’
A rd
\\\ ’/
< 0 Se—— -t
-1+
_2 . . . .
—3
Lab Frame
4 Lab Frame
-3 -2 -1 0 1 2 3
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4 CMS Simulation Supplementary arXiv:2403:05311 (13 TeV)
?15: =1800(()3.2VGeV B Tracks
my - 2.0 GeV B SUEP Candidate tracks
34 A >tn (100%) Il ISR Candidate tracks
: L
2 . [ ]
e o °
. b4 - "
1 T . - .. . * ne
Q‘.‘. ‘ . :' -.- ] ‘.' . .?'\.:o ..
b . . .. .- P A :
S A% cei® . s et t -t
-3, s ® N .- Y .
0— 2t : s e .0 s.f: v ‘ =
7 e ' ." . o . ) -
: L] . L) . »f
-14 . . . e
-2 - . .
-34 . .
Scalar Mediator Frame
A Scalar Mediator Frame

-3 -2 -1 0 1 2 3
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Search strategy

12/18/2025

CRQCD CRDY

4 ' N

SI:lhigh T
loose | tight

nmuon

discovery bin
Two control regions to get the QCD and DY (Mmuon = 7)

normalization and constrain the systematics.

discovery bin

K (Mmuon = 7)

looser tighter cuts :

Two signal regions with n_,, = 7, targeting low and high temperature events.
SR extended with side bands that go to lower n_,,, and loosen the selections.
Define these side bands as tight and loose SR regions.

Side bands are used by the extrapolation method for the bkg prediction.
Eventually, only the regions depicted by dark blue boxes are included in data fit.
Only the dark blue regions will be unblinded in data!

Not unblinding the side bands due to signal contamination

—> Sizeable bkg (> 1 event) and large uncertainty.

SRs not orthogonal = not fitted simultaneously.

Instead, picking most suitable SR for each scan point of the signal model.
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Non-QCD bkgs

* List of processes:
e DY (M-10to50 & M-50)
* TT (powheg)
« TTW & TTZ (NLO)
* ST (NLO)
* WletsToLNu
« VV & VVV (NLO)

* HToZZTo4L (ggH, VBF, ZH, WH, ttH)
* and many more | checked and found

to be negligible.

12/18/2025

events

108k

102

10!

109

10!

10-2

10°3

10-4L
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109}

104

E

_|_

1 DBECMSPreﬁmfnarySR high temp tight 55fb~ (13 TeV)

DY

TT_powheg ;

TV
ST_NLO
Wlets
VW+VVV

Higgs
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SRyieh 7 — Isolation cuts

* High temperature signals = less particles
muon with higher momenta.

* Muons will not be surrounded by a lot of

cone with radius other particles,
AR =/ An? + AP?

* Define muon relative isolation:
AR[J,,l<RO

i
Pt
hE Ry Isoa = E 7

ie{all hE, hO, y} Pr

» Similarly, define a Is00ytra1 ONly for AY, y.

eriner = =i 2) re both isolats
eminder: 7 = —In{tan {3 * Require both isolations to be below some

6: azimuthal angle threshold for SRhigh T-



Selections

: »CRpy:
> Preselection: DY
, ***Prompt muons:

"HLT TripleMu *

*"Muon Mediumld VIso < 0.1

"Muon |d,| < 0.2 cm v'Very tight impact parameter selections

"> 3 muons (ldxy| < 0.008 cm, |d,| < 0.01 cm, IP3p < 0.01 cm)
>CR ) v'0S pair within Z peak mass window

QcCD- **Non-prompt muons:

v'slightly higher dxy vIso > 0.1
(0.01 cm < [dyy| < 0.2 cm) v'"Non-prompt

(ldxy| > 0.01 cm, |d,| > 0.01 cm, [P3p > 0.015 cm)

»SRyich T »SRiow 7"
v'Muon [P;;, < 0.007 cm v'Event sphericity S; > 0.7
v'Very loose muon isolation (< 0.65) v'"Muon IP;;, < 0.007 cm
v'"Muon neutral isolation (< 0.5) v'Upper limit on muon p; (< 35 GeV)
v'Limit on OS dimuon mass (< 70 GeV) v'Limit on OS dimuon mass (< 35 GeV)

For both SR, ., r and SR,,, 1, the discovery bin is for nMuon27.



Sources of muons in the SR

12/18/2025

1010 CMS Preliminary 59.8 fb~' (13 TeV)
3 ! ! o ! R ' T ! E
g = tau = c ]
- @ unmatched B b
109 B light 77, MC Stat. Unc. E
- Bl prompt ]
tight
1081 SRIowT E
107} E
108 E
10°F =
10%E =
103:_ E
A

10 1073 1072 107"

muon |P3zp (cm)

108k

106

105}

103}

102

107§

104;

CMS Preliminary 59.8 fb~! (13 TeV)
g = tau = c 1

[ unmatched Bl b 1
3 B light 77 MG Stat. Unc. E
i [ prompt ]

tight
SRhigh T

1073 1072 107
muon |P3p (cm)

The B meson decays dominate the non-isolated muons collection.
D meson decays are next.
Followed by prompt muons.
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Control regions (Run 2)

100 CMS Preliminary 118.1 fb~', Run2 (13 TeV) 109 CMS Preliminary 118.1 fb™", Run2 (13 TeV)
(73] | I I | | w 3 | I I | E
c 8 Higgs [ IR ms =125GeV,my = 8GeV, c | Bl Higgs B ot mg =125GeV,m, =8GeV, |
o 0= sV Em DY T=8GeV, lep. decays L 108} =3 ti+v Em DY T=8GeV, lep. decays
© | = singet E@ Qcp | ms=125GeV,my=4GeV, © | mm singlet [ QCD | Ms=125GeV.my=4GeV, |
107 3 wejets 72 MC stat. Unc, T=16GeV, lep. decays | 107 B W+jets %% MC Stat. Unc. T=16GeV, lep. decays
Bl VV+VVV ¢ Data ms=125GeV,my =8GeV, | B VV+VVV ¢ Data ms = 125GeV,my =8GeV, |
T=16GeV, lep. decays 108L T=16GeV, lep. decays |
sl CR | Mg=125GeV,my=8GeV, | - CR | ms=125GeV,my =8GeV, 1
10 Qco } T=32GeV, lep. decays 105k DY t T=32GeV, lep. decays
104
108
103}
109 10%
10}
102 100L
o 157 T T T o 151 T T —
= | [ = | Y |
'a‘ 1.0+ . . sttt B y W———# 'Es‘ 1.0 L e G f’////////fﬁ“f//////// // ---~1
0 I | 0 I * /A |
0 5’ | | L | i 0 5‘ | ] | | [
’ 1 2 3 4+ ) 2 3 4 5+
nmuon nmuon

* These are used in Combine to normalize QCD and DY MC and constrain the systematics.

Note: k-factors have been applied to the MC in these plots to normalize them to data. The k-factors are derived by
dividing the total yield of the dominant process by the total yield in data minus the total yield sum of all other MC.
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Signal regions (Run 2)

CMS Preliminary 118.1 fo~!, Run2 (13 TeV) CMS Preliminary 118.1 fb~', Run2 (13 TeV)
) T T T T T 0 T T T T T
-.CIEJ 1012 B Higgs it . Ms= 125GeV,m, =8GeV, | -.CIC_J' 1012 B Higgs Y o Ms= 125GeV,my =4GeV, |
S O ti+V B DY T=8GeV, lep. decays S I ti+V B DY T=1GeV, lep. decays
o Bl singet [ QCD mg =125GeV,my =4GeV, ° Bl singlet @ QCD mg =125GeV,my =2GeV,
1010| BB W+jets 77 MCStat.Unc. ~ T=16GeV, lep.decays | 100l B Wejets 77 MCStat.Unc. ~ T=2GeV lep.decays |
B VV+VVV 4o ms =125GeV,my =8GeV, Bl VV+VVVY 4 ms =125GeV,my =2GeV,
T=16CeV, lep. decays T=2GeV, lep. decays
108} mg=125GeV,my =8GeV, | 108} mg=125GeV,my =4 GeV, |
T=32CeV, lep. decays . T=4GeV, lep. decays
tight SRtlght
lowT
108 108 I .
________ 1
10* 10* 5 .
|
i
10? 10? |
|
|
109 109 |
ﬂ
|
1072 102 :
3 4 5 6 7+ 7+
nMuon nMuon

* Signal regions targeting high & low T SUEP models (left & right plots, respectively).
* The discovery bins are indicated with the red line & arrow, and they include events with 27 muons.
* DY & QCD are the processes with the largest contributions, but they are statistically depleted for n.,,,,>5.
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SRs before extrapolation

CMS Preliminary 118.1 fb™', Run2 (13 TeV) CMS Preliminary 118.1 fb~", Run2 (13 TeV)
w 1 I _ | 1 | 2 1 I _ l 1 I
= 1ot2| HH Higgs m | Ms=125GeVmy=8GeV, | T (1o HH Higgs o | Ms=125GeVmy=4GeV, |
g 0= f+v @ DY T=8GeV, lep. decays 2 0= f+v @ DY T=1GeV, lep. decays
@ B singlet [ QCD mg=125GeV,my=4GeV, | © B singlet [ QCD ms = 125GeV,my =2GeV,
1010} B8 W+jets 777 MC Stat. Unc. T=16GeV, lep. decays | 1010} B2 W+jets 77z MC Stat. Unc. T=2GeV, lep. decays
Bl VV+VVV - mg=125GeV,my =8GeV, Bl VV+VVV - mg=125GeV,my =2GeV,
T=16GeV, lep. decays T=2GeV, lep. decays
108} mg=125GeV,my =8GeV, | 108} mg=125GeV,my=4GeV, |
T=32GeV, lep. decays . T=4GeV, lep. decays
tight SRtlght
lowT
1068 108 I .

104 10*

10° 102

10° 10°

e e

1072 1072

T+
Nmuon Nmuon

3 4 5 6 7+

All MC processes have 0 yields in the discovery bins before the extrapolation.
The QCD and DY backgrounds have sudden drops to O.
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Background prediction

* MC bkg distributions in SRs have low ¢ 1zcﬂSH::imﬂnaz i 1;81:25;,;(;?\;“
statistics at high nyyen -- R A e e
 Bkg muons come from meson decays 0 o Wi M s, -aeev, |
(mostly B & D mesons). ol ;n;zzsé:\{mzsév
* Smooth reduction is expected. - SRugnt

* Bkg estimation using data not possible
because all sidebands contain signal.

* Instead, we utilize an 107 |
— extrapolation on the MC

* Regions with good MC statistics can be
used to derive it!

104

10°

1072
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Background prediction

* Assumptions:

1. the bkgin the SRs is assumed to follow a power law:
f (Mmuon) =4 10~ Mmuon
2. the slope of the power law (log B) is the same in
the loose and tight regions.

* The loose region is populated with more events.
* Can be used to extract the slope of the power law function.

* In practice, a simultaneous fit is used for the two regions with:

* one shared and
* two parameters for the of each region.

* The extrapolation is applied on QCD and DY MC since they are
expected to be the leading sources of bkg.



Background strategy

* Background muons are either:

* in QCD events or
 overlaid on top of prompt muons from the hard process (e.g., DY).

* MC statistics for QCD are not sufficient for bkg estimation.
* One would normally use data-based methods for bkg estimation...

e ... however, our signal contaminates all side regions because of
high cross section and triggering efficiency.

* Focusing on regions with very low total bkg (<1 event)
and using MC with an extrapolation for bkg prediction.

* Non-negligible uncertainty of the bkg prediction = not as critical
if B K 1.



Common slope between tight and loose

CMS Simulation (13 TeV) CMS Simulation (13 TeV)
> \ \ \ \ \ \ > ol | \ \ \ \ \
o = 10 = E
2 | QCD SRis | @ | QCD SRiscse, -
o) i o) - ot

10—3 | ] E E

1072 3 =

-5 | ] B i

10 1 0—3 | —=

107" 7 1074 E

| |

o 2[ | | o 21 |

S | S |

o | T L o [T T

= | | | | = | | | !

%3 4 5 6 7 8 5% 4 5 6 7 8

. Nmuon ~ Nmuon

* Demonstrating the n_ ., distribution densities for tight and loose regions for QCD.
* The statistics in the tight regions don’t help but the assumption that they share a
common slope looks reasonable.



Validation

The method is validated using a QCD-rich

and signal-free region.
Using a validation region (VR), split into
tight and loose regions, to demonstrate
the extrapolation.
The VR is designed so that:
1. issignal-free (checked all 289 signal
points for contamination),
2. has enough statistics, especially in the
high n,on bins.
Loose cuts:
* Muon pt>5GeV
* MuonIP3D>0.01cm
* Muoniso>0.2
* Lower limit on OS dimuon mass
(> 10 GeV)
Tight cuts (on top of loose cuts):
* MuonIP3D>0.02cm

* Muoniso>0.4
12/18/2025

1010 CMS Preliminary 598t (13TeV) ., CMS Preliminary 59.8 fb~! (13 TeV)
[2] ] ] ] ] ] ] n ] ] ] ] ] ]
S B3 Higgs B 7T S = Higgs B 7T
> 108 0= TTV  @m DY 4 2 108 O3 TTV @8 DY .
B ST [/ QCD Bl ST 1 QCD
106 @ Wdlets MC Stat. Unc. 108 @ Wdets MC Stat. Unc.
EE VV+VVV ¢ Data . EE VV+VVV ¢ Data
104+ 1 10 .
VRIoose ® VRtight
102 .
100 =
102 1 | l
O 1.57 ‘ O . | ‘ ‘
= s °
& 1.0 ~+ -------------------------------- o] @O e
@© - l @© - #
|| 05’ | | | | | | @] 05’ | | | | | |
§2-5:\ T T T T \:§2-5:\ T T T T ]
ool L 1 % ool ]
o_oE_------------./,,,,,,,,,,W A ] 0-05—' gy 1
Py | | | | | ] Py | | | | | ]
2573 4 5 6 7 8 293 4 5 6 7 8
nMuon nMuon
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Validation — Fits

Performing the fit both on QCD

MC and data.

Checking for well-behaved &

consistent fits.

In the next slides, will apply the
method in the way that is

performed in the SRs:

v’ extrapolation on QCD MC and
then comparison with the

distribution in data.

The extrapolation improves
significantly the agreement between

MC and data.

12/18/2025

Loose

Tight

- CMS preliminary VR loose 59.8 fo~! (13 TeV) - CMS preliminary VR tight 59.8 fb~' (13 TeV)
[2] T T T T T T [2] T T T T T T
€ fit c fit
|_?>j 1051 QCD fit + stat. unc. _| |_T>j 1051 fit + stat. unc. _|
MC MC
103} - 103 g
10'|- | Fit result: | 10" ]
x2/ndf = 1.09
QC D Aught = 4.900 + 0.029
1071 | A0 4 10k .
Aloose =4.009 + 0.082
B=1.789 + 0.095
1073 4 | | | | | 1073 4 | | | | |
= 2: T T T T T T = 2: T T T T T T
o1l } ot
s t =
0 LI | | | | | 0 L1 | | | 4 | |
= 2507 T T T T T = 2507 T T T T T
e b e ttvvvriirriiii, E IS ST II 12000000207, E
0-05 Pz W ] 0.0
gL | | | | 1 1 ~ L1 | | | | |
253 4 5 6 7 8 2573 4 5 6 7 8
nMuon nMuon
106 CMS Preliminary VR loose 59.8 fo-! (13 TeV) 106 CMS Preliminary VR tight 59.8 fb~! (13 TeV)
[2] E T T T T T T3 [%] E T T T T T T3
< F fit 1 =t i fit 1
105 b 10°E E
|_q>|j F Data fit + stat. unc. 3 :>j fit + stat. unc. 3
104 d 3 10°F E
E ata data
103 E 10%F E
102 E 102F E
10°E | Fit result; E 10'F E
10°k | x%ndf = 3.70 4 10°F E
Da ta 1o | Augni=4.586 + 0.002 E ]
2? Aloose =3.714 + 0.006 3 . E
10°e | B=1.809 + 0.016 3 107k 3
10—3 L d | | | | | 10—3 4 | | | | l
2T T T T T T 22T T T T T T
S 4
o [ ¢ < [
T o F
0 L1 | | | | | 0 L1 | | ¢ | | |
% 25, T T T T T T % 25, T T T T T T
o E o E Yz E
0.0F /77 /A% 00 e w444
L | | | L 1 gL 1 | | | | 1 1
2573 4 5 6 7 8 2573 4 5 6 7 8
nMuon nMuon
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Validation

510 CMS Preliminary 59.8 fo! (13 TeV)
0 I i T T T T
S B8 Higgs Bl TT
S 108 03 TV @ DY .
Bl ST /| QCD
108} 3 Wdets MC Stat. Unc. —
Bl VV+VVV ¢ Data
104 -
VR'OOSG
102
100
1072
& 1.5
= |
e S N .
@© -
- 0.5 | | l | | |
= 2-5: I I I I I ]
Q - .
0.0:__———--------Vf//ff///f//mm _____________ —:
P | | | | B
25 3 4 5 6 7 8
nMuon
12/18/2025

CMS Preliminary 59.8 fb~! (13 TeV)
| i | | | |
B8 Higgs Bl TT
- = TTV @@ DY -
Bl ST = QCD
— 0 Wdlets MC Stat. Unc.
Bl VV+VVV ¢ Data

VI:‘tight

-
| —o—

N 77— E

|
3 4 5 6 7 8
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Validation

10°

10%

102

12/18/2025

CMS Preliminary 59.8 fb~! (13 TeV)
| | | | | |
B Higgs Bl TT
- =3 TTVv @@ DY -

Bl ST [ QCD+extr.
B [ Wdlets MC Stat. Unc.
Bl VV+VVV ¢ Data

VRioose + €xtrapolation

3 4 5 6 7 8
nMuon

CMS Preliminary 59.8 fb~! (13 TeV)
| | | | | |
B8 Higgs Bl TT
- =3 TTVv @@ DY -

Bl ST [ QCD+extr.
B 0 Wdlets MC Stat. Unc.
Bl VV+VVV ¢ Data

VRiight + extrapolation

-T2 E

3 4 5 6 7 8
nMuon
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Common slope for DY MC

density

100

1072

1074

N

tight/loose
o

CMS Simulation (13 TeV)
[ [ [ [ [ [
i DY SRl
SRigu
|
[ [ [
| | | |
3 4 5 6 7 8
Nmuon

—
<
a

o

CMS Simulation (13 TeV)
m | | | | ]
oY SR |
? SRE?ghr:T _%
| i
[ [ [
: —_ T ]
I | ——— | |
3 4 5 6 7 8



Fit for bkg extrapolation (DY

Low temperature
region

High temperature
region

12/18/2025

SR low T loose SR low T tight
[2] T T T T [22] T T 1 T
< 105 fit 4 <€ 105} fit -
L% DY fit + stat. unc. L?>j fit + stat. unc.
103 —+ MC | 1031 —+ MC _|
« Loose 1.l — | Tight
Fit result:
107 1 v 2ndf = 7.99 1 w°'r 1
Atight =3.814 + 0.018
107 | Ajpose = 3.663 + 0.021 1 100k 7
B=1.991 + 0.099
1075 | | | | | 1075 | | | | | |
= 2: T T T T T T = 2: T T T T T T
gt gl %
C’ | | | | | | C’ | | | | | |
= 2-5: T T T T T T = 2-5: T T T T T ]
& o y 1 %4 A 1
00 - A ///////////////y ////////////// - 00 ool /7 ]
253 4 5 6 7 8 2573 4 5 6 7 8
nMuon nMuon
" | SR‘high T Iopse | " | Sﬁ high T tight |
5 10° ft 1 5 10 fit 4
E DY fit + stat. unc. E fit + stat. unc.
104 —+ MC _ 104 —+ MC _|
Loose Tight
102 I B 102
Fit result: |
10° 1 y2/ndf = 5.33 —— 1 r 1
Aﬁght =3.278 + 0.020
1072 | Aose =3.893 + 0.014 . 1072 a
B=2.130 + 0.093
1074 | | | | | 1074 | | | | |
= 2: T T T l T T T = 2: T T T T T T
| :
O’ | | | | | | G’ | ° | | * | | |
= 25 T T T T T = 25 T T T T T
a 2z {8
L o LSS S LSS LSS S 7, . I D e AR ) ., ]
7 mmi | % mmmmmmmn
2573 4 é é ‘7 é 2573 4 é é ‘7 é
nMuon nMuon
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VR overlays

CMS Preliminary VR 59.8 fb! (13 TeV)
\ \ \ \ \ \

CMS Preliminary VR 59.8 fb! (13 TeV)
\ \ \ \ \ \

0 0
c c B |
o QCD loose o 10° Data loose
0 10° loose extr. — 0 loose extr.
103 tight extr. tight extr.
1L |
101} . 10
10-11 - 107" .
10-34 | | | | ! 10-34 | | | | |
0 2.0 | | | T = 020 | u I | =
§ - loose extr. / loose § - loose extr. / loose
1,51 tight extr. / tight 1 1,58 tight extr. / tight 1
1.0 R 1.0 +-————t=m=gm==mb e R
0.5F = 0.5F =
0 0: | | | ! | L 0 0: | | | ! ! L
3 4 5 6 7 8 3 4 5 6 7 8
Nmuon Nmuon

Extrapolation vs non extrapolation for loose & tight and for QCD and data.



SR overlays — QCD

Events

108
106
10*

102

0.5

0.0

SR low T
| |

QCD

\
loose

loose extr.

tight

tight extr.

loose extr. / loose
tight|extr. / tight

(o]

nmuon

Events

SR high T
\ \ \ \
— QCD loose *
loose extr.
B tight
tight extr.

T \ \ \
loose extr. / loose

tightiextr; / tight

(o) =

LN
()]
»
|
(0¢]

nmuon



SR overlays — DY

107

10°

Events

103

SRlow T
\ \ \ \
i DY loose |
loose extr.
| tight
tight extr.

T T
loose extr. / loose

tight|extr; / tight

W

(0))
N
(00)

Nmuon

SR high T
| \ ‘ |
i DY loose |
loose extr.
B tight
tight extr.
| | ' '
T ' | "
- loose extr. / loose
- tight extr. / tight -
[ | | | | .
3 6 7 8
Nmuon



Choosing SRs

* The two SRs are not designed to be orthogonal.
* For each signal point, either one of them must be chosen.
* Since bkg is negligible in both, we decide using the higher signal yield.

SUEP model SRhigh T SRyow T

mg = 500, m, = 8, T = 16, leptonic 265207 + 1230 7562 1+ 210
mg = 600, m, = 8, T =16, leptonic 142952 + 642 3116 £ 96
mg = 800, m, = 8, T = 16, leptonic 42851 + 187 503 £ 20
mg = 1000, my = 8, T = 16, leptonic 14239 + 82 77.0x6.1
mg = 125, m, = 8, T = 16, hadronic 3317 + 372 187 £ 75
SUEP model SRhigh T SRiow T

mg =800, m, =14, T = 5.6, hadronic 194 £+ 12 16259 + 107
mg = 1000, m, = 1.4, T = 5.6, hadronic 72.6 =4.7 7433 + 51
mg =125, m, =2, T = 2, leptonic 20565 =975 170865 + 2850
mg =200, my =2, T = 2, leptonic 29994 +738 160660 + 1738
mg = 300, my =2, T = 2, leptonic 32987 =586 167138 + 1359

Bold color indicates larger total yield. This SR is chosen for the signal point.



Maximum likelihood fit

Likelihood function:

L(data;r,v) = l l l l l [Poiss(nobs|nexp(r,17)) 1_[ D, (Ve|V,)

years regions bins nuisances

r: signal strength parameter Nuisances:

V: nuisance parameters * strength of up & down variations of shape uncertainties
* strength of scaling uncertainties (constrained)
* free parameters
* Barlow-Beeston-lite nuisances for true MC yields

Likelihood ratio:

A _ L (data; T V(r)) Find maximum likelihood estimates #* and 13, and then
(r) = L(data- 5 13;) calculate likelihood ratio with profiled nuisances.
Test statistic: Upper limits: - Asymptotic approximation
t, = —2InA(r) _ CLg.yp Cowan-Cranmer-Gross-Vitells.

CL. = >a -
S CLb arxiv:1007.1727


https://arxiv.org/pdf/1007.1727

Corrections & Systematic uncertainties

e Corrections:

v'L1 prefire |
. . per event weights
v'PU reweighting

v"Muon scale factors for RECO, ID, ISO eff. > per muon weights

* Systematic uncertainties:

3 o [ Y'Matrix element PDF uncertainty ) |
0’7\.{\“\ . o All systematics have
&o* & < ¥'Matrix element scale variations (up & tr) shape effect
/\0&@ _ v'Parton shower variations (ISR & FSR) (not for QCD... &) (except for lumi unc.)
N " v'Luminosity (only scaling uncertainty) > 1
§§ v'L1 prefire uncertainty Make up & down templates
L $ . . .
gL < v'PU reweighting uncertainty l
~ .
« \){SJ \/MUOH Scale faCtOI’ Uncertalnty For SRS, repeat extrapo|ation
_ ¥'Track killing method for tracking efficiency. on up & down templates.
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Fitting to data

CMS work in Progress
T T T T

Prefit

118.1 fb~', Run2 (13 TeV)
T T

| [ Higgs ==
3 ti+V =
Il singlet 77
- 0 W+jets )
Bl VWV
S

T

Drell-Yan

QCD

T

MC Stat. Unc.

Data

my=1GeV, T=0.25GeV

ms=125GeV, mpy =0.5GeV

me=2GeV, T=2GeV

-t my=4GeV, T=4GeV

my=8GeV, T=8GeV
- my=8GeV, T=16GeV

-t my=8GeV, T=32GeV

108 T
104 _________________ —
10°
100 1
7% %
1072
(&) 15 T T T
=
EPA / %
-ES' 1_0, ,,,,,,,,//u/u//////// . ,,,...,,.//////// //
()] I .
0-5 L * | | ¢ | | |
1 2 3 4+| 2 3 4 b5+ 7+ 7+
CRacp CRpy SRiow T | SRhigh T
Nmuon

Reminder: Fitting separately each signal model and only using its corresponding SR.

events

Postfit

CMS work in Progress 118.1 fb~', Run2 (13 TeV)
T T T T T T T T T \
[ Higgs Bl VV+VVV 722 MC Stat. Unc.
| [ tt+V mm tt ¢ Data ]
Bl single t = Drell-Yan -t me=8GeV, T=32CeV
| @ W+jets [ QCD

mg=125GeV, my =0.5GeV

(i

7
PR ,.,,,////4///

That’s why only one signal model & only SRy, r are shown in the postfit plot.

12/18/2025
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| | | | | |
1 2 3 44| 2 3 4 5+ 7+
CRacp CRpy SRhigh T
Nmuon

*still blinded in the SR
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13TeV) (pb)

o(V's

100 CMS Preliminary 118fb~" (13 TeV)

F T T T T T T T T T T T T T E

g GIuGIuToSUEP —- Theory ]
102k my=2GeV, T=2GeV Median exp. mpy =0.5GeV _|

i\.\ " B(A > utuT)=40% 1
10'L '\'...,,_ - Median exp. ma =0.7GeV |

3 \"""---..__ BA - pu"p )=15%

- T~.<._ W 68% expected
100} '
1071}
10-2
103§
10°4¢
1075}
107 ——55 200 500 1000

ms (GeV)
* Not trigger limited at low m.
)
* We don’t have any of these problems!
12/18/2025

95% CL upper limits

13TeV) (pb)

o(V's

100 CMS Preliminary 118fb~" (13 TeV)
T T — T I
- GluGIuToSUEP —- Theory |

102k Me=4GeV, T=1GeV __ Median exp. my =0.5GeV |
™ B(A = p*p-)=40%

107k .\'-\, Median exp. ma =0.7GeV |
g . T BA s putpT)=15%

0 T~ ~. W 68% expected
10 T 95%expected E
1071} T

1078

200

P
400

600

10|00 )
ms (GeV)

R
800

13TeV) (pb)

a(V's

100 CMS Preliminary 118fb~" (13 TeV)
T — T T3
- GluGluToSUEP —- Theory |
102k mMe=8GeV, T=32CeV __Median exp. may =0.5GeV
i\.\. B(A' = p*p~)=40%
107k .. Median exp. ma =0.7GeV |
f T~ T OBA o ptE)=15%
100 i "=—._ Wl 68% expected
10-1}
10-2
10*3;
1074
107 E
1076 | . . | ! | . . | ! |
200 400 600 800 1000
ms (GeV)

* Very strong limits for entire mg range. 3-4 orders of magnitude below theory o.
* Great improvement over existing CMS SUEP efforts for the leptonic decay scenarios.
* Existing searches cannot exclude most models with T = 8 GeV. We can exclude all these easily.
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Limits from offline & scouting

Screenshotted from paper for EXO-23-001:

12/18/2025

CMS Freliminary 126.475 b' (13 TeV) CMS Freliminary 126.475 fb~" (13 TeV) CMS Freliminary 126.475 b~ (13 TeV)
— T T T T T T —_ T T T Tz - T T T T —T T
— o _ o i
& of T omened seaing To =20 GeV & o — oweved scoung To = 4.0 GeV 8 o — e fsoung To =8.0GeV
5] 2 served (offling) mg = 2.0 GeV 1 o F served (offling) My = 4.0 Gey 1 o F ) served (offline) My = 8.0 GaV 3
gf 7 Chese (PE) A e gl " Cineor tPE) A —ete gyt of [ e tp0) A —ete gyt
10°F - Median expected (scouting) ith BR= 1 10 - Median expected (scouting) ith BR=40 40 2 E TF 5 Median expected (scouting) ith BR=15.15.1 3
. . with BR=100% ity with BR=40,40,20% L with BR=15,15,70%
5 Median expected (offline] 105 I& Median expected (offline} 105 iy Median expected (offline}
10°F Expected 85% CL (scouting) T 3 . Expected 85% CL {scouting) 3 F xpected 85% CL (scouting) E
100k mm Expected 88% CL {scouting) ] 10%) '\ Expected 68% CL (scouting) 100 " pected 68% CL (sgouting)
Expected 95% CL (offlineg) Expected 95% CL {offling) ected 95% CL {offlineg)
10tk '| Expected 68% CL {offlineg) . 102k xpected 68% CL (offline) ] 102k 68% CL (offline) ]
102 - 102 b 1028 3
10" - 10" E 10"} E
10% b 10° 3 10°F -
wfb % T E o W T 3 107 3
102k E 102 E 102 e
107 1 107 = 107 -
104 L 104 1074
1078 Lowvw | Loy o 8w e TP 105 P | EF——— [ | IR SN i S (i L 10-5 - | —— Pl | | Ll 1.,
250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
mg (GeV) mg (GeV) mg (GeV)

Figure 2: Expected and observed upper limits on the signal cross sections with respected to the
mediator masses mg this analysis with the data scouting strategy (”scouting”) compared with
the results of the offline analysis (”offline”) [25]. Different values of the temperature, the dark
hadron mass and dark photon mass are shown (left: Tp = 2GeV, m, = 2.0GeV, m, = 1GeV;
middle: T, = 4.0GeV, my = 4.0GeV, my = 0.5GeV; right: Tp = 8.0GeV, my = 8.0GeV,

myr = 0.7 GeV).
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Limits from offline & scouting

Screenshotted from paper for EXO-23-001:

LI LN L

L L

Ywg > tw

CMS Preliminary
N | ' ' '

A s
with BR=100%

SyoRI] pIBY M3}

126.475 tb~' (13 TeV)
1 — I

— Observed

Expected (median, 68%):

mg = 125 GeV

- mg =200 GeV
- mg =300 GeV

mg = 400 GeV
mg = 500 GeV
ms = 600 GeV
mg = 700 GeV
mg = 800 GeV
mg = 900 GeV

- mg = 1000 GeV
- ms = 1200 GeV
- mg = 1500 GeV
- ms = 2000 GeV

10

12

mg (GeV)

Figure 3: Expected and observed exclusions of signal parameters assuming the nominal S cross
sections for the m,, = 1GeV signals with full hadronic decays as a function of T, and m,, for
benchmark mg models. The parameter space below the lines are excluded.
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Phase-2 upgrades

* Working on QC testing of the HGCAL tileboards at
Maryland over the last two months.

* Important and fun work!

) pEIco

| would like to continue working on Phase-2 upgrade-
related projects.

* Crucial to get the experiment ready in time for Run 4.
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