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® What EXIST but also what we DON’T know...

Ordinary matter
Dark energy 4.9% Dark matter
68.5% 26.6%

Origin of Life

Black Hole

Origin of
Consciousness

<2>
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Higgs and Gauge Bosons: o 5
n n n (s P E lii ';VZ.T&
’ Keys to deepen the understanding inside the Standard Model ‘= o e

ectromagentic/Weak/Strong
(Gauge Boson Self-
Interactions)

ow Gauge Bosons Interact

with Fermions (Leptons &
Quarks)

Higgs Yukawa Couplings
(Origin of Masses for Leptons
and Quarks)

EWSB (Origin
of Weak
Boson Mass),
Higgs
Potential
(Higgs Self-
Interactions)

©. Quantum Science Division
EFEMRIEFRRED <5>



® The Higgs Mechanism and the origin of the masses

' TSUNG-DAO LEE INSTITUTE

Quantum Science Division
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® Higgs Discovery: a collider Roadmap

1988-2022 (2-4.8 GeV) 1989 — 2001 (200 GeV) 1988 — 2011 (2 TeV) 2009-2012 (7 8 TeV)
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® How Higgs comes into being in collisions (BY) A d R T

TSUNG-DAO LEE INSTITUTE

Quantum Science Division
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® How Higgs vanishes in collisions AEY) e d R

TSUNG-DAO LEE INSTITUTE

®

Like most particles in nature

the Higgs boson is unstable

Quantum Science Division

ETEMRIZRED
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o FEhiFARiEHRIMARASIAIER

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10"2 eV)
Luminosity 10% cm? s

Crossing rate 40 MHz

Proton Collisions = 107 - 10°Hz

Parton
(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle

Phys. Lett. B 716 (2012) 1-29 (ATLAS)
Phys. Lett. B 716 (2012) 30-61 (CMS)

“THE BEST ACTION MO VIE IN YEARS: 2
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p-p collisions happen the
center of the detector

underground

proton proton

<12 >
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What's in the Proton ? G Really Big Camera!!! ﬁ

Protons are Too

Q 1) small to look inside. '
iiiii:'
RELP
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Really Big Camera!
e
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Nature 607, 52-59 (2022)
® 2022.7.4 +RASEEHIRSEK! Nature 607, 60-68 (2022)

% —
g {3 \ 3
Theinternational journal of science /7 July 2022 i y_ 2o £
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r Second
Mass 101 _10 generation

(giga-electron-volts)

Third
generation

BOSONS

/500
400
300

v‘ 200

100

MASSES OF THE PARTICLES of the Standard Model differ by atleast 11
orders of magnitude and are believed to be generated by interactions
with the Higgs field. At least five Higgs particles are likely to exist.
Their masses are notknown; possible Higgs masses are indicated.

MASSLESS
BOSONS

<20 >

Particle and Nuclear Physics Division
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® Why is the Higgs Boson Special?

* By now the only scalar boson discovered

* Related to most of free param. of SM and
theory puzzles

* Determine the new fundamental
interactions in addition to the four known
forces

e All such above determine the profiles and
destiny of the universe evolutions, Phase
Transition in Early Universe

* What if it relates dark matter/dark energy
and cosmic inflation?

<21>



® LHC primary goals: looking into the “unknowns” R

TSUNG-DAO LEE INSTITUTE

Particle and Nuclear Physics Division
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5.1

Search for Direct Evidence
of New Particles

DARK MATTER L 5.1.1 — Science Overview
26% J
e ORDINAR 2 : Particle physics is a field that earned its name through the discovery of many particles
: 7 : ' that were thought to be the fundamental building blocks of matter. This began with the
extraordinary discovery that every object in our world is made of scores of chemical el-
ements. Each of those chemical elements is made of a particular kind of atom, with an
atomic nucleus of specific electric charge surrounded by orbiting electrons that negate
) < ] : that electric charge. Although the electrons are understood to be a point-like elementary
’\ 4 k- : particle with no internal structure, the atomic nuclei were discovered to consist of protons
S and neutrons. The number of protons in an atom’s nucleus determines the nature of the
chemical elements that, in turn, determine the nature of every object we see. This was a
unifying paradigm that explained the physical world around us.
But nature is complicated, and further discoveries revealed that the proton and neu-
: L : ' tron were made of fundamental particles called quarks bound together by a force particle
Particle and Nuclear Physics Division called the gluon, carrier of the “strong force”. It was also discovered that many particles
SR ARE disintegrate over time into lighter ones. This led to the discovery of the “weak force”, which

IS THIS THE KEY TO \\QPBS
-+ DARK MATTER? BN

69%
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® Q1: Is Higgs really elementary? > compositeness

HIGGS,

Particle and Nuclear Physics Division

R SZYPEFER <25>



Q2: How the Higgs Boson self-interacts?

@) Fud R
- How stable is our universe? =

13
s/ TSUNG-DAO LEE INSTITUTE

' 4

Higgs
V(¢) potential ,
Our ,."‘Stable
vacuum =%=-~o .
2222 2
'\ Metastable
T~ ‘\ ‘\
0| Higgs \‘ .
Particle and Nuclear Physics Division Im (¢) field . -

<26 >
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® Q3: is Higgs boson alone? @) Tudi T

| wonder if there are
others like me.

Standard Model
Prediction

Higgs
Boson

MSSM Higgs Boson Predictions

Particle and Nuclear Physics Division <27 >

AT SEAERED



 Qa: How much the Higgs boson loves the Dark Matter (invisibles)

. Observatlons
e from starllght

100 |- gy ;

- 5 Obser'-va"_f}i()ns':fl‘om-
L cm hydrogen.

Velomty'fﬂ', e
(km Ch 1);;‘.- i

. _Expected from"
the ViSiblE'diSk

=;j'1'0'ooo 20, ooo 30 000 40, 000 -
& ; s f’ H :
D|stance (Ilght years)
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® Dark Matter Evidence and Theory Context in a nutshell

Galactic Rotation
Dark Matter

Observed

Rotation Velocity(km/s)

Leptons Photons, Other dark

W, Z, h bosons particles

Nuclear Matter
quarks, gluons

electrons, muons,
Expected (calculated) taus, neutrinos

ve(r) = W

i i i S
IR SSiactic Centar fight years) Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes
SM

DM

« DM evidence from astronomical observations and gravitational effects:
 Galactic rotation curves, Gravitational lensing, Cosmic Microwave Background anisotropies, ...
« Characteristics: Non-baryonic, massive, electrically neutral, gravitational, stable > WIMP context

« BSM models predict weakly interacting massive particle (WIMP) -> Dark Matter Candidate. In SUSY
models, the lightest SUSY particle LSP is a candidate for dark matter. Being LSP stable in most Models.

« Any WIMP DM produced at collider experiments will interact weakly and pass invisibly through
detectors. Inferred through ‘Missing E;* when event does not balance in plane transverse to beam.

Particle and Nuclear Physics Division PP

AT SZAERE



® Frontiers that DM can reach out

Particle and Nuclear Physics Division

R F SRR

MOG

Modified D G rk

TeVeS Gravity M atter

Emergent
MoND Gravity

Other

. WIMPzilla
Particle

Self-

Superfluid interacting

oY) F o d Mk

£
e/ TSUNG-DAO LEE INSTITUTE
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® Dark Matter Direct Detections

Collider 1
> vacuum
SM “Production DM v signai—|| I
‘r‘j
o A
2
8 ':L 4 C10B-Ge3
Q =
—
L O
ol 8= =
Q o
2 |17
s vl » -] C10B-Ge2
a
>
cc A g o1 4 N p*
SM Annihilation DM
< | C108B-Gel
Indirect Detection v
\
Particle and Nuclear Physics Division
<31 >
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® Dark Matter Indirect Detections

« Indirect Detection (ID): products from DM annihilation (DAMPE, HESS, IceCube, ..)

Direct Detection

SM

Collider

<

Particle and Nuclear Physics Division

Indirect Detection

AT SZAERE

20 Ay
%”4, Ge

4 5

13
¥/ TSUNG-DAO LEE INSTITUTE

ao each with
: 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arr.

6 DeepCore strings

/ummc
60 optical sonsors on each string

5160 optical sensors

d for lower

<32>
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® Dark Matter Collider productions

Direct Detection (DD): nuclear recoils from DM-nuclei scattering (CDEX, PandaX, LZ, XENONNT, ...)

« Indirect Detection (ID): products from DM annihilation (DAMPE, HESS, IceCube, ..)
Colliders: DM production in high-energy collisions, focusing on the productions of a SM particle(s) (X)

with large missing E;
Collider

=
SM “Production” DM

Direct Detection
Scattering

SM < “ Annihilation DM

Indirect Detection

Particle and Nuclear Physics Division <33 >

AT SZAERE



e Dark Matter Models for LHC

Generic searches <

Less Complete

Effective Field Theories

Simplified
Models

Sketches of Modéls' ‘e

Figure: Tim Tait

Particle and Nuclear Physics Division

R SRR

» Specific searches
Phys. Dark Univ. 9-10 (2015) 8-23

LHC DM WG

.. ecosystem

Models

UV Complete
Models

Complete

TSUNG-DAO LEE INSTITUTE
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® S-channel Mediator Simplified Models

DM produced together with a visible object

A
‘ e.g. v, jet, Z-boson, W-boson, Higgs-boson
q X 4] SMsector 4  Dark sector B ER
’ =
Mediator
~ Escape
7 Detection
Dark Matter : 4
i _’mis\s\\\i—”/ ﬁTml = ET i
{I — pT
Missing transverse momentum inferred from
momentum conservation
Simplified model: Two complementary approaches:
« Starting point to build complete theories « Look for DM - mono-X signature
« Colliders can search for the mediator directly « Look for mediator - resonance search

« Benchmark model @ Run Il

Particle and Nuclear Physics Division

AT SZAERE <35>



® Dark Matter Search programs at LHC T
Simplified models Higgs portal
SM X xa Z/h
. '
Mediator \(
SM ISR X X {19 X

SM-DM boson mediator:
*Spin-0: Scalar (S) or
pseudo-scalar (a)
*Spin-1:
Vector (V/Z’) or axial-
vector (A)
*Minimal set of parameters:

Mp Mmediaton gx’ gq’ gr

*Provides good candidate for
DM

e R-parity conservation

e[ ightest supersymmetric
Particle (LSP)

eModel-dependent limit on
DM candidate

Particle and Nuclear Physics Division

AT SEAERED

DM-SM interaction:
H — invisible

*Higgs boson mediates

oParameters: m,, y spin

eMore complete models (more free parameters

and better sensitivity) involving several Higgs-
like (or scalar) bosons: 2HDMa, Dark Higgs, ..

<36 >




Recent Dark Matter Combination
Summary by ATLAS in the context

3 ien
of 2HDM+a .zSc 111

TsSUNG-DAO LEE INSTITUTE

Credits :
Michigan(—>Fudan): Zirui Wang (Analysis Contact)
USTC: Chuanshun Wel, Ijallln Xu (.Analy5|s Contact? o DOI:10.1016/j.5cib.2024.06.003
TDLI/SJTU: Changgiao Li (Analysis Contact), Shu Li, Qibin Liu,
Ngoc Khanh Vu (Approval Talk) Science Bulletin 69 (2024) 3005

+... <37 >


https://doi.org/10.1016/j.scib.2024.06.003
https://doi.org/10.1016/j.scib.2024.06.003
https://doi.org/10.1016/j.scib.2024.06.003

Science Bulletin 69 (2024) 3005

¢ 2HDM+a context

« One of the popular ATLAS DM benchmark context
« Searches interpreted in Two-Higgs-Doublet Model plus a pseudo-scalar mediator (2HDM+a):
« Minimal, UV-complete extension.
« EWK Symmetry Breaking:
« 5Higgs: h, H, H, A
« 1 light pseudo-scalar: a

Extended
Higgs sector

(2HDM)

Pseudoscalar
singlet P

2HDM+a fully defined by 14 parameters 5 unconstrained parameters

v, Mp, Ma, My, Mg+, My, my, my = My = My+ | masses of heavy Higgs

cos(8 — a), tan 3, sin#, q m, mass of pseudo-scalar mediator

yXy /\3a API) AP)

EWK, flavour constraints and m, DM mass

to simplify parameter space
sin @ mixing angle between CP-odd states @ and A
tan f ratio of 2 Higgs doublet VEVs

: LHC Dark Matter Working Group
: Phys. Dark Univ. 27 (2020) 100351

E Bauer, Haisch, Kahlhoefer
*h: SM-like CP-even Higgs with mass of 125 GeV 1 JHEP05(2017) 138

Particle and Nuclear Physics Division

AT SZAERE <38>



Science Bulletin 69 (2024) 3005 e
¢ 2HDM+a Experimental Signatures at ATLAS @) % t g 4 AT

« 2HDM+a has rich phenomenology predicting wide range of signatures with both visible and
invisible decays
« resonant production of g™ +Z/h
« additional (pseudo-)scalar bosons, e.g. tbH*(tb)
* new signatures, e.g. E;miss +tW

Z/h

t

bl‘lll _+_ [“/
g
f/x
‘< X " :}>'< I
)2 g a\\< f /X
I'Ix

g

E{piss + jet
Particle and Nuclear Physics Division

AT SEAERED

h — aa — 4f/ h — invisible
<39 >
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® Statistical Combination

. E',‘-‘iSS + h(bb), E%“'“ + Z(Il) and 1>/ (1h): Most constraining signatures of 2HDM+a.
« thH™(tb) gives significant complementarity to sensitivities of E.'r'“iss + X
« stat. combination of 3 channels to maximize 2ZHDM+a constraints in parameter space.
» Combined exclusion limits obtained from profile likelihood ratio corresponding to 3-channel-combined likelihood.

» Decorrelate over-constrained/pulled uncertainties to avoid any phase-space-specific biases across channels.

2HDM+a, Dirac DM, sinB = 0.35, tan i = 1, m, =10 GeV, g, =1.m, =my=m,

<2000 R R R L
O r/m > 20% ATLAS . o
& 1800 Vs=13TeV,139f" -  Combination
< 1 ET™+h(ob), ET*+Z(l), toH'(tb)
€ 1600 - Limits at 95% CL
_ ] = Observed
1400 - - = = Expected
E 7 Bl tic
1200 = 20
1000k ] =—E7r* +h(bb)
oo {1 —EP*+ 2z
800 tbH(tb)
600
400
200F -~ I—— Improvement from

Particle and Nuclear Physics Division 100 200 30 40 500 600 700 800 combination o
ST m, [GeV]



® Summary of constraints on 2HDM+a

Science Bulletin 69 (2024) 3005

e constraints on 2HDM+a interpreted in 6 benchmark scenarios.
* highlight diverse phenomenology of 2HDM+a.

e study the interplay and complementarities between different signatures.

Scenario Fixed parameter values Varied parameters
sinff my [GeV] m, [GeV] tanp
B 0.35 - - 1.0 (my ,m4)
b 0.70 - - 1.0 a4
2n "
2 i 8”7;8 - g;g - (4, tan [3) |
. -~ .
3 ?) 8‘;8 288 (m,, tan [3)
g 2 - 600 200 1.0 <ind
b 1000 350 1.0 )
D 0.35 1000 400 1.0 My
6 0.35 1200 1.0 (mg, m,)

Particle and Nuclear Physics Division
AT SZAERE

showed for the 1st time

et/ TSUNG-DAO LEE INSTITUTE

shows interplay due to
mass hierarchies

motivated by similar scans
done for general 2HDMs

illustration a-A mixing
parameter effect

connection with cosmological
constraints and direct/indirect
searches

L]
m, set to 10 GeV in all scenarios, } <41 >

except 5and 6 "

--——-
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® Summary of constraints on 2HDM+a

Variety of searches interpreted in the context of different 2HDM+a benchmark scenarios

N N
Analysis/Scenario /la\ Ilb 2a 2b 3a 3b 4a 4b 5 /6\
Ess 4 Z(20) [74]
EX™ + h(bb) [75]
ET™ + h(vy) [84]
ET"™ + h(r7) (78]
ERss 4 W [77]
EF™ + j [45)
h — invisible [86]
ET™ + Z(qq) [127)
EF™ + bb [128]
ENSS 44 [128,129)
tttt [85) Tl B & X & X
thH ™ (tb) [76] ) ¥ ¥ B £ X =%
h— aa— fff'f [79,80,81,82,83] X

= =

X X X X X X X X
X X X X X X X X X
X X X X X

BAOA A A A A A A
oA
"
"
nooA
nooA
nooA
N

sOA A A A
nOA A A A

Particle and Nuclear Physics Division

KT SZHERFED <42 >



® Scenario 1a: sin6=0.35, m, - m, plane ¥ 7

« h — invisible constrains very low m,,.

2HDM+a, Dirac DM, sin6 = 0.35, tanf =1, m =10GeV,g =1, m =m,=m,

— 2000 [rrr—ryrrrr YT — h—sinvisible, 139 fb"
% § PP I''m > 20% : aniv2301.10731
(.2. 1800:' ATLAS 2
< [} Vs=13TeV,36.1-1391b" Limits at 95% CL
I -  Observed
€ 1600 v
1400 .
1200 .
1000 g
soOpF . “
600} el
; i :
0883 @0 T .
100 200 300 400 500 600 700 800
m, [GeV]

Particle and Nuclear Physics Division

AT SZAERE <43 >



® Scenario 1a: sin6=0.35, m, - m, plane

« h — invisible constrains very low m,,.

e constraints from E‘T‘“SS

m4-m, dependence, with i — bb most sensitive.

+ h signatures: similar

Particle and Nuclear Physics Division

AT SZAERE

2HDM+a, Dirac DM, sinf = 0.35, tanf = 1, m =10GeV, g' =1, m=m=m,

(2‘ 1800 ATLAS |
< Vs=13TeV, 36.1- 139 fb" Limits at 95% CL ]
bass —  Observed

€ 1600F ss...... . Eweasd 7

1400f 02000 == -

1200 .

1000+ -

800 4 E

600 o -

.-"""\"gﬂ\o ]

400 2 0

200‘ ...... R OO PR T AT il D W (- e
100 200 300 400 500 600 700 800

m, [GeV]

VA d R T

TSUNG-DAO LEE INSTITUTE

— ET**4+h(bb), 139 fb’
JHEP 11 (2021) 209

— E™4h(7), 139 b
81X1v_2305.lm8
ET**+h(yy), 139 fb”!

JHEP 10 (2021) 13

~ h—invisible, 139 fb"

anxivi2301.10731

<44 >
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® Scenario 1a: sin6=0.35, m, - m, plane

h — invisible constrains very low m,,.

2HDM+a, Dirac DM, sinf = 0.35, tanf} = 1, ml =10 GeV, g’ =1, m, =m,=m,

H2000"r""'vvv--!..‘:..‘[..v-v."vivv'r‘rlIl-tv‘l'vtrv‘ _Emss+h(®,139fb‘
. fitlss ) o % + I'/m > 20% y JHLP!I(2021)209
« constraints from E7"" + h signatures: similar S 1800 ATLAS 4 — E™*4h(t7), 139 fb"
m4-m, dependence, with i — bb most sensitive. & Vs=13TeV,36.1- 139 fb" Limits at 95% CL ] aO0V2306.12038
€ 1600 .. — Observed 1 EF*+h(yy), 139 fb’
---- Expected JHEP 10 (2021) 13

— ET**+2Z(Il), 139 fb’!

PLB 829 (2022) 137066

miss P miss .
ET™ + tW similar to E™° + Z(11) but with — E™*42(cf), 36.1 b

smaller excl. region.

-"‘ JHEP 10 (2018) 180
ET*4+tW, 139 o'
:. arXivi2211.13138
o ] — E™4j, 139 b
o ET™ + jet sensitivity notably different from those & PRD 103 (2021) 112006

"1 = hosinvisible, 139 fb"

aniv2301.10731

of E;“iss + Z and E;“iss + h.

.
.

200f,
100

PREPTLL S PR

200 300

Waepet®

400 500 600 700 800

Particle and Nuclear Physics Division

AT SZAERE <45 >



® Scenario 1a: sin6=0.35, m, - m, plane

h — invisible constrains very low m,,.

constraints from E‘T’[liSS + h signatures: similar
m4-m, dependence, with i — bb most sensitive.

EMSS 4 (W similar to EMS 4 Z(I1) but with
smaller excl. region.

E%“iss + jet sensitivity notably different from those
of E;“iss + Z and E;“iss + h.

Complementary constraints from searches not
targeting DM.

Particle and Nuclear Physics Division
R SRR

2HDM+a, Dirac DM, sinf = 0.35, tan = 1, m = 10 GeV, g=1m=m=m,

e
I''m > 20%

Ys=13TeV, 36.1 - 139 fb"

.........................

-------------

.
.....

Limits at 95% CL
—  Observed
.. Expected

y) e d 4 R T
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— ET**4+h(bb), 139 fb’
JHEP 11 (2021) 209

~— E7**+h(tt), 139 fb’
arer_ 2305.12938
ET**+h(yy), 139 fb”
JHEP 10 (2021) 13

— ET**+2Z(Il), 139 fb’!
PLB 829 (2022) 137066

— ET**+Z(qq), 36.1 fb”'

JHEP 10 (2018) 180

ET *4+tW, 139 o'
arXivi2211.13138

— E™%4, 139 fb"
PRD 103 (2021) 112006

— tbH*(tb), 139 fb™
JHEP 06 (2021) 145

~ tftf, 139 fb™’
arXivi2211.01136

— h—invisible, 139 fb™

anivi2301.10731
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® Scenario 1a: sin6=0.35, m, - m, plane

h — invisible constrains very low m,,.

constraints from E‘T“is’S + h signatures: similar
m4-m, dependence, with i — bb most sensitive.

EMSS 4 (W similar to EMS 4 Z(I1) but with
smaller excl. region.

E%“iss + jet sensitivity notably different from those
of E;“iss + Z and E;“iss + h.

Complementary constraints from searches not
targeting DM.

Sensitivity of 2HDM+a driven by the combination.

Particle and Nuclear Physics Division

AT SZAERE

2HDM+a, Dirac DM, sinf = 0.35, tanf = 1, m =10GeV, g,-i m, = m,=m,

S‘ 2000 '..'...'...'...' ............... | IR ‘|I/";>‘2'09'5 T T i
[ ] 1
(.2‘ 1800k ATLAS =t
< ; Ys=13TeV, 36.1 - 139 fb" Limits at 95% CL ]
o - Observed &
.. Expected
e

100 200 300 400 500 600 700 800

m, [GeV]

— ET"*+h(bb), 139 fb™'
JHEI_’-‘ 11 (2021) 209

~— ET*+h(tt), 139 fb™
arer_ 230512938
ET**+h(yy), 139 fb"
JHEP 10 (2021)13

— ET**+2Z(Il), 139 fb’!
PLB 829 (2022) 137066

— ET**+Z(qq), 36.1 fb”

JHEP 10 (2018) 180

ET*4+tW, 139 o'
arXivi2211.13138

- ET%4j, 139 b
PRD 103 (2021) 112006

— tbH*(tb), 139 fb™

JHEP 06 (2021) 145

- {ftf, 139 fb™’
arXivi2211.01136

— h—invisible, 139 fb
arxivi2301.10731

- Combination
ET**+h(bb), ET*+2Z(lI), toH*(tb)
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® DM search: Collider & Direct Search Experiment

https://mp.weixin.qgq.com/s/I1Mgrwyh15KMKnf9r9yjsQ
Credits: X.-G. He, J. Liu, J. Tandean, N. Zhou

6 2

10 1 1 ! I T T 10
105 2HDM+a, Dirac DM lOl
N omy=my=my+=1000GeV P
10 \ sinf@=0.35,anfi=1,g,=1 10° o
A 1 mg=400GeV "
............ (e e ———— 3
%‘ 9 \ Thermal Relic 0 )
2 \ Qh*=0.12 2=
g 10 \ e S 10 @
® 1 ' 33
10 1 10" g
10o Jj ~— PandaX-4T (1.5 ton*year) 10_4.2
\\ / —— Ep 4+ Z(I(ATLAS) b=
10_' \ ,’ —— tbH*(tbXATLAS) 10°
'} —-==-Relic density
10-2 | | | | | | | | 104’
50 100 150 200 250 300 350 400 450
WIMP mass [GeV]

Particle and Nuclear Physics Division
R SRR
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10

E T 3 T T l T T T T 102 .
= ATLAS i 2HDM-+a, Dirac DM =
- _ 2 -1 c
E_E_13Tev{139fb§ g = My = 1,0 = 1 TV 0 8
F ! : fe)
- : [VH [}
3 g «

e s 5 s S s s

||||rITI'| ||||I'ITI'|

..................... 0/ O ooy =1 107
— Limits at 95% CL -5
EE " — Observed 10
P . . ! . == Expected .

50 100 150 200 250 300 350 400 450 '°

m, (GeV)

q‘}‘-
-~
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=——ET°+h(bb), 139 fb!
JHEP 11 (2021) 209

—ET4Z (1), 139 fb!
PLB 829 (2022) 137066

tbH*(tb), 139 fb™!
JHEP 06 (2021) 145

—ttT, 139 fb’
arXiv:2211.01136

—=Combination
ET™4h(bb), ET=+Z(1l), thH*(tb)

—--Expected Relic Density
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https://mp.weixin.qq.com/s/l1Mgrwyh15KMKnf9r9yjsQ

Science Bulletin 69 (2024) 3005

® Scenario 6: m, - m, plane

« New interpretation in m, - m, plane:

« Searches for SM Higgs decaying to 4 fermions via constrain previously unprobed region of
2HDM+a.

« Complementarity to h->inv. and Eymiss+h(bb) searches.

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, g=1m=m=m,= 1.2 TeV

= T ————— ————— = E™*+h(bb), 139 fb"’
® 1 I 000 =< JHEP 11 (2021) 209
G 10°§ ATLAS 3 = h-invisible, 139 fo”
Cnd ] e anxiv2301.10731
fs=8TeV,20.3 1" 1 '
£ fs=13Tev, 361 - 139 15+] = h—aa—pprr, 20.3 fo”
P PRD 92 (2015) 052002
— h—aa—pupuy, 36.1 b
- B JHEP 06 (2018) 166
102 - — h—aa—-puppuy, 139 b’
' : JHEP 03 (2022) 041
P : h—aa—bbbb, 36.1 fo
Q 1 7 JHEP 10 (2018) 031
Limits at 95% CL . q
—  Observed: — h—aa—bbuu, 139 fb’
/ 2 Expected PRD 105 (2022) 012006
) : 2
Q — Observed Relic Q.h* = 0.12
108 f\' . t-';-“ ch
I S £
/o
L+ 1 7/
/ Expected Relic Q.h* > 0.12
1 A PN SN S | " " PR adal i i hd, Akl
10 10° 10°
Particle and Nuclear Physics Division m, [GeV] <49 >
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Recent Dark Higgs Searches at

ATLAS

TsSUNG-DAO LEE INSTITUTE

Credits :

* UW: Shih-Chieh Hsu (Analysis Contact)

» TDLI/SJTU: Changgiao Li (Analysis Contact), Shu Li, Qibin Liu
(Approval Talk)
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® Higgs portal to DM: Mono-H(bb)

b
q . h L h
p , h
4 // // A g
s
d X t,b _A__< X ———<\ X
2\\< a\< ; <
X

q X X b

Resolved topology
150 < EFss < 500 GeV

50 GeV < my, < 280 GeV
At least 2 small-R jets

N
o

n
£

-

s T T T
[} | ATLAS —e— Data WM Single top

O [ (5=13TeV, 13907  mum sMvh =3 z+HF

© 80t (S)'Ign":' Ri%";"t EEm VY @ Others .
L aspenesorag B W+HF NN Background Uncertainty

o | ET**e [200,350) GeV .

e mm i

g 60 - Mono-h 2HDM+a H
) i (mama) = (1000,150) GeV

w D == tanp = 10, ogignal = 62.7 fb (x10)

Ty [

“
> N3

S15 5

h 3k ¢

Eoé PR A *“N’

S 60 80 100 120 140 160 180 200 220 240 260 280

My, [GeV]

Particle and Nuclear Physics Division
R SRR

JHEP 11 (2021) 209

Merged topology
EI"ss > 500 GeV

 Interpreted with 2HDM+Z'
2HDM+a in both ggF and bbH.

« Also Model-independent upper
limits on the visible cross-section

50 GeV < my, < 270 GeV
At least 1 large-R jet

= = T | T I | | | =
- N =AU Ez. I'I_l_é | ATLAS = Observed Limit |
B 06k T i O Do iy 12 ol k=13Tev 139" © === Expected Limit
O /s= eV, g - — ) o : —
- b Signal Region = 32//' i E é:::s ] b‘é’ E h(bb) + E:ISS, All limits at 95% CL RS Cop 3
§2) [ O-lepton >3 b-tag ¥ ) : C : i ]
§ 05:— E-'F"ss>500 GeV : t\liV+HF N Background Uncertainty . g +2 Oexp 7]
@ 4:_ Mono-h 2HDM+a 1€ i
AL (ma,ma) = (1000,150) GeV = 1 : —
C == tanp = 10, Ggigna = 62.7 b (x5) b = ! 3
Q E : ]
5 F s semesne .
0 - —
~ i —
S i
107 : -—
n 3 i | l | | i | l | ]
: B — - Bmss  Rmisy,  Kmiss  Bmiss  Bmisg  Kmisg  Kmis,  Kmisg  Kmisg
S 15 , . B SRR REEE e o T G G G B B B B B
: § 50,207 (200,55 1350, 5,500, 5 750 1760, 200,55 (35,5, 500
cg y + * 200 Gep) 50) Gep, 00) Gel/ 50) GeVGe[/ 200 Gol) 50) Gey) 00 Ge[/GeV
wObSE oo v T 2 b-tag >3 b-tag
(@) 60 80 100 120 140 160 180 200 220 240 260
Mpp [GeV]
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e Dark Higgs Search: Mono-S(>WW) semileptonic jyep 07 (2023) 1163))

Data / Post-fit

_L_l.
o D

—
o

o
(3}

A d LT

TSUNG-DAO LEE INSTITUTE

\@é

PRL 126 (2021) 121802

« Two mediator model: Z' + Dark Higgs
« Utilize both resolved calorimeter-measured jet pair
or merged from track-assisted reclustered jets

« Scenarios with dark Higgs boson masses ranging
between 140 and 390 GeV are excluded.

% ATLAS [ W+jets B Z+jets % —_— B
é_ Vs =13 TeV, 139 fb™! g ?{Iultiboson x\:\Y gtatt.+Sys. Uncertainty_;I % 400 ATLAS ]
& ata 3 r ]
i_Post-fit BEm Single Top _i % - (s=13 TeV, 139 b .
; W-jets Control Region i tt Control Region i Signal Region ; g€ 350 :_ E==E Expected Limit (+10) _:
E ; o : ! i E - - - - - Expected Limit (+2c) .
Eonne : ey 300 —— Observed Limit —
. - EE! CF F T e Relic Density .
- 250:_ —— PRL 126, 121802 (2021)_:
: — :_ Dark Higgs model _:
C | : | 115 f 200— JHEP 04 (2017) 143 —
B I : 1 : B _ i
E ' \ \:\ \{\ \ E 08. - gq=0'25’ gx=1’ .
S R W \\\\\ \\\% AN NI 1.0 = 150 — sin6=0.01, mx=200 GeV
N ] : 1 i 4 = C : :
: 1 é 1 : : ql) C 1 1 I 1 1 1 :I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 L I 1 1 1 1 1
g _ i _ i _ 405 & 500 1000 1500 2000 2500 3000 3500 4000

Particle and Nuclear Physics Division
R SRR
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Phys. Rev. Lett. 134 (2025) 121801 ATLAS-CONF-2024-004
® NEW Dark Higgs Search: Mono-S(->bb)

) %‘b&ilﬂr'iﬁ'

s/ TSUNG-DAO LEE INSTITUTE

« Dark Higgs boson (scalar particle s)
introduced together with Z' and Majorana
DM [Ref. JHEP 04 (2017) 143]

« New annihilation channel to SM opened up
(xx—s—...): relax the constraint from
cosmology = Prevent DM Relic Density ((Qh2)
over-production issue of common WIMP
model

« Scalar particle mixing with SM Higgs:
detectable decay products depending on
mass, s—VV, s—bb

- 1 . m -— ) :
Ly= _ingl“X’YD’YuX — 9x m_;,SXX + 29y ZluZ;,L (9x 5% + mzs)

Done Searches for high mass dark Higgs in
Mono-S(VV) analyses (previous slide)

First search aiming for a low-mass dark Higgs boson + new benchmark scenarios

Particle and Nuclear Physics Division

R SZYPEFER <53 >



Phys. Rev. Lett. 134 (2025) 121801 ATLAS-CONF-2024-004

® NEW Dark Higgs Search: Mono-S(-=>bb)

) A d A T

Z CEL 5
</ TSUNG-DAO LEE INSTITUTE

Parameter Explain
SiX parameters Controlling the interaction With § ................................................................................. : ......................
<M and DM : mg mass of dark higgs
Fixed-gy search as benchmark (scenario 1)
« Scan ms v.s. mz with fixed m,= 200 GeV, mX to SearChmass of DM

gx=1.0 :
Cosmological constraint: freeze-out relic my, mass of heavy mediator
densgc%/ Qhe tion f PLANCK2018: Qh? g coupling in dark sector

. servation from ; = P ,

0.1200 + 0.0012 SR WU, DetWeen 8, X Z ]
Introduce two new benchmark scenarios [First coupling with SM: q<->Z’
time!] satisfying the observed relic density gq Fad 098 as 'barchmark
(scenario 2, 3) o

« Scan mSv.s. mZ'  with fixed my=900 GeV mixing angle of
« Scan my v.s. mZ'  with fixed mS=70 GeV 7, SM Higgs<->dark Higgs

fixed according to [|]

Particle and Nuclear Physics Division

AT SEAERED

[11 JHEP 04 (2017) 143  _.,.




Phys. Rev. Lett. 134 (2025) 121801 ATLAS-CONF-2024-004

® NEW Dark Higgs Search: Mono-S(>bb) Ui
Analysis Strategy overview Basolved Tono

« Search for low mass dark Higgs with bb+E{™iss signature 150 < MET SOOGPV :

- Data triggered with E;™ss and search starts from 150GeV SRS

« Regions divided by E;™ss: from resolved to merged topology to

o o I
w
cover all the interesting phase space W
Resolved regions: reconstructed by 2 small-R jets and tagged using DLIr 77%
Merged region: | reclustering large-R jet and mixed tagging methods = benefit from advanced techniques
MET [Gev]4 Auxiliary Figure6 Good statistics
Boosted Topo.
Merged
500 GeV < MET £
500 o
- 3

o - -
150 Sensitive to high mZ’
>
20 50 270

Fur“rher.splif into o
mJ (mjj) [GeV] MET bin [GeV]

VR: variable-radius track jets

particle and Nuclear Physics susoReclustering(RC) jet extend searched scalar mass down to 20GeV
KT SHAIBHIES Large-R jet kin. and sub-jet info. combined for boosted Xbb tagging: DXbb



Phys. Rev. Lett. 134 (2025) 121801 ATLAS-CONF-2024-004
® Mono-S(bb) Exclusion Limit: relic-density inspired scenario

5 5

DM coupling varies to satisfy the observed relic density throughout
* my excluded up to 4.1 TeV with fixed m, at 900GeV (scenario2)
* my excluded up to the perturbative limit and m, excl. to 1TeV at mg = 70GeV (scenario3)

-Complementing the MonoS(VV) limits_

;220_"'-|-"'|"-'|-'-' L L B B = C N

© 540 £ATLAS Preliminary Observed Limit 2 o 400 ATLAS -

O] = Vs = 13 TeV, 140 b = === Expected Limt 7 O, - (s=13 TeV, 139 fb!

® 180 | S(bb) + E™*, Scenario 2 B 10, — 4 C ]

a 160 :_Limits;t 55% CL +2 6, E E 350: E==E Expected Lim?t (+1o) 7

= . C - - - - Expected Limit (+2c) 7]

140 & - 300— —— Observed Limit —

- . - : S e Relic Density .

120 ;— —; 250:_ —— PRL 126, 121802 (2021) ]

100 - R << g = - .

S  _AOOOO.. = ‘_ Dark Higgs model 7]

80 :_ .................... ] 200: JHEP 04 (I2%1g7)143 7]

60 B X SRR KK A E - | 0.2025,9,1, -

a0k RGO E 150:— Sin6=0.01, m =200 GeV

20_|||||||||||||| |||||||||||||||||||_ _"I"'E'I'"'I'"'Illlllllllllllllllll_
2000 2500 3000 3500 4000 4500 5000 5500 500 1000 1500 2000 2500 3000 3500 4000

Scenario 2 (m, =900GeV) m,. [GeV] m,, [GeV]

First LHC dark Higgs search in cosmology coherent context

Particle and Nuclear Physics Division
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2&;5 N '}.‘lii“j’#’iﬁ’

e/ TSUNG-DAO LEE INSTITUTE

Recent Higgs—>Dark Photon
decay search combination at

ATLAS

TsSUNG-DAO LEE INSTITUTE

Credits :
* Milan: Silvia Resconi (Analysis Contact)

e TDLI/SITU: Ngoc Khanh Vu (Analysis Contact), Shu Li, Qibin Liu
(Approval Talk)
° +..
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® Looking into the SM particle bible

Fermions:
making
up
ordinary
matter

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions)

(bosons)

| | | | | | | | | ]
mas =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeVI/c2?
charg; s % 0 0
spin | % 2] 1 ‘ 0 H
I charm top gluon higgs
. | G
7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0 :
I - - 0
9 r® |-® §
I down strange bottom photon
| | - W
I =0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 ~91 19 GeV/C U)
=il =il
D |- v il -
L 1% o)
I electron muon tau Z boson 8 2
% — 03
Z I <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c2 =80.39 GeV/c? I.IJ (@)
OFe e 5 Vu .Vt . O 2
= » % 3 1%
o g 4 o0
T electron muon tau W boson <L B
-l {_ neutrino ~ heutrino /| neutrino (O

I
I
[
I
!
[
I
I
d

&z ¢

oS/ TSUNG-DAO LEE INSTITUTE

Bosons:
mediator
portal for
ordinary
matter
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® Searching for Dark Force Mediators
The world of Dark Matter

Dark
Photon:
Dark force
Mediators

Dark
Matter
candidate
particles

et/ TSUNG-DAO LEE INSTITUTE

Mediators
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® Dark Photon Theory in a nutshell

Introduce extra U(1)x symmetry > New Gauge Field X > Dark Photon Mediator A’

U(Mem 2 U(T)em>U(1)x 5th fundamental interaction in our universe

- A 5

SM Photon y Dark Photon A’
« A" & y kin. mixing

A Kin. b
N\ N\ Mixing N\ . .
(£) - Straightforward for experimental search

gXﬂvF”V - Free param, kin. mixing (€), mass (my )

- Renormalizable and Gauge Invariant

B. Holdom, Phys. Lett. B 166, 196 (1986)
R. Foot & X.-G. He, Phys. Lett. B 267, 509 (1991)

<60 >
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dark « Dark Photon BSM extensions:

forces?

« U(1) extension of the SM
« Hidden gauge boson A’ — kinetic mixing (g)
with the SM photon
« the magnitude of € affects production rate and

T lifetime

\  portals

~ e - -

Vector portal — dark photons
Scalar portals - dark Higgs
Neutrino portal

Axion portal

Ya

Particle and Nuclear Physics Division <61 >
R SZYPEFER
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® Dark Photon searches: ZH and VBF

For massless y,

Y
Obs. Exp.
CMS VBF 35% 2.8% JHEP03(2021)011
CMS ZH 46% 3.6% JHEP10(2019)139
ATLAS VBF 18% 1.7% CERN-EP-2021-137
ATLAS ZH 23% 2.8% ATLAS-CONF-2022-064 v

g — .. 3‘ 1 O T T T LB S — 3
— 10|~ ATLAS Preliminary — Observed o ATLAS =
£ {s=13TeV,L =139 b’ = —— Observed 1 .
% : ZH_H o ---- Expected e Expected Ys=13TeV, 139 fb -
= gl 4MFon = 1 I Expected + 1o Limits at 95% CL —~
8 E +1 E
& B B Expected £ To i) Expected £ 26 VBF Higgs couplings =
c - Expected + 26 T GVEF with B(H—>yy )=0.05 3
S L Q -
£t < 107 E
N > = E
A I :
& b r ]
o 102 -

| 1 0_3 = 1 o 1 1 1 1 1 1 Lo

111 1 1 1 1 1 11 l 1 1 1 1 1 11 l 1 1 1 2 3
10 10
-

10 1 10 0 [Gev) m,, [GeV]

Particle and Nuclear Physics Division

KT SZHERFED <62>
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® ATLAS Dark Photon Combination Prospects

« Combination of VBF and ZH channels for SM Higgs (125 GeV) decaying into photon and
massless dark photon

« Combination of VBF and ATLAS mono-photon re-interpretation for heavy Higgs decaying into
photon and massless dark photon. (Our ongoing work)

Production ZH VBF Combined
ATLAS 2.3(2.8)% 1.8(1.7)%  This work! (next slide)
CMS 4.6(3.6)% 3.5(2.8)% 2.9(2.1)%

Particle and Nuclear Physics Division

R SZYPEFER <63>



ATLAS —e— Observed limit (95% CL)
<<<<<<<<<<< Expected limit (95% CL)
Vs =13TeV, 139 fo™ == Expected limit +10
SM fH-2yyq [ Expected limit +20
Obs. Exp.
ZH channelf~ 23 28
VBF channel- 1.8 1.7
Combined|- 1.3 15 >
111 PO 1 oo b b b Ty
0

95% CL upper limit on B x Oggr + var [Pb]

101

1072

T T T TTTI]

10-3

w_JHEP 08 (2024) 153

95% CL upper limit on B(H—-Yyyq) [%]

ATLAS —— Observed limit (95% cy 3
—e-- Expected limit (95% CL) -
Vs =13 TeV, 139 fb~! =3 Expected limit +10 1

BSM H-yyqy [ Expected limit +20
E= B(=0.05) x Otheory

—— VBF channel
—+— ggF channel
—e— Combined

Lol

o[

ol

TR I T I T | T |
1000 1500 2000 2500 3000

4 4 57

Eur. Phys. J. C 82 (2022) 105

Using the Higgs boson to search for dark photons

The ATLAS Collaboration has been looking for signs of dark photons in data collected by the experiment
during LHC Run 2 (2015-2018). Their newest search targets, for the first time in ATLAS, the production
of a Higgs boson in association with a Z boson, with subsequent decay of the Higgs into a photon and a

dark photon.
Physics Briefing | 15 September 2022

https://atlas.cern/Updates/Briefing/Higgs-Dark-Photon

<64 >


https://atlas.cern/Updates/Briefing/Higgs-Dark-Photon
https://atlas.cern/Updates/Briefing/Higgs-Dark-Photon
https://atlas.cern/Updates/Briefing/Higgs-Dark-Photon
https://atlas.cern/Updates/Briefing/Higgs-Dark-Photon
https://atlas.cern/Updates/Briefing/Higgs-Dark-Photon
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
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PADT NHA

New prospect and opportunity

with DarkSHINE initiative at
Shanghai

TsSUNG-DAO LEE INSTITUTE

Thanks and credits to DarkSHINE R&D team gﬁFNI%



Dark Photon search sensitivity: -
® collider vs fixed-target "

A=) &
‘o TSUNG-DAO LEE INSTITUTE

Phys. Rev. D 100, 115016 (2019)
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® Physics process and anticipated signatures

Processes to search for dark photon A" : Bremsstrahlung,
Annihilation, Meson decay and Drell-Yan process

3rv E%\lfﬁ\i‘s,'gﬁ

we?s/ TSUNG-DAO LEE INSTITUTE

Visible Visible
Bremtrasslung Annihilation

(Dark photon production) (dark photon decay)

Goal: put constraints on the
kinetic mixing parameter &.

Challenge: small production
rate > suppress bkg. from SM
processes.

Experimental signatures:
missing energy, missing
momentum.

<67 >
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® Experimental approaches

* High repetition rate single electron beam
« More striking record of single electron-on-target

event energy loss after recoiling

« Require: fast detector responses and readout
electronics, radiation hardness to allow high e-on-

target statistics.

* Energy + Momentum loss detection
 Synergy of high precision tracking and calorimetry

Be

am

- |

E _<Y%E

recoil

'\
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Background
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s/ TSUNG-DAO LEE INSTITUTE
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® The SHINE Facility

q‘}\-
-~
P2

¥ § 4 5

UNG-DAO LEE INSTITUTE

Shanghai High Repetition-Rate XFEL and Extreme Light Facility (SHINE) can provide high repetition
rate single electron beams — with dedicated kicker to be designed and deployed

» Electron energy: 8 GeV, Rep. Rate: 1MHz
 Beam intensity: 100pC (6.25E8 electrons/bunch) °

« ~3x10'4 electrons-on-target (EOT) per year.

« Under construction in ZhangJiang area (2018-2026)
Beamline R&D: ShanghaiTech. / SARI,CAS
* Detector R&D: SJTU/FDU /USTC / SIC-CAS / IHEP

FEL kicker FEL kicker

\ ~ 1 electron '

DarkSHINE kicker

\ 100 pC

- mEmm

60 ns

600 ns

1 s

£ -
Shaft 1 Shaft 2 Shaft 3 Shaft 4 Shaft 5 o cmoz-03

120 MeV
12A

8GeV SCRF linac  BDS FELs  BLs NEH BLs

270 MeV 2.1 GeV 8.6 GeV
85A

To DarkSHINE

L2 L3 FEL-11 (0.4-3 keV)

CM04-21 = CM22-75
5 2 FEL-1 (3-15 keV)

Kickers

1500 A 1500 A
FEL-11I (10-25 keV)

— -

SHINE linac
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® Detector system conceptual design

c
=4 .. O ..
- >0 >
nn.. O c o
S5 oo =
B oego VoS
) C [ Cth
metda .metd
cELSc| (GELS
sE28E| | 5528
L TLg o T 52 o
TTER I o ) L U=

veto muon and

hadron backgrounds.

Target (Tungsten)

Magnet
Trackers

The Dark SHINE detector hardware technical R&D is carried out in parallel to
the full detector system simulation and prospective study/optimization

©

S <

©
© w

—
tnn
oo 9O
o o0

(©)
Egpel
kewe”
Ctaho
cLery
= »h=002Y

Dark SHINE detector sketch

Readout electronics, trigger system, TDAQ, magnetic system (1.5 T),

Additional system:
etc.
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® Software Framework Further Optimization

Raw Data (.root)

MC Generator

CalcHEP

Physics List

l

DSimu
G4-based Simulation Program

Biasing

TGeometry

TSUNG-DAO LEE INSTITUTE

\V/AV/2N

Exp. Limits

Event Display

DPlot




® Now, let the Dark SHINE shining on the DM @) rudynm
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® (Science China) publication with highlights

- Sci. China-Phys. Mech. Astron., 66(1): 211062 (2023)
~ 1077

W

SCIENCE CHINA
Physics, Mechanics & Astronomy @Sﬁ“f“ﬁ’?‘

* Article « June 2022 Vol. 63 No. 1: 000000
https://doi.org/??

o T giGEaGevsEy 3

"t STCF4Gevsda |2

. . . N “"l‘ ;

Prospective Study of Light Dark Matter Search with a Newly =T %t storzewave [ 3

: P R ]

Proposed DarkSHINE Experiment Tt e e R VSl B

Jing Chent®¢?, Ji-Yuan Chen®*, Jun-Feng Chen", Xiang Chen®¢, Chang-Bo Fu', Jun Guo®<, 1 0—1 20 Q‘“«WSQTNE 4 GeV "3E14 EQT _ DARK SHINE, 1E16 EOT ]

Le Hef, Zheng-Ting He®", Kim Siang Khaw®®<, Jia-Lin Li®¢, Liang Li®¢, Shu Li*®><4<¢" Meng Lve, = _.:-l':“‘.‘_',‘."‘:'\‘"D'ARKEHI.NE:\B GeV, 3E14 EOT e

Dan-Ning Liu®¢, Han-Qing Liu®¢, Kun Liu*®<*, Qi-Bin Liu***, Yang Liu®®<, Ze-Jia Lu®®, 1 0_1 S e Invisibly Decaving Dark Photon E

Cen Mo®<, Si-Yuan Song®®, Xiao-Long Wang', Yu-Feng Wang+%>¢, Zhen Wang®®<, Zi-Rui Wang™, 14 . . o | sl |y| Ielclaly 9 ? | |° .o. L 3
Wei-Hao Wub<, Dao Xiang®*!, Hai-Jun Yang®®*"*, Jun-Hua Zhang®®*, Yu-Lei Zhang 1<, 10 5 3

Zhi-Yu Zhao**<, Xu-Liang Zhu*"<, Chun-Xiang Zhu®*, and Yi-Fan Zhu®* 1 10 10 10
m,[MeV]

Highlight remarks

Sci. China-Phys. Mech. Astron. 66(1): 211063 (2023) » Anticipated to have the sensitivity

improved by one order of magnitude
e e . compared to other experiment (e.g. NA64)
Editor’ s Focus « Aim to deliver 106 EOT stat. and cover

Sci. China-Phys. Mech. Astron. 66(1): 211061 (2023) most of the sensitivity regions of interests
<74 >




® Hardware R&D: Tracking

Nucl. Sci. Tech. 35, 201 (2024)

Tracker:

- Tagging tracker (7 layers) + recoil tracker (6 layers)
- Incident and recoil electron tracks
- Two silicon strip sensors w/ a small angle (0.1rad)

- Resolution: 10um (horizontal), 60um (vertical)

CBY) e d R T

e/ TSUNG-DAO LEE INSTITUTE

Lo

AC-LGAD silicon strip sensor 1x1
mm? designed, in collaboration
with IHEP.
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® Crystal ECAL R&D

Z=4cm

Nucl. Sci. Tech. 36, 41 (2025)

Measure the deposited energy of electron and

photon.

« Designed resolution: better energy resolution than 5%.

*  LYSO crystal (Lugq—x—y) Y2y CexSiOs):

« high light yield (30000 p.e/MeV) with good linearity.

« short decay time (40 ns).
« 20%20x%11 crystals, 2.5cmx2.5cmx4cm

« Readout with SiPM and waveform sampling.
« More intrinsic radiation and radioactive source

tests.

NPE

Ocm(20x)

Baseline design of each crystal: X,Y = 2.5 cm,
Z = 4 cm (radiation length: 1.14 cm)

5cm LYSO

Bt

11553
11505
11455
11405
11355

1130

\g/\

~ 2.48%

1125)




arXiv:2407.20723

TSUNG-DAO LEE INSTITUTE

® Crystal ECAL readout electronics

EAR Photons from ECAL crystal are detected
| using SiPM + fast readout system.
o U « SiPM (width~10s ns, rising edge ~2ns)
) | T & + ADC chip (AD9680 from ADI)

= 1, BT « ADC Mezzanine Card
e (e - Data transfer and processing

SPI

I ik 100MH:
clk 200MH:

refclk 250MHz. 1 EOV -up %

” ; & ADC performance has been tested.
o Analog input: Cosmic ray + SIPM (S13360-

[ 3050VE) + plastic scintillator

\ J i : N
) « Amplitude of SPE signal : ~42 LSB, 4.4mV
« Noise level : ~10 LSB, TmV
81235_""|'"'I""I""I""I""I"''I""I""I"'I [ T T T T T T
= 8,900 -
8,230 :
o 8.225 : SPE signal 8,800 -
’ SiPM: S13360-3050VE 8700; SiPM: $13360-3050VE
o 3220F ADC: 0.1038mV/LSB T ADC: 0.1038mV/LSB
Ss215F 88600
5 _F g
8210F ool
8,205 8400
8200 8300
Clock =
8195 8,200
8,190 C :
50 0 50 100 150 200 250 300 350 400 45( o % 700 750 20
Time (ns) Time(ns)
An SPE signal A cosmic ray signal
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¢ HCAL R&D

Nucl. Sci. Tech. 35, 148 (2024)

Veto backgrounds with same behavior as signal in ECAL
1.5 m x 1.5 m x 2.5 m (perpendicular to the beam), ~11 A (~160 cm iron, parallel to the beam)

« Split to 4 modules, 75 cm x 75 cm each
Iron absorber: 10 mm/50 mm thick, 75cm x 75 cm
Plastic scintillator: 10 mm thick, 75 cm x 5 cm, 15 bars per layer per module

* 90 degree rotation between 2 adjacent layers

« Wavelength shift fiber + SiPM
Side-HCAL: encircling the ECAL
Design has been optimized

w/ side HCAL Y

3' E%‘\L&i

s/ TSUNG-DAO LEE INSTITUTE

Veto

inefficiency
Particle 0 K0 70 5
Energy[MeV]
100 1.17E-03 | 3.16E-02 | 7.30E-06 | 3.07E-02
500 1.84E-05 | 3.30E-06 | 1.00E-07 | 8.04E-06
1000 3.70E-06 | 4.30E-06 | 1.00E-07 | 1.00E-07
2000 2.70E-06 | 1.15E-05 | 1.00E-07 | 1.00E-07

5 5




® DarkSHINE: a dream to be realized nearby @) Fuinaw

TSUNG-DAO LEE INSTITUTE
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® DarkSHINE R&D

SHINE SCIENCE Plus B EHIRE

S EIMERE T8 (UED) &
BHEEEFRANEESHERARRES
iEY6FtH5 (Dark Photon)

F— IR RIS R FETFAR

. GeVEBFS5PWH S chYsRiHklE

. BEFRIEISHISFX, ERARMNSEEHT

oA wN A

SHINEIR B Bl IEXES8ug e T
SHINEEFRRIZICIZE SIREERA
SIS

AIIBZN (SHINE Science PLUS)
HEZ BT ISR KIEEIR
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® International Conference shows

s/ TSUNG-DAO LEE INSTITUTE

ICHEP 2024

Lepton Photon 2023

Dark Matter 2023
HKUST-IAS-HEP 2024, 2023
AEIl 2023, 2022

IPAC 2023
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® Dark Photon Theory Progresses at TDLI/SJTU

PHYSICAL REVIEW D 101, 075016 (2020)

PUBLISHED FOR SISSA BY @ SPRINGER

)

RECEIVED: January 4, 2018
ACCEPTED: March 19, 2018

CP-violating dark photon interaction PUBLISHED: March 23, 2018

Kaori Fuyuto,"” Xiao-Gang He 244 Gang Li,>* and Michael Ramsey-Musolfl’S’§
YAmherst Center for Fundamental Interactions, Department of Physics,
University of Massachusetts Amherst, Massachusetts 01003, USA
2Department of Physics, National Taiwan University, Taipei 106, Taiwan
3T-D. Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University,
800 Dongchuan Road, Shanghai 200240, People’s Republic of China
“National Center for Theoretical Sciences, Hsinchu 300, Taiwan
5Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125, USA

Search for a heavy dark photon at future ete™
colliders

i

PUBLISHED FOR SISSA BY £) SPRINGER Min He,” Xiao-Gang He, > Cheng-Kai Huang’ and Gang L’

oMl
.|
.

RECEIVED: March 8, 2018
REVISED: September 11, 2018
ACCEPTED: October 31, 2018

PUBLISHED: November 9, 2018

S&

PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: September 2, 2020

Constraining photon portal Dark Matter with
TEXONO and COHERENT data

ACCEPTED: November 29, 2020
PUBLISHED: January 12, 2021

Dark photon dark matter in the minimal B — L model

Shao-Feng Ge®® and lan M. Shoemaker®

Regular Article -Theoretical Physics

Probing the dark axion portal with muon anomalous magnetic
moment

Shao-Feng Ge!?-2, Xiao-Dong Mal>*, Pedro Pasquini'-?-

Gongjun Choi,® Tsutomu T. Yanagida®® and Norimi Yokozaki®
PHYSICAL REVIEW D 102, 075001 (2020)

Strongly-interacting massive particle and dark photon
in the era of the intensity frontier

Ayuki Kamada ,! Masaki Yamada®,>** and Tsutomu T. Yanagida5’6
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SHINE Science Forum 2024: R
® Dark SHINE proposal shown for the 15t time & rmuncmotst nermm

Dark SHINE shown for the 1st
time at SHINE Science Forum
International Conference by
SHINE management!

Integrated into {SHINE Science
Plus) White Paper

Moving on to further
collaborations with facility end
for beamline deployment




More Physics Opportunities:

° .
ALP+DP, positron-on-Target mode
Minimal dark Axion-like particle portal

and Axion+DP co-existence

D D
Y= -u- 34 -:1_—
~ l l l l ~ l

) A d A T

TSUNG-DAO LEE INSTITUTE

Dramatically different sensitivity curve of Dark Photon search
when changing from electron beam to positron beam

Extra s/t-chan annihilation diagrams come into play for Dark

Photon production

SHINE can also deliver positron beam with low current...

AI

! . o —
(A, 2) o ‘\&J\‘ oF A" Mediator, ma = 3m,, ap =0.5
10771 :
106 1\ mle)[\h/ ?S,b* 2 \ [
@) v 10~} LA
- BABAR . g\
VA Z ’i 107°+
105 et S Belle II
A = 107100
E
(b) § 10§
5‘ N
a104 y e
- e [l 10-12L
S >
o] . o~
ot 10" 132
103 o
(© 107"
I0 1 L L L B N . L 1 1 1 ILIL_Jﬁ2 L L
10 10! 10
o
m, [MeV
]_02 E.=100 GeV on Pb, NA6de: e Z->e Zayp ™ s [ ]
E =160 GeVon Pb, NA64p: p Z->pZayp, = Fig. 1 Three different A’ production modes in fixed target lepton beam
E,=15GeVon W, M: pZ->uZayp experiments: (a) A’-strahlung in e~ /e*-nucleon scattering; (b) A’-
E.=16 GeV on Al, LlDMX eZ>eZavp 't

strahlung in ete™ annihilation; (c) resonant A’ production in ete™

annihilation Eur. Phys. J. A (2021) 57:253

103 102 101 100
rnYD[GeV]
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® More Physics Opportunities: search for muonium

A brief history

* The term Muonium was “stolen” by py+e- when it was discovered in the 1950s

« pure leptonic bound state of u* and e
« investigate p-e interactions
« test bound-state QED

« 1S-2S transition frequency (4 ppb)
ground state HFS (12 ppb)

« extract fundamental constants (m,/m,, q,/q. ®./u,)
« probe physics beyond the standard model (LFV, etc ...)

“fake” muonium

Smallest atom!
Test bound-state QED

u

“true” muonium

incoming outgoing relative rate
e B >c 10°
K -1
LI 3 ———y > e'e (ECAL) 10

P P 1072
Y 5
>3 3%
c [ Y

e L 1073

%’,‘ B Sy e*e™ (Target [350um])

% ‘————— photo-nuclear (ECAL)
o %

= (ECAL) Ay (ECAL
visible backgrounds ‘_> (Target [350um]) - photo-nuclear (Target [350um])
v 3

>y > u* i~ (Target [350um])
\

\

1 1

invisible backgrounds << 1078

Inspired by Prof. Kim-Siang Khaw
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® More physics motivations... ) ik d AR

Somme/  TSUNG-DAO LEE INSTITUTE

Dark SHINE could explore a vast array of sub-GeV physics with unique sensitivity
« New force carriers coupling to electrons, decaying visibly or invisibly

« Quasi-thermal DM, e.g. asymmetric DM or ELDER DM

« New long-lived resonances produced in the dark sector (SIMP)

« Freeze-in models with heavy mediators

« Axion-like particles (ALP)

« Milli-charged dark sector particles

« Probe neutrino-nuclear interactions (VN) via electro-nuclear (eN) measurements

and constrain nuclear models
’ MEPA 2025 WS = Nanjing Univ. & BIT

ga:mj DARCTEEIIR: i 1453y ’( DARK Bl

M=SA /A« -
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® Summary

bb+DM

« LHC continues to deliver highly valuable physical results
while Run-3 is cooking new results in the pipeline

« Dark Matter mystery remains puzzling while collider
searches provide sensitivity complementarity with non-
collider DM searches: Higgs Boson, Dark Photon (+
other magic bosons...) could be the keys to “mediate” e
the dark mystery! '

« Many hypotheses, diverse processes and signatures are
broadly surveyed and searched for but by far no hints
of Dark Matter

- Need to further diversify the data mining aspects in the ) (B v
collisions covering more unconventional signatures and —— ==
untouched stones T | D WHERE 1 ARK NATTER?® 60T

=) (_NOBODY ASKS “HOW IS DARK N\MTEQ?D

 In need of also future Fixed target experiments light the
way to DM mysteries such as DarkSHINE...

Particle and Nuclear Physics Division

AT SEAERED
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® backup @) Fudsnw

Particle and Nuclear Physics Division

AT SZAERE < 88>



® Hardware R&D: Tracking

arXiv:2370.13926

accepted by NST

Tracker:

- Tagging tracker (7 layers) + recoil tracker (6 layers)
- Incident and recoil electron tracks
- Two silicon strip sensors w/ a small angle (0.1rad)

- Resolution: 10um (horizontal), 60um (vertical)

CBY) e d R T

e/ TSUNG-DAO LEE INSTITUTE

Lo

AC-LGAD silicon strip sensor 1x1
mm? designed, in collaboration
with IHEP.
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https://arxiv.org/pdf/2310.13926.pdf

® Hardware R&D: Tracking
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arXiv:2310.13926
accepted by NST
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® Crystal ECAL R&D

Z=4cm

arXiv:2407.17800

submitted to NST

Measure the deposited energy of electron and

photon.

« Designed resolution: better energy resolution than 5%.

*  LYSO crystal (Lugq—x—y) Y2y CexSiOs):

« high light yield (30000 p.e/MeV) with good linearity.

« short decay time (40 ns).
« 20%20x%11 crystals, 2.5cmx2.5cmx4cm

« Readout with SiPM and waveform sampling.
« More intrinsic radiation and radioactive source

tests.

NPE

Ocm(20x)

Baseline design of each crystal: X,Y = 2.5 cm,
Z = 4 cm (radiation length: 1.14 cm)

5cm LYSO

Bt

11553
11505
11455
11405
11355

1130

\g/\

~ 2.48%

1125)




arXiv:2407.17800
® ECAL Unit Test submitted to NST

« Experiments based on LYSO and SiPM to study their properties

a. LYSO intrinsic radiation from 7$Lu — 7SHf b. Uniformity test with $9Co source
c. Cosmic ray test d. SiPM dynamic range test

e. Light yield changed with crystal size

Light Yield
g 00% s T T T T T T
2 C —— Measuvrementresut | W o - - "0 % a5 > E
E E it result I%J é uuuuu 3 E|
v} E € ® S 900 3
0.03— - 1155 2 80000 & E|
8 ” s = i 2 so0f- E
c 2 E z E
0.0251— * 1 = = / g 700 E
- | E 3 3
+ £ 60000 s00F- E
0.02f— 1145 3 E f 3
* + S 50000 %2 I ndf 3.839e+07 / 34 500 —
C " F f Prob 0 s00E- E
0015~ i { E 4000 f po 8.071e+04 + 337.1 E|
F L E ~ 2429 noN- 3000 p1 0.9419 +0.01168 300 E
0.01F- *H+ t 1135 L O-/o-11 x j E
= t t i E . ?‘MJ‘ 2000 200 E
£ t 11301 mifarmity 100 3
0.005— i JATTHTOTTTHLY 3
= # 1 43 N E 1000t E 1 2‘ é ‘l | é
- C 1
P P N S R B B9 1251 . . . . x10° Crystal Number
200 200 600 800 ioo0 1200 Bl — . = -~ - - 200 400 600 800 1000 1200 140
nergy [keV] : distance [cm] Nphoton - PDE
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® Design and beam test for 15t prototype Module

» Motivation:
+ Performance study under high energy and high repetition beam.
+ Technical validation for the whole detector system

» Prototype conceptual design: hybrid materials with LYSO as core scintillator, and PWO

as outer scintillator
* 15t prototype module for beam test (2x2 LYSO) at DESY

+ 8GeV electron beam, ~2 kHz repetition rate
» Crystal unit dynamic range test and digitization method validation

Simulation and experiment
can be in good agreement

3GeV
° 0.14
©
14 :

Simu, truth

2 012 L )
= | Simu, w/ Smear
E [ Simu, w/ SatCor
S 01

—e— Data

0.08
0.06}

0.04f

0.02f

2000
E [MeV]
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Prototype Design
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Motivation:

+ Performance study under high energy and high repetition beam.

* Technical validation for the whole detector system

Hybrid material design
* LYSO as the core scintillator, with high radiation resistance

+ PWO as the outer scintillator, with high density and more economical

Energy resolution is better than 3%(244 ch). Very low energy leakage

below 2.5 GeV.

Energy Resolution
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® Crystal ECAL readout electronics

SiPM and

-

Kintex-7 FPGA

Pre-amplifier
» . ring
Differential buffer {ADC
ADC
Driver
8
3
J[ ADC Board J
ADC JESD204B 4 lines | | JESD204 Receive
AD9680 = Core
sync
N
5 ® N
T o z z 1CS8440211
5 x ) H 5 125MHz
refclk 250MHz | poverp | || E
| _config L
Clock glbclk 250MHz SiT9102
AD9528 200MHz
sysref
sPI sPI ok 5MHz ck sys clk 200MHz]
master distribution
_EPGA /
rmrTam
8,235 T
8,230 |
ADC =
AD9680 o
EC 8225
8,220 |-
3 o
582151
Analog = =
Input Qo =
8,210 |-
FMC =
nnect 8,205 |-
8,200 -
Clock o
AD9528 8,195 |-
DCDC ’ =
module =
8,190
-50

ADC boar

arXiv:2407.20723

submitted to JINST

A %‘bﬁki‘ﬂ'ﬂ.ﬁ’

TSUNG-DAO LEE INSTITUTE

Photons from ECAL crystal are detected

using SiPM + fast readout system.
« SiPM (width~10s ns, rising edge ~2ns)
« ADC chip (AD9680 from ADI)
« ADC Mezzanine Card
« Data transfer and processing
« ADC performance has been tested.

« Analog input: Cosmic ray + SIPM (S13360-
3050VE) + plastic scintillator
« Amplitude of SPE signal : ~42 LSB, 4.4mV

Noise level ;: ~10 LSB, TmV

i

0

8,900 [
SPE signal 8,800 F
SiPM: S13360-3050VE s700F SiPM: S$13360-3050VE

ADC: 0.1038mV/LSB ADC: 0.1038mV/LSB

§8,600§
g&woé
8,400 -
8,3001
8,200
50 100 15(_:1"320(“82)50 300 350 400 45( ; 50 ﬁx(ns) 150 200
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¢ HCAL R&D

Nucl. Sci. Tech. 35, 148 (2024)

Veto backgrounds with same behavior as signal in ECAL
1.5 m x 1.5 m x 2.5 m (perpendicular to the beam), ~11 A (~160 cm iron, parallel to the beam)

« Split to 4 modules, 75 cm x 75 cm each
Iron absorber: 10 mm/50 mm thick, 75cm x 75 cm
Plastic scintillator: 10 mm thick, 75 cm x 5 cm, 15 bars per layer per module

* 90 degree rotation between 2 adjacent layers

« Wavelength shift fiber + SiPM
Side-HCAL: encircling the ECAL
Design has been optimized

w/ side HCAL Y

3' E%‘\L&i

s/ TSUNG-DAO LEE INSTITUTE

Veto

inefficiency
Particle 0 K0 70 5
Energy[MeV]
100 1.17E-03 | 3.16E-02 | 7.30E-06 | 3.07E-02
500 1.84E-05 | 3.30E-06 | 1.00E-07 | 8.04E-06
1000 3.70E-06 | 4.30E-06 | 1.00E-07 | 1.00E-07
2000 2.70E-06 | 1.15E-05 | 1.00E-07 | 1.00E-07

5 5




Nucl. Sci. Tech. 35, 148 (2024) .
® HCAL R&D @) Zyas e

10°

DCR [keps]

« Scintillator test in TDLI lab

« SiPMs performance are studied first, both size, gain and
noise are considered, and picked one type (Hamamatsu *
S$13360-3050, gain 1.7e6) for the rest tests 1

 test |
]

* Radioactive source test for uniformity
« Very good uniformity of the scintillator along the 75 cm

side
5 “‘10“”20””30””40 = L =
Threshold [mV]

« Cosmic ray test for photon yields

« Various types of scintillator are tested : sizes
(75cmx5cm/10cmx1cm/2cm), number of fiber grooves/used,

manufacturer/composition are tested
Noise test: to decide the minimal cut we could use in analysis
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® Collaboration with SHINE
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