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Introduction

* No other new particles found despite many open questions:

* Nature of dark matter
« Abundance of anti-matter
* Neutrinos masses
» Three particle families with very different masses
» Higgs boson mass very light compared to the Plack scale
« Gravity
« Extension of the Standard Model needed!
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Standard model fermion mass spectrum
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Extended Higgs Sector

2 Higgs doublet models

Additional Higgs doublet
-> 5 physical Higgs bosons

2HDMs could:

» Explain matter-antimatter
asymmetry through
baryogenesis (adding CP
violation in the scalar sector)

» Can accommodate a strong first-
order electroweak phase
transition

Required by SUSY (MSSM)

HELMHOLTZ | FPF Subtopic 2: Searches for new particles and phenomena | Isabell Melzer-Pellmann Page 3



Extended Higgs Sector

Highlight: Search in 1t channel

Additional Higgs doublet Excess with global (local) p-value of 2.7 (3.1c) at 100 GeV,
- 5 physical Higgs bosons coinciding with a similar excess in the vyy final state at 95 GeV
2HDMs could: o CMS. . 138(13 Tev)
> Explain matter-antimatter : - Observed »
102 | Expected .
asymmetry ’Fhrough f I 652% expected ]
baryogenesis (adding CP 10l [ 95% expected

violation in the scalar sector)
1t

» Can accommodate a strong first-

order electroweak phase 107k

95% CL limit on o(ggd)B(d—17) (pb)

transition i ™
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Extended Higgs Sector

Highlight: Theory study

Additional Higgs doublet
- 5 physical Higgs bosons
2HDMs could:

» Explain matter-antimatter
asymmetry through
baryogenesis (adding CP
violation in the scalar sector)

» Can accommodate a strong

first-order electroweak phase 3 £hance trilinear Higgs

transition
Required by SUSY (MSSM)

Analyis of the thermal history of the 2HDM:
Determine the parameter regions featuring strong first-order
electroweak phase transition (EWPT)
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Extended Higgs Sector

Highlight : Search in tt channel

Difficult analysis because of interference with SM tt production
- need to search for peak-dip structure

g t
t > L LI SR L L B
K] 10°= ATLAS ¢ Data  [Jff E
A/H 3 E (s=13TeV, 140" [[JW+jets [[Multijet
== = 10’ & A/H - i, 1-lepton [l Single top [ Z+jets =
2 E Merged . i 3
£ F Postfit [ Others  *~ Uncertainty 3
- g @ 10° E In the lower panel: =
t t E m,=500GeV, tanf=2.4 x5 3
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> x10° . S — E E
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Extended Higgs Sector

Highlight: Search in tt channel

Difficult analysis because of interference with SM tt production

(o} 5.0 T T T T T T T T T
] C
- need to search for peak-dip structure S4sf ATLAS 1 -
g . Vs=13TeV, 140 fb~
7 e 2HDM, A/H — tt, cos(B—a) =0
3 10°F A I ' Data A
(0] £ ATLAS ¢ ata ] . E Observed 95% CL exclusion |
A/H 3 £ (s=13Tev, 140fp" [JW+jets  EMultiet 3 Expected 95% CL exclusion |
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Extended Higgs Sector

Highlight: Search in tt channel

Extend search in tt channel to lower di-top masses

CMS preliminary 17 138 fb~2, Run 2 (13 TeV)
B Other . tX tt Prefit uncertainty { Data
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using 2 spin
observables Postfit (E£G + n)) ne b(n) =l1.1140.12 Urlcertainty
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> Deviations observed in close to the tt production threshold
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> Not yet well understood region (non-relativistic QCD)
-> strong exchange with theorists
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Extended Higgs Sector

Highlight: Search in tt channel

Extend search in tt channel to lower di-top masses

CMS preliminary 17 138 fb~2, Run 2 (13 TeV)
mm Other . tX tt Prefit uncertainty
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> Not yet well understood region (non-relativistic QCD)
-> strong exchange with theorists
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Extended Higgs Sector

Highlight: Search in tt channel

Extend search in tt channel to lower di-top masses

CMS preliminary 138 fb~1, Run 2 (13 TeV)
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Simplified pseudoscalar

bound state model:

> fits well to data in
threshold region

» cannot be separated from
pseudoscalar toponium
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Extended Higgs Sector

Highlight: Search in tt channel

Extend search in tt channel to lower di-top masses

CMS preliminary 138 fb=1, Run 2 (13 TeV) 3.0 .CMS Preliminary 138 fb~! (13 TeV)
—— A(365, 2%), g =0.75 + 0.03 3 95% CL exclusion, M = 5.0% mx
| H(365, 2%), =0.00+027 95% expected [ Observed
11— (365, 2%) In° — o 25| mmm 68% expected  [III1I Fag > T
T 7| Postfit (BG + A/H), /I Interpretationin | Median expected
8 No tt bound states 2HDM: 2.0
o \ Combined fit shows
S | \ l L | | data excess > 50
© 1 O + - " | | !
Qo RN ' !
o b
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ATLAS at higher masses
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Supersymmetry

An additional space-time symmetry: new partner particles with spin differing by 1/2

Supersymmetry could explain:

» Dark matter
(DM = lightest SUSY particle)

» Neutrino masses
Implications for theory:

» Hierarchy problem

> Unification of forces possible

» Gravity can be included
However, not yet observed:

» Broken symmetry

—> expect partner particles
with higher masses

Copyright: STFC/Ben Gilliland
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Supersymmetry

Strong contributions to many SUSY searches, excluding strong-coupling partners in the TeV range

Supersymmetry could explain:

» Dark matter

(DM = lightest SUSY particle)

> Neutrino masses

Implications for theory:

» Hierarchy problem

> Unification of forces possible

» Gravity can be included
However, not yet observed:
» Broken symmetry

—> expect partner particles
with higher masses
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> Highlight: top squark search
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— T T T
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- - - Expected

S LS 6/ T - bWE /T b
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B S )1, bW/ > b
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Diverse set of searches needed to cover full phase space
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Supersymmetry

Reinterpretation in other (more generic) models

» Highlight: top squark search with reinterpretation in DM limits

15=8,13TeV, 20.3-140 b ' August 2023 b YA
T T T T T T a0

=102

Similar final
state

100
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% |
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Reinterpretation in dark matter model, excluding mediators < 300 GeV

HELMHOLTZ | FPF Subtopic 2: Searches for new particles and phenomena | Isabell Melzer-Pellmann Page 14



Heavy neutral leptons

Neutrino oscillations are BSM = require small neutrino mass

Heavy sterile neutrinos could
explain:

> Neutrino masses

» Baryon asymmetry of the
universe (through
leptogenesis)

» Dark matter (warm DM)
Cosmological impact on:

> Blg bang nucleosynthGSIS !f?a;y - Clharged Ordinary
» Cosmic microwave L ey e R 20
baCkg round (no gauge Svi®) -
interactions) v W) M (N )
R
1010 Gev 1GeV 10 10GeV| 0 M
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Heavy neutral leptons : ’

Highlight: Search in the phenomenological type-l seesaw model
Heavy sterile neutrinos could Search for right-handed sterile neutrinos N with :
g " b — ¢t
explain: > a large SM gauge-invariant Majorana mass /’/Wi\
» Neutrino masses > coupled via Yukawa interactions to the left- .
> Baryon asymmetry of the handed active neutrinos
universe (through s 0
leptogenesis) SRk

95% CL Limits

» Dark matter (warm DM)
Cosmological impact on:

» Big bang nucleosynthesis

Combination
. . —— Observed Limit Individual channels (observed)
== Expected Limit — ee
» Cosmic microwave e
Expected Limit +2¢0 —— uu [EPJC 83 (2023) 824]
background . . .
g 10? 103 104

my [GeV]

» Strong bounds on |v\y| (matrix element describing the
mixing of the mass eigenstate of N with the SM v, or v,)
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Heavy neutral leptons : ’

Highlight: Search in the phenomenological type-l seesaw model

= - o - - - N
Heavy sterile neutrinos could Search fpr right-handed sterile neutrinos N with
iNn* 0 g o + e
explain: > a large SM gauge-invariant Majorana mass v
» Neutrino masses > coupled via Yukawa interactions to the left- )
> Baryon asymmetry of the handed active neutrinos
universe (through e 3 OFamas LT A e
leptogenesis) R A / i B o
95% CL Limits £ . / £=35.9f0!
» Dark matter (warm DM) —T A 1 e
f els B - ] Ls:zg.-gef\b!‘l
Cosmological impact on: ] )
8 10_4 E. 3 EI; 15:hfe:)n7nlel
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. . = Observed Limit Individual channels (observed) - 3 ‘?}!\lAESPséﬁhazT)q%I 122
» Cosmic microwave mm Expected L 210 o ] e
backg round ‘Expected Limit +20 . —— up [EPC 83 (20]23) 824] . I , , , e ‘ini;)gf(ggm)om
102 10° 10 050 10' 10° 10° 10°
my [GeV] my [GeV]

» Strong bounds on |v\y| (matrix element describing the
mixing of the mass eigenstate of N with the SM v, or v,)
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> Extend phase space to higher masses
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Long-lived particles

Extending to long-lived signatures

> Expected in many BSM
scenarios (not only HNL)

» Might escape standard
reconstruction!

neutral . ) =~
d
charged Isai’rgii”ng kinked track M lepton
=—— any charge =
photon
W anything
displaced
HSCP lepton
AR W A
i displaced,
displaced .
I t:
photon delayed jets
displaced Not pictured:
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vertex

" emerging
jet

out of time decays
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Long-lived particles

Extending to long-lived signatures

> Expected in many BSM Highlight: Search for events with displaced collimated SM fermions
scenarios reconstructed in the calorimeter or muon spectrometer
> Might escape standard > Development of special reconstruction for dark photon jets
reconstruction!
f & 1E \a\ = 74
T E 73
I \ P
o 10_1§ \ // E
dark fermion f 4 HLSP 8 E \ / 3
Hoeoo- hidden lightest = 1072E N /// = E
stable particles . yrsp = = ——— 3
fa g 107 E
% _4; 2;’-1’;45\/ 13917 e (m,, m, )=(125, 0.017) GeV é ™
10 = FRVZModel _52:23228228333 E 0
f s ggF selection, 2u — = (m, m)=(125, 2) GeV . o
= 107 & 95% CL limits - (m,m)=(125,10)GeV  — |
f Bod v vl i iy ad o
1 10 10 10° 10* &
ct [mm] ©
o
Exclude long-lived dark photons with 0.4 GeV < m,4 <2 GeV i
for Higgs BR of §(1%) and 10 mm < ¢t < 250 mm =
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Search for the rare decay B* — K*vv

Prohibited at tree level in the SM

» known with high accuracy in the %
SM: (5.6 + 0.4) x 10-6 G \

> Unique for Belle I B

Significant enhancements from
new physics

» New invisible particles in final
state

o/
bﬂwﬁct ;W
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» New mediators in the loop

» Common explanations of R(D(),
muon g-2 anomaly




First evidence for the rare decay B* — K*vv
Branching ratio 2.7c higher than expected by SM

Prohibited at tree level in the SM  Result of combination of two independent analyses:

» known with high accuracy in the p =4.6%1.0 (stat) £ 0.9 (syst)
: x 106 _ : -
SM: (5.6 +0.4) x 10 BB+ - K*vi) = [2.3 % 0.5 (stat) 03 (syst)] x 1075
» Unique for Belle I! > 3.56 significance wrt the background-only hypothesis
L > First evidence ~SM Average
Significant enhancements from S :
. _ : Belle IT (362 fb™!, combined
new physics Lt | i T Bl e
L , - W, v i ol Belle II (362 b
> New invisible particles in final m : : L e
3 3 : i Belle II (7 ©
state b N : 5 : o 2re07 M ©
. . - _|_I o Belle II (63 fb!, inclusive) a
» New mediators in the loop v v : - S o
" N P Belle (711 fb™!, semileptonic) e
. (*) 1 1.0+ 0.6 PRD96, 091101 q_
» Common explanations of R(D()), - - : : . Belle (711 b, hadronc) S
muon g_2 anomaly 5 . : 294 1.6 PR|)37,111|031 . . E\I_,
" . " —— Eilfgrm(ﬁil’)SHfﬁQ, semileptonic) -
w . 1 . -
W N BaBar (429 fb"!, hadronic) ‘C—>
E W+ T+ - I ; l : I | I I l | ‘ I.Eill.fi I]’HI)??T,H?U(){) I I I E
. o 0 2 4 6 8 10 o

10°x Br(BT—K " uvp)
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Search for t>pupup

Most stringent limit to date

> Neutrino oscillations: first sign of Search at Belle Il with 424 fb-1

lepton flavor violation > u identification is the most powerful discriminating variable

» How about charged leptons? > Observed limit on branching ratio: 1.9 x 10-8 at 90% C.L.

» Immeasurable small rate in

2
®

= Belle IT Signal region é b | Belle IT + Dat
@ B : —— +200 region b ~ B ata B pppp
standard model g o3 Z(MZW s — St wE 3 Jear-up — s e
. & Top ) =610 4+ Data = | B —uptnT)=5x107" “ vy, Stat.
» Enhancement possible through S E = - Une.
ment p g s i,
new particles < 3
0.1 g S
= 2N
102 E 5 |
- = >4
0.0
~2\\v/< 'u+ R
3 o\
‘Q\ ’ U —0.1 ' ©
T - ﬂ 10! ] —
L 4 24 §
—0.2-L° ] o
! il
—03 03 N
1.65 1.70 1.75 1.80 1.85 1.90 )
M, [GeV/c?] N
o
Ll
I
)
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SMEFT

Searching for signs of resonances that are too heavy to be produced at the LHC

> Model independent framework
» Assumes new-physics states
are heavy
> Write effective Lagrangian
with only light (SM) particles

> BSM effects can be
incorporated as a momentum
expansion

> Intensively studied by theory

> Interpretation also by LHC
analyses

£=£SM—I—Z

/

SM

N

mipkEefe—f e e e e —_— -

LHe Energy -
dimension-6 dimension-8
C; =0 Z C; d=8

YAt

BSM effects SM particles
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SMEFT

Searching for signs of resonances that are too heavy to be produced at the LHC ™%
N, Abideh Jafari |

> Model independent framework Highlight: Probing t-Z couplings with EFT

» Assumes new-physics states > t-Z coupling modified by various BSM scenarios ::WWWZ
are heavy _ _ > Novel approach: constrain several t-Z EFT operators ST
> Write effective Lagrangian in a simultaneous analysis of ttZ, tWZ, & tZq events: b W
i @ity gl (Sl peleles » Consider up to 5 EFT operators simultaneously z
> BSM effects can be > Pi D L : hni EET t
incorporated as a momentum ]lfon?er use of Deep Learning techniques to target . .
expansion © eg S e
> Intensively studied by theory oot N % L Z

b

s

Events / bin

2

> Interpretation also by LHC
analyses 10

5 +
8F (C, /A% Gy /A% cjﬂ /A?) [TeV?

6F =(0.5,0.5,1)~(1,1,3) —tZq--Total pred.
aF

2

SM+EFT
SM

1 2 3 4 5 6 7 8
NN-5D-tZq output

JHEP 12 (2021) 083
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SMEFT

Searching for signs of resonances that are too heavy to be produced at the LHC

> Model independent framework Highlight: Probing t-Z couplings with EFT
» Assumes new-physics states

are heavy

> Write effective Lagrangian
with only light (SM) particles

> BSM effects can be

incorporated as a momentum

expansion

> Intensively studied by theory
> Interpretation also by LHC

analyses

N, Abideh Jafari |

. o . . L YAaVa V.V
t-Z coupling modified by various BSM scenarios !
. t
Novel approach: constrain several t-Z EFT operators BT —>—
in a simultaneous analysis of ttZ, tWZ, & tZq events: b W
» Consider up to 5 EFT operators simultaneously 4
: . . t
» Pioneer use of Deep Learning techniques to target EFT
effects _ q q
c . 138 fb (13 TeV) o . 138 b (13 TeV, 20 —
2 7T e oo o 3 o CMS —&& ez VW 7
1 &z 150 % Best it 16 g b t
~ c 14 |
5 o1E 12 2
10 o E o
0.5? 10 —~
i : =
g 0.5/ e
“ 05 ! E 4 N
E| 8E(C, /A% Gy /A% Cly /A ITeV Y E -1 2 =
%3 3:—(0.5,0.5,1) (1,13)—1Zq--Total pred. E||||||| o
T et 15 -1 -05 0 05 12 15 L:;:J
NN-5D-tZq output Ctz/ A [Tev- ] -
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Summary

Many searches done, important contributions from theory

» ATLAS, CMS and Belle Il have been
performing a diverse set of searches

» Theory provides important guidelines and
frameworks, e.g. SMEFT

» Trying to turn all stones, so far only a few
exciting excesses

» More data to be analyzed, stay tuned!

R(D*)

0.35

03

0.25

0.2
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R
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68% CL tontours
BaBar

4 HFLAV SM Prediction
R(D) =0.298 = 0.004
R(D*)=0.254 +0.005

R(D)=0.342 =0.026,,
R(D*)=0.287 +0.012
p=-0.39

P(x?) =35%

total

0.2
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Extended Higgs Sector

2 Higgs doublet model: Search in tt channel

Additional Higgs doublet
- 5 physical Higgs bosons

2HDMs could:

> Explain fermion masses and
mixings by different couplings to
the different bosons

Explain matter-antimatter
asymmetry through
baryogenesis (adding CP
violation in the scalar sector)
Accommodate a strong first-

order electroweak phase
transition

2HDM are a natural extension in
SUSY (MSSM)

Highlight: Extended search in tt channel to lower di-top masses by CMS:
3D search using 2 spin observables and myDilepton & lepton+jets

1<Chan<-3 -1<Chan<-1 -1<Chan<-3 2 <Chan<3i 3<Chan<3 3<Chan<3 3<Chan<1l 3<Chan<l 3<Chan<l
1<Chet <5 3<Chea<3 3<Chea<l -1<Chea<-: -5<Chei<3 3<Chea<l -1<Chea<-3 -+<Cha<3i F<Cha<l
Postfit (BG + A/H) [ A(365, 2%), 9o =075+0.03 | —— H(365, 2%), g =0.0 +0.27 Uncertainty
= L.1'\o tf bound states / 20 channel
2 M }
bbb O L el it
é ) \M J Lm.\i ‘ ‘Mﬂ“ . \ﬂ MJH\H b L Hr” | l |HJ| [k .mi | ‘ l m \Ll“l \ |
£ 105 AT AR 1 Al 0
2 ] }Www F IR HM : ‘ f
o | \ }
©
-4
08 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200
myt (GeV)
_ 3.0, CMS Preliminary 138 fb~! (13 TeV)
K 95;/;;Lexclutsizn, Ta= sgg/o ™ E ZD‘ECN‘!S_ ‘ "3 b1 (13 Tev)
. . 25 :f,lsei:i::%(d:ged Mo > Ta ‘i;g :épfhm:::;vﬁt /_\\Nntibcundstates: Data prefer
Dilepton & lepton+jets , ’ 5T . pseudoscalar
= - Q 05F_— 450 A ]
combined fit shows ol & e | over scalar
data excess > 50 ()} hypothesis
45%—— Expected (b) b\\.\ - //’
No té bound states f = Obseived Seme”

0040
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Extended Higgs Sector

2 Higgs doublet model: Search in tt channel

Additional Higgs doublet Highlight: Extended search in tt channel to lower di-top masses by CMS:

- 5 physical Higgs bosons 3D search using 2 spin observables and my

2HDMs could: PPt | oot i ] it | ko | orionins J | ool & ot | gl

> Explain fermion masses and Postiit (6 + o M ) =1.1120.12 Uncertainty

- 11
mixings by different couplings to g { ’ } | ” } |
the different bosons T ok : {T) | L My L e {} L | L
. . 5 * fi
> Explain matter-antimatter & | } H : | } }’ }
asymmetry through £ 66
. . 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200 600 1200
baryogenesis (adding CP M (GeV)
. . . . CMSPIe'I/'minar};ev 138 fb~! (13 TeV)
violation in the scalar sector) Simplified pseudoscalar = " ;

» Accommodate a Strong first- bound state model: & o Caution: Yet a simplified model!
order electroweak phase > fits well to data well in S — = i lo(m;) = 7.1+ 0.8 pb|
transition threshold region N ]

o > cannot be separated ) S NRac: [or (7,)PT = 6.43 pb| &er)’

2HDM are a natural extension in from pseudoscalar il

SUSY (MSSM) toponium o, 2100200 Cha””e'd HIG-22-013
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Heavy Z’

* [85] ATLAS Collaboration, » 87 ATLAS Collaboration, Search
Search for top-philic heavy for dark matter produced in
resonances in pp collisions at \'s association with a Standard
=13 T eV with the ATLAS Model Higgs boson
detector. Eur. Phys. J. C 84, no. . decaying into b-quarks using the
2, 157 (2024). doi:

full Run 2 dataset from the
ATLAS detector, JHEP 11
(2021) 209. doi:

+ 10.1007/JHEP11(2021)209

10.1140/epjc.a10052-023-
12318-9

* [86] ATLAS Collaboration,
Search for heavy resonances
decaying into a pair of Z bosons
in the {+{-'+'- and £+{-vv final
states using 139 fb—1 of proton—
proton collisions at Vs = 13 TeV
with the ATLAS detector. Eur.
Phys. J.C 81, no. 4, 332 (2021).
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Long-lived particles

Extending to long-lived signatures

» Emerging jets

1
1
= T A
U“u} [0 M w‘ " i: +:L 10 2 = :
-7 \) i 3 i
10 M\Wm\ﬂ] '“‘ J, | Bellell
_ =\ \

> Expected in many BSM Highlight: Search for long-lived spin-0 particles S in B-meson decays
scenarios, also at Belle Il mediated by a b — s quark transition
» Might escape standard o BRI IR
reconstruction because of: P E Ty j:}: | ;
> Displaced vertices 2 - o IS
[N [ N,_.\_\
» Disappearing tracks 7 gy

. i | i
> Displaced photons Wl ::“:'WW & Lhoo ﬁ( <
i 107 W‘h M T = o
» Out-of-time decays . L 1h =
10,3 X Belle I ~
. s [Ldt =189 fb? A
1076 Belle Il " : CTTSO o Wi -i< 0 i
T S — cr=tom E ms (GeV/c?) g
107 = U = o AN
10 10 10 10 =
ms (GeV/c?) 8
Model-independent upper limits on =
B(B? — K*(892)°(— K*m~)S) x B(S — x*x~) and i

B(B* — K*S) x B(S — x*x~), with (x = e, y, m, K)
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