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(1) Introduction



Introduction

rstand & engineer nature

Theory and model building
- Standard models, particle physics & cosmology
- Beyond the standard models (BSM)

Radius of Earth
Earth to Sun

Tabletops & quantum
Super-Microscopes
Experiments

- Tools: super-microscopes, super-telescopes, tabletops
get: new physics, new horizons, new worlds(?), ...
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Theory + Experiment

(Relevant Theory) (Relevant Expts )

Phenomenology

(Theory) {Experiments)

www.phenomen.physik.uni-freiburg.de
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www.phenomen.physik.uni-freiburg.de

Long-lived particles, cf. cr = 10um [1]

Particles in the Standard Model (SM) have lifetimes spanning an
enormous range of magnitudes, from the Z boson (1 ~ 2 x 1072 s)

through to the proton (7 = 103 years) and electron (stable).
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Figure 1.1: Particle lifetime c7, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the

Standard Model [1].
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An experiment perspective particles landscape

@Qﬁ THE PARTICLE LANDSCAPE
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From Feng’s talk, CERN 2023-06-19 [2]
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Connection to dark matter

HE COSMOLOGICAL LANDSCAPE

Strongly Iniéracting
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Weakly Intéracting Impossible to
LightParticles Discover

From Feng’s talk, CERN 2023-06-19 [2]
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Heavy and light long-lived particles

THE LLP LANDSCAPE
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From Feng’s talk, CERN 2023-06-19 [2]
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Beyond the standard model long-lived particles

(1) Hierarchy problem vs LEP limits conflict

SM SM
ﬁgéﬁ new Higf new
particle particle
S SM
(2) Solution:

Symmetry such that interactions involve new particle pairs;
E.g. R-parity for SUSY, Extended Higgs sector Z,-symmetry

(3) Lightest or next-to lightest new particle = long-lived particle
(LLP) and dark matter candidate

(4) Particle physics scenarios with and without gravito as
lightest new particle
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Beyond the standard model long-lived particles

(4) Particle physics scenarios with and without gravito as
lightest new particle
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Collider signatures of long-lived particles

disappearing or
displaced kinked tracks \
multitrack vertices | )
g non-pointing
-=" (converted) photons

vrging jets

|

trackless,
i low-EMF jets

lepton-jets, or
lepton pairs
-

B
-~
v
displaced leptons, . ;

~

multitrack vertices in the
muon spectrometer

>

quasi-stable
charged-particles

From LLP white paper [1].
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Collider signatures of long-lived particles
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LLP searches sensitive to the white band region
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Collider signatures of long-lived particles

Majority of searches @ LHC
make an assumption |

Discovery could be
hiding here!

v
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Lifetime —

Tracker resolution Detector size
O( 10 um ) O(10m)

From Goswami’s talk, CERN 2023-05-22 [3]
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Collider limits for long-lived particles

UDD, Gtbs, ms =2500 GV,
UDD, Gtbs, ms =2500 GeV.
UDD, 3, mi = 1600 GeV
unn, r-dd G

Splt SUSY, ggd, mg = 2500 GeV
SpIt SUSY, 5=d. mg= 1300 GeV.

01,
Soroes Mfwr, X
B,y 2 TO0 GV

G006 01 4,1 X = m; = 1600GeVs =15 ;sme/

G0 o1 G XY ms = 2000 GeV, m,

GMSB, )}+HG (50%)1Z6(50%), my; = 300 GeV.
GMSB 5PS8, x"~v6 mi=400GeV

Spit SUSY, M? mg = 1400 GeV, m;, = 1300 GeV.
SPI SUSY, =90, mj = 1400 GeV, mj, = 1200 GeV
SPit SUST, g0, m; = 1800 GeV, mj, = 1700 Gev
Spit SUST, g0, m; = 1800 GeV, m, = 1600 GeV

SMH=ZZ5(0.1%). Zo-+. mx = 20 GeV.
SMH=Z0Z6(0.1%), Zo-i(157%), my =5 GeV.
SMH=XX(10%), X-ee, me =20 GeV

SMH=XH(0.035%), X, my = 30 GeV.

M H=XH(10%), X5, m,
M H=XH(10%), X5, m
M H=XH(10%), X5, m
SMH=XH(10%), X7, e
SMH=XX(10%), X-see, me = 0.4 GeV.

SM H-W9(1%), Gluon portal, mn =5 GeV, (Xo. Xa) = 2.5.1)
SMH-9(1%), Photon portal, my = 5 GeV, (X, Xa) = (2.5.1)

SMH=W(1%), Vector porta, ma=5 GeV, (e, X
Gark QCD, My, =5 GeV, my,,

1)

Overview of CMS long-lived particle searches
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LLP colliders limits and white paper ...

Xiv:1903.04497

High Energy Physics - Experiment

[Submitted on 11 Mar 2018}
Searching for long-lived particles beyond the Standard Model at the Large Hadron Collider

Julette Alimena (1), James Beacham (2), Martino Borsato (3), Yangyang Gheng (4), Xabier Gid Vidal (5), Giovanna Gottin (6), Albert De Roeck (7), Nishita Desai (8), David Gurtin (g), Jared A.
Evans (10), Simon Knapen (11}, Sabine Kraml (12), Andre Lessa (13), Zhen Liu (14), Sascha Mehlhase (15), Michael J. Ramsey-Musolf (16 and 126), Heather Russell (17), Jessie Shelton (18),
Brian Shuve (19 and 20), Monica Verdueci (21), Jose Zurita (22 and 23), Todd Adams (24), Michael Adersberger (25), Cristiano Alpigiani (26), Artur Apresyan (83), Robert John Bainbridge (27),
Varvara Batozskaya (28), Hugues Beauchesne (29), Lisa Benato (30), S. Berlendis (31), Eshwen Bhal (32), Freya Blekman (33), Christina Borovilou (34), Jamie Boyd (7), Benjamin P. Brau (35),
Lene Bryngemark (36), Oliver Buchmueller (27), Makte Buschmann (37), William Buttinger (7), Mario Gampanelli (38), Gari Gesarotti (39), Chunhui Ghen (40), Hsin-Chia Gheng (41), Sanha
Gheong (42 and 43), Matihew Gitron (44), Andrea Gocearo (45), V. Goco (7), Eric Gonte (46), Félix Gormier (47), Louie D. Gorpe (38), Nathaniel Graig (44). Yanou Cui (20), Elena DallOcco (48),
C. Dallapiccola (35), M.R. Darwish (49), Alessandro Davoli (50 and 52}, Annapacla de Cosa (51), Andrea De Simone (50 and 52), Luigi Delle Rose (53 and 54), Frank F. Deppisch (38), Biplab
Dey (55), Miriam D. Diamond (9), Keith R. Dienes (31 and 56), Sven Dildick (§7), Babette Dobrich (7), Marco Drewes (58), Melanie Eich (30}, M. EISawy (5 and 60), Alberto Escalante del Valle
(61), Gabriel Facini (38), Marco Farina (62), Jonathan L. Feng (63), Oliver Fischer (22), H.U. Flaecher (32), Patrick Foldenauer (64), Marat Freytsis (65 and 11 and 66), Benjamin Fuks (67 and
68), litah Galon (68), Yuri Gershtein (70), Stefano Giagu (71), Andrea Giammanco (58), Viadimir V. Gligorov (72), Tobias Goling (73), Sergio Grancagnolo (74), Giuliano Gustavino (75), Andrew
Haas (76), Kristian Hahn (77), Jan Hajer (68}, Ahmed Hammad (78), Lukas Heinrich (7), Jan Heisig (58). J.C. Helo (78), Gavin Hesketh (38), Christopher S. Hil (1), Martin Hirsch (80), M.
Hohimann (81), W. Hulsbergen (48), John Huth (39), Phip liten (82), Thomas Jacques et al. (101 additional authors not shown)

Particies bayond the Standard Model (SM) can generically have Ifetimes that are long compared to SM particies at n as the Large atCERN,
these long-fived particies (LLPs) can decay far from the interaction vertex of the primary proton-proton colision. Such LLP signatures are distinct from those of promptly decaying particies that are targeted by the majority
of searches for new physics at the LHC, often requiring customized techniques.to ideny, for example, significanty displaced decay veriices, racks with atypical propertes, and short rack segments. Given their non-
standard naure, a comprehensive overview of LLP signafures at the LHC is beneficial to ensure that possible avenues of the discovery of new physics are not overlooked. Here we report on the joint work of a commurity
of theorists and experimentalists with the ATLAS, GMS, and LHGb experiments - as well a5 those working on dedicated experiments such as MOEDAL, millQan, MATHUSLA, CODEX-b, and FASER — fo survey the
current state of LLP searches at the LHC, and to chart a path for the development of LLP searches info the future, both in the upcoming Run 3 and at the High-Luminosity LHC. The work is organized around the current
‘and future potential capabillies of LHG experiments to generally discover new LLPs, and takes a signature-based approach (o surveying classes of models that give rise 1o LLPS ralner than emphasizing any particular
theory motivation. We develop a set of assess curtent searches; backgrounds; explore the capabilties of proposed detector upgrades; provide
recommendafions for the presentation of search results; and look lowards the newest frontiers, namely high-multipicity “dark showers", highlighiing oppariunities for expanding the LHC reach for these signals.

... are mostly simplified models based.

We propose new, complementary, approach: use other collider,
dark matter, eEDM, etc limits when benchmarking or
interpreting results.
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Searches for dark matter particle @

Collider

I::>

SM DM

Direct Detection

SM DM

<::I

Indirect Detection
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Electric Dipole Moment (EDM) of e~

https://sitn.hms.harvard.edu/flash/2014/

looking-closer-the-search-for-the-electron-electric-dipole-moment/
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Long-lived particle benchmarks based on the 30-parameters MSSM

AbdusSalam, Shehu'

! Deparmment of Physics, Shahid Beheshti University, Tehran

Abstract

Benchmarks for new physics searches at the large hadron collider (LHC) are
sometimes constructed around specific features of interest without incorporating
duly deserved results from other experiments. In this seminar, the
complementary approach, whereby new physics model points that passed non-
collider and dark matter limits are used, is going to be presented. This will be
within the context of an R-parity-conserving minimal supersymmetric standard
model with thirty free supersymmetry-breaking parameters (MSSM30). A
selection of MSSM30 spectra, featuring long-lived particles, that survive the
current electron electric dipole moment limits from ACME and JILA
experiments, and the supersymmetry and Higgs bounds from the LHC will be
extracted from a sample as benchmarks for further collider phenomenology
studies.
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A Question: What are the ways of getting LLP from BSMs ?

abdussalam@sbu.ac.ir

23



4
o b
~

(2) MSSM30 and sample with LLPs
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The MSSM

MSSM-105:  (M3)j,  (M2)j,  (MB)j,  (M2);, (M),
e M, , ez Mg, M3, MEH R MEIZ’ tan g3, ed)“,
(Av)ij = (auYu)i» (Ap)j=(apYp)j» (Ae)j= (aeYE);

Constrained MSSMs:
mSUGRA/CMSSM, mGMSB, mAMSB, LVS, G2-MSSM,
CMSSM:  my 5, mg, Ag, tan 3, sign(yz) ; GUT-scale

pMSSM: MSSM-105 minus “extra” {CP-violating, FCNC}
tan 3 m2 m2 - M . m3rdgen m1/2ndgen.A
) Hy» Ho! 1,2,3, 7 i '

y t.b,t
fi,2,3,4,5 fi,2,3,4,5 "

MSSM30: systematic reduction of parameters, 1411.1663
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Motivation: pMSSM global fit

(1) mp ~ 117 to 129 GeV @ 95% CR,
(2) my ~2to3 TeV, undetermined my , Mg, . ..

01 012 014 1 2 3
mp, mg

Y-axis: probability density See 0809.0284, 0904.2548
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Motivation: BSMs explorations proposal

-

Shehu S. AbdusSalam PhD Thesis, 2009

between different high energy SUSY breaking models. We predict that the Higgs boson
mass lies between 117 GeV and 128 GeV at 95% confidence level. We believe this is
a robust prediction that should be confirmed esee SETSY_is-dizcovered. at the LHC.
Our pMSSM parameters fit provides an appropriate arena for the LHC studies of the

MSSM which we wish to pursue further in future work.

Proposal:
extensive, robust explorations of BSMs to pass on/from
(o) HiggsBound, SModelS, SUSY-AI, dark matter, & eEDM

(o) Then: HPC, statistical/ data analyses
(o) Today: Deep-learning and advanced HPC should be used
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MSSM30 sample with LLPs
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MSSM30 sampl
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e with LLPs
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(3) Summary, conclusion/outlook
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Conclusion and outlook

* Use mode-independent results (fiducial cross sections)
* Machine-learning leveraged global fits

* Reinterpret using published likelihoods

* Prospects w.r.t future facilities

* SuperWIMP scenarios
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ATLAS LLP fiducial cross sections

processes beyond the Standard Model

&
2301.13866 diplaced vertices with jets
The results are used to set limits at 95% confidence level on model-independent cross sections for
Table 6: The observed data, expected background, observed (S:f") and expected (Sf;?v) limits on the number of signal
events, and 95% CL upper limits on the visible cross section (eryis) 3 .
Signal Region ~ Observed Expected $% 5% (i) 2, [1b]
High-pr jet SR 1 3.8 3148 0.027
Trackless jet SR 0 30 3473 0022
33
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