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Motivation: Importance of Long-Lived Particles (LLPs) in BSM
theories

Examples of Models with LLPs

LLPs at the LHC : The need to search for non-standard signatures

Mapping the Lifetime Frontier



The SM is full of long-lived particles (LLPs)
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From now on : LLP = BSM particle that dies (gives up all its energy or decays to SM) somewhere in the
detector acceptance. J.Beachman @ LHC-LILP workshop, CERN



https://indico.cern.ch/event/607314/
https://indico.cern.ch/event/607314/
https://indico.cern.ch/event/607314/
https://indico.cern.ch/event/714087/contributions/2985912/attachments/1650512/2639545/Beacham_LHC_LLP_CERN_Intro_and_Goals_2018May16.pdf

Importance of LLPs beyond the SM:
We need BSM physics ...

baryons antibaryons

. . Source: wikipedia.org,
MOth&thﬂ nobelprize.org

Theory
Baryogenesis SUSY (
X - Higgs Portal ¢ )
Gauge Portal )
Dark Matter ( )
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Phenomenology
;;Jf:t/ures Experiment
Data

.. to explain naturalness, baryogenesis, dark matter and neutrino masses. We need to
invest in a dedicated long-lived particle (LLP) program at colliders/experiments
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https://en.wikipedia.org/wiki/Dark_matter#/media/File:Gravitationell-lins-4.jpg
https://www.nobelprize.org/nobel_prizes/physics/laureates/2015/popular-physicsprize2015.pdf

Examples of New Physies Models with Long-Lived
Particles



Supersymmetry : R-parity violating SUSY R. Barbir et al, Phs ot 420 (2005,

H. K. Dreiner, G. G. Ross, Nucl. Phys. B365 (1991)
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Small couplings


https://www.sciencedirect.com/science/article/pii/S0370157305003327?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0550321391904432?via%3Dihub

Supersymmetry : Split S U SY N. Arkani-Hamed and S. Dimopoulos, , JHEP 05068(21(%?)[](?;3

G. Giudice and A. Romanino, Nucl.Phys. B699 (2004)

Heavy SUSY scalars

2 TeV\° m .
cT ™~ 2 X 10_1 _— mm
! ( M, ) (106 Gev)

highly off-shell squarks

Displaced gluinos in:
P. Gambino, G. Giudice and P. Slavich, Nucl.Phys. B726 (2005)



http://dx.doi.org/10.1088/1126-6708/2005/06/073
https://www.sciencedirect.com/science/article/pii/S0550321304009277?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0550321391904432?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321305006772?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0550321391904432?via%3Dihub

GGM:
G. F. Giudice and R. Rattazzi, Phys. Rept. 322 (1999)

Supersymmetry : Gauge Mediation

5 \/F 4
SRS PR = -3
) (IOOTeV) e

suppressed

Some displaced GGM studies in:
B.C. Allanach, M. Badziak, G. Cottin, N. Desai, C. Hugonie, R. Ziegler, Eur.Phys.J. C76 (2016)
A. Delgado, G. F. Giudice, P. Slavie, Phys. Lett. B653 (2007)



https://www.sciencedirect.com/science/article/pii/S0370157399000423?via%3Dihub
https://doi.org/10.1140/epjc/s10052-016-4330-3
https://www.sciencedirect.com/science/article/pii/S0370269307008908?via%3Dihub

Sterile Neutrinos : Standard Model

pp - WE - NI

N — I*qq

N — I'Fl*y,

N — yqq

Some displaced N studies in:

G. Cottin, J.C. Helo and M. Hirsch, arXiv:1806.05191

E. Izaguirre and B. Shuve, Phys. Rev. D91 (2015)

S. Dube, D. Gadkari, and A. M. Thalapillil, Phys. Rev. D96 (2017)
J. C. Helo, M. Hirsch, and S. Kovalenko, Phys. Rev. D89 (2014)

N Seesaw:
P. Minkowski, Phys. Lett. 67B (1977)

R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980)
J. Schechter and J. W. F. Valle, Phys. Rev. D22, 2227 (1980)
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See also Hiroyuki Ishida and
Xing-Bo Yuan’s talks !


https://arxiv.org/abs/1806.05191
http://dx.doi.org/10.1103/PhysRevD.91.093010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.055031
http://arxiv.org/abs/1312.2900
http://dx.doi.org/10.1016/0370-2693(77)90435-X
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.44.912
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.22.2227

Sterile Neutrinos : Left-Right Symmetric model LR model:

J. C. Pati and A. Salam, Phys. Rev. D10, 275 (1974)
R. N. Mohapatra and J. C. Pati, Phys. Rev. D11. 2558 (1975)

SU(2)L X SU(Z) R X U(l) B_L R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981)
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TN ~ 012 —— - '
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unknown
mass of the new, heavy right-handed
cgauge boson

Some displaced LR studies in:

G. Cottin, J.C. Helo and M. Hirsch, Phys. Rev. D 97 (2018)

M. Nemevsek, F. Nesti, and G. Popara, arXiv:1801.05813

J. C. Helo, M. Hirsch, and S. Kovalenko, Phys. Rev. D89 (2014) 10



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.275
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.11.2558
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.165
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.055025
https://arxiv.org/abs/1801.05813
http://arxiv.org/abs/1312.2900

Slide from David Curtin @ May LLP Workshop. CERN

IR LLP Scenario

Motivation

Top-down Theory

Naturalness

Dark Matter

Baryogenesis

Neutrino
Masses

RPV SUSY
GMSB
mini-split SUSY

Stealth SUSY
Axinos

Sgoldstinos

Neutral Naturalness
Composite Higgs

Relaxion

Asymmetric DM
Freeze-In DM

L —
Co-Decay

Co-Annihilation
Dynamical DM —>{

WIMP Baryogenesis

BSM=/—LLP

(direct production of BSM state at LHC that is or decays to LLP)

[aw)

[idden Valley =}~

SM+S

Leptogenesis

SM+V (+8)=

exotic Z

decays

exotic Higgs

decays

Minimal RH Neutrino—
with U(1)p.L Z* s :

with SU(2)r W =it |

long-lived scalars

with Higgs portal -
from ERS: = = a5 EL2ie 2
Discrete Symmetries

HNL

exotic Meson
decays

See also M. C. Chu,
P. Q. Hung, H. M.
Lee, M. Spinrath, S.
Sun, Y. Tsai and
Sming ’s talk !
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https://indico.cern.ch/event/714087/timetable/

How do we look for all of this new physies at
colliders ?



electron

Standard Signatures
@ LHC detectors _ muon

Source: CERN https://home.cern/topics/large-hadron-collider

missing
energy

Source : http://www.fnal.gov/pub/today/images/images11/CMSResult04221 1figurel.jpg



http://www.fnal.gov/pub/today/images/images11/CMSResult042211figure1.jpg
https://home.cern/topics/large-hadron-collider

BUT sadly, no signs of BSM

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Statds: July 2017 Jrdt=(32-37.0) 1 Vs =8,13TeV
Model Ly Jetsi T [rai] Limit Reference
T T — T — T ——
ADD Gy +g/q Oei 1-4]  Yes 361 |Mp 7.75TeV. n-2 ATLAS-CONF-2017-080
ADD non-resonant yy 2y = - 367 |Ms 86TeV  n=3HLZNLO CERN-EP-2017-132
ADD QBH = 2] - 870 My 89TeV. n-6 1703.09217
ADD BH high )’ pr- 2lep 22j - 32 [My 82TeV|  n=6Mp—3TeV,rotBH 1606.02265
ADD BH multijet - 23] B 36 | My 9.55TeV. , My =3 TeV, rot BH 1512.02586
RS1 Gk = yy 2y - - 36.7 | Gk mass 4.1 Tev k(M 1 CERN-EP-2017-132
Bulk RS Gyx = WW — qqlv Tepu 14 Yes  36.1 Gyk mass 1.75 Tev. k/Mp =10 ATLAS-CONF-2017-051
2UED/RPP leu 22b23) Yes 132 |KKmass 1.6TeV Tier (1,1), B(A®) — 1) = 1 ATLAS-CONF-2016-104
SSMZ' — (it 2ep - - 861 |Zmess 45TeV ATLAS-CONF-2017-027
SSM Z' - 11 27 - - %1 [Zmass 247TeV ATLAS-CONF-2017-050
Leptophobic Z’ — bb. - 2b = 32 |2 mass 1.5TeV 1603.08791
Leptophobic 2 — tt lep 21b21002 Yes 32 |Z'mass 20TeV rim=3% ATLAS-CONF-2016-014
SSM W' by Tey - Yes 361 | W/mass 51TeV 1706.04786
HVT V' WV - qqqq model B Qe 24 - 367 |Vimass 35TeV & CERN-EP-2017-147
HVT V' — WH/ZH model B multi-channel 36.1 |V mass 203TeV & ATLAS-CONF 2017-055
LRSM W, — tb lep  2b0-1] Yes 203 14104103
Tt s e ———
Gl qqqq 5 2j - 870 |A 21.8TeV. 7, 1703.08217
. Clilqq 2ep 2 - %t A 40.1TeV 7, [ ATLAS-CONF-2017-027
Cl uutt 2(SS)23eu21b,21] Yes 203 |Gl =1 1504.04605
Axial-vector mediator (Dirac DM) O e,pt 1-4]  Yes 361 | Mmed 1.5TeV. 8,-025, g,=1.0, m(y) < 400 GeV' | ATLAS-CONF-2017-060
. Vector mediator (Dirac DM) Oeply <1j Yes 361 | Mmed 1.2TeV 82025, £,=1.0, m(y) < 480 GeV' 1704.03848
VWyyy EFT (Dirac DM) Oepr 1d<1) Yes 32 |M, 700 GeV m{y) < 150 GeV 160802872
Scalar LQ 1% gen 2e 22j - 32 |LQmass 1.1TeV B=1 1605.06035
. ScalarLQ 2 gen 2p 22 - 32 |LQmass 1.05TeV p-1 1605.06085
ScalarLQ 3" gen lepu 21b,23] Yes 203 B=0 1508.04735
VLQ TT = HE+ X Oorfes 22b,23] Yes 182 |Tmass 12TV BT - HE) =1 ATLAS-CONF-2016-104
VLQTT - Zt + X lep 21b23] Yes 361 |Tmass 116 TeV BT 2z)=1 170510751
VLQTT - Wb+ X feu 2102102 Yes 361 |Tmass 135TeV. B(T - Wb) =1 CERN-EP-2017-094.
VLQ BB = Hb+ X ley 22023 Yes 203 B(B - Hb) =1 150504306
VLQBB - Zb+ X 228eu »221b - 203 B(B-2b) =1 1409.5500
VLA BB - Wi+ X lep 210,212 Yes 361 |Bmass 1.25TeV. B(B- W) =1 CERN-EP-2017-094
VLQ QQ — WqWq Tepu 24j Yes 203 1509.04261
Excited quark g* — qg - 2j - 370 |q*mass 6.0 TeV only u* and d*, A = m(q") 1703.09127
Excited quark g* — qy 1y 1j - 36.7 |q"mass 5.3 TeV only u* and d*, A = m(q") CERN-EP-2017-148
Excited quark b' - bg = 161 - 133 |b*mass 23TeV ATLAS-CONF-2016-080
Excited quark b* — Wt for2eu 1b,20j Yes 203 1510.02664
Excited lepton Sepu - = 203 1411.2921
Excited lepton * 3eurt - - 203 A=16TeV 14112821
LRSM Majorana » 2ep 2j - 203 m(We) = 2.4 TeV, no mixing 150606020
Higgs triplet H* — {{ 234eu(SS) - = 36.1 H*: mass 870 GeV DY production ATLAS-CONF-2017-053
Higgs triplet H™* — {7 3eput - - 203 DY production, B(H;* - tr) =1 1411.2021
Monotop (non-res prod) 1ep b Yes 203 s =02 14105404
Multi-charged particles - - - 203 DY production, q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, g1  1gy, spin1/2 1509.08059
1 1
- Vs=13TeV 10-1 1

*Only a selection of the available mass limits on new states or phenomena is shown.
Small-radius (large-radius) jets are denoted by the letter j (J).

Source : https:
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Only a selection of available mass limits. Probe *up to* the quoted mass limit for fus =0 GeV unless stated otherwise

atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSUS/Moriond2017 BarPlot.pdf



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsSUS/Moriond2017_BarPlot.pdf

We need to push our LHC detectors to to reduce
the chance we will miss new physies !

Long-Lived Particle Signatures @ LHC detectors

Source: G. Cottin

Searches can target specific
lifetimes using different parts of the
detector. See James Beacham,
Shieh-Chieh Hsu, Alberto Belloni
and Yanjun Tu’s talks ! B o

Detection usually requires speecial

triggers and reconstruction. Very
CHALLENGING SEARCHES

See also and
, nner etector a. orime er
S talk ! I Detect | Cal t: .




BUT sadly, ALSO no

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

signs of new physics

RPV SUSY, T~ bl, m(f) = 420 GeV
8TeV,19.7 fb" (displaced leptons)

H—s XX (10%), X — ee, m(H) = 125 GeV, m(X) = 20 GeV

CMS long-lived particle searches, lifetime exclusions at 95% CL

Status: July 2015 [Ldt=(184-203) b  V5=8TeV
Model Signature  [Zdt[fb] Lifetime limit Reference
RPVx8 - eev/euv/uuy  displaced lepton pair 203 | x} i f m(g) =13 n';v. m(x?) =1.0TeV| 1504.05162
GGM 4} — ZG displaced vix + jets  20.3 m(g) =11 TeV, m(x}) = 1.0 TeV| 1504.05162
AMSB pp - xix%.x{x;  disappearingtrack 203 | xj lfetime . oz2ao0m mix}) = 450 GeV 1310.3675
AMSB pp - xixd.x{x]  largepixel dE/dx 184 [ x} lifetime . isteom m(i;) = 450 GeV. 150605332
GMsB non-pointing or delayed y 203 | ] litetime . oossam SPSB with A = 200 TeV 1409.5542
Stalin SUSY 20MSvertces 195 | S totimo G EE08 | (@) =500Gev | 150403634
Hidden Valley H — .z, 2 low-EMF trackless jets  20.3 | m, lfetime . 04175Tm mizy) = 25 GeV. 1501.04020
g
T HidenValeyHoxr,  2IDMSvetices 195 | lfetime e 7 [ 1504.03634
% FRVZ H - 274+ X 2e- pu-, m-jets 203 | alietime [ 1440 mm) H = 2y + X, m(y4) = 400 MeV/| 1409.0746
Eé FRVZH = 44+ X 2e-u--jots 203 | yalifetime [N 5260 mm| H = &yg + X, m(yq) = 400 eV 1409.0746
Hidden Valley H — iz, 2 low-EMF trackless jets  20.3 | m, lfetime . o0650m miz) =25 GeV. 1501.04020
Hidden Valley H — x,x, 2ID/MS vertices 19.5 y lifetime 1504.03634
FRVZH - 4yg + X 2e-,u-, n-jots. 203 | 7a lifetime | 28t60mm H = 4yg + X, m(yq) = 400 MeV/| 1409.0746
Hidden Valley ® — x,x, 2 low-EMF trackless jets  20.3 | 7, lfetime ~ o2973m xBR = 1 pb, m(r,) = 50 GeV 1501.04020
Hidden Valley ® - mym, 2 IDIMS vertices 195 [ lfetime P 049818 m] o xBR = 1pb, m(r,) = 50 GeV 1504.03634
Hidden Valley @ — x,m, 2 low-EMF trackless jets  20.3 | m lfetime C oasaam xBR = 1pb, m(x,) = 50 GeV 1501.04020
Hidden Valley ® — xyr, 2 ID/MS vertices 195 | lifetime - oae3m oxBR = 1pb, m(x,) = 50 GeV 1504.03634
HV Z'(1TeV) = quq 2ID/MS vertices 203 | =, lifetime . orasm oxBR = 1pb, m(x,) = 50 GeV 1504.03634
HV Z'(2TeV) - qvay 2 ID/MS vertices 203 m H(!(ir‘ﬂ! oxBR=1pb, Im(ﬂv) =50 GeV' 1504.03634
0.01 0.1 1 10 100

cr [m]

https

*Only a selection of the available lifetime limits on new states is shown.

8TeV, 19.6fb" (displaced leptons)

H— XX (10%), X — uy, m(H) = 125 GeV, m(X) = 20 GeV _
8TeV,20.51b" (displaced leptons)

GMSB PS8, 7, — G v, mG7’) = 250 GeV

8TeV, 19.7 b (disp. photon conv.)

GMSB PS8, 7, — G v, mGZ,) = 250 GeV
8 TeV, 19.1b” (disp. photon timing)

APV SUSY, m(@) = 1000 GeV, m(if) =150 GeV .
8TeV, 185" (displaced diets)

APV SUSY, m(@ = 1000 GeV, () = 500 GeV .
8TeV, 1851b" (displaced dijets)

AMSB 7%, — %, + %, m(;) = 200 GeV

8TeV, 195" (disappearing tracks)

cloud model R-hadron, m(@) = 1000 GeV
8TeV, 18.6fb" (stopped particle)

AMSB 7, tan(B) = 5, u > 0, m(z,) = 800 GeV
87TeV, 18.81b" (tracker + TOF)

AMSB %, tan(B) =5, u > 0, m(%) = 200 GeV/
8TeV, 18.81b" (tracker + TOF)

1012
ct [m]

Source: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEX 0O

10* 102 1 10 10* 10° 10° 10"

atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS

Need to EXTEND and SYSTEMIZE the LLP search program

Aim to search for LLPs in the most generic possible way

See James Beacham’s talk !


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/

The lifetime frontier is theoretically and also
experimenta’lly Well mOtivated Displaced Vertex signatures @ LHC detectors

Source: G. Cottin

LLPs present in all BSM frameworks

The lack of evidence of new physies at the LHC
motivates unconventional searches, such as displaced
vertices arising from the decay of a LLP

The null results at the LHC may point that the new
physics is so feebly coupled to our SM that its
signatures may have been overlooked or misidentified
by searches not dedicated to LLPs
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Image credit: Richard Jacobsson and Daniel Dominguez. Source : http://cerncourier.com/cws/article/cern/63982



http://cerncourier.com/cws/article/cern/63982

