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Antroduction to long lived exotic
particles: why do we care?
d AChallenges at the LHC

ANew experiments for the LHC?
AOther opportunities for LLPs
ASummary/Outlook




New Physics Hunters @ the LHC.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
|

The ATLAS experiment

i | \ The CMS experiment
Toroid M(;gne'rs Solenoi‘d Magnet SCT\. Tracker Pixe\l Dete ] 2 B . C M S
ate : ‘ ECAL 76k scintillating

PbWO, crystals
P L . MUON ENDCAPS
e l \ n d bI_IC B ao d M O E D A L HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)
/) - - 3.8T Solenoid

Si Strips ~16 m2
~137k ch

Steel + quartz
Fibers 2~k ch

Pixel

Tracker Pixels & Tracker
« Pixels (100x150 um?)

N ECAL ~1m2~66M ch
HCAL -Si Strips (80-180 um)

LHCb MoEDAL Muons 200 BMEN  UON BARREL

Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC




LHC: So far no new ph

ATLAS Preliminary

B
ATLAS SUSY Searches* - 95% CL Lower Li

July 2018 V5=7,8,13TeV
Model ety Jets EP™ [Lann) Vi=7,8TeV  yF=13Tev Reference
- — 5 - ——
Py 0 2Bjels  Yes 361 155 miF?)<100GeV 71202382
9 mono-jet  1-3jets  Yes  36.1 on iG] =5 Gev 1711.03301
o Brgiy ] 28jets  Yes 361 | 20 mii})<200GeV 1712.023%2
E ] Forbidder 09516 m(F})=900 GeV' 171202352 =
gttt dap 4 ol [ - T2 cev Jfbopricd aSS I Ca earc eS
e pp 2jets Yes 361 & 1.2 m{E)-miT))=50 GeV 1805.11381
B BgqWZR] ] Tiljets Yes 361 | 18 mi}) <400GeV 1708.02794
Jep 4jets w1 |& 0.98 mig-m(E})=200GeV 1706.03731
P Olen 3k w1 |& 20 m{i})<200GaV 171101801
Jep 4jets %1 |& 125 migh-mi{i’ =300 GaV 1706.03731 -
BBy, by - ik} Multiple 36.1 I Forbidden [T] mi(¥])=300 GeV, BR 1 1708.09266, 1711.03301
Multiple 381 |k 0.58-0.82 miF]}=300 GeV, BR(!)=BA(l 5 1708.00266 -
Muttiple 36.1 b o7 miF})=200 GeV, miF ] )=300 GeV, BR( 1 1706.03731
Biby,iidy, My =2 M,y Multiple 81 |& 07 mu.: 60 GaV/ 1709.04143, 1711.11620, 1708,03247 = XO I C a
Multiple 36.1 FA Forbidden 0.9 (T )=200 GeV 1709.04183, 1711.11520, 1708.03247
s Whi! or i) 02ep 02jels1-2b Yes 361 I 10 M )=1GeV 1506.08618, 1709.04183, 1711.11520 - -
" B A ALSP Multiple 31 @ 0.4-08 miE})=150GaV, miF{mif =5 GeV. i = i 1709.04183, 1711.11520
i. Multiple 361 |& Fortidden 0608 mi,}=300GeV, mif; }mif|)=5GeV. /, =/, 1700.04183, 171111820 - aVO r n Ive rsa I
Eg iy, Well-Tempered LSP Multiple %1 |& 0.48-0.84 miT)=150GeV, miF{ hmiif)=5GeV, §, =, 1709.04183, 1711.11520
fify, iy—sel] 1 22, 2rel] [ 2 Yes 361 |& 085 m(F})=0Gev 1805.01849
i 0.46 7 2 1805.01649 Ve
0 monojet  Yes 361 |4 043 171103301
12en  4b Yes 961 | 032088 1706.09986 = e
23ep . Yes  36.1 06 14035294, 180602292
e g 21 Yes 361 047 1712.08119
; Lty yitbh - Yes 203 026 1501.07110
182, B —boied - 2r . Yes 361 076 =0, mi 1708.07875
Eg o2 mUETmiE =100 GoV, my 1708.07875
Bnlig, I=eF} 2ep (] Yes. 1 05 1803.02762
2eq =1 Yes 1 018 ) 1712.08118
A, A6 26 o 23 Yes 361 0.13-0.23 0.29-0.88 B e
dep 0 Yes 61 B 03 B —+ Z0)e1 - 13 TeV E 8 TeV
Direct 1} prod., long-lived F} Disapp. trk 1 jet Yes 361 Ei‘ 0.48 Pure Wina
& oas Pure Higgsino Qlfe) x2  [—
o Stable § R-hadron SMP - - az |& 16 LQ1(en‘LQ1M) B=0.5 "
- , coloron(jj) x2
g Metastable ¢ R-hadron, §—qq¥| Multiple 32¢ |k FWB=100m0Zes 18 24 miE)=100 Gev Q2(yj) x2  — ) —
GMSB, /G, long-dived {1 2y © ves 203 [ 044 1<rif)<3 s, SPS8 model Lm(unu_mtvn B=05 |m— coloronié) x2 [ Multiiet
5 —eev ey displ. ecleplpp - - 203 |# 13 6 <cr(i< 1000 mm, miE%) o1 ToV Lmé‘b) . (— Le p10 qUClrkS I
x .
NV pmoies Kremier e a2 - e = gluino(@) x2 [ Resonances
BT 168 — wwyzetttve dep 0 Yes 361 Lasw x2 =3 luino(jjb) x2
B &gt ] qaq 0 4Slage-Rjels - 36.1 Large A7), Single LQ1 (=1) [ 9 (i) —
-~ Multiple 36.1 miE)=200 GV, bino-ike Single LQ2 (A=1) =3 0 1 2 3 4
I P T Mutiple 3.1 00 G, ino-ke 0 1 4 Tev
i, F—stF}, B} — ths Muliiple: 3.1 X =200 GeV, bino e
i fy—vbs o 2s+2b - 367 ADD (y+MET), nED=4, MD
pnn - - . o ‘ o _
RS1(), k=0.1 RS Gravitons ADD (), nED=4, WS
N PN | . PN RS1(yy), k=0.1 QBH, NED=5, MD=4 TeV
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i t. refs. for the a ti . 4 Tev String Scale ()

QBH ([}, nED=4, MD=4 TeV

CMS Prellmlnary ADD (+MET), nED=4, MD

ADD (ee.y), NED=4, MS Lcrge Extri
AOD (). nED=4, MS Dimensions
SSM Z'(tT) Jet Extinction Scale
. . SSM 2'(j)
N I f h f I l SSM Z'{ee}+Z'(y)
O Signal o new pNysICS SO 1ar:: Ssww o e LU
SSM W'(iv) dijets, A- LL/RR
SSM Z'(bb) 1 dimuons, A+ LLIM

dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM

& (M=A) Fermions single e, AHNCM i
u-(lwzm single p, A HRCM
o (:v)( 91) inclusive jets, A+
b inclusive jets, A-
0 1 2 3 4 5

6 Tev 012345678 910111213141516171819

MS Exotica Physics Group Summary — ICHEF, 2016




Are we leaving no stone u

A The LHC BSM searches are indispensable and should be
continued in the new energy regime and with increasing
statistics (higher mass, lower couplings)

A But if we still do not see more than a 2 sigma at the end of
run 3, the HL-LHC will be likely mostly a precision physics
machine, searching for subtle deviations

A Are we looking at the right place? Time for more effort in
thinking of complementary searches

Are we looking at the right place? ,{ Leave no stone unturned”

- :
s:.ﬁ"-*- .




Long Lived Particles‘

Long lifetimes arise from a hierarchy of scales or a small coupling

A RP Violating SUSY

A ASMB SUSY

A Gauge Mediated SUSY
A Split SUSY

A Hidden Valleys Models
A Dark QED/Dark Photons
A Monopoles

A Quirk Models

ADar k Matter
A Stable Sexaquarks

A Axion-Like Particles

Aé .




Long Lived Particles

Signatures
----- neutral displaced W BSM
—— charged HSCP dilepton M lepton
-~ any charge B quark
" photon
W anything
disappearing - displaced
track 3 lepton
> T _ i t:
o
;I./‘/ '. | ..\{ \
V ‘ P i & ‘I ’ .‘,"
&% \:%j 1. ‘0..
displaced = ’*... displaced
dijet photon
displaced \ 4 displaced Not pictured:
vertex T et out of time decays

Some of the Challenges

Triggers: Tracking detectors
are powerful but difficult
to use in trigger

Backgrounds often low.

But need special studies
(punch throughs, secondary
Interactions, cosmics )

Special reconstruction is
often needed




Long Lived Searches Ov

A Displaced jets, dijets, vertices

A Disappearing tracks

A Displaced leptons & lepton jets

A Displaced photons

A Dark photon decays

A Heavy Stable Charged Particles

A Stopped particles

A Emerging jets

A Monopoles stuck in material

A Heavy Neutral Lepton searches

A Strongly Interaction Massive Particles
Aé. (othersénew ide




Long Lived Searches: E

displaced jets
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E T T T rrrrog T T T o T T T oI T 'E‘ E T I“““l T I!IHVI] T VHHIVI Trrm T |||||u| T I\Hm’ T VIHVH‘ T lllll:
= 10 = CMS o " EBxp.lmittic,, & |  Obseredimis CMS |
il = 3 — —e— m, =20 GeV/c 2
O C = Obs. limit -1 10%; @ m, = 50 GeV/c? m,, =125 GeV/c" 3
103 B = F Expected limits (+10) B
& ? - m, = 20 GeV/c? 1
8 x 10f ¥
z 10 = 0 ]
E £ HY - XX
E T F - =
- - T i 1
g 10t E T 107 .
= c ] i |
& 1) 10-2; -
= Jet-Jet : E
é -_[ 1 1 1 a E E
1 10 1020,[ (Xl]) Er?:m] 10° ’_l gl ol oot e il otisiadl ot _‘
0 10° 102 10" 1 10 10*° 10° 10* 10°
ct [cm]
L I I' I' TT I' ‘I T I' T ] UL I L L L
Stable Y] LT Poiog nvunauena st
Pl il i [ o Imits:
- A B B B = o000 F U Premnany 2015 2016 govsere ]
S I ATLAS A ST 2"~ Geapected (mecian)
S 10°E pp—Gax g—>qﬁx1,m(i1°)=1OOGeV 3 ‘5'1300__ E=13Tev ggxpedcdiz ]
b= [ R-hadron 4 VY ] [ §>130GeV,E>170GeV '19expected (median)
F b 1600 F e s70Gev g Texpected to .
- - L e 1 @XpECTed 120
10f / = 1400
: /° 9s%cCLLimits ]
L —— Observed g
1k - Observed 16, |
— Expected (£ 10,,)
[ —=—Obs@8Tev) —+—Obs (13 TeV, 321" ]
I Obs +1a,, (8 TeV) ----- Obs #1 [ (13Tev,32 lb")
10 ;I 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 I‘.:— m __
1000 1500 2000 2500 3000 el i il il vl
10710%10° 104 10° 102107 1 10 10*> 10° 10* 10° 10°
m(@) [GeV] T [s]

displaced leptons

disappearing tracks

5

e %, %y %%, production tanp =5, >0
- ,,,\r,
=) B :
Run 1 nogA 1
3t : 1
2k ]
1= —
0.4 ]
03} 1
. . ATLAS
0.1 Pt =
(with IBL) N /s=13TeV, 36.1 fb
B — Observed 95% CL limit (10, )
oo ¥ . Expected 95% CL limit (+1 o) |
003y 2 ... ATLAS (8 TeV, 20.3 fb”, EW prod.) |
0.02f -~ Theory (Phys. Lett. B721 (2013) 252) -
ALEPH (Phys. Lett. B533 (2002) 223)
0otMliieilos oy Lovia s loownlos iy
: 200 300 600 _ 700
10 m.. [GeV]
2

10°

10

Hidden Valley searches
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Long Lived Particl

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

ATLAS Preliminary

Status: July 2018 [Ldt=(32-36.1)fb" V5=8,13TeV
Model Signature  [Ldt[b7] Lifetime limit Reference

RPV 0 — eev/euv/puv  displaced lepton pair 203 [ 9 Ille;Imel ' m - ———— ) o m(g]:13 TeV, m(,;r‘l’]:IL(;TeIVI 1504.05162

GGM 2 — ZG displaced vix + Jels 203 [« lfetime m(3)= 1.1 TeV, m(32)= 1.0 TeV 1504.05162

GGM ,yf]' - ZG displaced dimuon 329 ,r'lj lifetime 0.029-18.0 m m(g)=1.1TeV, m(y])=10TeV | CERN-EP-2018-173
GMSB non-pointing or delayed y 203 | x| lifetime . oms4m SPS8 with A= 200 TeV 14095542

AMSB pp —» xfxl.x[x]  disappearingtrack 208 |} lfetime ~ ozaom m{xi)= 450 GeV 13103675

AMSB pp = xx).xx]  disappearing track 361 |y lifetime 0.057-1.53 m m(y;)= 450 GeV 1712.02118

AMSB pp — xix% xix;  large pixel dE/dx 18.4 | af lifetime ~ 13tsom mix;)= 450 GeV 1506.05332
Stealth SUSY 2IDMSvertices 195 | § lifetime [ ve0e M m(s)-so0cev 1504.03634

split sSusY large pixel dE/dx 361 | & lifetime >09m m(&)=1.8TeV, m(yJ)= 100GeV | CERN-EP-2018-198
Split SUSY displaced vix + E;"'“ 328 g lifetime 0.03-13.2m m(&)=1.8TeV, m(y})= 100 GeV 1710.04901

split sSUSY 04,2-6jets +EP™ 361 | @lifetime 0.0-21m m(&)=1.8TeV, m(yJ)= 100 GeV | ATLAS-GONF-2018-003
Hoss 2 low-EMF trackless jets 203 | s lifetime . o#7stm m(s)=25GeV 1501.04020
Hoss 2 ID/MS vertices 195 | slifetime oniesam  m(s)=25Gev 1504.03634

FRVZ H - 2y4 + X 2 e u-jets 203 |Flietime o-3 mm m(ya)= 400 MeV 1511.05542

FRVZ H — 2ys + X 2 o= -, a—jets 3.4 | yqlifetime 0.022-1.113 m m(yq)= 400 MeV ATLAS-CONF-2016-042
FRVZH — 4y, + X 2 e p— n—jets 3.4 ¥4 lifetime 0.038-1.63m m(yq)= 400 MeV ATLAS-CONF-2016-042
H— 2424 displaced dimuon 329 | Zg4lifetime 0.009-24.0 m m(Z,)= 40 GeV CERN-EP-2018-173
VHwith H — ss — bbbb 1 -2( + multi-b-jets 2361 |slifetime 0-3mm B(H — s5)=1, m(5)= 60 GeV 1806.07355

®(300 GeV) - s5 2low-EMF frackless jets  20.3 | s lifetime & % B=1pb, m(s)= 50 GeV 1501,04020

$(300 GeV) — s 2 ID/IMS vertices 19.5 s lifetime o x B=1 pb, m(s)= 50 GeV 1504.03634

$(600 GeV) - s5 2 low-EMF trackless jets 32 | s lifetime o x B=1pb, m(s)= 50 GeV ATLAS-CONF-2016-103
®(900 GeV) — s 2 low-EMF trackless jets 203 s lifetime o x B=1 pb, m(s)= 50 GeV 1501.04020

(900 GeV) — s 5 2 ID/MS vertices 195 | slifetime o x B=1pb, m(s)= 50 GeV 1504.03634
B(1TeV) = ss 2 low-EMF trackless jets 3.2 | s lifetime o xB=1pb, m(s)=400GeV | ATLAS-CONF-2016-103
HV Z'(1 TeV) — qyqy 2 IDIMS vertices 203 | slifetime o % B=1pb, m(s)= 50 GeV 1504.03634

HV Z’'(2 TeV) — qugy 2 ID/MS vertices 203 | slifetime ) oxB=1 Plb m(s)= 50 GeV 1504.03634

0.01 100 cT [m]

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

(v8=1)




Heavy Neutral Le

Neutrino portal: T MSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3.

Three Generations
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First LHC results on prompt studies
Majorana/Dirac? Now studies with displaced jets/lepton analyses. L~ 1m?




Search for Heavy Neu

Neutrino portal: T MSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3.

Three Generations Three Generations
of Matter (Fermions) spin %% of Matter (Fermions) spin %%
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Search for Heavy Neutr_

Neutrino portal: 1 MSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3.

Sensitivity plot for the LLP white paper/ Philippe Mermod
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Search for Heavy Neutr

Neutrino portal: 1 MSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3.

Sensitivity plot for HNLIMarco Drewes et al.
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SHIP Beam Dump Experiment

SHIP is a proposed intensity-frontier experiment aiming to search for neutral hidden particles

with mass up to O(10) GeV and weak couplings, down to 10710 .
arXiv:1504.04956

New beam line in the north area at SPS
Proton beam SPS@400GeV

Possible to deliver 2x10%° PoT in ~5
years

Operation in parallel with LHC and other
beam lines at SPS

(MR H

Vacuum




Monopol

Magnetic Monopoles to explain the

eg = nhe/2=ngp = n 68.5e

LHC J s=14 TeV
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—V xE =128 _ dxj € S
c ot cJm
VxB=18 & Symmetrizes Maxwell equations
cor e Searched for at all colliders
F=¢ (E+%xB)+gn(B-%xE) Tevatron direct limits ~ 400-800 GeV
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104
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Sensitivity of LHC experiments to exotic highly ionising particles

CarXiv: 1112.2999

A. De Roe, A. Katrég, P. Mermo,
D. Milstead®, T. Sloar”




Monopole Searches: MOEDAL

20l6data analysis base on 222 kg Aluwu
search for them with a SQUID precision magnet (2.11fb 1) arXiv:1712.09849
10°g—
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Y imits for different
monopole charges

YFirst monopole search

result @LHC at 13TeV

No signal yet..
B




