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Goals For This Talk

Energize: remind ourselves why
searching for LLP’s is exciting

Evangelize: convince our colleagues
that this scientific quest is important

Engage: help set the foundation for the
workshop and white paper completion
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I. BSM LLP Searches: Motivation
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LLP’s For Newcomers

LLP Dog Race



Experimental LLP Search: Motivation

e)
9

* Theorists think it’s interesting ~

* |t’s something we can do —
S

» [t addresses fundamental Q’s e



LLP’s @ LHC: Motivation

» Discovery of LLP’s may provide clues to key open
questions in fundamental physics

» Consideration of physical scales — LLP decay lengths ~
ATLAS, CMS & LHCb detectors

» Energy frontier capabilities are unique and complementary
to those at Intensity & Cosmic frontiers
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Fundamental Questions

MUST answer
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BSM Physics: Where Does it Live ?

BSM ?

Mass Scale

BSM ?

Coupling
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BSM Physics: Where Does it Live ?

B SM 2 SUSY, see-saw, BSM
* | Higgs sector...

Mass Scale
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BSM Physics: Where Does it Live ?

Mass Scale

BSM ?

SUSY, see-saw, BSM
Higgs sector...

BSM ? | darku(1)...

Sterile v’s, axions,

Coupling
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Why Should BSM LLP’s Exist ?

LLP’s Exist in the SM
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Thanks: B. Shuve, 2017 CERN LLP Workshop
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Why Should BSM LLP’s Exist ?

Lessons fromt,, T, and t,:

Er (m
) A 1 O»r
100 4 &
/// n
100 1 . ®
L‘;DJ 3
1 4 8 T _ pt
WOO KS.O
B I/
e @ O/ T4g) H
o O t
0 1 %
e l I I I >
1010 10-3 i 102 pricaad
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Why Should BSM LLP’s Exist ?

Lessons from@ r. and T, : Y X" SM

Phase space (192 =3 ~ 6000)

1.2 fm (MX>4 (1Te\/>
CT R~ —
Qél( My My

Muon decay:

.« My ~80GeV, M,~0.1GeV &gy*~0.004 — ct ~660m *

* Additional V2 for half-life



Why Should BSM LLP’s Exist ?

Lessons from@ r. and T, : Y X" SM

Phase space (192 =3 ~ 6000)

1.2 fm (MX>4 (1Te\/>
CT R~ —
Qél( My My

BSM Examples:

« My,~100 GeV, M, ~ 10 GeV, g,*~107"— ct ~1cm  Ngdecay

« My~1TeV,M,~10GeV, g,*~10%— ct ~1cm Hidden Valley
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Why Should BSM LLP’s Exist ?

Lessons from @ and ,:

Y X" —-Z+SM

4

Phase space (192 =3 ~ 6000) AM =M, - M,
1.2 fm (MX)4 (lTeV)
CT =~

9x

AM

AM

BSM Examples:

« M,~ 100 GeV, AM ~ 1 GeV g,*~10?— ct ~1cm SUSY
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Why Should BSM LLP’s Exist ?

Lessons from ., T, and @

Phase space (24 x 22 x 7~ 100)

Y - SM

0.02 fm
CT =~ >
dy

(

1 TeV
My

)

BSM Examples:

« My~1GeV&g,°~10"— ct ~1cm
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Why Should BSM LLP’s Exist ?

Large scale hierarchies & broken symmetries

M x  Heavy (off shell) mediator:
My >>1 Hidden valley

M x —~ 1  Compressed spectrum :
AM Stealth SUSY

* Broken symmetry:
gx << 1 RPV SUSY
» Scale ratio: Ng , Z,

22



Why Should BSM LLP’s Exist ?

Large scale hierarchies & broken symmetries

* Theories that address key open questions
may involve scale hierarchies and/or
symmetry breaking implying LLP's

* Are we looking in the right places in order
to discovery the answers ?

 Whatis the roadmap to potential
discoveries ?
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Il. LLP Scenarios: A Sampler

Apologies for omissions !
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Solutions w/ LLP’s: A Sampler

LLP Scenario my | BAU DM m

RH Neutrinos
WIMPY baryogenesis
Dark QCD

Stealth SUSY
Neutral Naturalness
Dark U(1)
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Solutions w/ LLP’s: A Sampler

LLP Scenario

3
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BAU

DM
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RH Neutrinos
WIMPY baryogenesis
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> Hidden Valleys

Strassler, Zurek 06...




Quarks

Solutions w/ LLP’s: RH Neutrinos

VMSM Spin-1 P. Mermod
Spin-1/2 ferﬂions bosons
u/l|/ c| t . _
PN N N, mass ~keV
d S | b . - dark matter
E_ nl F ‘ — seesaw H
Ann. Rev. Nucl. Part. f"i’i"'so - IeptogeneSiS
Sci. 59, 191 (2009)  beson
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E. Izzaguire & B. Shuve My (GeV)



Solutions w/ LLP’s: RH Neutrinos

VMSM

Spin-1/2 feriions
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Solutions w/ LLP’s: RH Neutrinos

vMSM
Spin-1/2 ferlions
u C t
d s | b
V, A
VNN U
e 1) T

Ann. Rev. Nucl. Part.
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P. Mermod
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BAU from Leptogenesis
* Drewes et al ‘16

« Lower bound < 100
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Solutions w/ LLP’s: Wimpy Baryogenesis

P(x = f)#T(x = f)
ng—ng#0
Baryon number violating: Lepton nhumber violating:
X — wid;dy X — LiQjdy
X — LiLjE_'k
d
& 6 T i Like leptogenesis

: 4,
X
AN d v
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Solutions w/ LLP’s: Hidden Valleys

--3; ‘ 4 “‘.l" ' b
. B ) B L T
’ /) Mediator—= =" .

Hidden
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Solutions w/ LLP’s: Dark QCD

P. Schwaller

Dark QCD Asymmetric DM: mp, Npy ~ 5 my ng —
A * SU(N) dark t
QcD dark QCD| " with neutal * Fornpy ~ng — mpy, ~few x mg
TeV - X4 “dark quarks”
\ DM « Confinement scale ° Adark Qcp feW X AQCD
asymmetry
sharing J Ada,erCD
PD - - .
annihilation | * DM is composite
T™,... “dark proton”
GeV— | P, 7 %
* “Dark pions”
T, K,...
) unstable, long
lived

33




Solutions w/ LLP’s: Stealth SUSY

Fan, Reece, Ruderman

Gluino

Mass (GeV)
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Solutions w/ LLP’s: Neutral Naturalness

D. Curtin, C. Verhaaren

scalar fermion
strong ) .
direct { QCD SUSY Composite Higgs/
production RS
/ ) ) - -
E—— I | Ew Quirky Little
D1 , o L Higgs
H-z!]!]-f‘ portal s Twin
direct { single ? Higgs .
production — ) -
Mirror Clueballs Higgs coupling shifts
Higgs portal observables ~ tuning

Top partners
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Solutions w/ LLP’s: Neutral Naturalness

FSUSY (EW charged partners ) 0+ |
( i ) 251 Juknevich 9+ S —I o
SM sector mirror sector g | 37— G- — ]
SU2)xU(1) 27— — sof
mg 15 |y -+
SU@B3)a SU@3)s mo af -
1.0 | ot e— 3
= sleptons, <
EWinos,... 05 S 3f
0.0 20}
o RS -+ +- =
tg, bs, ... PC
— 10 500 1000 1500 2000
m;. (GeV)
tA
W,Z, h == LEP limits
Mirror
Glaeballs
36

D. Curtin, C. Verhaaren



Solutions w/ LLP’s: Neutral Naturalness

FSUSY (EW charged partners . 0+= |
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Solutions w/ LLP’s: Dark U(1)

SU(3). x SU(2), x U(1)y, x U(1),
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Dark Z: Mechanism

Lo 2 Lo oo L @ 5 am L 5 o
'CC_ZB/U/B“ _ZZD.UVZZ% +§@ZD“VBM +§mD,OZgZDu

Vo(H, S) = —p*|H|* + A H|* = ug|S® + Xs|SI* + «[S]*|H[?
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Dark Z: Mechanism

e

A A 1 5, o
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Dark Z: Mechanism
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Dark Z: Mechanism
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Dark Z: Scale Hierarchy

Non-Abelian Kinetic Mixing

(5) B -
Ow'x = —A Tr (W, X) X*
U T . 22
WA W WA e = Bsin by (_H)
NN N\ NN ,
\_ o/ Y A
SU(2), x U(1), mediators Small ¢ from scale ratio,

p~O(1)

Arguelles, He, Ovaneysan, Peng, MRM ’16
See also Barello, Chang, Newby ‘15
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LLP’s @ LHC: Motivation

» Discovery of LLP’s may provide clues to key open
questions in fundamental physics

» Consideration of physical scales — LLP decay lengths ~
ATLAS, CMS & LHCb detectors

» Energy frontier capabilities are unique and complementary
to those at Intensity & Cosmic frontiers

44



Solutions w/ LLP’s: RH Neutrinos

vMSM Spin-1 P. Mermod
Spin-1/2 fermions bosons
u =c |t . _
N1 mass ~keV

ibd s | b . — dark matter

vV V, V,
E . . 25 11ASS 7€ Mixing U,

L L ‘ — Sseesaw H

Ann. Rev. Nucl. Part. z*i""'so H - IeptogeneSiS

Sci. 59, 191 (2009)  beson

GEMSN | VaN |2
19273

E. Izzaguire & B. Shuve M, (GeV) See also: Helo, Kovalenko & Hirsch 45



Solutions w/ LLP’s: Wimpy Baryogenesis

Baryon number violating: Lepton number violating:
X — 'lbz'djdk X — LincZk
X — Lz'LjE_‘k

3-body phase space

' . AN\
u
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Solutions w/ LLP’s: Dark QCD

P. Schwaller

Dark QCD Asymmetric DM: mp, Npy ~ 5 my ng —
1 laco dark QCD| " with neutal * Fornpy ~ng — mpy, ~few x mg
Tev =+ X4 “dark quarks”
\ DM + Confinement scale ° Adark QCD ~ feW X AQCD
asymmetry
sharing J Ada,erCD
PD - - -
annihilation | * DM is composite

“dark proton”

- TD,...
GeV— | D, %

. / 4 5
« “Dark pions” i M% Mx GeV
™, K goao unstable, |ong (:'T('/TD — bl\.[) ~ .X ~ cm X

lived may TeV

My
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Solutions w/ LLP’s: Stealth SUSY

Fan, Reece, Ruderman . m‘} mi’ 1 _mg ( (5771)4
350 X 7 16w F? m% T 71F?
v Gluino
%
< my = 100 GeV
: om ~ 10 GeV ct ~10cm
> F ~ (100 TeV)?

Gravitino
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Solutions w/ LLP’s: Neutral Naturalness

FSUSY (EW charged partners ) 0+ |
( i ) 251 Juknevich 9+ S —I o
SM sector mirror sector g | 37— 3+ m— 177 e
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— 10 500 1000 1500 2000
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etc glueballs
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LLP’s @ LHC: Motivation

» Discovery of LLP’s may provide clues to key open
questions in fundamental physics

» Consideration of physical scales — LLP decay lengths ~
ATLAS, CMS & LHCb detectors

» Energy frontier capabilities are unique and complementary
to those at Intensity & Cosmic frontiers
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Solutions w/ LLP’s: RH Neutrinos

vMSM Spin-1 P. Mermod
Spin-1/2 fermions bosons
u c |t .
N1 mass ~keV
ibd s | b . ~ dark matter
vV V, V,
v 2
: N23 mass ~GeV
= e 08 T ' . ’
L L - ‘ — Sseesaw
Ann. Rev. Nucl. Part. z*i""'so H - IeptogeneSiS
Sci. 59, 191 (2009)  beson

0.001
10~
S
z . -
>l ---------------
— 10
rrllcpton
T —— b I E
10 SHiP." Lpton jets _ Cearen
propesal search
1078 — . ,
1 2 5 IO 20 50

E. Izzaguire & B. Shuve M, (GeV)

Mixing U

GEIM|Van|?
- o+ — YEYNIY aN

» Displaced LJ + u
« 3 resolved prompt leptons
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Solutions w/ LLP’s: Wimpy Baryogenesis

Baryon number violating: Lepton number violating:
X — 'ltz'djdk X — Lin(jk
X — LiLjE_‘k

3-body phase space
' u; * BNV: displaced jets
- & 0 « LNV: displaced u + tracks
(f)'/\ ~ d

X a7
"_\ Uy pe
u — — e — - v
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Solutions w/ LLP’s: Dark QCD

P. Schwaller

Dark QCD

QCD dark QCD
TeV —
asymm%
sharing
PD a
annihilation {
- TD o --
GeV == p; %
T, K,...

* SU(N) dark sector

with neutral
“dark quarks”

« Confinement scale

AdarkQcD

* DM is composite

“dark proton”

* “Dark pions”

unstable, long
lived

Asymmetric DM: mp,, hpy,~ 5 myng —

For npy, ~ ng — mp,, ~ few x mg

Agark ocp ~ €W X Agep

ct(mp — SM) ~

M#% ( Mx )4 (Gov)‘S
= ~ cm X
my TeV My,

Emerg/ng Jets
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Solutions w/ LLP’s: Stealth SUSY

Fan, Reece, Ruderman o m‘} m%— 4 g ((Sm)“
350 X — 167 F2 nl}’ ~ T2
; 3005 Ghtino &
S 250} g my = 100 GeV/
% 200 5 om ~ 10 GeV ct ~10cm
> 150} F ~ (100 TeV)?
v S
100; N I

Q
Q
°

SOE gy Singlet . Prompt V + displaced jj
ob Pl Gravitino g é (“false resonances”)
DV’s + high multiplicity b-jets

19.7 fb” (8 TeV)
o [oms a0 E
s [ PP-3a.4 a7, 18

S 1200 M; = 100 GeV, M, = 90 GeV
S"-»{ [ NLO + NLL exclusion
[ —Obs. limit
[ Obs. limit £ 10,
L — Exp. limit
[— Exp. limit 10,

95% CL limit on o (fb)
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e H
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Solutions w/ LLP’s: Neutral Naturalness

FSUSY (EW charged partners . 0+= |
( i ) 251 Juknevich 9+ S —I o
SM sector mirror sector g | 37— G- — ]
SU2)xU(l) 27— — sof
mg 15 |y -+

SUB3)a SU(3)e mo aol

1.0 | ot e— 3
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EWinos,... 05 S 3f

0.0 20} Z
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— 10
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W,Z,h =— LEP limits mirror

-------------------------- SM " "
o etc Lo Exotic Higgs decays: h — 0** 0**
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| e 1 D. Curtin,
(VBF hsbb) x (T, > dom) C. Verhaaren
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7 F
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Mirror 2 3
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Dark Z: Mechanism

PVES

Mygz = 100 MeV ]

YD ks = 200 MeV

1 .
H 5 m2D,o Z1 Zpy

1 - A
L C—=B,, B" -8 ;

e |

0.232 Meber
MESA . .
0230 Anticipated sensitivites” sLac MaSS MIXIng
- -2 1 0 1 2 3
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Dark Z: Mechanism

Non-Abelian Kinetic Mixing

(5) _
Owx =

3
A

Tr (W, %)

Prompt V + 2 displaced LJ’s

Arguelles, He, Ovaneysan, Peng, MRM ’16

2
10° S PR s = e R 08F - —
F avoursd. BaBar mg+=mg,= —my=0.4 GeV
100 e T :
w B/ %
o 10%E E141 90% CL ATLAS
B Orsay | [t 06
E 10°E u7o o
IS E o, ATLAS _
§ 10%F N 2
‘c:n E =04
=3 10—75_ 130 HARM 2
é E LSND <
oF
o 107
D F SN
2 10% 02
X E
1070 ATLAS
E 20315' (5=8TeV
1011 3 P ‘.....I2 P ....I1 P | 0.0l
100 10° 10 1 00 05 10 15 20 5 30
m,d [GeV] vx (MeV)

Recast ATLAS '14
(no prompt V)
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lll. Building a Roadmap

Time to extend the coverage & reach !
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LLP’s: Challenges

1 or 2 displaced LJ’s + prompt L or V ( N , non-Abelian Z,)
Displaced jets (WIMPY baryogenesis, neutral naturalness)
Displaced V + jels (Stealth SUSY)

Displaced u + tracks (WIMPY baryogenesis)

Emerging jets (Dark QCD)

High muiltiplicity b-jets + displaced jets (Stealth SUSY, hidden
valleys...)

Disappearing or kinked charged tracks (SUSY, quirks, EW multiplet
DM...)
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LLP’s: Challenges

SO where do we start’?

. l dlsappeanng or ‘
displaced kmked tracks \
multltrack vertices \

] / non-pointing
. ,;; ------- (converted) photons

displaced Ieptons
lepton-jets, or
lepton pairs

emelngg jets

\ /

trackless

\ | low-EMF jets
quasi-stable

P(decay)

Jdwoud, o, |

J9xoe Ul %Se

multitrack vertices in the
muon spectrometer

24 April 2017 H. Russell

distance 4tyavelled

9
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LLP’s: Challenges

April CERN WS & Progress
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LLP’s: Challenges (April)

WG 1

Simp models & recast

WG 2

Triggering

WG 3

Backgrounds

Dark Shower

WG 4
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LLP’s: Challenges (Now)

WG18&4

Simp models & recast

Triggering

WG 3

WG 2

Expt Coverage

Dark Shower

WG 5

63



LLP’s: Challenges

WG 1&4

Simp models & recast

v

( Common production ) x
( Variety of decay objects)

WG 2

Expt Coverage

L1 in good shape, but
exploit associated objects

1
Triggering

WG 3

Dark Shower

WG 5
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Push the Reach w/ Prompt Objects

Prompt u + semilept

VBF jets or prompt V

0.001
10 Nr decay
o 107
2 g
2 O NS e
- 10° .
[ rilepton;
7 arch |
10~ , --.l;ﬁ).ﬁ Jet~ _ search
propesal search
10—8 P N s " N
1 2 5 10 20 50
E. Izzaguire & B. Shuve M, (GeV)

0.8F

AJBl (TeV)
° °
£ [=

o
5]

00

mg+=mg,= 130 GeV -—-z;:(l)g g‘\/;

ATLAS

Prompt W + 2 DV

00

05 10 15 20 25 30
v (MeV)

lepton jets

= =14 Tev, 20087 1200
(MS)X(MS or IT)
goor (VEF habb) x(IT. r> dom)
_ single lepton) x (IT, r > 50um) 41000
2 8
“ goot -
3 1600 §
2 E
£
3o W - 5
3 NS [, &
200} : {
{200
0 50 60
Associated prompt

objects !
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LLP’s: Challenges

WG18&4

Simp models & recast

v

Initial set

|

WG 2

Expt Coverage

!

Vetoing map

( Common production ) x [—>| Model library
( Variety of decay objects)
L1 in good shape, but New paths ?
exploit associated objects Displaced tau’s
A Mono-X
Triggering l

WG 3

Upgrade: new
layer ?

Many open Q’s

i

Dark Shower

WG 5
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LLP’s: Challenges

1&4 .7 WG2

Simp models)& recast T Expt Coverage

Vetoing map

( Common production ) x [—>| Model library
( Variety of decay objects)

I~ Decay Yy(+inv.) | y+inv. | jj(+inv.) jit | € (+inv.) | £y lg,,(+inv.) y open Q’S
DPP: sneutrino pair SUSY SUSY SUSY SUSY SUSY
HP: squark pair, § — jX SUSY SUSY SUSY SUSY SUSY
or gluino pair § — jjX
HP: slepton pair, £ — £X SUSY SUSY SUSY SUSY SUSsY
or chargino pair, ¥ =+ WX Shower
HIG: h — XX Higgs, DM* Higgs, DM* Higgs, DM*
or — XX +inw. r
HIG: h — X +inv. DM* DM* DM* IG 5
7P Z(Z') — XX Z', DM* Z', DM* Z', DM*
or — XX +inwv.
ZP: Z(Z') — X +inw. DM DM DM 67
CC: W(W') — £X RHv* RHv RHv* RHv*




LLP’s: Challenges

WG 14&4

( Common production ) x
( Variety of decay objects)

L1 in good shape, but —

exploit associated objects

1

Simp mode@

Complexity

Single

Simplified Model

-
-

L]
¥
’
’
’
&
7
4
4
Y

an.

e Object
; 'o' - Efficiencies
(o? |
*
P
S
. Signature
o’ Efficiencies
.

‘4

B
R Multiple

Simplified Models

Model Independence

Triggering

wG 3

!

IUWU’W‘ET_I_

Upgrade: new

layer ?

WG 5




LLP’s: Challenges

50}4

WG 2

Initial set
Simp models & @ T Expt Coverage
( Common production ) x el library l
( Variety of decay objects) Vetoing map
L1 in good shape, but —>| New paths ? Many open Q’s
exploit associated objects Displaced tau’s
A Mono-X

Dark SHo

Triggering l

WG 3 Upgrade: new WG sev

layer ?




LLP’s: A Rich Menu of Opportunities
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