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I open a Parenthesis here to tell you about jet
substructure
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FROM JETS TO BOOSTED JETS

® Heavy particles (e.qg., W, Z, and H bosons, top quark) can decay to
2q/3q/4q final states, giving normally multi-jet signatures

® For large enough pT, the decay products might merge 1nto a single jet

® These jets are special: the mass of the jet peaks at the “right”
value (unlike QCD jets, for which large mass values are generated by

QCD) CMS Simulation
U) I I I I | I I I I | I I I I | I
s _ _
- CMS HIG-13-008 —— SM Higgs, m = 600 GeV
- - H - WW — lvqq _
--- ungroomed jet mass
> :
(q0] i —L —— Wa+Jets, MadGraph+Pythia6 |
| -
e .
O 02 [ ] ----- ungroomed jet mass ]
2 |
©
AR ~ 2 Mw/pT : J_L
(to be compared 7 |

with jet size R) 0.1 .

Typically large jets ST I ‘

used (Anti-Kt with InE e
R:OB) 0 iie”

0 50 100 150
9.9 W, Z,H top 3 pruned jet mass




T SUBSTRUCTURE
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SUBSTRUCTURE VARIABLES
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® Several jet-shape variables CMS Preliminary, 19.5 fb ' at Y5=8TeV, W - ev
[ | L _I T | L | 1T T | T T | T T | T T | T | T | 1 I_
proposed to quantify this behaviour " Wwwwzz | B :
(see ongoing BOOST conference for a 500 [ Single Top Il W+ets h
full overview) - ® data i :
g 400 — — Bulk Graviton M=1.5TeV k=0.2 (>=:3>=:1G4}__
. . . s b 7 Lk §
® N-subjettiness 1s among the most ~ ooF 74 B
popular E / :
7] 2001 Z =
® Quantify how well the - R :
. : 100 -
constituents of a jet can be [ :
arranged 1in N subjects a % :
01 02 03 04 05 06 0.7 08 059 1
| 1 S | Y Y T21
T(\j) = — PTi min {sz Ri ..... Riz} 2-body: Tl(l).rl(g) HP LP
‘ PTJ 1€ Jet ] ‘ 3-body: ,I_I(U.fv‘) .7'1(” .Tl"z) T._S;) . Téz)
4-body: T((m) T(l) T"z) 7__(0.3) T‘l) T-(z) T(l) T(”))
J. Thaler and K. Van Tilburg http://arxiv.org/abs/1011.2268 A 2 2 072 073 3
5-body: TI(M) .Tl(l) .71"2) 7150'3) 1.-;1) .Tg’)) . Té() 28 ngl) : Téz) 74(1) .’4(2)
® Can construct a complete basis tbodv:n™”.n".n”.n" nln g gl o? nnl gl
by computing TN 1t for several N erc oo
5 IR



https://indico.cern.ch/event/649482/

A DIJET TAGGER

1 CMS Simulation, |s =8 TeV, W+jets
~ = I I I | I I I | I I I | I I I

® A typical tagger would consist of

U.JQ : \\\\\\ 250 S/;TR<=3268Gev:

® A jet grooming procedure " o8l \\\\ BN 60 <m <100 GeV_

(trimming, pruning, soft drop) I SN ]

to remove soft radiation in the - SN0 -

jet (and pileup, to some extent) ad S i

I Multi-Layer Perceptron (MLP\)\\ ]

® A (post-grooming) jet mass cut 04 — Ukeihood NN

I __fjfj pruned \\ )

@A cut on an appro_priate set of 02h __ngt(gjfges N \\

substructure variables [ —messdw \\\\

A R NN NN SN NN NN NN NN NN TR SN MO AN S A N S

® For 1nstance, S vs B %0 0.2 0.4 0.6 0.8 ‘

discrimination 1n CMS 1s optimal i

for di-subjet (W/Z/H) when Tt2/T1 CMS-PAS-JME-13-006
ratio 1s considered Cere)




9 DEEP LEARNING TAGGING

® One can 1magine a jet as an 1mage ~__ Signal
1mpressed by energy deposits on 5| l
calorimeters 10 Lo 2
15 —
gzo- -10‘1?3
® On this 1mage, one can apply modern =51 -
computing-vision techniques, e.g., ) 8
Convolutional Neural networks .

0 5 10 15 20 25 30 35 40
¢’ pixels

‘Background

R bird [ p,..,
o
o
o Lo sunset [ p_ ..
-0
il A ° :
2 N dog [ Pyo
o o
o o
- g : cat [ p_,
. . o o
convolution + max pooling vec |4 °
nonlinearity | o
|
convolution + pooling layers fully connected layers  Nx binary classification 0 5 10 15 20 25 30 35 40
@' pixels Y
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9 DEEP LEARNING TAGGING

® One can 1magine a jet as an 1mage ~__ Signal
1mpressed by enerqgy deposits on 5| I
calorimeters 10 Lo 2
15 —
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DEEP LEARNING TAGGING

® One can also represent a jet as a list et (e, /X
of particles, ordered by QCD laws | m
} Fermilab has a herd of bisons
® Similar to words arranged in a sentence | |
. . PANN £
® Can use language processing techniques to | e
tag a jet §
® Deep learning offer a few opportunities °© F AU A\
(recurrent NN, recursive NN,...) W Fermilab has a herd of bisons
® Advantages: |
) (t;)
[ 9 O> —> —> ... —>
. . A ? A A A
@ No need to bin the image » can _ Jet
exploit the full angular s SN fulminl= 1
resolution (e.g., tracking) 3 | A . I g
S |5 \AR . ELIE|E]|E =
2 | Y R | N Y
® Very convenient for PF jets and N A |
traCk jets l t : Lisestanee: European
> < | | ej'c Counsil
S Vi V2 VN; e ."°




9 DEEP LEARNING TAGGING

® One can also represent a jet as a list

of particles, ordered by QCD laws | E E E E E E —J;mnkms-
| | : | f f | — towers |
® Similar to words arranged in a sentence | g | — images
® Can use language processing techniques to 10% |- """"""""""""""""""" -------- --------- --------- --------
tag a jet > : 5 . :
o particles
® Deep learning offer a few opportunities 2 N
(recurrent NN, recursive NN,..) 2 L~
Advantages: S1otf b NN N
° 7 = (towers N
@ No need to bin the image » can | |mages
exploit the full angular e
resolution (e.qg., tracking)
1OOO 1 Oi2 Oi3 Oi4 Oi5 Oi6 Oi7 Oi8 0i9 1.0
® Very convenient for PF jets and  Signaleffidency

track jets
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EVENT TAGGING WITH RNN

® One can push this

approach beyond jet, _ 7 i <6
building a topology ~assiter @
tagger for the full

e Ve n t Calo Image Particle Sequence Abstract Image High-level Feature
Classifier Classifier Classifier Classifier

ce?rw
\
N/

ks et Based on an abstract Use high-level features
particles taken as representation of the as inputs to a fully

Raw images of the
calorimetry hits fed to

@ Te S t e d W -i t h S -i m u 7 a t e d a convolutional NN. nput tos{\:.ecurrent reconstructed particles connected NN.

as an image to feed to
a convolutional NN.

events, as a way To

] 1.0- —~ 10
implement a more . s [”f |
Wab ] ~ 0.8 ~0.8
efficient trigger g tt selector & W selector
S tra tegy ;éo 6 ) g O o %O.G' o ® i
.g gL ToPCLASSIf \é\ggts .g GFil,Jf‘fE)PCLASSifier W-jets
E‘: T H l QCD
. 0.4 qf; 0.4 ‘
® Could have 1mpact on % :
N N
the way we process and.: | 02
a na 7yZe da ta 7- n t h e ///: ;assilli:jglcl:?;% 21;1381;1;; éAUC): 0.9934 //,,/: ;?;132:;?12:1:;% ((il)as(jlg:; éAUC): 0.9854 i:;‘:‘;e::
0.0 -+ : ' , 0.0—* , . , ¥R~ £, ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08\ Councl
fu tu r e Barkground Contamination (FPR) Background Contamination (FP;H}' o
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BOOSTED-JETS 3USY SEARCH

19.7 fb” (8 TeV)
® Regime already probed 1n Run I §1027 CMS R°c[0.08,0.12[ —— Dat
(update ongoing) 5 S Wty
LLI I Other
. . 10 W :1):::::‘ ::(::iz?zaoo GeV
@ Will become more relevant with -+~ TIt1t800,275,100 GeV
HL-LHC and higher-energy

colliders (i1f any)
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https://arxiv.org/pdf/1602.02917.pdf

ol SUMMARY OF EPISODE |

® When R-parity 1s postulated, the lightest SUSY particle becomes stable (a
natural dark matter candidate)

® Dark matter cannot be detected

® But LHC can probe dark matter production using balance on transverse plane
® direct production, when high-pT jet/photon/etc 1s radiated
® 1n cascade, from the production of other SUSY partners

® Several new methods proposed since LHC started

® A large part of the parameter space was explored, particularly 1n the context
of Natural SUSY

® Now looking at the corners of the parameter space, where experimental
conditions are more complicated

® Deep learning (e.g., for jet tagging) will help us to deal with this 5§§x
141 e




THE PLAN

® Lecture 1: SETTING UP A SEARCH AT THE LHC

® Searching for SUSY 1n practice: strategy, trigger, reconstruction
® Designing a search: Simplified Models

® Building a search: signal region, control regions, statistics
tools

® Lecture 2: R -Parity ® Lecture 3: BEYOND MET-BASED SEARCHES

Conserving SuSY
® RPV SUSY

® DM direct production

® Displaced particles

® DM cascade production

15



ol SUMMARY OF EPISODE |

® When R-parity 1s postulated, the lightest SUSY particle becomes stable (a
natural dark matter candidate)

® Dark matter cannot be detected

® But LHC can probe dark matter production using balance on transverse plane
® direct production, when high-pT jet/photon/etc 1s radiated
® 1n cascade, from the production of other SUSY partners

® Several new methods proposed since LHC started

® A large part of the parameter space was explored, particularly 1n the context
of Natural SUSY

® Now looking at the corners of the parameter space, where experimental
conditions are more complicated

® Deep learning (e.g., for jet tagging) will help us to deal with this 5§§x
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WHY R.-PARITY AT ALL?

R — (_1)3B—|—L—|—25

® R-parity prevents proton from decaying

® What people l1ke of R-parity 1s that
DM comes “for free”

@ St1l1l, 1t might be that SUSY has
nothing/l1ttle to do with Dark Matter

® Can we renounce to R-parity 1n view of
no R-parity conserving (RPC) SUSY?

® Yes, but coupling have to be kept
small(*) / fine-tuned

® Even better if we have a mechanism
that keeps the couplings small R | ewopeen
(*) For very small couplings, particle gyt
might become long living (see tomorrow) 0

18
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HOW TO BRAKE R.-PARITY

Lepton Mumber Violation

1 .
—/\:;AU:D; Di, + I;L,'H,,

_/\ijkLiLjEli + A;jkLiQ_iDi: é 5

Baryon Mumber Violation

® Leptonic RPV i1s easy to look for, thanks to charged
leptons 1n the final states (similar to LQ searches,
not much to say)

® Hadronic RPV more complicated: all jets final states
at moderate masses

® single production (complicated because of trigger)

® pair production easier to access (more objects 1n
the final state, more trigger handles) | euopean

15



SINGLE-PRODUCED RPV SQUARK
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10° | 1 2;7 fb“]& 36 flb“(13 TeV)
. — YA I SS1A L AL
® aka di1jet resonance search 8 1 He cms esovims
o ) ;t 10 | quark-quark * Sfj;’fjf
@® Traditional (easiest) LHC BSM - 10 N B - 1 5. dov.
search |
.
® Main Timitation is trigger 107
1077
® standard strategy Ilimited > 10 Agluonicaom s,
1 TeV —— aﬁalar diquark
107 - 5 %,
; - P T T TR PO O TR
® scouting introduced to go 1078 e L A L
around this problem. Works e BT Resonance mass [TeV]
OK down to ~500 GeV (then L1 A i
becomes an issue) S T meeeeeeeeees
%0.8"— -
® ISR searches (same trick as " osf :
monojet) to push sensitivity 04t : B
to very-small masses 02 : | ewmsenn
-0 0 000 2000 3000 ‘e:r C| counci
Dijet mass [GeV RERORL



https://arxiv.org/pdf/1806.00843.pdf

SINGLE-PRODUCED RPV SQUARK
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-

|

|| l ! I I I | 1 1 I 1 I ] I I I I I 1 1 | ' 1 I I l ! I I

|

i & 0.2 o imi ]
® aka dijet resonance search : ATLAS 95% CL upper limits -
0.18 :— E - 13 TeV —— TLA Observed —:
.. . - ) IS TLA Expected (+ 1-26) -
0.16 1 1
® Traditional (easiest) LHC BSM = 36f77 | 2931 —— Dijet Observed -
search 0.14F 1y < 0.3 | Iy’ <0.6 E
0.12F —
® Main limitation 1s trigger 0.1F >
0.08F /»-.\ __________ —
® standard strategy limited > 0.06 1 [ =
1 TeV 0.04F Y =
002:1 T PR [ YRNE TRNE TR NN TN TN TR NN TN TN TN NN NN WY WO NN SO N W N S N l:
: : Y£400 600 800 1000 1200 1400 1600 1800 2000
® scouting 1ntroduced to go ) oy
around this problem. Works 5 ofoms SR Mz [GeV]
OK down to ~500 GeV (then L1 B .
becomes an issue) 5 ool - :
] = o.eé
® ISR searches (same trick as N _
monojet) to push sensitivity o _. -
to very-small masses S I | Buevemn
o 05 S 2000 ‘ o:.-:::'e.rc Council
=1 Dijet mass [GeV]



https://arxiv.org/pdf/1804.03496.pdf
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SINGLE-PRODUCED RPV SQUARK

® aka dijet resonance search >
g 140 ATLAS + Data.
.. . P (s=13TeV, 36.11p' EEW+jets
® Traditional (easiest) LHC £ 120F wzaidation B Z + jets
@

Background est.
Jet channel ]
BSM search 100 £ Bkg. stat. uncert

[ ] Bkg. syst. uncert.

80
@ Main limitation 1s trigger ol
. . 40
® standard strategy I1imited
> 1 TeV 20
0
@ scouting introduced to go 3
around this problem k
g
® ISR searches (same trick
as monojet) to push a , | 1 ,
- - - - L 1 1l . A A L
sensitivity to very-small 50 60 70 80 90 100 110
Large-A jet mass [GeV] Suropeer
masses Slere
=2




&) PUTTING ALL TOGETHER

o 04 T T T -

o ATLAS Preliminary March 2018 ___Large-Rjet + ISR, 36.1 fb”

1 arXiv: 1801.08769
0.35Vs=13TeV, 3.6-37.0 fb ____ Dijet+ISR (y), 155 b

ATLAS-CONF-2016-070

95% CL upper limits

03 — Observed ~_ Dijet +ISR (jet), 155 b ‘
---- Expected ,: ATLAS-CONF-2016-070
Dijet TLA, 3.6-29.7 fb
0.25 EXOT-2016-20 :
Dijet, 37.0 fb™’
Phys. Rev. D 96, N
0.2 052004 (2017) H
0.15F .-
0.1

Axial vector mediator TSN

Dirac Dark Matter
0.05 m,, =10Tev

100 200 300 1000 2000 .
m, [Gev] &r¢=

=3



PAIR-PRODUCED RPV 3TOP

19.4fb"' (8 TeV)

® Two jet pairs 1n the final > F ~ |
. - D - CMS * Inclusive Data
state, with similar masses S 06F M. = 400 GeV
2 osE— s SM multijet background (MC)
® Quite complicated 2 oab 1 ,¥
combinatoric + large e BT ++'..
background TE L
9 0.2 ++++ . draw 4jets here
® Two strategies: O.E %,;,M;;;%..
A I L R Ny - T o e
o ] OO 05 1 156 2 25 3 35 4 45 5
® resolved dijet pairs: 124" 8Tev) - me
some combinatoric issue S 5L CMS | q
to find best pairing. S 105l ;E‘iiiﬂffuﬁﬂ'?t"zw'massSeam“’5
. ~ 7 Be e M. = 250 GeV (T qq) -
Then simple bump hunt on 0" * T :
average mass S10° E
C10%f-; +
® merged dijet pairs: 1?5 ‘3 Fit done on the
simpler topology (no L ]  average dijet
combinatorics) and extra =] 5;“‘;; L - mass.
; T OPeet ¥y 0000000 0000 0. 0 000’y 00 00 000% 00000e
handles (jet G oL e A | noee
Subs tructu'qe) o S 9500 400 600 800 -.:.grc Council




PAIR-PRODUCED RPV 3TOP

y " " o CMS Preliminary 2.7 fb'1 (13 TeV)

@ TWO Jet pa-l r‘S -ln the f-l na7 % :' AL L L (AL ; 'DAT;I\ ot '--:--ll'ulr-l_éﬂbe'\i' ':

state, with similar masses & T = il ottt

) 2 10° = D Z + Jets WM Dibosons

g ; Bxg. uncertainty ;

® Quite complicated oo i

. . 2 ]

combinatoric + large 10 ;
background ) 1

® Two strategies:

j ;
@® reso 7 Ved d7Jet pa 7 rs. h Azx?erage pruned jet r?\?ss (GeV]
some combinatoric issue  CMS Freiminary 2.7 b (13 TeV)
to find best pairing. E°F T " am— ]
Then simple bump hunt on x [ e et
average mass °10°= ————— -
E ~ ]| Expected * 26 E
® merged dijet pairs: @

simpler topology (no
combinatorics) and extra
handles (jet 10
substructure) —

I IIIIIII
| 1 lllllll

i ;:..‘:’..:E ‘ European

N .‘-’:’-’:" ~ 3 Research
| -’,:’.'.'.erc Council
g '.:.:..0.’.0:: o

I IIII
=1 1 llll

| | I | | | 1 J 1 1 1 l L 1 1 1 l 1 1 | 1 l |
100 150 200 250 300
Resonance mass [GeV]
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MFV 3USY

Model RPV L

@ MFV 1s a kind of RPV SUSY 1n which \ s (o0 in

RPV couplings are making small o Sl 1-lepton
////": g Ml final state
. . . . . 6
® Th1s 1s achieved requiring the / g )
couplings to scale ~ CKM factors t
- CMS 35.9fb" (13 TeV)
. . - 10 3 | I—m§=1660G0V E
® Ist-generation couplings stay S L Mot o O -
. ~ = N, 2 t =
small and proton 1s safe S [ M >1000 GeV acD
GC) 1035_ B W-+jets -
> = [ Other =
) ) LL 5 - 077 Post-fit uncertainty -
® RPV confined to 3rd generation 10°¢ E
10 -

® MFV SUSY comes with top and bottom 1

quarks o
. . . &= 15F | | |
O One o 'IC th e maih motivations to E 1?//7‘//(//////7‘//////*%/7‘////////;4#///7‘/%}//%//%///%
look into jet multiplicity as a 8 %% .

. - . . - 1 | 2 | 3 2 4 . ..;..:;-...; European
discriminating variable N, T

26 https://arxiv.org/abs/1111.1239



https://arxiv.org/abs/1111.1239

MFV 3USY

@ MFV 1s a kind of RPV SUSY 1n which ) . .
\ 8 jets (4b) Iin
7

RPV I1n re making small I o
couplings dre maxking sma //‘;ﬁib" | 1-lepton
| | | - . %‘;‘ o . final state
® This 1s achieved requiring the / g )
couplings to scale ~ CKM factors t
CMS 359" (13 TeV)

—&— Observed 95% CL limit
-------- Expected 95% CL limit
B Expected + 1 s.d.

Expected + 2 s.d.

O.NLO+NLL (pp - §§,§ - tbS)

® 1st-generation couplings stay

small and proton 1s safe .
1

o(pp — ¢9) [fb]

| Illlll

® RPV confined to 3rd generation

® MFV SUSY comes with top and bottom °

| o rrrrn

quarks
® One of the main motivations to 1000 1200 1400 1600 1800 LG '2\9}00
. . . . . m- e
look 1nto jet multiplicity as a i 1
discriminating variable are
=4 https://arxiv.org/abs/1111.1239 25
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LONG-LIVING PARTICLES IN A DETECTOR

® Signature depends on charge

1 ‘'ma 0 |mumes neutral displaced B BSM
and lifetime charged FlolF dilepton M lepton
any charge : B quark
. . . AN / photon

® muon-11ke particle with N B anything

7arg € mass (7&[‘9 < dE/dX) disappearing displaced

track lepton
® track segment  CTTT
® displaced particles (track Lo,
1 “"‘ / .: ‘- ..’0;
leptons, jets) ST
2% e S X %
ey, » A ;% |
displaced %, T ) V¥ displaced
@ .. dijet : \\ 5. photon
: P

® (for very long lifetimes) / : v N

particles can be stuck 1n  displaced ¥ gisplacec Not pictured:

the calorimeter and decay vertex conversion ~°outoftime decays

m On th S a fte r : .;...-;-.: European

SR Research
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WHAT A LLP LOOKS LIKE IN A DETECTOR

™ eg. <fy>~30,ct =10cm

® Signatures can be very tricky O
% Calorimeter Muon Spectrometer
o 45% 22%

® Depending on the Iifetime,

Outside ATLAS - 3%

different detector components X
are i1nvolved .
® Some of these detectors I'm 4m 10m
cannot be operated 1n L1 Distance Travelled
trigger (and sometimes also 3 7 Ciiiiiiieiiie
at HLT) = 20- e e -
j: 10 - E
® Trigger can be a challenge ¥ 5: = :
T 2 S T a1 Tov a6
® More than one analysis 1s 12 ) B G e
needed for a given model, 0.5 - R vt :
depending on the parameter 020, DR s
space 80 100 120 140 160 180 200 erc Resaerch
30 m(x7) [GeV]




&) THE TRIGGER PROBLEM

® No track 1nformation @lL1

® need to trigger on
something else (e.g.,
jet+MET - the ISR
trick)

@ At HLT, full 1nformation
can be used (with some

pre-selection on the ///////
rest of the event, to

keep CPU under control)
ATLAS . ..

® So far this works, EXPERIMENT  Soieioiii®cese.s7 cess
because the L1 seed 1s

1nclusive enough | o
5:.-:;:.: g.rc Council
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THE TRIGGER PROBLEM

® This might become a
problem 1n the future
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® New trackers might
not provide dE/dx
information (too many
hits to read-out 1n
non-digital mode)

® Sensitivity to these
signatures might be at
danger 1n the future S | v
HHOTC)| comer

fae
“
..........
.....
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HEAVY STABLE CHARGE PARTICLES

® Depending on lifetime, particles could cross several
detectors

Cm
\
N/

5-

5—1

® Good to have detector-specific searches

® Good to put them together' as well - --- HSCP (becoming neutlal) - -

, |
o m

® These particles will deposit more energy than a muon /A\

|I "| “I
'I 'I .u !
X '| | '| l
1 |

® dE/dx crucial to i1solate the signal >@> w“
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DISAPPEARING TRACIOS

® Disappearing tracks happen when

— P : hm
. o = :
@ the LLP comes with charge — - - -
® it decays to an invisible T ;514 mm
particle D : .
- : 300 mm
® the mass difference 1s small _ : 120 mm
(i.e., any other decay product ,9_2 '
1S undetectable) a r 33 mm

® Can be exploited with different Run 1 Run2 Future???

detectors, depending on 1ifetime _ _ _
The emerging particle (a pion)

® That’s why it is important to go IS typically too soft to be
closer and closer to the beam reconstructed
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DISAPPEARING TRACIOS

Very clean signature->can be ~

® Disappearing tracks happen when background-free search

1 . est. event cour{t .

® the LLP comes with cha rge run period leptons fake tracks total observation
2015 0.1270E £0.01  0FJ077005 0.12 5o 1
. . - 2016B+C  1.99+042+0.11 038+0.1970%% 238+ 0.46f8;;§ 2
® 1t dec ays to an 1nhvisi ble 2016D-H  3.07+0.63+022 0914+035+091 398+071%5; 4
: total 5184+0.76+025 13+04+10  648+086+1.03 7

particle =
og BAEEPON =5, u>0

® the mass difference 1s small 4
(1.e., any other decay product 3
1S undetectable)

L
T T T Trir

CERN-EP-2017-179%

] 1 lI[lIll

® Can be exploited with different 03F e e
detectors, depending on Tifetime 22 L A
e (s=13TeV, 36.1 1b" 3
® That’s why it is important to go  ouf _E;'Em:{%giiﬂ;:::
closer and closer to the beam 0.02~l = mi;:z.mjzzszz}fi’&:;’,
35 007500 200 300 400 500 6"(])20 cell? e}' C| couni




DISPLACED JETS

CMS-eX0-16-00a3

Q

® Reconstruction of displaced jets has
very specific challenges

X
¥ X

® physics background from b and T jets

® Projective geometry of the jet
compromised (problematic e.g. for
association of tracks to jets 1n
particle flow)

® Displacement exploitable 1n trigger
only starting from HLT e point

impact .
parameter B -~ -~ >

® Despite these difficulties, several = B Jet direction
analyses exist that probe this a
scenario.
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DISPLACED JETS

CMS Preliminary (13 TeV)

© 1b E
- : .
® Reconstruction of displaced jets has < 1
very specific challenges 107} -
® physics background from b and T jets al
. . . 107k
® Projective geometry of the jet i , 3
. . 0 10 20 30 40 50 60
compromised (problematic e.g. for 6t (15 Tet) ot Median 2D |P
association of tracks to jets 1n  E [cus BLepton ppo it 1o b 1
] - == Observed 10,
particle flow) — | = Expected + 10,00

<

'’ 10°
o
[
O

® Displacement exploitable 1n trigger
only starting from HLT o

e
6 % B? upper limit at 95% CL [fb]

® Despite these difficulties, several

analyses exist that probe this 10 N
scenario. | eweon
— . derclen

=7 oo 13%0[69{/2100




. . . ;.:usooﬂrfT”fTYVTTYT,TrY,,vT
@ For smaller lifetimes, displacement § |anas e Ot B (a8
b : = /3000, {s=13 TeV, L=32.8 fb 8 limit (210 neon) -
ecomes typically small £ | Alimisat9s% CL "+ Explimi (s10,,) -
2500/ g—oqqx1 t=1n8 _:
® NP particles mE ?1
would decay in J
1 — 10— ——— T ———ry 1500 .
the 1nner tracker g ATLAS | ommeratend ;
S 1oL 5=13Tev, L=32.8 fb" (223 Exp timit (1,26, ) 1000} =
. O All limits at 95% CL ~ —— Ops limit (m =2.0 TeV) E 3
® can use pixel g G901, AM=100 GeV [} ppumte120) 1 s00 CERN-EP-2017-202 t
. . 1k E )
vertexing 1in ° | E TR AT
; C an-t 1400 1600 1800 2000 2200 2400
all 1ts power SF \ o oot Mt ATy m; [GeV]
£ N 7 4
© have physics-  § | S
1nduced SM
backgrounds to 10+ ;
. -3 2 -1 o0F ieeeley
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= TOPPING PARTICLES

: : = 10
® Heavy colored particles (gluinos, E RN
. : [0) X
stop, etc) can be trapped by nuclei 2z ~_  LHC
of the calorimeter g S
5 l()x \QQQQQ\
2 | 03 | \k\ \\\\\QQ\\\\:
® Once there, depending on the E 0 ;i“’evatron
l1ifetime, 1t could take hours/days/ % 1
months before 1t decays ! :
200 500 800 1100 1400
Mﬁ (GeV)
® The signature 1s energy 1n the 3 F oS
calorimeter and no beams o5 Simulation
- é? ‘4(§ A DA & ]
0.4[— i
® Could happen during shutdown, when - F T
- - - 013:— | é
LHC 1s filling, etc : gl;é a0 ey
02 A m§=700 GeV
Y. 0 m;=1200 GeV
. . u | e m.=300GeV
® Your trigger should run all time! b s m=400Gev
B m N%==600(36V
B + m.=1000 GeV
O_AQ. I I T R R R A I R
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-1 OPPING PARTICLES

® A typical trigger consists 1n asking for enerqgy 1n the calorimeter
and no beam 1n the accelerator

18.6 fb'(8 TeV)
e} e}
RS- ko 95% CL Limits:
10° —
— S E. > 120 GeV, E > 150 GeV Doserved
< %§ J t = 4 Expected 10
T T Ejet > 70 GeV - + = Expected +20
1o 10
= le)
” q
— X =600 GeV)
! = 1 A~~~ Gtheory (m§
o)
T o)
o
! 11 0
© 10" Qo
O
1072 )
1072 Oiheory (rrLt =600 GeV)

107 10° 10° 10* 10 102 10" 1 10 10 10° 10 10° 10° _gggh:xxx
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NEW IDEAS: SHIP

® Advanced proposal for an experiment at the CERN SpS

® Designed mainly to look for right-handed neutrinos (e.g.,
predicted by vMSM)

® Can be used to probe generic long-1iving particles

p beam | aeemmmmT -lll

target

p-shield decay vessel IZICAL/PID
spectromete

https://arxiv.org/abs/1708.09389 =1




NEW IDEAS: SHIP

® Advanced proposal for an experiment at the CERN SpS

® Designed mainly to look for right-handed neutrinos (e.g.,
predicted by vMSM)

@ Can be used to probe genemc long-11ving particles

2 T . Visibly Decaying Scalar Medlator my ~ m,
LHCb & Belle ||/ [\ LUX&
Ry ' B Kup 1 Super
EWPD 2 ) , L CDMS
— L NEWS Jb\
DELPHI 5 \ \
! | S AN
| . LZ
a ™ML N\
5 “\Super—-CDMS ~ "~---- g
| \ SNOLAB
Bay
* N . SHiP
e, FCC % 107" For Direct Detection
", my=12mg,g, = Thermal -~ -
...... : - 107r bt
taal 1 e ] L1 | 1()‘13 - :, DM Never Thermalizes
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10 1 02 1073 10~2 107! 1 10 . Z.;..':;-..E European

miGeV g [GeV] EATC conar
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NEW IDEAS: MATHUSLA

® A detector on surface, capable of collecting decay of
long-11ving particles produced at LHC

® No magnetic field, but particle possible thanks to
track topology

leptonic decay hadronic decay

Multi-layer

' 5
tracker in roof 0
S IR,
Scintillator O 4
. -H-II-I-\‘ll'
Surface detector i 3 ‘
: I | R AL
2
= : S S —
S ATLAS AT e 1 :
AR or CMS ,°* s : |
1 LHC beam pipe 9 e Th Y jet
A
100m 200m N
....'.:.e....rc Council
=3 g




NEW IDEAS: MATHUSLA

® A detector on surface, capable of collecting decay of
long-11ving particles produced at LHC

® No magnetic field, but particle possible thanks to
track top07ogy — mx=5GeV — mx=20GeV — mx=40GeV — MATHUSLA .... ATLAS

(4 events) (exclusion)

. ‘\“ \“ " _ 4

0.100 f—J . 10
g 110°
® Could probe 3 1
. 110

long-11ving 0001 £ g1 _
. > = 10 =
particles, A E 4 :
e.g., from £ 105 2 g 1
. af| -1 o
Higgs decays £ :21020

_ E 10

1079 Js=14Tev| 2
S 1 @ (107
o 3 ab 0
Q ] _4 ‘e "0'® e
10—9 | | | | | | 1 | 5 ‘ ‘ Z 10 .-.. European
0.001  0.100 10 1000 10 10 HAre] e
https://arxiv.org/pdf/1606.06298.pdf a4 ct (m)



https://arxiv.org/pdf/1606.06298.pdf

NEW IDEAS: CODEX

® LHCb 1s moving HLT farm out of the detector area

® Free space could be used to host a small Mathusla-11ke
d - t eCc to r DELPHI CODEX-b box - .
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NEW IDEAS: CODEX

® LHCb 1s moving HLT farm out of the detector area

® Free space could be used to host a small Mathusla-11ke
detector 107

Co I ' =1 3
rn |7

L1l 1]
AWM

LHCD, 3fb~!

® Could be used L PR TR
to probe Ili1ght x \ 5
long-11ving
particles
produced at LHC
(e.g., 1n b
decays)

sin? 6

https://arxiv.org/pdf/1708.09395.pdf 46




NEW IDEAS: CODEX

® LHCb 1s moving HLT farm out of the detector area

® Free space could be used to host a small Mathusla-11ke

.= 0.5 GeV

detector

® Or probe
l1ving

particles from

long-

Brlh — v474]

H1ggs decays

https://arxiv.org/pdf/1708.09395.pdf
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NEW IDEAS: FTASER.

® Small detector, to be 1nstalled side-by-side the LHC
tunnel, pointing to the detector 1nteraction point

® Same target physics (dark photons, etc) but different
scale, budget, and reach

4 Intersection
P TA D1 TAN D2 < Intersection Arc . /J—/E_)//
[ ARERRRRAN [ ] (L[]l -
*—i o farlocation:‘
-ttt >

0 100 200 300 400 Lim
@mA P TASQ1 Q2 Q3 D1 TAN D2 Q4
+15
+10
+5 —
=I
0 - R
1
5
10 -
15 - \ \
| | : | | | > RS Europ
5 50 100 150 L[m] erc o
https://arxiv.org/pdf/1708.09389.pdf 48
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NEW IDEAS: FTASER.

® Small detector, to be 1nstalled side-by-side the LHC
tunnel, pointing to the detector 1nteraction point

® Same target physics (dark photons, etc) but different
scale, budget, and reach

1 05 - . l 4 -
. Distancge between detector and IP 10 E Detector Radius: far location
: ¢ i 7TO - VA' E Lmax=400m, A=10m
104 i i n- VA' —————————— - EA'>1 00 GeV
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; ¢ e 107 107°
103l E mu: 20 MeV 100 MeV
o |0 B ———
S P
2
10 .
f e 10  10°°
101L = TN 2, mu: 20 MeV 100 MeV
Enear location . TN -/ S ™ - yA
. R=4cm S n-yA - oo
: "~ A=5m A=10m /¢ Bremsstrahlung oo e
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NEW IDEAS: FTASER.

® Small detector, to be 1nstalled side-by-side the LHC
tunnel, pointing to the detector 1nteraction point

® Same target physics (dark photons, etc) but different

scale, budget, and reach

1073 1073
FASER: far location
[ ax=400m, A=10m, R=20cm

L=300fb~", Ex>100GeV
104E 0K

FASER: near location
L max=150m,A=5m,R=4cm
L=300fb~"!, E4>100GeV
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REINTERPRETING PROMPT SEARCHES

csﬁw
\
N/

- CMS 359 fb"' (13 TeV 35.9 fb (13 TeV
@ Prompt ana 7yse5 are Sens -l t-l Ve % 1800| pp <+ 33, >qqx° NLO+NLLenduiOon - ) % 1goocppM—,?g,g—,qq'x$ NLO+NLLexcluf;ion - ) | o)
to sma 7 7 d-isp 7aCementS (-i €.y %‘: 1000 %z(;gi;:’edi1°mm 1 %- 1600 C‘Eozc;b";ewedj:IG,,.(,O.,, 1 g
tO sma 7 7 7 _i _I:et_ime) = 1400_§-§-E-ExDededi 1and 26, irem | = 1400 ===Expected £ 1 and 2 6, c,imer ‘g
1200[- 3 : g
- e . 10 107 g
® This i1s why some traditional " F /280~ ; 2
prompt analysis was recasted : .3
. . . . 10 o
to long-1iving particle S 3
scenarios TR . :
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. . m e

® The result is already good in m~[GeV] ’

. . CMS 35.9fb" (13 TeV) CMS 35.9fb" (13 TeV)
prOb-l ng 7a rge pO rt-l On Of % 1800| PP — 30,0 — qT & NLO+NLL exclusion g %' 1800| PP — 90,9 — qT XY NLO+NLL exclusion
parameter space = 1600| m=Observed £ 1y, 315 = o00| =observed 1o,

S “::Expectedt1and26, .. .. S E “::Expectedt1and20, .. ..
® The deterioration of L S-S E
sensitivity with lifetime 1is oo AL d 11 £ E
less pronounced than what ool = N\ 1 fio: & o 1]
would expect soof Ry £ - 400k |
200f » = 500k Bl
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ol SUMMARY OF EPISODE I

® LHC (SUSY) searches are much more than MET-based searches

® RPV SUSY: single & double production == new resonance searches
(bump hunts, boosted jets, ..)

® Large set of exotic signatures emerging from long-1iving particles
® SUSY compressed spectra
® Dark sector

® Searches program 1n place

® New 1deas to extend LHC reach with new detectors

® But don’t underestimate the sensitivity of even the more classic
Sea rCheS ..:..;.:':.:.-..E E::::::n
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