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jets

invisible
in particle
detectors at
accelerators

interaction
modes!?

What do we want to measure?
. “stable”
particles!

interaction
modes!




123: Washington University”

Interaction mode recap...

electrically charged
* ionization (dE/dx)
electromagnetic
shower

electrically neutral

pair production
v E>l MeV

electromagnetic
shower

837 : Caltech and Harvard
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1088: SLAC

u

electrically charged
ionization (dE/dx)
can emit photons

v electromagnetic
shower induced by
emitted photon

produce hadron(s)
jets via QCD
hadronization
process



Standard Model measurements

= Full EW 2-loop
== Z-partial widths at 1-loop

M [e] fitter |-

A(SLD)
sine;(Q_)
A,

Ay

Al

A

R

Ry
m,

a (V)

z
ﬁahﬁ;d{hf;}

Marco Delmastro

-3

2 10 1
(0. -0
fit

2 3

0.0
1.4
0.2
0.2
0.0
15
1.0
0.8
0.2
2.0
07
0.0
0.6
0.9
25
0.0
0.8
0.5
17
0.2

V" Very few tensions...

constrain are now better!

I8

Excellent agreement between measurements and SM prediction!

More precise measurements of W and t mass needed: indirect
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Production cross-sections

Standard Model Total Production Cross Section Measurements swius: March 2015
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Few words about QCD

* QCD (strong) interactions are carried out by
massless spin-| particled called gluons

v Gluons are massless

* Long range interaction
v Gluons couple to color charges

v Gluons have color themselves

* They can couple to other gluons

* Principle of asymptotic freedom

: . : uark-quark effective potential
v At short distances strong interactions are weak T T P

* Quarks and gluons are essentially free particles 4 o
. . S
. | J—
Pertur?atlve regln'je (can calculate.:.) . ‘/S - —— 4 kr
v At large distances, higher-order diagrams dominate 3 r
* Interaction is very strong —_— =
* Perturbative regime fails, have to resort to effective single gluon confinement

models exchange



Confinement, hadronisation, jets....




Confinement, hadronisation, jets....
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Di-jet cross-section
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1g77: Fermilab

Confinement, hadronisation, jets....

B-taggin
88N Displaced
cks

b

When a b quark is produced, the
associated jet will very likely
contain at least one B meson or
hadron

Secondary
Vertex

I
r
I
[}

B mesons/hadrons have relatively
long lifetime

v They will travel away form
collision point before decaying

Identifying a secondary decay
vertex in a jet allow to tag its
quark content

Similar procedure for c quark...

10



Complicated topologies....

All jets 44%

top quark

was5: Fermilab Top quark has a mean lifetime of 51072 s,

i\ T+jets 15%

shorter than time scale at which QCD acts: no .
time to hadronize! o 2% G A

v Itdecaysas t — Wb “lea 2% 3 | siets 15%
Events with top quarks are very rich in (b) jets... evite 5%

” muon q t

w +
: V,
% ¥ neutrino
2 C_’l 6
proton beam q ' q
LHC is a "top factory”!
* 5 millions of tt pairs w
* ~100000 in Tevatron in t
) 20 years b
neutrino o @
2 9 g b
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tt candidate event e +p + 2 jets (b-tagged) +ETmiss

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST

C“ATLAS

* LLEXPERIMENT




Mass of the

[ | [ |
Tevatron combination November 2012 May 2013
LHC combination July 2012 September 2013

top quark

Combination using BLUE

World combination March 2014 arxiv:1403.4427 ATLAS + CDF + CMS + DO Preliminary
CLF Hunll, l+jels .= 0.6
Tevatron+LHC m,_ Indlv. comb. - March 2014, L_-3.5m' 870" COF Runll. di-lepton ] Oé
ATLAS + COF + CMS + DO Proliminary e - .
1 P —— 173.29+ 08B0 ?3+0724+ 077 CDF Runll, all jets . .
:I: [ ).8( 3+0 5 e ] . 05
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== ey k,, S.31 -
= CDF P gy = 73.19 2 1.00 05220444 ATLAS 2011, |1 jets - o8
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C CMS 20 all jets '
= ik — 173.28 + 0.94 022 +026+088 MS 2011, all jet i 0.1
World comb. 2014 P ety 173.34 = 0.76 .27 =024+ 067)
£ 2 Tevatron March 2013 (Run ) Wiy ey 173.20= 0.87 051+ 0.36 £ 0.61)
l_ LHC Septomber 2013 P ] — 173.20 £ 0.95 023 0,26 0.88) —l{lﬂgfgﬁjgull & M. comb.
| | nal | (st syst) | | | |
170 172 174 176 178 180
My [GeV] -5 -4 -3 -2 -1 0 1 2 3
Pull
. 2_
Consistency x=4/10

My = 173.34 1 0.27 (stat) + 0.24 (1JES) £ 0.67 (syst) GeV

precision on M__ 0.44%

Highest precision in |+jet channel
Dilepton channel good precision
Fully hadronic channel respectable ..
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Tau

Complicated topologies....

® Tau are heavy enough
that they can decay in
several final states

v" Several of them with
hadrons

v" Sometimes neutral
hadrons

¢ Lifetime = 0.29 ps

v’

10 GeV tau flies ~ 0.5 mm

v" Typically too short to be directly seen in the

detectors

® Tau needs to be identifies by their decay
products

® Accurate vertex detectors can detect
that they do not come exactly from the
interaction point
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Complicated topologies....

15



Many unanswered questions....

Why there are 3 families of
particles! Are there more! Why is the top quark so heavy?

Why there’s t
more matter : Are there
then anti- more forces!?
matter?
How do
neutrinos get
!
mass!? What keeps
the Higgs mass
so small?
How do we What is

incorporate gravity? Dark Matter?

16



... aS many possible answers to probe!

¢ Super-symmetry?
Standard particles

. Quarks . Leptons . Force particles Squarks

® Composite quark and/or leptons!?
® New Heavy bosons!?

® Gravitons!?

® Dark Matter particles?

o Sleptons

SUSY particles

SUSY f
@ susy o

r-------

I ..m
E. I

lAny new theory
| need to agree
I with the SM!

17



Long list of models and signatures

Many extensions of the SM have been

developed over the ‘
= —
=

Supersymmetry —

S
. . N
Extra-Dimensions o

N

Technicolor(s)

GUT
Hidden Valley
Leptoquarks
Compositeness "
4™ generation (t', b")
LRSM, heavy neutrino
etc...

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...
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Long list of models and signatures

Many extensions of the SM have bee
developed over the pw%
Supersymmetry1 — =

Extra-Dimensions

Hidden Valleys,
Leptoquarks
Compositeness
4" generation (t', b')
LRSM, heavy neutrino /
etc...

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...

A complex 2D
problem

Experimentally,
a signature
standpoint
makes a lot of
sense:

- Practical

- Less model-
dependent

- |mportant to
cover every
possible
signature

19



ATLAS dark matter search

3 . F ATLAS 20316 ys~8TeV | —e—Data ' ]
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¢ Pair production of WIMPs plus W or
Z bosons decaying and reconstructed
as a single massive jet in association
with large missing transverse
momentum from the undetected

WIMPS particles

®  The interaction is unknown...

v" But this doesn’t stop the search!
- L my, [GeV]
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ATLAS SUSY Searches* - 95% CL Lower Limits

SUSY summary

ATLAS Preliminary

Status: ICHEP 2014 VYs=7,8TeV
Model T,y Jots Ep- [Ldim™] Mass limit Reference
MSUGRA/CMSSM o 26jeB  Yes 203 mig=mig) 14067876
MSUGRA/CMEEM lep  36jstz  Yes 203 any mig) ATLAS-CONF-2013-082
MSUGRA/CMSSEM ] 7i0jets  Yee 203 any i 13081841
P [} 2-Gjste  Yes 203 miES -0 GaV, m{L* gen. Q)-m(2* gen. §) 14067875
ﬁ Fast] o 26jsts  Yes 203 mEF) =0 GV 14057875
B, B —ragl —agW 1ep 6B Yee 203 n"kmm miE* -0 BmeF S bemiph) ATLAS-CONF-2[13-082
e, I 2ep oajsts - 20.3 75 b D GV KTLAS-CONF-2012-080
m 2ep 2-4jete  Yes 47 Ilnﬂcﬂi 1208.4583
GMESE (! NLSP) i2r+0-1¢ o0-2jsts Yee 203 tang 20 1407.0609
GGM (bino NLSP) 2y - Yes 203 miF} b BOGaV ATLAS-CONF-2014-001
‘GGM (wino NLSP) lepsy - Yee 48 mEF - BOGeal ATLAS-CONF-2012-144
GGEM (higgsino-bing NLEP) ¥ 18 Yes 48 mif3 b 220 GaV 12411167
GEM (higgsino NLEP) 2eplE) 03B Yes 58 mINLSP200Ga KTLAS-CONF-2012-182
Craviting LSP o Yes 105 mil e 107 &V KTLAS-CONF-2012-147
BB o ET Yes 204 mi} J< 400 GaV 1407.0800
E = o 7i0jets  Yee 203 miF}) <150 GV 13081841
K 2, _'_.ﬁe' o1 e 3b Yes 204 mi?) b 400 GV 1407.0600
;—-HE%} o1 e p ET Yes  20.1 miFy e300 GaV 1407.0600
BBy, By—si] o 28 Yes 204 miF e BOGaV 13082631
5151,51—&1! 2e,p(88) o03p Yes 203 miET -2 mET) 1404.2500
A flighty, e 1-2ep 126 Yes 47 iS55 GV 1200.4305, 1208 2102
fif, (light), F—Wa] 2ep  O2)EB Yes 203 miF}) =miF e (¥ 150 GeW, mifi bcamif ) 14012.4853
FAify(medium), ii—&] 2ep 2jets  Yes 203 miES =1 GV 14024869
fify(medium), f—pEi o 2k Yes 204 miE] b 200 GV, miE] J-mE T 1=5 GV 1308.2631
iy (heavy), 7y 1ep 18 Ve 20 miFy =0 GaV' 1407.0683
iy (heavy o 28 Yes 204 mi7y -0 GaV 14081 122
A, f 0 monojeticag Yes  20.3 mif; - e BS GaV 1407.0808
f17i|netursl GMEB) Pe,ulE) 16 Yes 203 i} b 150 GaV 1410522
f,r!,ﬁ;—di +Z e, (Z) ib Yes 203 miF} e 200 GV 14035222
Bep o Yes 203 miFS -0 eV 1403528
Bep o Yes 203 n";—um m{E, 5= Blm{F s rE L) 14025294
21—*1#] 2r - Yes 203 S IO eV, m¥, 7m0 Slmiit bemi 1) 1407.0850
Eg VLI Sen o Yes 203 m:ﬁ:—mﬁ 11=D, P, ¥l SImiE bemlE ) 14027029
23ep o Yos 203 m , l:|. m:ﬂ;.u. skoptons decoupled | 14025264, 14027028
RFE 1ep 2b Yag 203 (F11=0, mloptons decoupled | ATLAS-CONF-2013-083
T+ 4ep o Yes 203 mh‘{:—mhﬂ mﬁ-u o) o a1 1405.5088
mu.t;r m m-l? Dh-m wh  1jst  Yes 203 mEFS - 2180 MV, 7F$)-0.2 na ATLAS-CONF-2013-088
Sjste Yes 278 miE] =100 GV, 10 pocriphcl 00 s 19106584
?H“ gﬂ_,m " 1-2,: - - 159 10<tang<50 KTLAS-CONF-2012-050
T3, hnglwd 1 2y - Yes a7 OdcriEi e ne 13045310
;@.iiﬂmqml 1pdspl vt - - 203 1.5 <crc1 B8 mm, BRl=1, mifli=108GaV | ATLAS-CONF-2012-002
LFV pp—+%: + X, Pr—te + 0 2ep - - 48 &,,=0.10, 4,,,=006 12121272
Lvap—w. + X, Pr—re(E) + T lep+r - - 48 Eyyg=010, izpy=0.05 12121272
2e,p(88) 038 Yes 203 mig=mig), cuze<i mm 14042500
.h. m_ ql'l dep - Yes 203 miFd b O Bamiit ), Aumwld 14055088
jﬁg;.gl_,ﬂilga_, Jep+T Yes 203 miFs b DB ), Al 14055088
o 67jsts - 20.3 BRij-BRE-BA)-0% ATLAS-CONF-2012-091
_|-.r1r h—ribr 20,p(88) o03Fp Yes 203 1904250
‘Sealar ghuon palr, sgluon—ag 4 jets - 46 |ogluon inal. limit-from 11102883 1210.4828
‘Bealar gluon palr, sjuul—nf no.plﬂm- !B Yes 143 ATLAS-CONF-2012-081
WIMP interaction (D5, Dirac y ) Yee 105 miy}cB0 GaW, limit ofB87 GaV for D8 ATLAS-OONF-2012-147

Mass scale [TeV]

“Only a selection of the available mass limits on new states or phenomena is shown. Al limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
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Events

Data/Expected

New heavy W and Z like particles

These searches are quite straight-forward, following basically the same
analyses as for the familiar W and Z bosons

Z’: Di-lepton pairs

10 ——r
i ;rus azr
— 00 B 7op quark
10° _[Ldt: 203"
10* \s=8TeV

— T
¢ Data 2012

([0ijet & W+lets
(ODiboson

77 SSM (1.5 TeV)
(JZ SSM (25 TeV)

5 T

14 * y et

1'21 ol 2T A VS dlhl |I

T oo e >

06 =

0.08 0.1 02 03 0405 1 3 4
Mee [TEV]

Phys. Rev. D 90 (2014) 052005

W’: Lepton + ETmiss

19.7 fo' (8 TeV)
o O SR T NN MRS T
010 cMS __SSMW —ev, BWw-oerv
0104 e + E™ M = 2000 GeV Bt + single t
v __HNC Cl— ev, B aco
\103 A = 4000 GeV .y+jets
B2 DM,A =200GeV, [ Jovy
c10? M, = 300 GeV [l Diboson
0>) —+- Data
L 10 [553 Syst. uncer.
1
10"
102
1o
10
500 1000 1500 20 2500
M, (GeV)

arXiv:1408.2745v1[hep-ex] sub. to Phys. Rev. D
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New particles decaying into two photons

G v 9 G
Example for a search of >{£: :%ﬁ:
extra dimension signals a

(Kaluza-Klein Graviton in
the Randall-Sundrum and Arkani-Hamed, Dimopoulos and Dvali models)

C LE | b
’_a z - C EER [ o e DL B | R R0
3 10° '[ Ldt=491b' ﬁ i ATLAS — Observed limit |
C - 1 -
o < \s=7TeV = - --- Expected limit
g 10° ., § 1 s =7TeV B Expected + 1673
Control region = F G— ee/pp/ vy Expected + 26 3
10 S F -3/, =01
~e-2011 dala 1 " kM, =005 ]
1 [ Total Background G 10 — /M, =0.03 =
10" i "iReducible Background ';3 g — /M, = 0.01 i
) syst @ stat (total) o - "":.I. Lat=491" ]
10 syst @ stat (reducible)
s [TIRS, &/, = 0.1,m, =1.5TeV 102 Wij Ldt=5.01" 3
107 E = ]
= [CJADD. GRW, i, = 2.5 TeV : : w:j Ldt=491" -
1
[0 H " i
:'g 0 E A A 1 ' s A ' l A A A " 'S ' A A A " A - ' ' ' E
i< : : SR my; ['re
2] 200 300 400 1000 2000 30C

my, [GeV]

New J Phys 15 (2013) 043007
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DUCERINERNIE

If theories with Extra-dimensions are true, microscopic black holes could be
abundantly produced and observed at the LHC

Btlentis

Simulation of a black hole
event with Mgy ~ 8 TeV in
ATLAS

They decay immediately
through Stephen Hawking
radiation




Extra - dimensions

If theories with Extra-dimensions are true, microscopic black holes could be
abundantly produced and observed at the LHC

26 2011 EOT

A real ‘candidate’ event of
a ‘black hole’ in CMS with
9 jets and ST = 2.6 TeV

They decay immediately
through Stephen Hawking
radiation




LO1(ef) x2 stopped gluino (cloud)
LO1(ej}+LQ1(v) stopped stop (cloud) -
LO2(j) x2 L aot ks HSCP gluino (cloud) Long-Lived
LQ2(i+LQ2(v) epioquar HSCP stop (cloud) B
LQ3{xb) x2 a= S
LQS{ﬂ; :Z nautralino, ctau=25cm, ECAL time
LO3(vt) x2

2 3 4 j+MET, SI DM=100 GeV, A
j+MET, SD DM=100 GeV, A

y+MET, S| DM=100 GeV, A
v+MET, SD DM=100 GeV, A
1+MET, £=+1, S| DM=100 GeV, A
|+MET, £&=+1, SD DM=100 GeV, A

RS1{yy), k=0.1
RS1(es,uu), k=0.1
RS1(jj), k=0.1
RS1(WW—4j), k=0.1

0 L 2 3 4 1+MET, £=-1, S| DM=100 GeV, A
CMS 95% CL exclusion IMET, £=-1, SD DM=100 GeV, A
limits (in TeV units)
SSM Z'(x)
o AR —_— =
SSMZ0) AR REHeA A8 Large Exira
SSM Z'(bb) ADD (ee.uy). nED=4, MS z :
SSM Z'(ee)+Z'(uy) = x ,3’32 "g—: xg : Dimensions
SSMW'(j v+ . n G
SSM W(l(:g B ' QBH, nED=4, MD=4 TeV
SSM W' (WZ i) ; NR BHJ:,E?: MD-—;.T;:
SSM W'(WZ-‘4D —— String Scaie (i)
1 2
Excited .
0: m) | Fermions dijets, A= LL/RR CompOS”eneSS
o <. ( ; dijets, A- LL/RR |
g. (qg) dimuons, A+ LLIM J
£ dimuons, A-LLIM i
dielectrons, A+ LLIM 1
dimuons, A- LLIM =
coloronjj) x2 = singles, AHRCM N
coloron(4j) x2 Multijet single i, AHNCM i
gluino(3j) x2 inclusive jets, A+ M
gluino(jjb) x2 Resonances inclusive jets, A-

0 1 2 0 = 8 13 17 21

CMS Exotica Physics Group Summary — ICHER, 2014 Similar results exist from ATLAS




LHC Run 2

Hugely increased potential for discovery of heavy particles at 13 TeV

Perfect occasion for young motivated physicists: join the search!

Minimum bias

ZZ

WH

t (s-channel)

H (ggF)

H (VBF)

t (t-channel)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)
Z' SSM (3 TeV)

Q" (4 Tev)

QBH (6 TeV)

Cross section ratios: 14 (13) TeV/ 8 TeV

1.2
2.1
2.1
2.2
2.6 And: pp — H*(500) + X: 14 TeV/8 TeV ~ 7
2.6
2.8
3.9
4.7
11 (for 13 TeV /B TeV: 8.4)
16 (for 13TéVJBTeV:12}
Ti (for 13 TeV / 8 TeV: 46)
: 5700 (13/8:2700)
13
87
, : . J 12000
rrt rrt e : ——rr R —
10 100 1000 10000 100000
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80-100 km tunnel infrastructure in Geneva area —

design driven by pp-collider requirements (FCC-hh)
with possibility of e+-e- (FCC-ee) and p-e (FCC-he)

Vi
e 2 =
b

For a Very High Energy Hadron Collider 2
ranging from 42 TeV (8.3T LHC magnets) 4
to 100 TeV (20T very high field magnets
with HTS), and could house first an ete
collider up to 350 GeV

1

s Schematic of an

4 80-100km
long tunnel




