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Recap from Lesson |: how to find a new particle?

® Step |: find events with the  ® Step 2: reconstruct

right ingredients properties of initial particle
v" Cut on particle properties to reduce ot
reducible background I

o

v" Cut on event properties to distinguish u*

signal from background f u-

9
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Lecture 2

' * Precision measurements of
' the Standard Model

* Search for the Higqs boson

 and s%u,cij ks roy&r&&es

* Direct search fror Fah sics
Bejcw\ci the Sktandard Model







Standard Model measurements
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:physics|
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%68: SLAC 074: Brookhaven & SLAC 1905: Fermilab l
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Z boson
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Standard Model measurements
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3 Full EW 2-loop
3 Z-partial widths at 1-loop
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* Excellent agreement between measurements and SM prediction!

V" Very few tensions....

* More precise measurements of W and t mass needed: indirect

constrain are now better!

e.g. H
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Production cross sections

Feb 2014 - CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fb™)

$ 8 TeV CMS measurement (L < 19.6 fb™)
—7 TeV Theory prediction

—8 TeV Theory prediction
% CMS 95%CL limit
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Production Cross Section, o [pb]
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Production cross sections

Apr 2014 CMS Preliminary
CMS measurements | 7 TeV CMS measuremer:t (exp+th) H——+—O0—+
vs. NLO theory 8 TeV CMS measurement (exp+th)  +—+—e—+—
YY, (NNLOth) | o | 1.04 £ 0.11+0.09 5.0fb™
Wy — o —  1.16 +0.13+0.06 5.0fb™
Zy ——O——— 0.98 +0.05+0.05 5.0fb™"
WW+WZ o — 1.05 +0.20 + 0.03 4.9 b
WW — o+ 1.11£0.11+0.04 4.9fb"
WW — o — 1.22 +0.12+0.04 3.5fb"
WZ | o | 1.17 £ 0.10 £ 0.03 4.9 fb™
WZ e+ 1.12 +0.08 = 0.05 19.6 fb™
77 — o — 0.99 +0.15+0.06 4.9fb
77 — e+ 1.00 + 0.10 £ 0.08 19.6 fb™
A T S S A S SR
0.5 1 1.5 2

eemenoaony Froduction Cross Section Ratio: o,/ o

http://cern.ch/go/pN;j7
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All jets 44%

top quark

'995: Fermilab ®  Top quark has a mean lifetime of 5%1072° s, s 1o
shorter than time scale at which QCD acts: no .
time to hadronize! T e 2%
pte 1% X/
v ltdecaysas £ — VWb we 2% piets 15%
® Events with top quarks are very rich in (b) jets... oiets 16%
” muon q {
Jetlb)g |, : W+
V
H neutrino
q’ b
antiproton beam proton beam CI' q
LHC is a "top factory”! >
* 5 millions of tt pairs W
* ~100000 in Tevatron in b {
20 years
neutrino g Y
J ~ b

Jet 2 (b)
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Mass of the top quark

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

World combination March 2014 arxiv:1403.4427 ATLAS + CDF + CMS + DO Preliminary
CDF Runll, I+jels . 0.6
Tovatron+LHC m,_ Indlv. comb. - March 2014, L_-35M'-8.7m" CDF Runll. di-lepton : '
ATLAS + COF + CMS + DO Preliminary e - 0.8
s N — 173.29+ 0.80 0.23 £ 0.24+0.72) CDF Runll. all jets -0.5
E ep e —— 172.74 + 1.15 (0.43+0.06+ 1.07) CLD[::.-:::.;[”: B vels 0.4
E ol ats P — 173.17 £ 1.20 (0.65 +0.30 + 0.95) [:)[l_) Runll, l+jcts 1.2
c ke - 1, =5l .
oETE - - — v (133218502%:105208 | | DO Runll, di-lepton 0.2
£ cor — ey = 173.19= 1.00 (0.52 £ 0.44£ 0.73) AI-T“LASii1iO11 || iets
C b Rt ' IJE'(..- _0.8
) DO ¢ - - med +1481079+0404 116 L, &71b -
O R ——1174.85+ 148 07820482115 ATLAS 2011, di lepton ' 0.2
© ATLA b bt m— 172.65+ 1.44 031+ 0412 1.3¢) A , '
- S2 . l+jets ~
© oms e 173.58 + 1.03029+023+0.95) by 18I I 0.2
> CMS 2011, di-lept
E Tevstron b Dt w— ] 135810 q4 (0.44 +0.356+ 0.74) Ly = <810 ' I ep o . _0'6
c CMS 2011, all jets '
= LHC — — 173.28 + 0.94 022 20.25+ 0.88) L’.M?.J._,]ﬁ - all jot I 0.1
World comb. 2014 —_— 173.34£0.76 (0.2720.242 067
£ 2 Tevatron March 2013 (Run I+1) et ey 173.20 = 0.87 (0.51£0.36 £ 0.61)
_ S he September 2013 P e — 173.20 = 0.95 (0.z320.26 £ 0.88) FAareh 2o 416 M comb:
| | lotal | (stat syst) | | i |
170 172 174 176 178 180
Gevy] -5 4 -3 -2 -1 0O 12 3
mlop
Pull
— , Consistency x’=4/10
Mo = 173.34 £ 0.27 (stat) + 0.24 (1JES) £ 0.67 (syst) GeV . o
Highest precision in |+jet channel
- Dilepton channel good precision
precision on M 0.44% Fully hadronic channel respectable _,
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How to find
a hew particle!?
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Interesting processes are rare!

c (nb)
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|08 events/s

~|O|O

|02 events/s ~

|0 events/min
[my ~ 120 GeV]

0.2% H > yy
1.5% H > ZZ

A

\4
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Signal and background

9
Irreducible background Reducible background
The final state is exactly the same, but it does The final state looks like the same, but some f
not come from the particle you are looking for  the particle fakes what you are looking for
+
i} N fake e™
q\\ et - ) ’ H
¢ e’
Z
Z/Y e’ u+

/We” N . g -

q _
fake e
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Extract signal from background

> 0'1:"lll”l”"I""]""[lrw|x..,,:
& 0.09 ATLAS Preliminary E

2 2 0 - Simulation ]

— ©0.08- o m,=125Gev E

M — E’L — p’L 5 0.07F Gaussian fit 3
® : ]

0.061 1,77 ,2u2¢/2020

0.05C (1s=8TeV)
A - m = (123.90 + 0.03) GeV
0.04} 5 - (2.26+ 0.03) GeV
0.03; fraction outside + 26: 19%

0.02
0 01:_ without Z mass constraint

L]
....
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m [GeV]

2u2e/2e2pn

Number of events
@
@

o
QQQ ‘ Z + 2 quarks
9 1

v

My My
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Extract signal from background

> O
& 0.09- ATLAS Prelimin
) - Simulation
©0.08- o m,=125Gev
S 0.075 Gaussian fit
(] -

0.06]- H—ZZ*—2u2e/2e2u
0.05; (\s=8TeV)
- m=(123.90+ 0.03) GeV
0.041 5 - (2.26 + 0.03) GeV
0.03F fraction outside + 26: 19%

o .
0.02f ¢

- without Z mass constraint *
0.01F >

80 90 100 110 120 130 140
m [GeV]

2u2e/2e2u

Events in real life do not
come with a label!

No way to distinguish
signal from background
on an event-by-event
base...

n
>

Number of events

4l
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Extract signal from background

& 0.091- ATLAS Preliminary E
- Simulation ]

2 2 S
. ©0.08- o m,=125Gev
M — E’L - p’l, 5 0.07F Gaussian fit
< =

0’06:_ H—ZZ*—2u2e/2e2n
0.05F (1s=8TeV)

1 - m=(123.90+ 0.03) GeV ]
is there an excess? 0.04F - (2.26+ 0.03) GeV, E
0.03[ fraction outside + 2¢: 19%
0.02F o
0.01L without Z mass constaint o
o . o1f &
) statistically estimate of f
= background from 80 90 100 110 120 130 140
q>) €¢ H ”» m2u2e/2e2p [GeV]
o control regions
Y
@)
| -
()
t 900000000000
S
- 900000000000
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Extract signal from background

® Background gets estimated...
v ... from simulation (normalized to data)

v" ... directly from data (“control regions”, enriched in background events)

>
& 60~ e Data ATLAS Preliminary
o L () .

% ! I Background ZZ _ Ho 774l

2 50— [l Background Z+jets, t

B Signal (mH=125 GeV)

40:— % Syst.Unc.

Vs =7 TeV:|Ldt = 4.6 fb
\s = 8 TeV:|Ldt = 20.7 fo'

30

20

10

100 150 200
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How significant is an excess?

* pO0: probability that the excess is due to a fluctuation of background
* Significance: S 7
Z

~ po=1—FErf | —
* Convention: \/E \/§

- 30 isan evidence (p, = 0.27%)
- 50 isadiscovery (p, = 5.7.107)

35 LA L L L L L L L L O o [T T T T T T T T T T T T | T T T T | T T T T ]
3 o 7 o N
& - Ys=7Tev |Ldt=4.83f" Nov 3,2011 B = 10°F ATLAS Preliminary =
2 e 4 E o Ho 270 4l :
g - Vs =8 TeV Ldt =5.97 fb Jun 22, 2012 . 3 - —— Observed 1_—
[) — — . Q= . = B
S a5k ATLAS Proliminary ] 10 - Expected \s=7 TeV:|Ldt =4.8 ﬂo1 =
- H-zz" -4l channel C V=8 TeV:|Ldt =5.8 fb '
20 = [ Signal (m, =125 GeV) - =
C I Background 22" ] E
15— I Background Z+jets, tt | _ 1o
: 3 —4— Data ] =
10— ' — 420
s E :
- - 3¢
° n - E
3 10 ]
] ]
>
T a0k - Pl 40
] H H ! K 7
a 50 100 150 200 250 300 350 400 450 _ 500 10_5""’|""|""|""|""
M, [GeV] 110 200 300 400 500 600
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Significance increase with data (and time!)

> 35_IIIIIIIII|IIII|IllIIIIII|IIII|IIII|IIII|IIII_
3 - {s=7TeV I Ldt=0.05fb"  Apr 24, 2011 a
2 30 .
) - _
y— - B
m — —
o 29 ATLAS Preliminary
- H—zz"' >4l channel -
<0 - [ Signal (m =125 GeV) 1
— Il Background 22" i
15— B Background Z+jets, tt
B —4— Data _
10 —
51— —
o “_—‘—HM*‘—H*—F‘—FH—P—%M—F%*H:
5 10+ —
(@]
o
S 0 -
(4]
(a8]
s -10r —
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Standard Model Higgs decays

c 1= ob' ! | WW EE
O - mE
S F |
s | '
=
+1o1_“l71: —]
m _— ]
o0 e —, 7
" ‘_.' 7’ ]
O B _
S
T ! .
10° i —
i |
'3 | 4 | | | ' | | | | | | | | | |
107500 120125 140 160 180 200
My [GeV]

* | Higgs every |0s
* IlH—=7 7 every I.5h
* | H=ZZ—4¢({= e or W) every 2 days
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EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC
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Run: 204709
Event: 71902630
Date: 2012-00-10
Time: 13:24:31 CE%L




“Higgs-like” signals on July 4™ 2012 (in ATLAS)

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Events / GeV

Data - Bkg

-100

H->vYy

Selected diphoton sample
L Data 2011 and 2012

Background model
SM Higgs boson m, = 126.5 GeV (MC)

\s=7 Tev,f Ldt=4.81fo"

\s=8TeV,

J Ldt=591f" —
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w

Events/5 GeV
N N w

—_k
)]

1

H->4l
5__ e Data ) ..
" [l Background zZ" ATLAS Pr(e*)hmlnary
[ Background Z-+jets, t
O ] Signagl (mH=125]GeV) H—ZZ "4l
[ [ Signal (m =150 GeV)
5F I Signal (m =190 GeV)
- 7% Syst.Unc.
0

s =7TeV: |Ldt = 4.8 fb
s =8TeV: |Ldt=58fb"

0

100 150 200 250
m,, [GeV]
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2013 analyses

“Higgs-like” signals with all 7 and 8 TeV data...

H2>YY H>4l
> 10000—~ ~ -~ - r— ~—~— ~Tr T T T T T % -
8 - Selected diphoton sample ’ o 30~ e Data ATLAS Preliminary
N ° Data 2011+2012 ] i L ) .
> 80001 Sig+Bkg Fit (m =126.8 GeV) ] s [ Bl Background 2Z ] H—77" 4]
= T Degy remmeeees Bkg (4th order polynomial) ] § 25— - Background Z+jets, tt
|.?>j 6000 — ATLAS Preliminary — W [ ]Signal (m =125 GeV)
- e H—>yy . -
4000 — — 201~ 7, Syst.Unc. Vs =7 TeV:[Ldt = 4.6 fb”
~ ] - _ . _ -1
oo Tev’det g’ n : Vs = 8 TeV:[Ldt = 20.7 fb
2000 — — 15—
~ Vs=8TeV, f Ldt=20.7 b - :
) 500:— ’ ’ ’ ’ ’ —: -
S 400 - — 10—
3 300~ = N
£ 200E- + 3 .
o by b o £
1 =, } L
P e 2SASASRCME A :
) -200 E- = B
m 100 110 120 130 140 150 160 16
m,., [GeV] Ny ?Gev]
¢ Signal significance = 7.4 0 ¢ Signal significance = 6.6 O
— _ +0.6 +0.6
®  my=126.8 + 0.2 (stat) = 0.7 (syst) GeV © my=1243 0 (stat) ., (syst) GeV
® M =1.65%0.34 (deviation w.r.t. SM at 2.30) * u=17+034
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IS it the
Higgs
boson!?

Latest ATLAS results on the Higgs-like particle
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Spin!

What’s a particle spin?

“An amount of rotation
that is somehow
quantized”

An electron has always
an angular momentum of 2 h
either in its direction of travel (+'2 h)

or opposite to it (-2 h) h = 1.0545 x 103 m2kg /s



What spin do particles have?

fermions

} (quarks, leptons)

spin = +1/2,-1/2

massive bosons

é -~ > @ }(W,Zbosons)

spin = +1,0,-1

7 massless bosons

Qto @ - (photon, gluon)

spin = +1, -1

arco Delmastro Latest ATLAS results on the Higgs-like particle
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What can a spin 0 particle decay to?

—

'\{/ 4 \J&/ - photons
= @ & @7 | fermions
® - *& J (quarks, leptons)
O=sSH+
® 61- - W, Z bosons

et

)

Marco Delmastro Latest ATLAS results on the Higgs-like particle
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What can a spin | particle decay to?

—

0 * W - \‘l«/ ~ photons

——t

o= @-I-@ - fermions
0=0+&

J

- W, Z bosons

Marco Delmastro Latest ATLAS results on the Higgs-like particle
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What can a spin 2 particle decay to?

N Y A
- ¥

b
a=0+d

QrO+®

aaaaaaaaaaaaaa

—

@=bsde o

~ photons

~ fermions

- W, Z bosons

~ b quarks+gluon

~ T leptons



S0, what spin has our Higgs-like particle?

aaaaaaaaaaaaaa




How can we recognize spin?

spin O spin | spin 2

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2
prefers the poles and the equator to the region in between.These pictures exaggerate the real distributions for clarity.
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Spin study with H=2Yyy

YY polar angle 6*
with respect to Z-axis
in Colin-Sopper frame

: Y1,y
cos §* = sinh(r,, — 7772)2 _ 2pszTz
m
\/1 + (p%y/mw) vy

5 200 T T e ] & T T L
— —JF= p —JF= % gg) p 1 o - e P_qt ]
> ~ Nominal analysis ¢ J°=0*(sm)fit ® J°=2"(100%gg)fit - < 10 Expected, JP - O+ (SM) —
< B Back temati Htaint 1 & - ---e--- Expected, J' =2 .
o groung systematic uncertainty = o]l ]
& 190 - = = —e— Observed -
. 1 = e 1o ~
100_ ] 4:_ +20 _:
= ] ——— ] - .
: T g ] oF =
50 ] 0;_ ___________________ _;
B —— | D e - -
~ ATLAS Preliminary N _43_A-- LAS Preliminary E
OF 4 _1 - = - 2012 .
o b b b b b b T R - ’ ’ :
070102 03 04 05 06 07 08 09 1 -8(')"'2'0"'4'()"'65"'8'0" 100
lcoso”| qu (%)
® If spin-2 resonance is produced 100% by gluon fusion, observed rejection p-values are:
v" spin-0 2 58.8% (1.2% expected) -> good agreement with spin-0 hypothesis
V' spin-2 2 0.3% (0.5% expected) > spin-2 excluded at 99.3% CL
Marco Delmastro ATLAS H>YYy and H>Zy 34



Spin study with H> 4|

® Sensitive variables ® Expected separation >2.5 0, except for 2+m (~1.50)
v" Intermediate boson masses: m-, M-, v~ New boson compatible with SM 0+ Higgs hypothesis when
compared pair-wise with 0-, |-, |+, 2+m

v' Z, production angle: 6 *

v" Z, decay plane angle: @,
v" Angle between the Z, and Z, decay planes: ®
v" Decay angles of negative leptons: 8 |, 6,

?" 10: ATLAS IPrlelilmlinailr)l L
3 gl Hezz"-a * Data Spin0 ]
T [ (s=7TeV:[Ldt=4.61p" Sonahveotress [ ]
;m 6 Vs=8TeV:[Ldt=20.7fo" e J =0 M2 ]
9 - JP-MELA analysis O s

0 25 50 75 100
qq Fraction (%)
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The Higgs boson or a Higgs boson!?

Marco Delmastro

CERN press office

New results indicate that particle discovered at CERN
is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS
collaborations at CERN*’s Large Hadron Collider (LHC) presented preliminary new
results that further elucidate the particle discovered last year. Having analysed two and a
half times more data than was available for the discovery announcement in July, they find
that the new particle is looking more and more like a Higgs boson, the particle linked to
the mechanism that gives mass to elementary particles. It remains an open question,
however, whether this is the Higgs boson of the Standard Model of particle physics, or
possibly the lightest of several bosons predicted in some theories that go beyond the
Standard Model. Finding the answer to this question will take time.

Latest ATLAS results on the Higgs-like particle
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Many unanswered questions...

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

068: SLAC 1974: Brookhaven & SLAC 1006: Fermilab

Why there’s
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?

Marco Delmastro (experimental) LHC physics
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... as many possible answers to probe!

® Super-symmetry?
Standard particles SUSY particles

CPRFRY
CPCN

.

’ Leptons . Force particles Squarks 0 Sleptons 0 SUSY force I S

09 auon
947: Manchester Universty [ 177: Fermiab 923: Washingion Univrsiy’
bottom photen
68 Savannah 083 CERN

. Quarks

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

© : ?

Gravitons!? :Any new theory
® Dark Matter particles? | need to agree
° I with the SM!

Marco Delmastro (experimental) LHC physics



An example: ATLAS dark matter search

u w*

x|

d

® 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!

Marco Delmastro

D col ATLAS 203107 s=8TeV ~ —*Data =

2 smETs e A

- N T -

£ 200 - | | - D?Sosor] -

L%’ ] ////, uncertainty -

150|— —_— Bg(u dg x)2100 ]

L ///////// W — D5(u= E
% O ///7// i

50 :: _d | —_

——

"gO 60 70 80 90 100 110 120

o(W/ZH—W/Zinv)/c,__ . (W/ZH)
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[de]

—e— QObserved 95% CL
---- Expected 95% CL

" Expectedtic
Expected+ 2 ¢

SR E""SS > 350 GeV

OAI\)OO-P(J‘IO)\ICO
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SUSY summary (ATLAS)

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Marco Delmastro

Status: ICHEP 2014 \Vs=7,8TeV
miss _ .
Model &MY Jets EN™ [Lanm™ Mass limit Reference
—T T T T — T T T T T T —TT
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 48 1.7TeV.  m(G@=m(z) 1405.7875
MSUGRA/CMSSM lepu 3-6jets Yes 203 |Z 1.2 TeV any m(g) ATLAS-CONF-2013-062
%) MSUGRA/CMSSM 0 7-10jets  Yes 20.3 4 1.1 TeV any m(g) 1308.1841
L 4 q—)q)(l 0 26jets  Yes 203 |7 850 GeV m(P)=0 GeV, m(1* gen. §)=m(2™ gen. §) 1405.7875
Sz g_,qq)(L 0 26jets  Yes 203 |#& 1.33 TeV m(¥})=0 GeV 1405.7875
S 3z zoqqhi Qquxxl 1eu 3-6jets  Yes 203 |Z 1.18 TeV mpgzkzoo GeV, m(t*)=0.5(m(¥7)+m(g)) ATLAS-CONF-2013-062
] 83, g%qg(t’f/fv/vv)Xl 2e.u 0-3 !ets - 20.3 4 1.12 TeV m(¥])=0GeV ATLAS-CONF-2013-089
g’ GMSB (£ NLSP) 2e,pu 2-4 jets Yes 4.7 tang<15 1208.4688
‘@ GMSB (/NLSP) 1-27+0-1¢ 0-2jets Yes 20.3 1.6 TeV tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Teu+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(t})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>10~* eV ATLAS-CONF-2012-147
q:; S g—)be[ 0 3b Yes 20.1 (4 1.25 TeV m(¥})<400 GeV 1407.0600
> “EJ gattX& 0 7-10jets  Yes 203 |2 1.1 TeV m(¥)) <350 GeV 1308.1841
T e & 0-1e,u 3b Yes 201 | % 1.34 TeV m(¥})<400 GeV 1407.0600
- gobiX| 0-1e,u 3b Yes  20.1 z 1.3 TeV m(¥))<300 GeV 1407.0600
blblq b1 —>b)(1 2b Yes 20.1 by 100-620 GeV m(Xl)<90 GeV 1308.2631
w e bib, bty _t 2e,u(SS) 0-3b Yes 20.3 §, 275-440 GeV mpv.) 2 m(¥?) 1404.2500
<.8 7 (light), fi »bX7 1-2eu 1-2b Yes 4.7 [ 1 m(¥})=55 GeV 1208.4305, 1209.2102
g S #f(light), 7 —>Wb)(? 2e,pu 0-2jets  Yes 203 [ 130-210 GeV m(¥}) =m(7,)-m(W)-50 GeV, m(7)<<m(¥}) 1403.4853
%’g i1 (medium), thXl 2epn 2jets Yes 203 | @ 215-530 GeV m(E)=1 GeV 1403.4853
S5 7,71 (medium), f »bXT 0 2b Yes 20.1 i 150-580 GeV m(¥))<200 GeV, m(¥})-m(¥})=5 GeV 1308.2631
O 7ifi(heavy), i —>i¥ 1en 1b Yes 20 |4 210-640 GeV m(¥))=0 GeV 1407.0583
:” O an (heavy)bfl —t¥] 0 2b Yes 20.1 i 260-640 GeV m(E))=0 GeV 1406.1122
AT i), ok 0  mono-jet/c-tag Yes 203 |7 90-240 GeV m( )-m(¥})<85GeV 1407.0608
fi71 (natural GMSB) 2e,u(Z) 1b Yes 20.3 i 150-580 GeV m ".‘)>1 50 GeV 1403.5222
b, h—oh +Z 3e,u(2) 1b Yes 203 |& 290-600 GeV m(¥)<200 GeV 1403.5222
é’L ROL) R, £—>e)(1 2e.u 0 Yes 20.3 7 90-325 GeV m(t))=0 GeV 1403.5294
)‘(1)‘(1’,)(1 —Tv(tv) 2epu 0 Yes 203 X} 140-465 GeV m(¥))=0 GeV, m(Z, #)=0.5(m (¥} )+m(t})) 1403.5294
g XIX X —3(Ti) 27 - Yes 203 | X} 100-350 GeV m(¥Y)= =0 GeV, m(z, =0. 5(m(¥T)+m(E))) 1407.0350
= xlxaamzmw) EVPLLGY) 3ep 0 Yes 203 )'(i,)’(; 700 GeV mF5)= <x3> m(r})= -0, (7, 7)=05(m m(EE)+m(E)) 1402.7029
© )(1)( Wiz 23 e, 0 Yes 20.3 | XX 420 GeV m(¥i)= m(Xz) m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
XiXoo WX h Y] e 2b Yes 20.3 )‘(a*,)"(z 285 GeV m(¥;)=m(¥3), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
XRS5 — TRl den 0 Yes 203 |k, 620 GeV mEF)=m(3), m(¥1)=0, m(Z, )=0.5(m(¥3)+m(¥})) 1405.5086
B @ Direct XiX prod., long-lived ¥i  Disapp. trk 1 jet Yes 203 | 270 GeV m(¥;)-m(¥})=160 MeV, 7(¥7)=0.2 ns ATLAS-CONF-2013-069
=5 Stable, stopped g H hadron 0 1-5jets Yes 279 |& 832 GeV m(¥))=100 GeV, 10 us<7(z)<1000 s 1310.6584
6)..3. GMSB, stable 7, Xl—v‘r(e ;4)+‘r(e ) 1-2u - - 15.9 10<tanp<50 ATLAS-CONF-2013-058
S S GMSB, X—yG, long-lived ¥} 2y - Yes 47 0.4<7(¥})<2 ns 1304.6310
=l 33, Xy —qqu (RPV) 1 p, displ. vix - - 203 |4 1.0 Tev 1.5 <ct<156 mm, BR(u)=1, m())=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥: + X, Vr—>e +p 2e,u - - 4.6 431,=0.10, 412=0.05 1212.1272
LFV pp—v: + X, Vr—e(u) + T lepu+t - - 4.6 A5,,=0.10, 4;(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 i 1.35 TeV m(@)=m(g), ctrsp<1 mm 1404.2500
& Xl)?f,)?l WP —eevy, euv, depu - Yes 20.3 /!f 750 GeV m(¥})>0. 2><m(/?| ), A121#0 1405.5086
X X -Wi W >ttve,etv, Sep+T - Yes 203 | ¥ 450 GeV m(¥t)>0. 2xm¢v,) Qi33#0 1405.5086
&—qqq 0 6-7 jets - 203 | & 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—iit, i —bs 2e,u(SS) 03b Yes 203 |2 850 GeV 1404.250
Scalar gluon pair, sgluon—gg 0 4 jets - 4.6 sgluon incl. limit from 1110.2693 1210.4826
= —
g Scalar gluon pair, sgluon—f 2e,1(SS) 2b Yes 14.3 sgluon ATLAS-CONF-2013-051
‘O" WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
PR | " " " PR R T
Vs =8TeV
- - fulldata ! Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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Exotics Summary (CMS)

?

LQ1(ej) x2
LQ1(e])+LQ1(v))
LQ2(uj) X2
LQ2(uj)}+LQ2(vi)
LQ3(vb) x2
LQ3(tb) x2
LQ3(tt) X2
LQ3(vt) x2

RS 1(yy), k=0.1
RS1(ee,uu), k=0.1
RS1(jj), k=0.1
RS1(WW—4j), k=0.1

CMS Prellmmory

SSM Z'(11)

SSM Z'(jj)

SSM Z'(bb)

SSM Z'(ee)+Z'(up)
SSM W'(jj)

SSM W'(Iv)

SSM W'(WZ~—1vll)
SSM W(WZ—4))

e* (M=A)
B (M=A)
g’ (qg)

q* (ay)
b*

coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluino(jjb) x2
0
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CMS Exotica Physics Group Summary — ICHEP, 2014

stopped gluino (cloud)

stopped stop (cloud)

HSCP gluino (cloud)

Leptoquarks HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP
neutralino, ctau=25cm, ECAL time

4 j+MET, S| DM=100 GeV, A
1+MET, SD DM=100 GeV, A

y+MET, SI DM=100 GeV, A
y+MET SD DM=100 GeV, A

I+MET, €=+1, S| DM=100 GeV, A

I+MET, €=+1, SD DM=100 GeV, A

4 I+MET, €=-1, SI DM=100 GeV, A
I+MET, €=-1, SD DM=100 GeV, A

— ADD (yy), nED=4, MS
ADD (ee,up), NED=4, MS
ADD (j+MET), nED=4, MD
ADD (y+MET), nED=4, MD
QBH, nED=4, MD=4 TeV

| | NR BH, nED=4, MD=4 TeV
Jet Extinction Scale

String Scale (jj)

1111111

Excited

Fermions dijets, A+ LL/RR

dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dimuons, A- LLIM
single e, A HnCM
single py, A HnCM
inclusive jets, A+
inclusive jets, A-

Multijet

Resonances

1 2

(experimental) LHC physics

Long-Lived
Particles

Large Extra
Dimensions

Compositeness




LHC Run 2 is approaching!

Hugely increased potential for discovery of heavy particles at |3 TeV
Perfect occasion for young motivated physicists: join the search!

& Cross section ratios: 14 (13) TeV / 8 TeV
Minimum bias 1.2

ZZ 2.1
WH 2.1
t (s-channel) 2.2
H (ggF) 2.6 And: pp — H*(500) + X: 14 TeV/8 TeV ~ 7
H (VBF) 2.6
t (t-channel) 2.8
tt 3.9
ttH 4.7
stop pair (0.7 TeV) 11 (for 13 TeV /8 TeV: 8.4)
stop pair (0.9 TeV) 16 (for 13Tev/8TeV: 12)
gluino pair (1.5 TeV) 73 (for 13 TeV/ 8 TeV: 46)
gluino pair (2.5 TeV) 5700 (13 / 8:2700)
Z' SSM (3 TeV) 13
Q* (4 Tev) t137
QBH (6 TeV) ! -

1 10 100 1000 10000 100000

12000
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Testing QCD

Double Differential Di-jet cross section
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Acompositeness >7 TeV
- T T T T T T T T ' o'
- ATLAS ° y'<05 (x10.3 =
— O 05<y*<1.0 (x107 )=
- B 1.0<y <15 (x10° )=
-~ e, O 15<y* <20 (x10° )5
= o A 20<y*<25 (x1079)7
- oo . A 25<y*<3.0 (x10™)7
& -O-_O__O_ L P —
- O .
z '.".'.... E
~ Lat=45m" ]
- \s=7TeV -
= anti-k, jets, R=0.4 =
:: Systematic ::
— uncertainties s =5 B
. -A- -
— NLOJET++ —- e=g==
L - * L -
- CT10,u=p_exp(0.3y7) = _ s ]
- Non-pert. & EW corr. =
- == 3
| 1 Lol ] 1 |  —

3x10" 1 2 3 4567
my, [TeV]
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0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06

2014 05(My) = 01185 + 0.0006 (0.5%)

HERA
Tevatron
LHC

H1 multijets at low Q°
EPJ C67 1 (2010)

H1+ZEUS (NC, CC, jets)

H1-prelim-11-034, ZEUS-prel-11-001 (2011)
ZEUS incl. jets in v p

Nucl. Phys. B864 1 (2012)

H1 multijets at high Q°
arXiv 1466.-:709 (20149)

CDF incl. jets

Phys. Rev. Lett. 88 (2002)

DO incl. jets

PRD 80 111107 (2009)

DO ang. correl.

Phys, lett. B718 56 (2012)

Malaescu & Starovoitov (ATLAS incl. jets)
EPJ C72 2041 (2012)

ATLAS N,

ATLAS-CONF-2013-041 (2013)

CMSR,,
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T T ]IIIIII

Asymptotic freedom
Coupling constant running up to ~1 TeV

1 1 lllllll

T T IIIIIII T

CMS R,, : 0,(M)=0.1148"0%%
z -0.0023

CMS R,,

DO inclusive jets

DO angular correlation

H1

ZEUS
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2010 pp Vs =7 TeV
m— 2011 pp Vs =7 TeV
= 2012 pp s =8 TeV
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Standard Model Higgs production at the LHC

10° - , =
=) - Ns=8TeVv 3%
% 1op ¢
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T - ]
o | —
=
O 1 —=
107 =
Az da = -
Vector-Boson-Fusion (VBF) -
107° = . . . o
80 100 |75 200 300 400 1000
M, [GeV]
o'(|25 Ge\/) =223 Pb £ 35 ArLaSOnineLuminosty
%‘ 30i = 2010 pp \'s = 7 TeV B
o [ == 2011 pp Vs =7 TeV 7
E 25; = 2012 pp \'s =8 TeV é
ALl B — 2 Higgs bosons @ 8200 21.7 b at 8TeV E
L m,, 125 GeV produced = sb 5.6 b at 7 TeV E
o - ]
at LHC in 2012 every 105 -
290090299 = - ]
g t 10'° pp collisions 5 E
associated production (ttbar) 0 B

ya Sl AN oct
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Higgs decays to fermions

CMS: H-> Tt, bb Channels ATLAS: H- Tt Channel
20CMS fs=7TeV,L=5f" {s=8TeV, L=19-20fb" > N,
- n [
s O 70F ATLAS Preliminary —4— Data
< 18~ m, =125 GeV - H— 1t VBF+Boosted = H(125)— 77 (1=1.4)
o n — P 60 Bl Z- 1t
I 16f VH — bb 2 JLdt=2031p" L
~ 3.80 — H-o1t z OF =8 Tev 2, Unoet
14 — Combined = 40 o
e
12 ‘Z’ 30
10- % 20
e 10
6: 0 1 1
n & LI UL I UL B L B | T )
E " H(125)— 1t (u=1.4) ]
40 éﬁ 10 " w H(110)— 1t (u=1.8) , _+_ —
E standard b - == H(150)— T (1=5.9)-6 J— )
oF model S I wy =
:lllllllllll - - ,11_1_11'["1'-]---1“171 | I T ;. 0:- | IR T.nul -"/-/-;/- S ATA R
0O 02 04 06 08 1 12 14 16 18 60 80 100 120 140 160 180 200
H mMC [GeV]
Significance Exp Obs Significance Exp Obs
CMS (tt) 340 320 ATLAS (tt) 3.20 410
CMS (bb) 210 210 Tevatron: exp (2.10), obs (3.00)
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Hioos coublings

g
19.7 o' (8 TeV) + 5.1 b’ 7 TeV ¢ o
Q [ I 1 I 1 Illll ( 1 l) I LI IIII ( ): t Kw(b; KY
> [CMS : \
N Preliminary t t .
Q 1F = g
- E E!U’ i"'l""l""l""I""I""""I""I""I' :
o [ |==68% CL 1% 2.4 ATLAS Preliminary + SM .
< © | axo 7 2.2 S=7TeV,ﬁ_dt=4.6-4.8 fo! % Best fit =
I 95% (?L \ | of 5=8TeV, [Ldt=2031b" —68% CL E
10-1 = ---SM nggs © = 1 8E_Combined H—> yy,ZZ*, WW* tt,bb -- 95% CL _E
i 1 16F . Sensitive to loops "
- 1 14 7 R =
T S e =
102} Mefit [ N e z
- . 11— - . =
2 =—68%CL | 1 0.8E SM ~ . ) E
— O, 7] - .
ool 1 lllglf-)lﬁCL | 06:_ 11|11111111111111111111111111.111111111.1—:
1 2 345 10 20 100 200 08 08 1 14 12 13 14 15 16 17 18
mass (GeV) .

® All seems consistent with Standard Model predictions...
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