


A Brief LHC History

P —— e ey

@ mid-70'ies: plans a new 27 km ring
tunnel at CERN, with space for
separate e* and p beams

@ 1979-1989-2000 design/construction
and running of the LEP e® machine,
ELd* =209 GeV limited by
synchrotron radiation

@ 1984: first LHC physics workshop

@ 1990: full-scale studies begin;
aim for start 1998

@ 1995: LHC project approved

@ 2000: civil engineering begins

@ 1990-2008: drawn-out design &
construction process
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LHC Tunnel View

: machine and detectors ready to go — commissioning
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The “Incident”: 19 September 2008

one year of repair work, start out at 900 GeV in November 2009
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First 7 TeV Collisions

>~ March 30,2010 7 TeV'
SOATLAS

._’. EXPERIMENT

Run Number: 152221, Event Number: 383185

Date: 2010-04-01 00:31:22 CEST

W-pv candidate in
7 TeV collisions

High - Energy Collisions at 7 TeV
LHC @ CERN

enary ECFA itrasgati

30032010
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The ATLAS Detector
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Final 2011 Running Conditions

still 7 TeV
CM energy

et 20 000 000
bunch crossings
per second

~ 10 pp collisions
per crossing

~ 400 saved
per second

slide 7/45



Cross Sections
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Event Generator Reasons

An event generator is intended to simulate various event kinds

as accurately as possible.
It uses random numbers to represent quantum mechanical choices.

It can be used to

@ predict event rates and topologies
= estimate feasibility

.pT2 = Lambda2 * pow( dip.pT2 / Lambda2,
( rndmptr->flat(), b0 / emitCoefTot) )

@ simulate possible backgrounds N e N
= devise analysis strategies -

or b thresholds: continue evolution from threshold.
aip.pT2 < m2b) (

@ study detector requirements
= optimize detector/trigger design

4 88 dip.pr2 < m2c) {

if below cutoff scale, or below another branching.

se {
if ( dip.pT2 < pr2enddip) { dip.pT2 = 0

@ study detector imperfections
= evaluate acceptance corrections

double 0.5 - sare ip. )
i 2Rad + e Q.
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Event Generator Challenges

@ Structure of LHC events 05 sy 95
. . " " ' Theo 9 &
impossible to “solve o Q) L el E]

i i i L’:‘(’p Inelasiic Seanering | & &
from first principles; 04 tﬂiu’lﬁ"éﬁ'.ﬁf“o?, 9 C J
e.g. QCD in perturbative e —

1)
AC

@y (Mz)
260 MeV === 0.122

Qe

o) { 220 MeV — 0.119

185 McV — - 0.116

and nonperturbative regimes.
(Perturbation theory helpful;
lattice QCD not much help.)

@ Even if calculable somehow,
need 1000-body expressions
and phase space sampling.

0.3
0.2t

o1 I

1 100

@ Immense variability, " QIGev]

with “typical events

and “rare corners”. . .
e combine theory with models

@ Several competing e divide and conquer

mechanisms contribute.
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Who was Pythia?

The Oracle of Delphi:
ca. 1000 B.C. — 390 A.D.
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Who was Pythia? What is PYTHIA?

Generator development
begun in Lund in 1978,
for own physics studies.

Increasingly tool
for experimentalists,
to “sell” our physics.

PyTHIA (+JETSET)
general-purpose “core”.

Other special programs
interfaced to PYTHIA.

Most used generator
at LEP and LHC.
The Oracle of Delphi:

ca. 1000 B.C. — 390 A.D. Lots of Lund people

involved over the years.
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The Main Physics Components (in PYTHIA)

PDF
MPI
ISR
FSR
BR

Hadr.
Decays

JOO000000000000000000000000 Unknown?

Hides further layers of complexity, e.g. > 200 different ME's,
> 400 different particles, > 6 000 different decay channels, ...
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Cylindrical Phase Space

Collision along z axis: wide variation of produced particles in p,,
but limited in py, p,. Therefore often use

n=0
y = E In E+p:
2 E-—p, 0=90° /,n=0-88
1 :
yrn = Eln Pl + P = —Intan(6/2) 6=45
‘p‘ — P 10o—>N=2.44
0= .

pL = \/Pitp; 8=0"—>N=%

(n,¢,py) standard
coordinate choice:

d3c N 3o
dp® ~ dndpdp?
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Total Inelastic Cross Section

Data 2010\'s = 7 TeV:& > 5 x 10°
————— Schuler and Sjsstrand: & > 5 x 10°
------ PHOJET (Engel etal.): £ >5x 10°

GineI [mb]
o
o
T
°

A Data 2010\N's = 7 TeV: extrap. to & > mg/s 7

80— Uncertainty (incl. extrapolation)
B — —— — Schuler and Sjdstrand
r & - Block and Halzen 2011
r [ Achillietal. (arXiv:1102.1949)
60—
- ° pp Data
- o pp Data L
B _— {/‘e(
40— (%D o == —
@ a._,g,.ﬁ‘/ ATLAS

i #‘ P
20— Theoretical predictions and data are shown for & > mf,/s unless specified otherwise

[~ ATLAS data extrapolated using Pythia implementation of Donnachie-Landshoff model
[~ with e = 0.085 for do/dg

0 Ll ol ol ol
1 10 10° 10° 10*
\'s [GeV]
Proton is getting bigger with energy: wavefunction tails
find it easier to interact (multiparton interactions).
In line with expectations; if anything then below.




Diffractive Cross Section and Properties

If only one proton breaks up,
}X (M,) then part of detector empty.

P An = largest empty region counted
from detector edge at 1 = 5.
Expect dM2/M? ~ dAn.

P \:J_a P Deviations from mass spectrum

(t) or hadronization modelling.
Using particles W|th pL > 0 2 GeV or pL > 0 8 GeV

o T oy F ]

S0 anias 5 a7 wb‘ =2 =T : PYTaHlA 6A LAS AMBT28 |

= F \s=7TeV PYTHIA6ATLASAMBT2B ‘¢ (g2 YA _

F 3 E —_— 6 ATLAS AMBT2B ND 5

3 [ = P >200MeV ... PYTHIA 8 4C 1 3'E PYTHIA G AT E

S . L T PHOJET _ S PYTHIA 8 4C ND ]

10f E F - PHOJET i

E 3 o PHOJET ND |

= ! F ATLAS 1

F E F \s=7TeV 4

E ] 1 P> 800 MeV ~—

I E| s F * =

© | © Rl NP
915 4 Q15 B E
Qo ; i o L .
s = T~ LR
i z 3 3 5 3 7 3 7 2

AnF
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Charged Rapidity Distribution

_g F T T T T T T T T g
% o Ng,22,p > 100 MeV, [n| <25
% E ATLAS\'s =7 TeV El
s T 3
Z L 3
T Bleeetertegenes,,, PRt L
. .
3 53 F T T T T T |
E = = =
= 3 F (a) LHCb Vs=7 TeV E
3 === Data 2010 - F ’ 3
= — PYTHIA ATLAS AMBT1 E E E
oF --- PYTHIA ATLAS MC09 E E E
E —- PYTHIA DW 3 E 3
1= == PYTHIA8 E
E o PHOJET ]
| Il Il | Il Il Il |
1.2 == Data Uncertainties 7 3FE — Pythia6 (default) -
g === MC/Data I E 3
o 4 1 oE | Pythia6 (LHCb) =
£ 1 al E 3
& E < Phojet E
0.8 = -.-.- Pythia8 (default) E
b e G: A T T B
25 -2-15 -1-06 0 05 1 1.5 2 25 4 2 0 2 4
n n

Dip around 1 = 0 artefact; absent if using y instead.



Charged Rapidity Plateau

=) 10 :' o C T T T T T T T T ]
L PYTHIA6.214 - tuned 7/ n [ ATLAS ]
= . PYTHIA6214 - default — gL WA Data B
= PHOJETL.12 5 I — PYTHIA 6 AMBT1 -
Db o r - PYTHIA 6 MC09 LI
TT— . 5 5 byTHiASDW .
5 %" [ PHOJET

6 |-  ppinteractions .5 t

S EetoUAS ad COEdata’s, < r

0‘“12‘“.13 ey 5
10 10 10 10

s (GeV)

How does dng,/dn grow with energy? o< In E or In? E?
Provides information on several simultaneous subcollisions!
MPI = MultiParton Interactions.
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Rapidity Plateau Correlations

S 0.9 —=— Data2010 —e— Pythi -

o E-im ata Pythia 6 MC09 E

5 - ATLAS --4A-- Pythia6DW b

© 08~ A Pythia 6 Perugia2011 ]

%- c --<r--- Pythia 6 AMBT2B 1
o -:=¢-- Pythia 8 4C ]

; 0.7 RS, Herwig++ B

S P, > 100 MeV

2 06F

=3 F---A -

3 o05F

E F

L 0a4f

© 1.1;_

% 1 ;vvvvvvvvvvvvvvr.

o 09 —_— : e

= o08C Tt | | | E
0 0.5 1 1.5 2 2.5
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Charged Multiplicity Distribution — 1

P A A A A AN A A AT E B I SRR IR

10° CMSNSD  .cuspata = = 10°5 CMSNSD  ,cuspata = =

v (1Y ~PYTHIA D6T ] v (a1 ~PYTHIA D6T ]

102 ~PYTHIAS ~PYTHIAS

--PHOJET ] --PHOJET ]

105 3 2.36 TeV (x109) *~, 3

1 4 3

107 09Tev () s 3

102¢ < T 4

1w

10* - 4

<24 E <24 E

10°p >0 E Ep,>0.5GeVic . +

PP R N P ST R N A PP N RN N S R A
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100

n n

@ We need to understand both average and spread.
@ “Ankle”: transition from one to > 2 interactions?
o High multiplicity tail driven by abundant MPI rate.

@ Broad spectrum of tunes even within given model.
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Charged Multiplicity Distribution — 2

-
o

[
T

- a T T 3
= F ALICE ]
107 --- D6T (109) E
z2 F ATLAS-CSC (306) | ]
5 ol ---- Perugia-0 (320) |
8107 —— PHOJET E|
a f 3

Ratio Data / MC
o

bbb b bl v d 1l

-
(4]
[T AR ARES R SRR

20
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Multiplicity N ,

T T T T T

T T T

5 T
$ 1§_ Ny =2,p >100 MeV, In1<2.5 3
F f ATLAS\s=7TeV ]
T 10’ E
3k E
g ]
T 0% E
10°E 3
E = E
F N ]
4L AN -
10 E == Data 2010 AN N E
[ — PYTHIA ATLAS AMBTH\ ")\ ]
——
T g
1 5' == Data Uncertainties
: - MC/Data
K 5
0.5 B

20 40 60 80 700 120 140 160 180 200

“Ankle” also present in ALICE and ATLAS data.
Benchmark comparisons ALICE/ATLAS/CMS generally successful.
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Charged Transverse Momentum Distribution
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Jet Transverse Momentum Distribution

y CMS preliminary, 60 nb1 \s=7TeV Dominated by
P r T T T T T 17T I T T T T T 17T I —
>107¢ . lyl<0.5(x1024y 3§ QCD2—2
(O] 9 2 o 0.5<lyl<1.0 (x256) §
S 10°F - 1.0<lyl<1.5 (x64) 3 I
g i s 1.5<lyl<2.0 (x16)
7 b 2.0<lyl<2.5 (x4)
g 3 2.5<lyl<3.0 (x1) 3 qﬂ' - C}ﬂ:
=3P qd — q'q
» 10°¢ I il
NO E E qq — gg
° i ag — qg
10°F E 88 — gg
3 E gg — qq
10F — NLO pQCD+NP 3 E
e [ Exp. uncertainty A * = do o~ 1
10—1 rAnltI kI IRI_I0I5I PF 1 1 1 1 1 1| I ﬁ; dpi pi
20 30 100 200 1000
® PDFs
p, (GeV)
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Jet Fragmentation Profile

~ QT L ) e A B
Qif" = * Data 1E s I . g?fﬁ' 6 AMBT1 1
= C 1at 1
S 102k “ — Pythia6 AMBT1 o a° L *  Pythiaé MC09 ]
g = 0 Gey = A Pythia6 Perugia 2010 i
10207 - v Herwig+Jimmy
- Herwig++ 2.4.2 h
18] ] % Herwig++ 2.5.1
107°F 1 O  Sherpa
F - [ Pythia8 8.145 4C
10"k
10 -
10Mf F ]
1072k - ]
1010;_ ATLAS
= \s=7TeV
10°F i
-1
o 15J.Ldt=3ﬁpb 25GeV < p. <40 GeV 3
10°k = Tiet B
= | Sm——— | | — | \\ Il <
10°F 3
10°E
L \s:7Tevj.Ldt:aspb" E
102l oyl L E
10® 10" 0.
z r
Ehad

Z = Plhad ~
PLjet

r= \/(nhad - 77jet)2 + (Sohad - (Pjet)z



Number of Jets — QCD Events

4
S 4n6C T ] S 10t e
210 ATLAS > ATLAS
© Sk 4 % 103 R:oAILdt:zApn‘ 3
10 s e Q. —e— Data (vs=7 TeV)+syst.
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2
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3L ]
y— N2 3
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10 E — — ALPGEN+PYTHIA MC09' x1.22 E|
--}- SHERPAK1.06 | )
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W /Z Transverse Momentum

ATLAS 2|~ —e— Combined Data 2010 ATLAS -
L Stat. Uncert. 4
J-Ldt ~31pb’ 180 ALPGEN+HERWIG ILdI ~31pb’ ]
r —-MC@NLO b
Data 2010\'s = 7 TeV 1ol " POWHEG:PYTHIA Ne=7TeV
Th e PYTHIA i

— RESBOS

1.4] = SHERPA

T T

(Data,Prediction) / RESBOS

-Data 1.2
—RESBOS ) I |
1P T Teew o ]
@ B E
8 E| L HE ]
[ s 3 E F g
o -t i ¥ 3 ! 0.6l =
3 | v bwv v b b b b0l
© E| 0 50 100 150 200 250 300
a
50 100 150 200 250 300 p¥’ [Gev]

p¥” [GeV]

Here next-to-leading approaches do worse than leading ones!?




Number of Jets — W/Z Events

. = 10*g T T T 3
— CMS preliminary ﬁ-. —o— Woslv + jets 3
25 - " i = [ & Data 2010\'s=7 TeV |
2|2 s 36pb" at \s=7TeV ) [ ¥ ALPGEN ]
o 10" 4 = A SHERPA
M E W —ev E 5 10°E & PYTHIA E
+|+ F ot 1 = E — BLACKHAT-SHERPA 7
z = i w9 E/* >30 GeV ] /: F ATLAS q
Tl®° T [ —— ]l
107 4 % e 2 3
F e data g B = E
o energy scale B r _ Bl —_— -
o unfolding . 1 F ILdt—SG pb Z ]
10°F  — MadGraphz2 — 10 anti-ky jets, R=0.4 - E
E - MadGraph D6T """’f — £ pf‘>30 GeV, |y®<4.4 .fii:
F — - Pythia 22 ] [ ]
L ! ! P L L
m T T T © E E!
oo ) =
“fi = 0.2F 272 5 l
] S o R
+(n 0.1 — o A A AL
. =
E %' 0 1 5 3 7 50 =1 2 33 >4
inclusive jet multiplicity, n Inclusive Jet Multiplicity, N,

PyTHIA showers do much worse for W + multijets
than for QCD multijets!
Need for matching to higher-order matrix elements
(S. Prestel, L. Lonnblad)



RIVET: collection of experimental data,
together with matching analysis routines.

Can be applied tc? generator events S,////
for comparison with data. —

. —MCnet
PROFESSOR: parameter tuning
in multidimensional parameter space.

@ Generate large event samples at O(n?) random points
in (reasonable) parameter space. Slow!

@ Analyze events and fill relevant histograms.
@ For each bin of each histogram parametrize

XMC*AO"FZBPIZCP/ +Z Z DUP:PJ

i=1 j=i+1

@ Do minimization of x? to parametrized results. Fast!

slide 27/45



MCPLOTS

Repository of comparisons between various tunes and data,
mainly based on RIVET for data analysis,

see http://mcplots.cern.ch/.

Part of the LHC@home 2.0 platform for home computer

participation.
_ 7000 GeV pp Minimum Bias 5 7000 GeV pp Minimum Bias
. 5 F ]
Generator Version Z b crareputcenDsstuon®y, > 25201 cove) Tas[  ChusedPuicenDsbon®, 1520500 ]
® e = ATLAS El == ATLAS
- s f ekl 3 —— Pyihias
alpgenherwigjimmy B s B Pythia 8 (Tune 2C) 1 S sF Pythia 8 (Tune 2C) g
£ Pybia & (Tune 200 Pythia 8 (Tune 20 ]
3 o Dines T e Dastesd ]
X . o M;
alpgenpythiat F 25 " H**Hwnﬁmﬁmnnﬁnﬂq*ﬂ-mﬂ .
o 4o i
herwig++ + 2 4
4 4
herwig++powheg +
pythia = !
pythia8 <
sherpa %
vincia o+
05— o H 05— o H
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State of New Generators

New data leads to new tunes, even if progress is slow.
Also good way to find bugs and other problems.
State of new C++ generators early 2011:

Charged multiplicity, /5 = 7000 GeV’ (p1) V8 Nen, /5 = 7000 GeV'
D e e o e T e o A N 0 N
=z 107 - — 1 E |
gt N —e— ATLAS S E —— ATLAS E
£ Pythia 8.145 £ —— Pythia8.145 El
Z 107 —— - Sherpa 1.2.3 - £ -—- Shepal23 =
N E -.-- Herwig++ 2.5.0 3 E o --- Herwig++ 250
=107 = E
10 b -
£ 43
"
e =
14 B E
= 120 3 4 =
£ E El
o) T 15
Z o8 - 4 =
=] - |
065 L T
40 60 80 100 120
Nen

A. Buckley et al., Phys. Rep. 504 (2011) 145 [arXiv:1101.2599[hep-ph]]
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Cloud #1 : Bose-Einstein Effects

e 1/3
Bose-Einstein r(Ncp) o N, e
cannot be accommodated N N
. . g 5 [ . A ¥ i
in PYTHIA effective description o3 t '} IR
that worked at LEP [ a)
1r ' EES .
lI ALICE pp @ 7 TeV
—_ I O ALICE pp @ 0.9 TeV
£ 5 STAR pp @ 200 GeV
= . e ® %
=25 of [ Ly et -
g T | beg Ul
= 1 o memen® o
STARAuAU @ 62 AGeV
15 S — I v STARCuCu @ 62AGeV
.E 5~ * CERESPbAu@17.2AGeV . ®
. £ oot ®
1 ® Dan-\Ez09TeV og [ : . ek W
E oo Fit-NE=09ToV o | |y S v v
r v
0.5: ¥ Data-\E=7TeV 1t = smunen ¥ c)
+ — Fit-NE =7 ToV
% s oIS 20 a5 0 3 a0 as 2 4 ® 8
Nen (dN,/dn )

Multiple overlapping fragmenting strings = dense hadron gas!
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Cloud #2: Flavour Composition

Need more p| forK, p, A, ..., relative to ot

Minimurn Bias h cms
30 i o P8, E
o 12 I Average Transverse Momentum vs Particle Mass (star-1) ® LIS e 3
;» —=— STAR 90.8: 820 ceveree L, . ]
= L ::erwwgzo‘o o C -gggs;;;;géagup ¢ 2 7
o 1 e SRR T ]
r Lo4f- sboy o ° e 4
08~ 5 0.2 . . =
Y T L L «
L 1= . 3
06 = g F* . b
F 1 008Ef, . s
+ B e, Lt 5 E 3
L 1 F %o H =
04} 4 S 08¢ 08°c00 80°2.02°5°° 1
[ STAR_2006_S6860818 - s L e ‘ . a 1
Herwige+ 2.4.2, Pythia 6.424, Pythia 8.145 < 0.4 . é E 2a “ -
1 | L F ]
05 1 15 r |
mass [GeV] 0.2 - t .
n 6 TeV PYTHIAG D6T |
Ratio to STAR X YTHIAG PO -]
14 — " TeV PYTHIA8 o 0. V PYTHIA8 ]
12f E 20858 E

E P 0
1 SO06[F s ce0e’ +
g Foes O Ay A i
BO4E Wigogeriienian ]
F [ it ) LI ]
o8 ) : 0.2F ‘ LA . =
05 1 15 0 1 2 5 6
[ [GeV/c]
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Clou Ridge

0.1GEVieap, <10GeV/e | 10GeVieap,<2.0GeVie | 2.0GeV/e<p, B3.0GeVe | 3.0GeVieap, <40GeV)

(d) CMS N > 110, 1.0GeV/c<p, <3.0GeV/c I . 1"’<‘A“'<“jg.f"
2 et fﬁf

S SPers E rT

35 <N<90
[

™

R(An,A¢)

R(A0)
i
=

N
CIeTeT
ASANANAN

Geometry of colliding protons (non-symmetric shapes)?
Collective phenomena?
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Results Galore

# of papers =

2105 = ATLAS Preliminary
134 Cms 5 Y
126 ATLAS ©° [ . det=0.035- 041b
39 LHCb  10'g e
F Theory
28 ALICE - ® Data 2010 (<35 pb™)
+ conference 10°E o Data 2011
-+ “internal” g W 07’
- 0.7 fo!
+ theses L L ; 1o
+ e E & 1o’
B o] 1 b
10 §
w z Wy zy i t ww T owz 2z

Typical Working groups: QCD, EW, B, quarkonia, top, Higgs,
SUSY, Exotics, Heavy lons
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Higgs Results, December 2011

& ATLA'S Prefiminary 2011 Data 3 ATLAS Preliminary 2011 Data
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2 10 serve: 4 >
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— 4
3]
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N — e i > e
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< Combined, L = 4.6-4.7 fb* 8 Expected 16 H2 Conbineds1 | Combined, L, =46.47 15"
£ 10  Epoctediz | —=- Single channel 1o
E H - bb
—
() H-w
2
o4
o H - yy —
H - ww
~2Z -4 -
" SR U N TR TR
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Best fit o/ag,,

Higgs boson mass (GeV/c?)




Higgs Results, March 2012

=
‘ K ATLAS Preliminary | "2011 Data |
Tevatron Run Il Preliminary, L <10 fb™ B Obs

= T T T T L - . .
- e e 5 105 gy _[ Ldt=4.6-49f" 7
E10 |2 = 2 | @i ]
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a [ﬁ i o L i
S o | ]
2 © 1 |
1 £ ]

g ATLAS+CMS ( |

[ Fetmary 27,2072

| | .
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a CMS Prefiminary, s~ 7 TV | —+ Obsened el | -
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=
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@« " - "
® o : BEH Mechanism
o 1 ... but still “"Higgs Boson" as

10° =
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Limits Galore — 1

~

T T — T
X ATLAS
G=gmass Preliminary
Gmass (for m(@) = 2m(@)
G=Gmass (ight%;)
Gmass (m(G) <2 TeV, light ;)
Gmass (m(@ <2 TeV, light ;)

MSUGRA/CMSSM
MSUGRA/CMSSM : 1-lep + s + Ey o,
MSUGRA/CMSSM : multijets + Ex s
Simpl. mod. : 0-lep +]'s + Er es

Hep +J'S + B g

ILm: (0.03-2.0) fo"
Simpl. mod. : 0-lep + j's + Ey e, fs=7TeV

Simpl. mod. :

-1ep +J's + E ise

10-lep +]'s + Ermss Gmass (m(@) <2 TeV, m(3;) <200 GeV)

-lep +]'S + Ermes Gmass (m(@ <2 TeV, m(3;) <200 GeV)
Simpl. mod. §-> 68Y°) :

Simpl. mod. : 0-lep + brjets +J's + Ey g,

-1ep + 'S + Ermiss G mass (m(y;) <200 GeV, Am(%", %) / Am@ ) > 1/2)

G mass (m(b) <600 GeV, light 7})

Simpl. mod. G-tEE) : 1-lep + brjets + s + E, Gmass (m(z}) <80 GeV)

T
Simpl. mod. (B, b) : 2 brets + Er e,
Simpl. mod. (7%, — 31%,) : 21ep SS + Eymes
GMSB : 2-1ep OS, + E,

Tumss

susy

B mass (m(3}) <60 GeV)
7, mass (ight . m{) = 2(mG) + m(z))
‘gmass (corresp. to A < 35 TeV, tanB < 35)

GGM + Simpl. model : 7y + E G mass (mibino) > 50 GeV)

Tamss
GMSB : stable T

AMSB : long-lived 7‘ i: mass (0.5 <1(%,) <2ns )

Stable massive particles : R-hadrons
Stable massive particles : R-hadrons
Stable massive particles : R-hadrons
Hypercolour scalar gluons : 4 jets, m; = m,, sgluon mass (excl: myg < 100 GeV, my;= 140+ 3 GeV)
RPV : high-mass ey ¥, mass (4;,,=0.10, 4,,,=0.05)
Bilinear RPV : 1-lep +J's + Er s

mass (ct,p < 15 mm)
P | M

10" 1 10
'Only a selection of the available results leading to mass limits shown Mass scale [TeV] /




Limits Galore — 2

o ATLAS Exotics Searches* - 95% CL Lower Li
Exotics — —— —
Large ED (ADD) : monojet My (5=2)
Large ED (ADD) : diphoton Mg (GRW cut-off) ATLAS
UED:yy+E, Compact. scale 1/R (SPS8) Preliminary
£ RSwithkIMy = 0.1 vy, ee,uu combined, m Graviton mass
4 RS with k/Mp, = 0.1 : ZZ resonance, m,,,, Graviton mass JLdI =(0.03-2.1)fb"
E RSwithg /19,020 :Hy+ Eqpg KK gluon mass fs=7TeV
5 Quantum biack hole (QBH) : Mo FGO) M (5=6)
& QBH : High-mass o, , My
ADD BH (My, /My=3) : multjet, 5p__, N, My (5=6)
ADD BH (My, /My en part Mp (6=6)
ADD BH (My,, /M=3) : leptons + jets, Xp My (5=6)
qaidq contact interaction : F, () A
qqll contact interaction : ee, u combined, m, A (constructive int.)
N SSM :m,,,, |CAH Eor) anvaioaiseal Heate Z'mass
SSM:m,,, |Eiawi v Zistel W mass
o Scalar LQ pairs (B=1) : kin. vars. in eejj, evjj |L=106" @) Preiminan] seocev] 1" gen. LQ mass
- Scalar LQ pairs (f=1) : kin. vars. in uj, uvjj [£=ssps"(010) trxiviiioa assin az26ev] 2" gen. LQ mass
s 4" generation : coll. mass in Q T, > WqWq Q, mass
g 4" generation : 43~ WHWE (2-lep SS) d, mass
* TTangen. 2 T+ AAG: 1-lep +jets + E; o T mass (m(A,) < 140 GeV)
Techni-hadrons : dilepton, m_,,, p /7 mass (m(p. /o) - m(rr) = 100 GeV)
Major. neutr. (LRSM, no mixing) : 2-lep + jets N mass (m(W,) = 1TeV)
Major. neutr. (LRSM, no mixing) : 2-lep + jets mass (230 <m(N) <700 GeV)
H (DY prod., BRI m=1) im HE: mass
5 Excited quarks :y-jet resonanice, m o mass
5 Excited quarks : dijet resonance, my,, q° mass
Axigluons : mg,, Axigluon mass
Color octet scalar : mg, Scalar resonance mass
Vector-like quark : CC, m,, Q mass (coupling kgq = v/img)
Vector-like quark : NC, my, Qass (coupling xgq =vim)
M Lol P | L
e 10" 1 10 10°
i Mass scale [TeV]
ly a selection of the available results leading to mass limits shown
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Rare Decays — Another Set of Limits

b MSSM

-

T

~ tan®B

BR(B? — ptpu™) BR(B® — utu™)

Standard Model (32402)-107° (0.1140.01)-107°
CDF 108 .107° -
CDF 95% CL limit <40-107° <6.0-107°
D0 95% CL limit <51-107° -
CMS 95% CL limit <7.7-107° <1.8-107°
LHCb 95% CL limit <45.107° <1.03-107°

Only one example where BSM is being restricted from B physics.
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QCD and BSM Physics

QCD understanding crucial also for studies of “exotic” physics,
since

@ incoming protons = production involves strong interactions

@ production of new coloured states favourable
(squarks, Kaluza-Klein quarks/gluons, excited quarks, . ..)

Several different possibilities studied, e.g.

@ Gravitational scattering and black hole formation
(G. Gustafson, L. Lonnblad, M. Sjédahl)

@ Baryon number violation in SUSY decays
(P. Skands, TS)

© Hadronization and decay of long-lived SUSY particles
(A. Kraan, TS)

© Parton showers and hadronization in Hidden Valleys
(L. Carloni, J. Rathsman, TS)
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Long-lived coloured particle will hadronize, e.g. R~ (gd0).
Particle can flip charge and baryon number by exhanging quarks
with normal matter: R~ (gdu) + p(uud) — R (gduu) + 7~ (du).
Decays may or may not happen inside detector.

PyTHIA framework standard for LHC searches:

CMS Vs =7TeV 3.06pb'
— T

s e T .
=3 [ ) o ]
° [ Theoretical Prediction 9% CL. Limits q
= —— glino; 10% Gg 8
fe ki gluino (NLO+NLL) —=— gluino; 50% &g o
—&— gluino; 10% @g: ch. suppr, |
5 stop (NLOWNLL)
—asiop
\ \ 5 siop oh. suppr
107\ : E
i \
{ \
\ \
\ A
LREIA
NN .
&;pv—a
=

T |“" i P FRRTIRTIN S ST—
200 400 600 800 1000
Mass (GeV/c?)

Cross-section [pb]

10°

E, T 3
b kK NI

Z R-hadron exclusion

10* CLs95% C.L.limit  —|
\E=7TeV det=34pb‘ E

10° 4
4 === Prediction g (NLO)  J

N N1 W == Prediction g (NLO)

—=— Upper limit & 3

—— Upper imit§
—— Upper limit7

ATLAS

Q,
R
T T T T

cool vl

L
il L 1 T8 1 1 1
100 200 300 400 500 600 700 800
Mass [GeV]

<
o

But, again, only limits.
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Hidden Valleys: Motivation

| Communicator ‘

A Conceptual Diagram ‘

Courtesy

vy M. Strassler
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Hidden Valleys: Setup

Hidden Valleys (secluded sectors) experimentally interesting
if they can give observable consequences at the LHC:

@ coupling not-too-weakly to our sector, and
@ containing not-too-heavy particles.
Here: no attempt to construct a specific model,
but to set up a reasonably generic framework.
Either of two gauge groups,
@ Abelian U(1), unbroken or broken (massless or massive 7, ),
@ non-Abelian SU(N), unbroken (N2 — 1 massless g,'s),
with matter q,'s in fundamental representation.

Times three alternative production mechanisms

o
2]
o
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Hidden Valleys: Showers

Interleaved shower in QCD, QED and HV sectors:
emissions arranged in one common sequence of decreasing

emission p | scales.
HV U(1): add q, — q,7, and F, — F,~,.
HV SU(N) add qv — qQvEv, Fv - Fvgv and gv — Zv8v-

MT?2 distribution for M, =1 TeV as a function of o

1000 ¢

#MT2)

0 500 1000 1500 2000
MT2 [GeV]

Recoil effects in visible sector also of invisible emissions!

slide 43/45



Hidden Valleys: Decays

Hidden Valley particles may remain invisible, or
@ Broken U(1): v, acquire mass, radiated 7,s decay back,
v — 7 — ff with BRs as photon (= lepton pairs!)
@ SU(N): hadronization in hidden sector,
with full string fragmentation setup, giving
e off-diagonal "mesons”, flavour-charged, stable & invisible
e diagonal “mesons”, can decay back q,q, — ff

Even when tuned to same average activity, hope to separate

04 — T T T T T 08

035 Ab 1 07 Ab.

03 J non-Ab. 1 06 non-Ab.
. 025 ~ 05
> =)
§, 02 g 04

0.15 | S o3l

[ e 1 0a |

005 | 1 ’

0 L L 1 L i " L 0'1 [
0 2 4 6 8 10 0 -
N 0 05 1 1.5 2 25 3

cos 8
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LHC Scheduled Future

2012 7 — 8 TeV, 5 — 15 fb~!
2013-14 shutdown to improve safety system (+ retrain magnets);
slow restart likely
2015-17 run at 13-14 TeV, slowly increasing luminosity

2018 shutdown, preparing for upgrade
2019-21 continue to run at 14 TeV, collect 100 fb~!/year
2022-23 shutdown, luminosity upgrade, slow restart
2024-30 high-luminosity run to collect 3000 fb~!

Eventwith 4t re_c:bnstructed vertices from high PL il

Long-term future options:
@ (Re)install electron ring for ep/eA collisions.
@ New ~ 20 T magnets to double the LHC energy.
@ ~ 3 TeV ete linear collider.
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Summary

After many delays/disappointments LHC is now doing well.
Flood of new res;it—s; impossible‘ to keep track of all.

Signs of a 125 GeV Higgs, consistent with Standard
No S|gns of physncs Be)&ld the Standard Model ’

~ . We live in interesting times!

P /
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