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Why colliders?

Resolving power: Ax ~ AE! =

High energy accelerators

Molecules 108 m ~ meV
Atoms 1019 m ~ eV ... keV
Nuclei 10-'“m | ~ MeV ... |10 MeV

Nucleons 10-1° m ~ | GeV

Quarks, Leptons, Higgs IRV ~ | TeV

J.R.Reuter The World Machine LHC Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Why colliders?

Resolving power: Ax ~ AE! =

High energy accelerators

108 m ~ meV
1010 m ~ eV ... keV
10'*m | ~ MeV ... 10 MeV
10> m ~ | GeV

[0 m ~ | TeV

Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Why colliders?

Resolving power: Ax ~ AE! =

High energy accelerators

108 m
10-10 m
10-1% m
10-1> m

Quarks, Leptons, Higgs RN

~

~ eV ...

meV
keV

~ MeV ... 10 MeV

~

~

BE:’{ J.R.Reuter The World Machine LHC

| GeV
| TeV

constituent centerofm ass en ergy

1960

Elektron__

-""’:‘\ N

KA NTN

{ ,;'/_\*\ ATOM (10°® cm)
t Xl @~ A}){ )

s Hadiron coliders

e*e colliders

TEVATRON
(Farmilab)

PETRA __ PEP
(DESY) (SLAC)
CESR (Comell)
VEPP IV (Novosibirsk)
SPEAR Il

SPEAR __ DORIS __  VEPP I
(SIAC) (DESY) (Nowosibirsk)

PRINSTAN __  VEPPII ACO
(Stanford) — (Nowosibirsk) — (France)

1970 1980 1990 2000 2010 2020
year of first physics

Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Again, why? The ‘Standard Model’ in a Nutshell

[t ond 3rd O Standard Model (SM) is SU(3)c ®
SU(2). ® U(l)y gauge theory
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Again, why? The ‘Standard Model’ in a Nutshell
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The mystery of Electroweak Symmetry Breaking

O Proposal of non-Abelian

dynamical gauge theories
(SO(3), SU(2)® U(l) ), 1960s

O Discovery of neutral currents
(CERN, Gargamelle, 1973)
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The mystery of Electroweak Symmetry Breaking

O Proposal of non-Abelian

dynamical gauge theories
(SO(3), SU(2)® U(l) ), 1960s

O Discovery of neutral currents
(CERN, Gargamelle, 1973)

O Discovery of W, Z at SppS
(CERN, 1982)
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The mystery of Electroweak Symmetry Breaking
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O Discovery of neutral currents
(CERN, Gargamelle, 1973)

O Discovery of W, Z at SppS
(CERN, 1982)
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The Higgs breaking parameterization

V(6) = 2162 + 5 (167’

.9
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The Higgs breaking parameterization

V(9) = 2162 + 5 (9]2)?
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The Higgs breaking parameterization

The World Machine LHC

V(9) = 2162 + 5 (9]2)?

* Higgs potential has non-trivial minimum
* Radial excitation (massive): Higgs field
* Phase: Goldstone boson
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The Higgs breaking parameterization

V(9) = 2162 + 5 (9]2)?

* Higgs potential has non-trivial minimum
* Radial excitation (massive): Higgs field
* Phase: Goldstone boson

What happened to the Nambu-Goldstone theorem!?
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The Higgs breaking parameterization
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V(9) = 2162 + 5 (8]2)?

* Higgs potential has non-trivial minimum
* Radial excitation (massive): Higgs field
* Phase: Goldstone boson

What happened to the Nambu-Goldstone theorem!?

Longitudinal polarization becomes physical,
Goldstone boson takes over place in cancellation of
unphysical degrees of freedom in Fock space

— — S —
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The Higgs breaking parameterization

V(9) = 2162 + 5 (9]2)?

* Higgs potential has non-trivial minimum
* Radial excitation (massive): Higgs field
* Phase: Goldstone boson

What happened to the Nambu-Goldstone theorem!?

Longitudinal polarization becomes physical,
Goldstone boson takes over place in cancellation of
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A potential potential problem

Even discovery of SM Higgs boson has not solved puzzle of Electroweak Symmetry Breaking
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A potential potential problem

Even discovery of SM Higgs boson has not solved puzzle of Electroweak Symmetry Breaking

Higgs system similar to a Quantum Phase Transition with Landau-Ginzburg potential
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A potential potential problem

Even discovery of SM Higgs boson has not solved puzzle of Electroweak Symmetry Breaking

Higgs system similar to a Quantum Phase Transition with Landau-Ginzburg potential

V()= ap? + by V(p) = ap? + byf + cy®
Effective potential [Renormalizability
could be more too often abused as
complicated [?] argument]
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A potential potential problem

Even discovery of SM Higgs boson has not solved puzzle of Electroweak Symmetry Breaking

Higgs system similar to a Quantum Phase Transition with Landau-Ginzburg potential

V(p) = ap? + by V(p) = ap? + byf + cy®

Effective potential [Renormalizability
could be more too often abused as
complicated [?] argument]

chiral symmetry:  dm; o vIn(A?/v?)
no symmetry for guantum corrections to
Higgs mass

SM% o A% ~ MBana = (10*9)% GeV?

(125 GeV) 2 = { 1000000000000000000000000000000020000 —

1000000000000000000000000000000000000 ) GeV2
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A potential potential problem

Even discovery of SM Higgs boson has not solved puzzle of Electroweak Symmetry Breaking

Higgs system similar to a Quantum Phase Transition with Landau-Ginzburg potential

Electroweak vacuum
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Effective potential [Renormalizability = |
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‘ 2
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The Higgs boson at a hadron collider
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The Higgs boson at a hadron collider
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The “guaranteed’” SSC discovery

Superconducting Super Collider (SSC): 87.1 km tunnel, design:40 TeV pp collisions
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The “guaranteed’” SSC discovery

Superconducting Super Collider (SSC): 87.1 km tunnel, design:40 TeV pp collisions
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The “guaranteed’” SSC discovery

Superconducting Super Collider (SSC): 87.1 km tunnel, design:40 TeV pp collisions
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[Ist SSC Workshop: 1976
| st LHC Workshop: 1982]

Ehe New JJork Eimes

N

JOUSNed: June 1993
An amendment to the energy and water appropriations bill that was intended to kill the
program passed by a vote of 280 to 150, with 171 Democrats joining 108 Republicans and
one independent in voting against the project. Sixty-five Republicans and 85 Democrats
voted in favor of the supercollider. The House also voted to kill the project last year, but by
a far narrower margin, 232 to 181.

Last year President George Bush put pressure on Republican senators to vote to save the
program. Several Republican senators have already changed their positions or are
wavering, and so far President Clinton has not lobbied hard for the supercollider.
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The “guaranteed’” SSC discovery

Superconducting Super Collider (§SC): 87.1 km tunnel, design:40 TeV pp collisions
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voted in favor of the supercollider. The House also voted to kill the project last year, but by
a far narrower margin, 232 to 181.

Last year President George Bush put pressure on Republican senators to vote to save the
program. Several Republican senators have already changed their positions or are
wavering, and so far President Clinton has not lobbied hard for the supercollider.
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Either Higgs discovery or something in WW scattering at |-1.5 TeV )
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The “guaranteed” LHC discovery

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = 0)] /3 t = —3s(1l —cosfl)/2

Partial wave amplitudes:
M(s,t,u) =321 ) _,(2¢ + 1)As(s)Py(cosf) (“Power spectrum”)
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The “guaranteed” LHC discovery

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = O)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) (20 + 1)As(s)Py(cosf) (“Power spectr

Re[A]
>
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The “guaranteed” LHC discovery

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = O)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) (20 + 1)As(s)Py(cosf) (“Power spectr

Re[A]
>

Assuming only elastic scattering:
T ! T
oot = 2 TGN A = 3, FEH M [A] = | A = Im [A/]
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The “guaranteed” LHC discovery

Optical Theorem (Unitarity of the S(cattering) Matrix):

Otot = Im [Mn(t = O)] /8

Partial wave amplitudes:
M(s,t,u) =321 ) (20 + 1)As(s) Py(cosb)

Assuming only elastic scattering:
! )
Ttot = D S22 | A2 = D 327(i£+1) Im [Ay]

8

t = —8(1 —cosf

(“Power spectr

= |4 =Im 4]

SM longitudinal isospin eigenamplitudes (A; spin=J):

3 t—u 8
Ar=0=25Po(s)  Ar=i =" = S Pi(s)

9%3{ J.R.Reuter The World Machine LHC

Ar—2 = —%PO(S)
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The “guaranteed” LHC discovery

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = Im [Mii(t = 0)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) _,(2¢ + 1) As(s)Py(cos) (“Power spectr

Assuming only elastic scattering:
oo = 3, 327 (2£641) |A£|2 RS 5, 327r(§£+1) Im4] = |A£|2 = Im [A/]

8

SM longitudinal isospin eigenamplitudes (A; spin=J):

3 t—u 3 8
AI:() — QEPO(S) AI:1 — o2 = v—2P1(8) AI:2 — —EPO(S)

Lee/Quigg/Thacker, 1973

exceeds unitarity bound |A;;| < 3 at:

Higgs exchange: | _

I=0: E~ V8mw=12TeV QQ H
1 3

I=1: E ~ v487rv=3.5TeV .A(s,t,u):— ,U;Is_ﬂf?{

I=2: E ~ V16w =1.7TeV Unitarity: My < V8mv~ 1.2TeV

.9

BE:{ J.R.Reuter The World Machine LHC Christmas WS, Univ.Autonoma Madrid, 10.12.2015



The Challenge of the Large Hadron Collider
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The Challenge of the Large Hadron Collider
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The Challenge of the Large Hadron Collider

proton - (anti)proton cross sections

¢ Different partonic subprocesses: qq, gg, gg 10° ¢ T E—r
¢ No fixed partonic energy 10° L o f +— J 10"
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The Higgs boson discovery

* July,4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson

®
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The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson

Bl

...............................

e+ J.R.Reuter The World Machine LHC Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Events / 2 GeV

Events - Fitted bkg

Q.O
w
8
-

The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson
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The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson
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The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson
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The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson
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The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson
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The Higgs boson discovery

* July, 4th 2012: Discovery of a new particle, Nobel prize Dec., |0th 2013  F Englert, P. Higgs
* A scalar boson with mass 125 GeV — a Higgs-like boson — a Higgs boson — the BEH boson
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The shiny result revisited: ...
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Standard Model Production Cross Section Measurements

What goes into theory prediction?

Status: Nov 2015
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What goes into theory prediction?
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What goes into theory prediction?

Standard Model Production Cross Section Measurements

0 total (x2)

WO inelastic

ATLAS Preliminary
Run 1,2

Vs=7,8,13TeV

V? =7 TeV

0.1< Pr < 2TeV
—-

03<my<5TeV

%@@
(s

BBl 0Data 45-491o!

LHC pp Vs =8TeV

B Data 20.3fb!

= b,@
?

QgF
H—-+WW
. W
=0=
I
H—1r
i Z)
VBF 4
H— WW 2N
— KN oo :
H=y) ;
H+2ZZ 4 E
& 4l
PP Jets Dijets W Z tt t VW Y H Vy ttw wtz tty Zjj Wyy wwij
R=0.4 R=0.4 EWK EWK
Iy|<3.0 |yl<3.0 fiducial fiducial total fotal fotal fiducial fiducial fiducial  total total  fiducial fiducial fiducial  fiducial
! <30 njet«0

J.R.Reuter The World Machine LHC

Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Events at hadron colliders ... Experiment
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Events at hadron colliders ... Theory
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Events at hadron colliders ... Theory

Parton Distribution Functions e
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Events at hadron colliders ... Theory
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Events at hadron colliders ... Theory
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Events at hadron colliders ... Theory
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Events at hadron colliders ... Theory

Hard scattering process
(Fixed order + resummation)

Parton Distribution Functions e
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Events at hadron colliders ... Theory

Parton Distribution Functions

Final state QCD radiation
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(define to be t=0)

oy .. Hard scattering process
' |.(Fixed order + resummation)

[ J
14

’ --[.Hadronic QED radiation

/

° Q
,® ‘:. [
® .

Hadronization /

- fragmentation
®
. Underlying Event:
® e X Multi-Parton Interactions

Initial state QCD radiation
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Hard process: Fixed order perturbation theory

¢ Perturbative amplitudes for 2 — n scattering grows factorially with n

¢ Recursive algorithms

[Parke/Taylor, '86; Berends/Giele, ’88; Caravaglios et al., | 998; Ohl/|JRR, 2000; Papadopoulos, 2001
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¢ Recursive algorithms
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Hard process: Fixed order perturbation theory

¢ Perturbative amplitudes for 2 — n scattering grows factorially with n
¢ Recursive algorithms [Parke/Taylor, '86; Berends/Giele, ’88; Caravaglios et al., | 998; Ohl/|JRR, 2000; Papadopoulos, 2001

¢ Tree-level problem solved (for the matrix elements)
¢ Several smaller or bigger issues remaining:
¢ Large number of external legs, processes treated factorized as cascades

bbar .t
o e z
. — - - -m_.—“ —
\__‘ _j:.l&".' ~* ) ’--‘T.’ _": e
% o= | b To— ——oq_/\/;;u
Rermcact ——oe -—.—,\,) “—“‘;i:'-‘:—“ -\:q_.o::l
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Hard process: Fixed order perturbation theory

¢ Perturbative amplitudes for 2 — n scattering grows factorially with n
¢ Recursive algorithms [Parke/Taylor, '86; Berends/Giele, ’88; Caravaglios et al., | 998; Ohl/|JRR, 2000; Papadopoulos, 2001

o) COENCD

¢ Tree-level problem solved (for the matrix elements)
¢ Several smaller or bigger issues remaining:
¢ Large number of external legs, processes treated factorized as cascades

bouar .
s S pr—

e S

\\9 “-1/__1 —"/ e - .,——;';_:_ —"-‘T:’m — . -
\\—.'—_i———“d —_— e b oo ‘-——ué;u
Rermoat o e — W ~ S e
. e N L e
TR, - - - V. JP UG _I——. e MR e
S — —— ..R'_‘ - \<§f ——

‘ A . b . . 9 d3 ;
< Mu.ltl dimensional phase-space integration o~ [ D o M e R (27r)§2p0
¢ Major bottleneck! :
¢ Several algorithms: flat [RAMBO], simplistic heuristics [ALPGEN], diagram-based [MadEvent],
[QCD-]radiation driven [SAGE], resonance/singularity importance-ordered [WHIZARD]

¢ Complicated QCD color algebra & high-dimensional color flow matrices
¢ Light flavor degeneracies in jets

.9
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Higher Order Calculations

P Large (QCD) corrections at hadron colliders Z2~ (4 L0 = NLO ® NNLO = NNNLO
P Example: Higgs production in gluon fusion g e

[K factor: onvo/oro or onnLo/0LO ] b

b

P Virtual corrections: loop diagrams

03,

02}

0as
'

02!
2

] T L] Ll L] Ll

olpb] pp—;“”“'+x

140 ¢

120 —e— ATLAS o
—— CMS o

-
o
-
-
-

100 r ~,08/2014
80 + e T e
60 s . ":’_.;¢-,' ......................

F) R — ,\'Nlao
el NLO+gg
20 | g+ H—->WW* e NLO

L 1 4

1.1 F

1T
1.00 f s - SR

0.95 E

7 8 Vs [TeV) 13 14
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Higher Order Calculations

P Large (QCD) corrections at hadron colliders | &= R
P Example: Higgs production in gluon fusion * Anastasiou et al.. 03/2015
[K factor: O'NLQ/(TLQ or O'NNLQ/ULO ] g»
P Virtual corrections: loop diagrams )
» Dimensional regularization, |
tensor reduction [t Hooft/ ¥
Veltman, Passarino/Veltman, 1970’s] as
P2~ -“ 3 . o 2
olpb][° 'W*Wl X ' | ' |
0 | PP N

120 —e— ATLAS
—— CMS

s -
W

100

.....
-
-

80 T et o

. et
""""""
..........

60 - et

{ R —— ,\'.\le0
el NLO4gg
00 | g8 = H = WW* e NLO

L 1 4

1.1 F
0 T —————
1.00 | Seeeeemeeeeeeeneaae— R —

7 N Vs [TeV] 13 14
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Higher Order Calculations

P Large (QCD) corrections at hadron colliders " ZEL Lo MO NNLO = NNNLO
P Example: Higgs production in gluon fusion “ Anastasiou et al. . 03/2015
[K factor: onLo/0LO OF ONNLO/OLO ] b

P Virtual corrections: loop diagrams

» Dimensional regularization,

tensor reduction [t Hooft/
Veltman, Passarino/Veltman, 1970’s]

P2 — P

P Soft and collinear singularities
given by QCD splittings:

1 T LJ Ll L] Ll L

olpb] pp L WW +X

140 ¢

120 b —=— ATLAS "o
—=—s CMS Lo

@ 10T 7,08/2014
’Wb“ﬂ%‘::;‘ 80 F .-;‘_ A |
60 . _~ e > .
1+2° 1ozl [ . [ ™ —— NNLO
Pq.«qq(~) — C[-‘ 1 . P’ : (:) — A( "( *)) 0 | \'LOﬂ;g
& §—&8 Z(l—:) 20 b g +H—->WW* e NLO
added to all predictions <o LLO
@f 'mmo‘~< 115 | o/onto
1.1 ¢
1+ (1-2)> 1.05 F___ e -
Pggq(z) = Cpr——— Pg_.qq(z) = Tr(1-22(1-2)) 1.00 } S—
0.95 E .
7 8 Vs |[TeV] 13 14
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“Automation”

O General structure of NLO cross section:

dcf,,lfLO = do,. 5, +

Born approximation

correction, IR-divergent

BE:’{ J.R.Reuter The World Machine LHC

dCI)nVn &l dq)n—l—an—l—l

renormalized virtual . .
real correction, IR-divergent
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“Automation”

O General structure of NLO cross section:

a2 ik e + d®,V, + d®, 1 Rpi1

Born approximation renormalized virtual

i . real correction, IR-divergent
correction, IR-divergent

g 1990’s: “Subtraction algorithms” (process independently cancel IR-divergences exactly)
FKS [Frixione/Kunszt/Signer, ’96], CS-Dipoles [Catani/Seymour,’98] [FKS: Kinematics vs. Dipoles/CS: shower]

dop™° =d®, |Bn + Vn + B, ® S] + d®,44 [Rn+1 — B, ®dS
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“Automation”

General structure of NLO cross section:

a2 ik e + d®,V, + d®, 1 Rpi1

Born approximation renormalized virtual

i . real correction, IR-divergent
correction, IR-divergent

1990’s: “Subtraction algorithms” (process independently cancel IR-divergences exactly)
FKS [Frixione/Kunszt/Signer, ’96], CS-Dipoles [Catani/Seymour,’98] [FKS: Kinematics vs. Dipoles/CS: shower]

dop™° =d®, |Bn + Vn + B, ® S] + d®,44 [Rn+1 — B, ®dS

Subtraction terms automated in Monte Carlo generators: Helac, Herwig, Madgraph, Sherpa, Whizard ....
Difficulties not mentioned:

2000’s-2010’s: “Automation” of virtual amplitudes Blackhat, Gosam, MadLoop, OpenLoops, Recola ....

/(11) Qui """ Quas
T2 (g2 —mj +ie)[(q+p1)%2 —mT +ie] -+ [(q + pn-1)% — m%_, + i€]
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“Automation”

General structure of NLO cross section:

a2 ik e + d®,V, + d®, 1 Rpi1

Born approximation renormalized virtual

i . real correction, IR-divergent
correction, IR-divergent

1990’s: “Subtraction algorithms” (process independently cancel IR-divergences exactly)
FKS [Frixione/Kunszt/Signer, ’96], CS-Dipoles [Catani/Seymour,’98] [FKS: Kinematics vs. Dipoles/CS: shower]

dop™° =d®, |Bn + Vn + B, ® S] + d®,44 [Rn+1 — B, ®dS

Subtraction terms automated in Monte Carlo generators: Helac, Herwig, Madgraph, Sherpa, Whizard ....
Difficulties not mentioned:

2000’s-2010’s: “Automation” of virtual amplitudes Blackhat, Gosam, MadLoop, OpenLoops, Recola ....

Tensor reduction (numerically stable) [Denner/Dittmaier, 2005]

D
— d = — ~ —— : = ; :
i / (2 —mj +i€)[(q + p1)? — my +i€|--[(qg+pn-1)% — ’”.2\'—1 + €]
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“Automation”

General structure of NLO cross section:

a2 ik e + d®,V, + d®, 1 Rpi1

Born approximation renormalized virtual

i . real correction, IR-divergent
correction, IR-divergent

1990’s: “Subtraction algorithms” (process independently cancel IR-divergences exactly)
FKS [Frixione/Kunszt/Signer, ’96], CS-Dipoles [Catani/Seymour,’98] [FKS: Kinematics vs. Dipoles/CS: shower]

dop™° =d®, |Bn + Vn + B, ® S] + d®,44 [Rn+1 — B, ®dS

Subtraction terms automated in Monte Carlo generators: Helac, Herwig, Madgraph, Sherpa, Whizard ....
Difficulties not mentioned:

2000’s-2010’s: “Automation” of virtual amplitudes Blackhat, Gosam, MadLoop, OpenLoops, Recola ....

Tensor reduction (numerically stable) [Denner/Dittmaier, 2005]

st ic)[(q +p1)? —mi +iel--[(q+pn-T)

Scalar master integrals: recursion relations, differential equations, integration by parts
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“Automation”

General structure of NLO cross section:

a2 ik e + d®,V, + d®, 1 Rpi1

Born approximation renormalized virtual

i . real correction, IR-divergent
correction, IR-divergent

1990’s: “Subtraction algorithms” (process independently cancel IR-divergences exactly)
FKS [Frixione/Kunszt/Signer, ’96], CS-Dipoles [Catani/Seymour,’98] [FKS: Kinematics vs. Dipoles/CS: shower]

dop™° =d®, |Bn + Vn + B, ® S] + d®,44 [Rn+1 — B, ®dS

Subtraction terms automated in Monte Carlo generators: Helac, Herwig, Madgraph, Sherpa, Whizard ....
Difficulties not mentioned:

2000’s-2010’s: “Automation” of virtual amplitudes Blackhat, Gosam, MadLoop, OpenLoops, Recola ....

Tensor reduction (numerically stable) [Denner/Dittmaier, 2005]

zt+ie)l(qg+pm)? - ’”f +i€| -+ [(¢ + pNn-1)

Scalar master integrals: recursion relations, differential equations, integration by parts

O

“Automation” is rather simplification: never switch off your brain !!!
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NNLO QCD (and beyond)

¢ Battlefront of precision calculations: virtual NNLO 2 — 2, NNNLO 2 — |

g1 Vi g1 Vi 9 -
1
q = u,d... q=u,d... 9
92 Va 92 Va 1 '
:

Anastasiou et al.,, Gehrmann et al,, Henn et al., Melnikov et al., Chakon et al., 2002 [yY] - now [WV,jj, tt, Hj]

00000000
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NNLO QCD (and beyond)

¢ Battlefront of precision calculations: virtual NNLO 2 — 2, NNNLO 2 — |

g1 Vi q1 Vi 9 -
1
q = u,d... q=u,d... 9
92 Va 92 Va 1 '
.
.

Anastasiou et al.,, Gehrmann et al,, Henn et al., Melnikov et al., Chakon et al., 2002 [yY] - now [WV,jj, tt, Hj]

00000000

¢ NNLO subtraction formalisms: antenna subtraction, gr subtraction, n-subjettiness subtraction
¢ NLO QCD input for NNLO calculations: virtual - real, double real etc.
¢ Resummation for phase-space regions with badly behaved perturbative series (large logs)
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NNLO QCD (and beyond)

¢ Battlefront of precision calculations: virtual NNLO 2 — 2, NNNLO 2 — |

® NNLO subtraction formalisms:

91

92

V] 91

Vi 2 :

q=u,d..

00000000

Va 92

q=u,d..

Anastasiou et al.,, Gehrmann et al,, Henn et al., Melnikov et al., Chakon et al., 2002 [yY] - now [WV,jj, tt, Hj]

antenna subtraction, gr subtraction, n-subjettiness subtraction

® NLO QCD input for NNLO calculations: virtual - real, double real etc.
¢ Resummation for phase-space regions with badly behaved perturbative series (large logs)

NLL+NLO

NNLL+NNLO

3000
NLO
1000 + 2500 |
s ' s @
g‘“* gamo>. H
s Siso0f]
g g
1} 600
v v - o
21.4 N s ———— ] 31-2
212} : s
'% | e 208}
085100 150 200 260 300 3% 40 o 10
PrIWW) (1]
Grazzini/Kallweit/Rathlev/Wiesemann, 07/2015
J.R.Reuter The World Machine LHC
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NNLO QCD (and beyond)

¢ Battlefront of precision calculations: virtual NNLO 2 — 2, NNNLO 2 — |

91 V] g1 V] 2 .

00000000
|
|
b

Vi 92 Vo 1 .
L ]
L ]

92

Anastasiou et al.,, Gehrmann et al,, Henn et al., Melnikov et al., Chakon et al., 2002 [yY] - now [WV,jj, tt, Hj]

¢ NNLO subtraction formalisms: antenna subtraction, gr subtraction, n-subjettiness subtraction
® NLO QCD input for NNLO calculations: virtual - real, double real etc.
¢ Resummation for phase-space regions with badly behaved perturbative series (large logs)

NLO | | | | | I:JLL*NLE)
2500 | NNLL+NNLO
§
Z
3
3
°
0
Srafr— = F2
812+ R a
L2 ; L
E 1+ %o,s £
08 - - 06
50 100 150 200 250 300 350 400 0 10 20 30 40 50 70 80
Pr(WW) [fb)] Pr{W'W) [fb)]

Grazzini/Kallweit/Rathlev/Wiesemann, 07/2015
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Electroweak Corrections

e Rule of thumb: NNLO QCD ~ NLO Electroweak

 Several tools deliver EW NLO:

* Master integrals more complicated
e Subtraction formalism tedious

s~ 0.1, x~0.0l

[Gosam], OpenLoops, Recola [not public]

[several different mass scales]

[interference of different QCD and EW orders]

* Big effects at high energies:
EW Sudakov logarithms

—alog? [ A

My

S

|

[exclusive W/Z, external state non-SU(2)xU(1)-

invariant, missing PDF corrections]

The World Machine LHC

“"NLO QCD" “NLO EW”
4 \\ // p . / \
¥ \\ 4 \b.-’ Z g . //
\ i’ \ / y \ /
YUTTTTY ) YTTTTTY « WTTTTTY < W UTTTTT <
/ \ / \ / \ / \
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\' / ) // \+/ \
/1N <€ p LW, /'\ /
X /N / \° /1N /
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YUTTTTT ( . ) ALLLLL .’ '\’ ...... o " YOO TEET (
L/ / \ | / \
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Electroweak Corrections

e Rule of thumb: NNLO QCD ~ NLO Electroweak Xs~ 0.1, x~0.0l
e Several tools deliver EWW NLO: [Gosam], OpenLoops, Recola [not public]
* Master integrals more complicated  [several different mass scales]
e Subtraction formalism tedious [interference of different QCD and EW orders]
2
* Big effects at high energies: —alog? [MW]
EW Sudakov logarithms : “"NLO QCD" “NLO EW”
[exclusive W/Z, external state non-SU(2)xU(1)- | |
invariant, missing PDF corrections] N N 7/ N2\ /
\ ...... < /> ...... (\ :) ...... ( ! /\:. ...... (\
// N\ / \\ /’ \\ : / N\
pp = W*j [Kiuhn/Kulesza/Pozzorini/Schulze, 2007] |
0.00 - NNLO / L0 -1 —— 1 ‘\’ /’/;\ // \\'q“" //lé \\\’ ///
010 NLO/LO — 1 o i N D i SN
| NLL/LO—1 —— / N/ h / N/ )
- \.,-" ~./;\\ /
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....... ﬁom.h \‘;‘ / \\\ ///
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Electroweak Corrections

e Rule of thumb: NNLO QCD ~ NLO Electroweak
* Several tools deliver EW NLO:

* Master integrals more complicated

x ~ 0.0l
[Gosam], OpenLoops, Recola [not public]

as~0.|,

[several different mass scales]

e Subtraction formalism tedious [interference of different QCD and EW orders]

* Big effects at high energies:

A

S

M2
—alog? [ L ]

EW Sudakov logarithms
[exclusive W/Z, external state non-SU(2)xU(1)-
invariant, missing PDF corrections]

pp = W*j [Kiuhn/Kulesza/Pozzorini/Schulze, 2007]

“NLO QCD"  “NLO EW”

0.00 L NNLO/LO — 1 4 \ /\> // \ /g ‘\ /
NLO/LO — 1 v | 0000 \ § SO Y LLLLLL | povEES <
-0.10 } NLL;L 0-_1 < / \'\:/ \\\ / ! \\é/’/ \\
020 | NNLL/LO — 1 T | "/5 N 7/
y (\ L N2 <\
/’ \E// b\
-0.30 | N
2 u_,j.}’hh \\ / -\;' ///
-040 ! (b) W+ S e ) /, yUTTTOT < ,/>_,.- {[' (\
. \i / \

Tricky QCD/EW interplay: Wjj NLO vs. Dijet NLO

The World Machine LHC
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Loops and legs ...
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ISR & FSR: Parton Showers

O Full matrix elements for processes with up to 100 partons are not feasible
O Approximation by parton showers

O Splitting probability i — jk ——% W@%ﬁ

dt ozs do
dlisk(t) = G52 [ dz5z Pisji(t, 2, 6) NP LY (1-2(1-2)p
P"""X(J_Crl—: Pg-.gg(2z) = Ca “(~l— )~
14 (1-
Py.gq(z) =Cr Ll ) Pq_.gq(z) = Tr(1—-22(1-2))

.9
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ISR & FSR: Parton Showers

O Full matrix elements for processes with up to 100 partons are not feasible
O Approximation by parton showers

O Splitting probability i — jk ——% W@%ﬁ

dt ozs d
dFZ_)]k(t) de ¢P’L—>jk’(t < ¢) p 2\ =C 1+2% (1—-2z(1-2))?
q‘qg(~)_ rl—: pg 'Q\’(:):CA :(l_ )
O Probability of no splitting: Sudakov form factor @ﬂ\f mw<
A; 'k(t t()) — €XP —ft drI’; k(t) 1+ (1-2)2
Ul T, ) R Pggq(z) = Cr———— Pg_.qq(z) = Tr(1—22(1-2z))

.9
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ISR & FSR: Parton Showers

O Full matrix elements for processes with up to 100 partons are not feasible

O Approximation by parton showers
O Splitting probability i — jk _._% mmggg;;“;
d¢
Gl a7 dto‘s e ez L2 i
i—jk(t) = f ik (t; 2, 9) B g ) i G p e 1=21-2))
1-z g—gg(Z) A z2(1-2)
O Probability of no splitting: Sudakov form factor @f
J ) t() J) Pq -gti(:) =Cr - pg -qq(:) =Tr(1-2z(1-2))
O Evolution parameter t: angle, transverse momentum, virtuality
O Exclusive QCD radiation does not change cross section norm (parton shower unitarity)
O Parton showers quasi-classical approximations: no color correlations, no interference
O Parton shower resum large logarithms
L
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ISR & FSR: Parton Showers

O Full matrix elements for processes with up to 100 partons are not feasible

O Approximation by parton showers
O Splitting probability i — jk _._% q,mﬁggg:
N dt ozs do .
dFZ—)]k(t) de P’I,-)jk’(t < ¢) pq-qq(:):Crl*F:- . - (l—“( _:))2
< 1—2z Q -gg(~)—CA z2(1-2)
O Probability of no splitting: Sudakov form factor @f
Ai—> 'k(t tO) = exp [_ ft dFZ_> k(t)} (12 W~<
Ji 2 to J Pygq(2) = Cr——— Pg-.qa(z) = TR(1—22(1-2))
O Evolution parameter t: angle, transverse momentum, virtuality
O Exclusive QCD radiation does not change cross section norm (parton shower unitarity)
O Parton showers quasi-classical approximations: no color correlations, no interference
O Parton shower resum large logarithms
O Final state radiation (FSR): time-like showers
O Initial state radiation (ISR): space-like showers (PDF reweighting, makes time-like shower again)
O |—=2 vs. 2 3 splitting (Dipoles, antennae)
L
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Matching and Merging

¢ Jet production: matrix elements (ME) exact at fixed order, good description of
hard/large-angle emissions
¢ Jet evolution: parton shower (PS) resum logarithms, good description of soft/collinear emissions

¢ Matching @ LO/NLO:  [MLM, Powheg, CKKW, GKS] o

* Cross section at LO/NLO accuracy

* Hardest emission in PS corrected to reproduce
ME exactly at order &; ( 7R-part of NLO)

cxact ME
LO 5jet, but alsc
NLO 4jet

¢/ J.R.Reuter The World Machine LHC Christmas WS, Univ. Autonoma Madrid, 10.12.2015



Matching and Merging

¢ Jet production: matrix elements (ME) exact at fixed order, good description of

hard/large-angle emissions
¢ Jet evolution: parton shower (PS) resum logarithms, good description of soft/collinear emissions

¢ Matching @ LO/NLO:  [MLM, Powheg, CKKW, GKS] o

* Cross section at LO/NLO accuracy
* Hardest emission in PS corrected to reproduce
ME exactly at order &; ( 7R-part of NLO)

cxact ME
LO 5jet, but alsc
NLO 4jet

¢ Merging @ LO/NLO:  [MEPS, UNIoPS, MinLO, FxFx, NNLoPS]

 Multi-jet cross section at LO/NLO accuracy

* Keep Leading-Log (LL) accuracy of PS for
additional jets

* series of MEs with increasing number of jets

evolved with PS
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Matching and Merging

¢ Jet production: matrix elements (ME) exact at fixed order, good description of
hard/large-angle emissions
¢ Jet evolution: parton shower (PS) resum logarithms, good description of soft/collinear emissions

¢ Matching @ LO/NLO: [MLM, Powheg, CKKW, GKS]
* Cross section at LO/NLO accuracy

* Hardest emission in PS corrected to reproduce
ME exactly at order &; ( 7R-part of NLO)

cxact ME
LO 5jet, but alsc
NLO 4jet

¢ Merging @ LO/NLO:  [MEPS, UNIoPS, MinLO, FxFx, NNLoPS]

 Multi-jet cross section at LO/NLO accuracy

* Keep Leading-Log (LL) accuracy of PS for
additional jets

* series of MEs with increasing number of jets

evolved with PS

Transverse momentum of the Higgs boson

pp —* h 4 jets
pp — h+ 0y @NLO
<=« pp—h+1j@NLO
o= pp— h+ 2 @NLO
e pp -+ h+3@LO

10!

do/dp, [pb/GeV)

Inclusive jet samples: avoid double-counting

e Matrix elements populate hard regime 1072
 Parton showers populate soft region -
* Separate regions by jet measure Q) Lt

l 0 ‘ A
0 50 100 150 200 250 300

p.(h) [GeV]
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Matching and Merging

¢ Jet production: matrix elements (ME) exact at fixed order, good description of

hard/large-angle emissions
¢ Jet evolution: parton shower (PS) resum logarithms, good description of soft/collinear emissions

¢ Matching @ LO/NLO: [MLM, Powheg, CKKW, GKS]

4

* Cross section at LO/NLO accuracy
* Hardest emission in PS corrected to reproduce
ME exactly at order &s ( R-part of NLO)

cxact ME
LO 5jet, but alsc
NLO 4jet

¢ Merging @ LO/NLO:  [MEPS, UNIoPS, MinLO, FxFx, NNLoPS]

 Multi-jet cross section at LO/NLO accuracy

* Keep Leading-Log (LL) accuracy of PS for
additional jets

* series of MEs with increasing number of jets
evolved with PS

Transverse momentum of the Higgs boson

pp —* h+ jets
pp — h+ 0y @NLO
-« pp—h+1j@NLO
o= pp— h+ 2 @NLO
e pp -+ h+3@LO

10!

do/dp, [pb/GeV)

Inclusive jet samples: avoid double-counting

e Matrix elements populate hard regime 1072
 Parton showers populate soft region -
* Separate regions by jet measure Q) Lt

WIP: non-leading color, EW showers, access higher logs, spin

104
o0 50 100 150 200 250 300

py(h) [GeV]

~¢* J.R.Reuter The World Machine LHC Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Hadronization / Fragmentation

Quark and gluon jets hadronize at low energy scales (fragmentation)
Non-perturbative physics: has to be extracted from experiment [mainly e*e- = hadrons, DIS ]
Old models [1970s]: flux tubes, independent fragmentation [Feynman/Field, 1970; Isajet]

Independent fragmentation dresses bare quarks: “last quark”, Lorentz invariance, infrared safety
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Hadronization / Fragmentation

Quark and gluon jets hadronize at low energy scales (fragmentation)

Non-perturbative physics: has to be extracted from experiment [mainly e*e- = hadrons, DIS ]
Old models [1970s]: flux tubes, independent fragmentation [Feynman/Field, 1970; Isajet]
Independent fragmentation dresses bare quarks: “last quark”, Lorentz invariance, infrared safety

Lund string fragmentation model  [Pythia]

based on old string model of strong interactions

Strong physical motivation, but: invented without PS in mind - ,
Universal description of data (ee fit = hadrons) R S ;
Plethora of parameters: ~ O(/) per hadron '

Baryon production difficult [string junctions, popcorn]
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Hadronization / Fragmentation

Quark and gluon jets hadronize at low energy scales (fragmentation)

Non-perturbative physics: has to be extracted from experiment [mainly e*e- = hadrons, DIS ]
Old models [1970s]: flux tubes, independent fragmentation [Feynman/Field, 1970; Isajet]
Independent fragmentation dresses bare quarks: “last quark”, Lorentz invariance, infrared safety

Lund string fragmentation model  [Pythia]

based on old string model of strong interactions

Strong physical motivation, but: invented without PS in mind X <
Universal description of data (ee fit = hadrons) ;"~~-~4;‘fiffffi::;;..ﬂjf_il_j_j
Plethora of parameters: ~ O(/) per hadron .
Baryon production difficult [string junctions, popcorn]

Cluster fragmentation model [Herwig]

¢ Parton shower orders partons in color space
¢ Large Nc limit: planar graphs dominate vl e
¢ Cluster: continuum of high-mass resonances, decay to hadrons = ~<__ e “’\<_\
¢ No spin info, just plain phase space e 4 TR
¢ Cluster spectrum determined by PS (perturbation theory)
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Hadronization / Fragmentation

Quark and gluon jets hadronize at low energy scales (fragmentation)

Non-perturbative physics: has to be extracted from experiment [mainly e*e- = hadrons, DIS ]
Old models [1970s]: flux tubes, independent fragmentation [Feynman/Field, 1970; Isajet]
Independent fragmentation dresses bare quarks: “last quark”, Lorentz invariance, infrared safety

Lund string fragmentation model  [Pythia]

based on old string model of strong interactions

Strong physical motivation, but: invented without PS in mind XX <
Universal description of data (ee fit = hadrons) ;;"~~?i?;‘fffi:::;;~-~if.ij,;:_,~_:
Plethora of parameters: ~ O(/) per hadron .
Baryon production difficult [string junctions, popcorn]

Cluster fragmentation model [Herwig]

¢ Parton shower orders partons in color space
¢ Large Nc limit: planar graphs dominate P o
¢ Cluster: continuum of high-mass resonances, decay to hadrons ~“<_ e “N<_\
¢ No spin info, just plain phase space e 4 TR
¢ Cluster spectrum determined by PS (perturbation theory)

All programs use either Lund or Cluster or a Hybrid version of both!
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
<y o+ O Strong decay
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
<y o+ O Strong decay
— K—p™ Weak decay, p mass smeared
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
<y o+ O Strong decay

— K~ p* Weak decay, p mass smeared
s gt0 p* polarized, angular correlations

BE:’{ J.R.Reuter The World Machine LHC Christmas WS, Univ.Autonoma Madrid, 10.12.2015



Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
<y o+ O Strong decay

— K~ p* Weak decay, p mass smeared
s gt0 p* polarized, angular correlations

— ete vy Dalitz decay, m.. peaked
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
<y o+ O Strong decay

— K~ p* Weak decay, p mass smeared
s gt0 p* polarized, angular correlations

— ete vy Dalitz decay, m.. peaked

PDG: 100s of particles, 1000s of decay modes, form factors,
peak shapes, special cases,“PDG unitarity violation” ....
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Hadronic decays / Hadronic radiation

A hadronic decay chain of typical complexity:

B*Y — ~BY Radiative electromagnetic decay
LisTEN Weak mixing
— e T D*T Weak decay
<y o+ O Strong decay

— K~ p* Weak decay, p mass smeared

< qtal p* polarized, angular correlations
Final-state hadronic QED

radiation for shower shapes

and correct distributions PDG: 100s of particles, 1000s of decay modes, form factors,
peak shapes, special cases,“PDG unitarity violation” ....

— ete vy Dalitz decay, mee peaked

5 20 pb' (13 TeV)
> 10 E Trigger paths
8 _E CMS -
= 10" 5 Preliminary _
) = Jh I '
€ 100 ¢ B
o = s Y
> s I low mass double muon + track
w 10 E double muon inclusive

4
10 7
10°
102

10

1

1 10 _ .. : 10°
utw invariant mass [GeV]

oo
2D
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Underlying Event

Many different definitions and names: UE, Multi-Parton interactions (Ml, MPI),
Minimum Bias

* “everything that is not of interest” * Phenomenological models

* multiple parton interaction from same hadron * e.g. eikeonal approximation to

* Beam remnants: soft interactions with optical theorem
interleaved ISR * Lots of dirty details

,

0.‘.?0

Best reference:

N F=)
] ©>® Pythia manual [Sjostrand et al.]

.9
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General Searches for New Physics

“If I'd only knew which haystack.....”
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Status in 2015, incl. |3 TeV data
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Status in 2015, incl. 13 TeV data
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Status in 2015,

ATLAS SUSY Searches™ - 95% CL Lower Limits

incl. |3 TeV data

ATLAS Preliminary

Status: July 2015 Vs=7,8TeV
Model &ty Jets ET [Laqm) Mass limit [Vie7TeV| Vi=8Tev Reference
MSUGRMCMSSM 03ep/1-2r 210jets30 Yes 203 | &R 1.8 TeV mii-mic) 1507.05525
39, gt 0 0 26@s  Yes 203 |4 850 GeV miE)=0 GeV, m(1* gen. Pemi2™ pen. ) 1405.7875
N, gk, {compressed) monodet  1-3jets  Yes 203 |§ 100-440 GeV mip-m(i] )< 10 GeV 1507.05525
3. Gttty wit] 2e.plolt-Z) 2jets Yes 203 |4 780 GeV miE})«0 GeV 1503.03290
2, 39ty 0 26jts  Yes 203 |R 1.33 TeV miE})e0 GeV 14057875
B8, Bk | —sggW* z r 01 e p 26 jets  Yes 20 ® 1.26 TeV mik}) <300 GeV, m{t " )=0.5(mif})emiz]) 1507.05525
a8, 2 (U ftviv)it| 2e.p 0-3 jots . 20 | 1.32 TeV mit})=0GeV 1501.03555
GMSB (f NLSP) 1-27+0-17 02)ets Yes 203 ® 16 TevV tang? >20 1407,0603
GGM (bino NLSP) 2y . Yos 203 '3 1.29 TeV T{NLSP)<0.1 1507.05493
GGM (higgsino-bino NLSP) Y 1b Yes 203 F 3 1.3 TeV miE]) <000 GeV, cr(NLSP)<0.1 mem, p<0 1507.05493
- GGM (higgsno-bino NLSP) Y 2jets Yos 203 F 3 1.25TeV mik}) <850 GeV, crINLSP)<0.1 mm. 40 1507.05493
GGM (higgsino NLSP) 2e,p(2) 2 jets Yoz 203 3 850 GeV mNLSP>430 GeV 150303290
Gravitino LSP 0 monoj  Yes 203 F'7? scale 865 GeV miC)> 1.5 x 10 oV, m(g)=mig)=15TeV 1502.01518
8, q—oNJ\, 0 3b Yos 201 2 125 TeV mik}) <400 GeV 1407.0600
i.g 28, §-niily o 70@s Yes 203 R 1.1 TeV mik}) <350 GaV 1308.1841
2 B8, B—wiik) 0l ep 3b Yes 201 ] 1.34 TeV mii}) <400 GeV 1407.0600
WG 03, debil | 01 e b Yes 201 |# 1.3TeV mi}) <300 GeV 1607.0800
Byby, by et 0 2b Yes 201 | 100-620 GeV mi¥}))<80GeV 1308.2631
byby, By ek} 2e,0(S5) 03 Yes 203 |, 275-440 GeV miE] Je2 i) 1604,2500
fydy, iy =ebi ] 1-2ep 1-24 Yes 4.7/203 | /. 106NV 230-460 GeV miE]) = 2m(E0). miE") 55 GeV 1209.2102. 1407.0683
iy, iy =W m, or 1i) 02ep 02018125 Yos 203 i 90191 GeV 210700 GeV mit) )1 GeV 1506.00516
i A T 0 mono-jetic-tag Yes 23 & 90-240 GeV mif, )i )<B5GeV 1407.0608
g f1fy (nabural GMSB) 2e.p(2) 1h Yes 203 iy 150-580 GeV mik})>150 GeV 1603.5222
S L bl 4 Z 3epl  1b  Yes 203 |& 290-600 GeV mii)<200GeV 1400.5222
hnlig, I-t) 2e.p 0 Yes 203 |7 90-325 GeV miE])e0 GeV 1400.5294
1Ky K —lvitoy 2ep 0 Yos 203 i 140-465 GeV mik)=0 GeV, m(l, 90 it fomit’)) 14035294
1K, K =) 2r - Yes 203 ﬁf 100-350 GeV miE) )0 GoV, mit. )0 5(mik] Jemit) ) 14070350
E :.t.-I. .J. (o), (g L) Jep 0 Yes 203 |ELES 700 GeV M Jem(E3 ). MUK )e0, miZ, 71e0.5(mik] Jemit) ) 1402, 7029
k?—dl izt 23ep 0-2 jots Yos 203 ‘}", 420 GeV miE] Jemi¥s), m(i] )0, slopions decoupled 1403 5204, 1402 . 7029
‘ﬁ ?—-“l Ky, bbb/ WW/re) Yy MY 026 Yes 203 ’}Jé 250 GeV miE] JemiE), m(i] )e0, slepions decoupled 1501.07110
Faby, iy —ol.l( daep 0 Yes 203 ﬁt, 620 GaV S i £5), miE je0, mi?, #9055 Jemit])) 1405.5086
GGM (wino NLSP) weak prod. Tegjtsy Yes 203 W 124-361 GeV cr<lemm 1507.05493
Direct 1§, prod, longdived §]  Disapp. trk 1 jot Yes 203 |& 270 GeV miE] Jn(i])-160 MoV, =i =02 ns 13103675
Direct ¥ 1 1, pfod.bng-hledi; oE/dx ok - Yos 184 .é 482 GeV mik} ym(i})~ 160 MeV. (k| <15 ns 1506.05332
2 Stable, stopped § R-hadron 0 15ets Yes 279 |& 832 GeV miE])=100 GoV, 10 p<ri)<1000 3 1310.6504
Slabieiﬂhadrm ik . . 191 3 1,27 TeV 1411,6795
g GMSB, smbte b, -, fierie.p) 1-2p - 19.1 e 537 GeV 10<1ng<50 1411.6795
- GMS8, =G, ong-ived 1 2y Yes 203 f‘ 435 GeV 2<n(f))<3 ns, SPSE medel 14096542
38, T) =veevjesevfppv displ. e /ey /pyr . 203 .ir‘ 1.0 TeV 7 <emif)< 740 mm, =(2)=1.3 ToV 1504.05162
GGM 3, 1) 20 displ. vix + jets 203 f! 1.0 TeV 8 <orik) )< 480 mm, s(d)e1.1 ToV 1504.05162
LFV ppesi, 4 X, ¥, woepfer/pt peTuY - - 2023 A LTIV A, -0 dpainan=0.07 1503 04430
Béinear RPV CMSSM 2e.4(SS) 038 Yes 203 4@ 135 TeV miiemig), cTicp<! mm 1404.2500
E1E7 L Wi —eed,, e, dep - Yes 203 |&) 750 GeV miE)>0. 25l ), 4,320 1405.5085
S LR Wi e, Seper ~ Yes 203 ié 450 GeV m{E])>02xm(i] ), 2,20 14055088
& 22, g 0 6-7 jots . 203 |# 917 GeV BRI)+BR{E)BRc|o% 1502 05686
28, B—obs. K — o9 0 67jets - 203 |& 870 GeV w500 GeV 1502 05686
28, 4y 2, Fy—obs 2e.0(SS) 03s Yeos 203 '3 850 GeV 1404250
fify, fy—bsy 0 2pis+ 26 - 203 | & 100-208 GeV ATLAS CONF-201 5026
Tydy, iy =ebt 2e.p 2h 203 |4 0.4-1.0 TeV B, — e /) >20% ATLAS CONF-2015015
Other Scalar charm, &’ 0 2¢ Yes 203 |# 490 GeV I mi)<200GeV 1501.01325
107" 1 Mass scale [TeV]
‘Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1cr theoretical signal cross section uncertainty.
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Status in 2015, incl. 13 TeV data

ATLAS SUSY Searches™ - 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 Vi=7,8TeV
Model & TY Jets 15';‘“ JLdqm') Mass limit [ F=7TeV | | Vi=8Tev Reference
v v T v T ¥ v ¥
105 TeV mig=miz) 150705525
miE})=0 GeV, m(1* gen. Pemi2™ pen. ) 1405.7875
ml-m(i] )< 10 GeV 1507.05525
miE})0 GeV 1503.03290
mit) )0 GeV 1405.7875
mik}) <300 GeV, mit " )=0.5(miE})emiz]) 1507.05525
mik})=0GaV 150103555
TeV tang >20 1407,0603
rINLSP)<0.1 mm 1507.05493
miE}) <000 GeV, cr(NLSP)<0.1 mem, p<0 1507.05493
} * ’ mik})<B50 GeV, cr(NLSP)<0.1 mm, >0 1507.05493
GGM (higgsino NLSP 20,42 2 jots Yo 203 ® 850 GeV mNLSP)>430 GeV 1503 03290
Gravitino LSP 0 mono-it  Yes 223 F'7 scale 865 GeV miG)> 1.5 x 107 oV, m(g)=mij)=1.5TeV 150201518
%, g—ebhiy 0 3b Yes 201 R 125 T miE}) <400 GeV 1407.0600
gg 28, §-wil | 0 7100t Yes 203 | B 1.1 TeV mik}) <350 GaV 13081841
2 B8, B—wiil) 01 ep 3b Yes 201 | & 1.34 feV miE}) <400 GeV 1407.0600
el T 01 e b Yes 201 |# 1370V mif) <300 GeV 1407.0800
byby, By sttt 0 2b Yes 201 | 100620 GeV mik})<80 GoV 1308 2631
byby, by —etk; 2e,0(55) o0ab Yos 203 & 275-440 GeV mik] 2 mi)) 1404,.2500
fidy, iy =eb¥ ] 1-2e.u 1-2b6 Yos 4.7/20.3 4 110-167 Ga Vv 230-460 GeV miE}) = 2m(i} ). mik))«55 GeV P09 2102, 1407.0653
friy. i —WhiY or 1t D2ep 0208120 Yes 203 |i 90191 GeV 210-700 GeV miE])e1 GeV 1506.00616
i A T 0 monojetictag Yes 203 | & $0-240 GeV mii, )i} <B5GeV 1407.0608
g f14; (nabwral GMSB) 2e6,p(2) 1b Yos 203 i 150-580 GeV mit| 1> 150 GeV 18603.5222
S L bl 4 2 3ep® 16 Yes 203 |4 290-600 GeV mii)<200GeV V6005222
lnlig, I—k) 2e.p 0 Yes 203 |¥ 90-325 GeV miE})e0 GeV 14005294
K K —=lvitey 2ep 0 Yes 203 i; 140-465 GeV miE =0 GeV, miZ, 90 5m(t} Jomit})) 14035294
F1h B =) 2r Yos 203 b 100-350 GeV mik) =0 GoV, m(f, #)=0.5(miE] Jemit) ) 14070350
E 16 =l i), W ) Jep 0 Yos 203 |G 700 GeV ML Jem(E2 ) miEY )0, miZ, F)=0.5(miE] Jemit) ) 1402.7029
Ty wi)zt) 23ep 02005 Yes 203 il.t' 420 GeV miE] Jem{E2), m(i))e0, shopions decoupied 035204, 1402 7029
!Aln —f‘l'H". hEL bbb/ WW/et/yy ©HY 026 Yes 203 | % .‘% 250 GeV miE JemiE?), m(i? )e0, shepions decoupled 1501.07110
b, Aoy =l daep 0 Yes 203 e 620 GaV S perm £ ), miE Je0, mi?, 90 Sm(t5 Jemit})) 1405.5086
GGM (wino NLSP) weak prod. Teusy Yoo 203 W 124-361 GeV cr<lmm 1507.05493
Direct £ £, prod., long.dived §7  Disapp. trk 1 jot Yes: 203 |} 270 GeV miE] ym(i])-160 MoV, (k] =02 ns 13103675
Direct ¥ £, prod., long-ived ¥]  oE/dx wk Yos 184 f} 482 GeV miE} ym(i])~160 MoV, (k| )<15ns 1508.05332
z% Stable, stopped § R-hadron 0 15 s  Yes 279 |& 832 GeV miE})=100 GoV, 10 ps<n(#)<1000 3 1310,6504
X Stable § R-hadron ik . . 191 F3 1.27 14116795
gi GMSB, stable t, 1) —He. ferie.y 124 - wr | 537 GeV 10<1ng<50 1611.6795
S GMsB, 1 =0, long-ived 1) 2y Yes 203 |i 435 GeV 2<1(f])<3 ns, SPSS medel 1409.5542
3, X| =seev/eyev/ppv displ. ee /ey /pyr - 203 i" 1.0 TeV 7 <ok )< 740 mm, =2 )=1.3 To¥ 1504.05162
GGM §3, ¥ =20 displ. vix + jets 203 if 1.0 TeV 8 <ol )< 480 mem, ss(2)w1.1 TV 1504.05162
LFV ppsi, 4 X, ¥, <oepfes/pr Ty - 203 ¥ TV A, <0 dininan=0.07 150304430
Biinear RPV CMSSM 2e.0(SS) 038 Yes 203 J4. @ 1.35Te migdemi), cTicp<) mm 1404.2500
E1E7 BT Wi &) —eed,, ¥, dep - Yes 203 |&) 750 GeV miF 150 2xm(E] ), 45,20 1405.5086
S L E Wi e, Japer . Yes 203 x’} 450 GeV )0 2xem(ES ), 2,3, #0 1405,5088
28, B 0 6-7 jots . 203 & 917 GeV BRI)«BRb)«BRi )% 1502 05686
B8, B—ghs. K] — ooq 0 67 jets . 203 |# 870 GeV M w00 GeV 150205686
20, d-iyt, Fy—obs 2.0 (SS) 03k Yos 203 3 850 GeV 1404250
fidy. §y—+by 0 2@is+ 26 - 203 i 100-308 GeV ATLAS CONF-201 5026
fydy, iy =l 2e.p 2h 203 i 0.4-1.0 TeV B, —be/p)>20% ATLAS CONF-2015.015
Other Scalar charm, #—scky o 2¢ Yes 203 @ 490 GeV i {£1)<200GeV 1501.01325
107 Mass sciiie [TeV]
y ¢ | f the avanable ma 1ts on new states or phenomena wn. All s Quoted ar O 1 0 he ical sige Crongg, sectioggncertainty
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Status in 2015, incl. 13 TeV data

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 de‘ =(4.7-20.3) " Vs=78TeV
Model Ly Jets ET™ [ram) Limit Reference
v wr Y' L4 v L4 L LA " v L v v v LA 'r v v L4 L4
ADD Gux +2/a - z1) Yes 203 n=2 1502 01518
ADD non-resonant £ 20 - - 203 a=3HLZ 14072610
ADDQBH - ¢q tep 1j - 203 n=6 13112006
ADD QBH - 2j - 203 a=6 14071378
ADD BH hgh N, 21 (58) 203 A = 6 My = 3 ToV, nonrot BN 13084075
ADD BH hgh X pr 2lep =2| - 203 a w6 My = 3ToV, non ot BN 14054254
ADD BH hgh mutjet - =2] - 203 "= 6 My = 3ToV, nonvot BN 1503 cases
RS Gux — £ 2epn - - 203 BMu =01 18054123
RS Gux ~ vy 2y - - 203 My =01 1504 08511
Buk AS Guy — ZZ — gqtt 2e.p FILAR - 203 KMy =10 14088150
Buk RS Gyx — WW - gqlv lep 2110 Yes 203 K/ Mpy =10 1503 04677
Buk AS Gy — HH — bbbb - &b - 195 | Gux mass 500-T200GEW &My =10 1506 00285
Buk AS gux — tt ftep 2102102 Yes 203 BR = 0525 150507018
2UED/ RPP 2en(SS) z1021) Yes 203 1504 04605
SSM 2"t 2ep - - 203 14054123
SSM 2" = rr 2r - - 195 150207177
SSM W' — ¢y lep - Yes 203 1407.743¢
EGMW' - WZ s vl Jep - Yes 203 1406 4456
EGM W' — WZ - qolt 2e.pu 2/ - 203 14028150
EGM W' < WZ - qoeq - 2J - 203 | W mass 1,315 Tdll 1506 00662
HVT W' s WH < tvbb tepu 2b Yes 203 =1 1503 08089
LASM W7 - tb tep 2b01)  Yes 203 14104123
LASM W, - tb Qe 21B1J = 23 14080056
Cl goqq - 2] - 173 e =-1 1504 00G57
Cl qott 2en - - 203 o =-1 14072410
Cl wutt 2eu(SS)210.21) Yese 203 Kl =1 1504 04605
EFT DS operator (Dirac) Oepu 21j Yes 203 at S0% CL tor my) < 100 GaV 1502 01518
EFT D9 operator (Dirac) Oep  1J.21] Yes 203 at 50% CL tor m(y) < 100 GaV 15084007
Scaler LQ 1™ gen 2e =2 - =1 Pretrunary
Scalar LQ 2% gen 2 22j - g=1 Pretesnary
Scalar LQ ¥ gen fep 21023 Yes g=0 Prstenary
VIQTT - Mt + X tep 22823 Yes T i (T0) doubiet 1505 04300
VIQYY = Wb+ X tep 21023 Yes ¥ 0 (DY) doublet 1505 04300
VIO 88 > Mb+ X tep 22023 Yes Bospn singlet 1505 04308
VIOBS - 2b+ X 223e.4 22210 - 0 n (DY) doubiet 14095500
Tys—Wr Tep 21025 Yes 1503 05425
Excited quark ¢* -+ gy 1y 1j coly v and & A = n(q’) 120923230
| Excited quark ¢ - g¥ - 2j - ey ' ad & A = n(q’) 14079370
| Exched quark &° — Wi 1or2ep 1B 2jorlj Yes et handed coupieg 1201958
Exchad lopton £* — fy 2epy - - Aw=22%Y 1308 1354
Exchad lopion v* — (W vZ et - - Aw=16%Y 14112021
LSTC oy — Wy temly - Yea 1407 8150
LASM Maprana v 2ep 2] - o W) = 24 TeV, no miing 1506 08020
Higgs Iriplet M** — & 2e,p(55) - - DY producson, BN/ < f0)=1 14120237
MigQs triplet M** — (r Jepur - - DY production, BRM" ~+ fr)«! 14112921
Monotop (non-res prod) lep 10 Yes B =02 14105404
Multicharged particies - - - DY producsion, igf = Se 1504 04188
Magnetic monscpoles - - DY producsion, ig| = 18, spin 1/2 Predmunary

Yol

) ' NEEPURPRPEPIN, Sl
- 10! 1 10 Mass scale [TeV]

“Only a selection of the available mass limits on new states or phenomena is shown

@
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Status in 2015, incl. 13 TeV data
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A new hope .... or the SM strikes back?
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Conclusions and Outlook
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One Ring to Find Them ... One Ring to Rule Them Out!?
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... and the future comes ...
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