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MEPAS is a feast for your mind.

Beam dynamics Magnets Synchrotron light

Cavities

John and I will be
Particle sources Instrumentation Cryogenics presenting your

dessert!



Accelerators and Colliders
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* The name of the game: access new

Bosons and new Fermions by colliding
Fermions together.
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* Analyze collision dynamics as a 4-vector: zﬁnm SLED
10 GeVl—
— N N Elsctron Electron finacs
1= [(El +E2),(p1 +p2)] o Synchrocyclotans
Proton finac

2 2 7 = \? Sactor fooused
1 = (El + Ez) — (pl + pz) 1M Tyclon g 2 oot
« Two ways to doit: 10MeV|— g L \ Electrastatic

+ Collide beam on target
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4+ Collide beams head-on
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Present state of the art

LHC produces collisions at
energy\/_ =13 TeV
Luminosity £ =1034 cm2s™

OnJuly 4, 2012 the LHC
experiments discovered
the Higgs boson with

mass ‘M =125 GeV/c?
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Need Maximum possible luminosity

New Physics channels for Run 2
July 2015 _ CMS Preliminary
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Accelerators: Linacs and Synchrotrons

e Linacs:

An ilustiative screme Y I
(LHC: 2x3 cipoles rer cell)

B = Bending Dipole
QF = Focusing Quadrupole
QD = Defocusing Quadrupule

7~ Coordnate system



* Particle beam optics

v Bending and focusing beams

The physics of accelerators builds upon a common
framework, in which three elements are arranged in
seguence:

* dipole magnets to bend the bunches in a circular orbit
(omitted for a linac);

* Quadrupole magnets to focus the bunches and confine
them in transverse phase space;

 RF cavities to accelerate the bunches and confine them
in bunches in longitudinal phase space.
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Magnet types

Local centre

f__fvi— of gyration

Central orbit
By
§' (Tangential to beam direction)
Taylor series expansion
¢ Dipoles bend the beam
$= 4r"sinnd

n=1 B
Field in polar coordinates: y

po 28 p 10

a ? roe

B =¢nr"'sinn@, B,=¢gnr" cosnd
To get vertical field
B, = B sin  + B,cosd
= —@ nr""'[cos @ cosn@ + sin Hsin nd|
=¢gnr”'cos(n—1)@=¢g nx""' (wheny=0)
Taylor series of multipoles
B =¢,+¢,2x+¢,.3x +¢,.4x" +......
10B, o’B, , 10°B,

=By+-—Lx+2Ex’+ - X +...
1! ox Ox 3! ox

Dip. Quad  Sext Octupole

¢ Sextupoles correct chromaticity
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Alternaling Gradient focusing — pseudo-harmonic

oscillator with s-dependent spring constant K(s).
The general linear magnet lattice can be

parameterized by a “varying spring constant’, K=K(s)
Note that dipoles give a “weak focusing™ term in the

horizontal plane, K(s) = K(s)+1/0?

Magnetic field [T] - B, = % ¥
Ox
o 0B,
Field gradient [T m™] : g=—
Ox
; q 1
Normalized grad. [mg): K = — = —
poje f
7 Ak [P Hill’s
X K(s)z =
i £ ) equation

\ K(s) describes the distribution of
focusing strength along the lattice.




Transverse focusing

Fields and force in a quadrupole
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Defocuses in
vertical plane

Focuses in horizontal

(hence is linear)

~/ Force restores

Gradient %
ox
Normalized:
— 1 aBy
(Bp) ox
POWER OF LENS
bk =— : .6B}_ =l
(Bp) ox f

Equation of motion in transverse co-
ordinates

9 Hill’s equation (linear-periodic coefficients)
d’y
o raey=0

| [ 4B,

where k= ————

- (Bp) dx
like restoring constant in harmonic motion
9 Solution (e.g. Horizontal plane)

y=~p(s) JEsm[¢(S)+ %]

9 Condition
=150

9 Property of machine ]13( s)
9 Property of the particle (beam) £
9 Physical meaning (H or V planes)

Envelope ‘\/gl‘Tg)J

Maximum excursions

p=B®) 5 =Nl pG)

at quadrupoles




Each quadrupole lens couples position
and angle in each transverse direction

The most general representation of the matrix M(s) with unit
modulus is given by the Courant-Snyder parameterization.

cos®+asin®  Fsind
M(s) = : .
\~ 7 sin® ws® ~asin®

10 ) ;
;=( } J=(a 4 ] =1, or fr=lsa’
0 1 \~r =-a

J:Icosd)onind)

The ambiguity in the sign of sin can be resolved by requiring B to be
a positive defmite number if | Trace(M)| < 2, and by requiring
Im(sm®)>0 if [Trace(M)| > 2. The defmition of the phase factor is
still ambiguous up to anintegral multiple of 2. This ambiguity will
be resolved when the matrix is tracked along the accelerator
clements. Using the property of matrix J, we obtam the De Moivere
theorem:

b

M* = (Tcosd + Jsin®)® = Teos kd + J sin kd,
f\l 1 = l('nca't’ - .l sill‘[".

Drift section or dipole magnet:

1 L
0 1

M=

Focusing quadrupole:

(
1 0 )
M = 1
— 1
/ )
A FODO cell is a basic block in beam
transport, where the transfer matrices for

Example: FODO cell

or/e  w ap B__QF/R  Jipoles (B) can be approximated by drift

spaces, and QF and QD are the focusing

L1 and defocusing quadrupoles.
FODO CELL

M = ( 1 0)(1 L.)(l 0)(1 Ll)( 1 0)
AT AR VAUV WA IS VAU NS WV AT 2
: ( 1- gk u.u+§;)

S ‘1 o L?
—ap(l-gp) -
cos®+asin®  Fsin® )

M(s)=( . R
\~7sin® cosP-asin®

cos @ = 1Tr(M) ZLI(H%) 21,(l+sin%)

cos@=1-——, sm—=— a=0
2f° P 4

This description works just as well for a linac as for a synchrotron or storage ring — main
difference is that chromaticity and dispersion play an important role for circular machines.



Betatron phase space at various .
points in a lattice Beam sections
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| will present this as a personal tour
through colliders | have known.

| began my career (I was once your agel)
as a scientist on an experiment at CERN’s *
Intersecting Storage Rings (ISR). ] =
The ISR made p-p collisions up to 60 GeV / <




The ISR did not produce a single
important HEP discovery, but it ushered
in several pivotal developments of
accelerator physics and technology:

lox. stocked beam
A\

st kicker mognet

The ISR used momentum stacking to
accumulate ~100 fills from PS —

20 A circulating d.c. current @ 30 GeV. T

It required ultra-high vacuum for
~week-long lifetimes.
Benvenuti invented
e getter pumping, later NEG |8
* plasma discharge cleaning for UHV



The crowning glory from ISR was
stochastic cooling

transvers e cooling or
p } heating rate
heating

transverse
Kicker

gain o
optimum gain

FIG. 3. Variation with system gain of the coherent cooling and
incoherent heating effect.

FIG. 2. Cooling of the horizontal betatron oscillation of a sin
gle particle.

Invented stochastic cooling to cool protons in the ISR

Simon van der Meer

Used it to cool 5x101°/hr_antiprotons to discover the
weak bosons in the SppS



The Tevatron:
Anchor for a generation of HEP discoveries

One can still obtain a mass
bump from a new particle,
even at 175 GeV/c? mass!

1.5 THEORETICAL
BACKGROUND
, WITH TOP OF
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The top quark and the Higgs sorrow 2
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are intimately related through =g
gauge couplings: — a,,,,,~M; 3 METERS



Tevatron the first-ever superconducting
_stora
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/o One significant challenge for superconducting colliders is snap-
. #H  back. When the dipole is ramped down to injection field, the
/ superconducting currents within each filament are set on the
// discharging side of hysteresis loop.

¢ When new beam is injected and the up-ramp begins, the
currents re-distribute to the charging side: snap-back.

The sextupole component creates an instantaneous change in
chromaticity that can be enough to blow the beam out of orbit.

-10




Beam-beam tune shift
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Red and green lines are sum and difference resonances up to 12t order.
Yellow dots are tunes or proton bunches. Blue dots are tunes of antiproton bunches.



Schottky scans in the Tevatron
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Horizontal tune

As a proton passes through a slot-gap electrode, it induces a potential across

the electrode that is proportional to its displacement from the axis.

The particles of each bunch induce a noise frequency spectrum that is

proportional to\/ﬁ. The protons are also undergoing betatron oscillations,

so the Schottky spectrum is modulated to form sidebands.

A 1.7 GHz Schottky pickup was used to measure the betatron tunes of each

individual bunch every day. The measurements were used to correct the

tunes to keep maintain optimal working point.
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Intrabeam scattering
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The longitudinal and transverse emittances of each bunch are equivalent to temperatures
in the frame of the bunch. The bunch is a gas with non-equilibrium temperatures.

Tl << Tg as a natural consequence of acceleration (homework).
In the bunch frame, the particles Coulomb scatter, and the scattering is heat transfer from the

hot dimension to the cold dimension.



Challenges for collider operation

Example of the Tevatron magnet _alignment (not common, but)

i t )
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T




Making antiprotons

Transport line
to the
Target station

Lithium Lens Gradient vs. Antiproton Yield
Debuncher momentum acceptance £2.0%

30 x mm-mr

35 5007 it ......... ..

30 ‘V. I,o:b_o‘guv
| October 2001 :

/

Target station:
Ni (Inconel) target +
Li collection lens +

Pulsed magnet

\

Antiproton Yield (pbar'10° POT)

iuwmmm{?"
S  S— o

Ceramic Beryllium 0 ; : : i
Insulator End Cap 0 20 40 60 80 100 120

Lens Gradient (kG'em)

c T '..""

i
Titanlum Septum & Body 15 cm —

urrent pulse



Phase Rotation & Debunching
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Fast Stochastic Cooling in the Debuncher

* fast - 2 sec cycle time

* wide acceptance in dP

* very low signal - cryogenic

« 8 PU bands, 4 kicker bands, 4-8 GHz
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Figure 2. Stacktail 1-2 GHz 3-D pickup loop array. Horizontal aperture is 30 cm. Figure 2. A network analyzer open loop gain (BTF) measurement of the Fermilab Accumulator 24 GH

stochastic cooling system. The amplitude (a) and phase (b) response of a single Schottky band at harmon:
4305 is shown (dots). The curves are calculations of the response using a measurement of the longitudin:
Schottky beam profile. The amplitude (c) and phase (d) response sampled over the system bandwidth a
also shown.



Stochastic Cooling: Accumulate 2x10''p/hr

3 Cyan = After injection before RF capture
Green = After RF is turned off

Accumulatorring: N\ & RF
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Main Injector & Recycler

Recycler =8 GeV fixed- energy storage ring — combined-function permanent magnets

@7 |
y

/lz 4

i & L - Sr-Fe + iron poles
M‘al r{-; . B_max=1 45T 3
| |n]eCtOl' combined function
Gerry T-compensation =
Bill Foster - dB/B~0.01% ¥

J aCkson # Fermilab CERN John Adams Lecture — Shiltse

Main Injector = 150 GeV rapid-cycling synchrotron
— deliver protons to D target



Creating proton superbunches for ptargetry
Physics: “Slip-Stacking”

The technigue to double single bunch intensity
for antiproton production

Booster Batch 1

b b ap
AE < < <
© Q O Booster Batch 2

RF Bucket 1

RF Bucket 2 : !

Final RF Bucket 4.1e12+4.1e12 =8.2 e12 protons on target per 2.2 s Ml cycle

sers Filed $5081293.3.71,  trig @ 0.05 RecordH 10 8126 fron 0802
e T T
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of >30e12 protons on neutrino target
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RF barrier buckets were used to coalesce
protons, manipulate mom spread

o manlpulate with pbars in Recycler: create bunch structures, etc

Broad band ~1kV RF, ferrite loaded
J.Griffin, FNAL 1983

RF Chopper Cavity made of Finemet (Fermilab/KEK)

-

Mot 24 idd

Beam
current

> M 2.00us| A Ext S 248mV.

17 Jun 2007
Mi040N 21:18:5%

Longitudinal momentum mining

in the Recycler to generate
constant emittance, constant

s yem)

Figune 21 A te cavity used in the measurements. It coo-
sists of a magnetic core, a metal shiekd. 2 one-ure coil and

astainless deel beam pipe with a conaneic gap
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Figure 5. A circuit disgram of a bnmh (push-pull) high
voltage source using two HTS transistors as the swilches.
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Electron Cooling Antiprotons @ 8 GeV

Condition#1 for effective h‘eat.
4.4 MeV x transfer: V. e = V_antiproton
YT 4-338 MeV e- for 8.89GeV pbar

=3.2 MW
DC beam power
recirculation

~ ELECTRON
ACCELERATOR

Pelletron

20 +20 meters
100 G B-field

S.Nagaitsey, et al.



Electron Cooling increased pstack x10
beyond what accumulator could hold
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Coalescing antiproton bunches in the
Main Injector for transfer to Tevatron

Timer (N5




L =

Beam Beam Tune Shift

The luminosity of collisions and the beam-beam tune shift have the same dependences on the
beam emittance:

N2f

ATo L0y

§

Simple example: round Gaussian beamsI

Assumption 1: o, =0, = 0,
Assumption 2: very relativistic => 3 =~ 1
) Only components E, and By are non-zero

) Force has only radial component, i.e. depends only

Z1=—Zy=1 —-

Newton's law :

distance r from bunch centre (where: 12 = z2 4 +7;
(see proceedings)
with:
Ne*(1+ ?) r?
F.(r)= T omeg 1- exp(—@ Fo(r, s,t) =

LEP - LHC I

AL
~ Ame,

Kick (Ar'): angle by which the particle is deflected
during the passage

Integration of force over the collision, i.e. time of
passage At (assuming: m)=m; and Z,=—2Z,= 1): "

_VsNf
,erp

Beam-beam kick: .

L

Beam-beam force/kick I

beam-beam kick 1D

©
ampitce

2

i
Ar' = ! / F,(r,s,t)dt
-4

" mefy

_ NeX(1+5%)

v (27)3epros

2 )2 : o
[1 — e"p(_;ﬁ)] . [exp(— (s ;:;t) )] » For small amplitude: tune shift
l > For large amplitude: amplitude dependent tune shift

There is a fundamental difference in the significance of
beam-beam tune shift for an e*e collider and a hadron

col

LEP (e*e™) LHC (pp)
Beam sizes 160 - 200pm - 2 - 4pym | 16.6pum - 16.6um
Intensity N 4.0 - 10! /bunch 1.15 - 10'!/bunch
Energy 100 GeV 7000 GeV
€ ¢ €y (=) 20 nm - 0.2 nm 0.5 nm - 0.5 nm
B: - B () 1.25m - 0.05m | 0.55m - 0.55m
Crossing angle 0.0 285 purad
Beam-beam
parameter(£) 0.0700 0.0037

lider:
The electron emittance is damped by synchrotron damping.
Each electron in LEP ‘forgets’ what harm was done to it on
the last orbit.
But the protons in LHC have very little synchrotron damping
They remember all the harm done, on all the orbits, for
a day! Comparable to the Earth’s orbits in its history...



Electron Lens was
used on Tevatron for
two purposes:

1. Gaussian-profile e-beam compensates beam-beam tune shift:

TEL2 on One “Bad” Bunch (P12)

in Tevatron operation - TELs compensated of long range BB effects

2D e-beam profil
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2. Hollow e-beam, notched on during gap, removes d.c. beam

HORIZONTAL POSITION / o
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VERTICAL POSITION /o
ARB. UNITS

V.Shiltsev, FNAL 2006

Tevatron HEB-Collimator

To explore advantages:

» Kicks are small but not random

» Halo diffusion enhancement
(“smooth” scraper)

» Resonant excitation is possible
(pulsed e-beam)

» No material damage
» No ion breakup
» Low impedance

» Position control by magnetic field (no
motors or bellows)

» Established e-lens technology

& Fermilab

CERN John Adams Lecture — Shiltsev - De
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TEL2 hollow electron beam scan on bunch A13
Tevatron Store 8171 (13 Oct 2010)

W Intensity decay rate (bunch A13)
B Luminosity decay rate (DO, bunches P1/A13)

Reference rates: TEL2 off, before scan
®m 0089(2) h'

W 0035(2) h'

RATIO of decay
rates with

TEL on/TEL off:

Intensity
losses are UP

Luminosity
INTACT!!!

That IS

cl

collimation!



And now for the LHC

Wz

Large Collider (CERN)

W | 1iC0p)  7(14) TeV

26.7 km circumference!



|Injection| Collision ‘

Beam Data ‘ .

Proton energy [GeV] 450 1 7000 |_
Relativistic gamma 479.6 7461
Number of particles per bunch 1.15 x 10
Number of bunches 2808
Longitudinal emittance (40) [eVs] 1.0 2.5%
Transverse normalized emittance [p1m rad] 3.5° 3.75
Circulating beam current [A] 0.582
Stored energy per beam [MJ] 233 | [362f

Peak Luminosity Related Data
RMS bunch length® cm 11.24 7.55
RMS beam size at the IP1 and IP5¢ Jim 375.2 16.7
RMS beam size at the IP2 and IP8° Jim 279.6 70.9
Geometric luminosity reduction factor F/ - 0.836
Peak luminosity in IP1 and IP5 [em~2sec™!] - |10 x 10%] |
Peak luminosity per bunch crossing in IP1 and IP5 | [em~?sec '] - 3.56 x 10%0

Intra Beam Sclattering

RMS beam size in arc [mm] 1.19 0.3
RMS energy spread 0 E/Eg (1079 3.06 1.129
RMS bunch length [cm] 11.24 7.55
Longitudinal emittance growth time [hours] 30¢ 61
Horizontal emittance growth time [hours] 38¢ 80
Total beam and luminosity lifetimes®
Luminosity lifetime (due to beam-beam) [hours] - 29.1
Beam lifetime (due to rest-gas scattering)® [hours] 100 100
Beam current lifetime (beam-beam, rest-gas) [hours] - 18.4
Luminosity lifetime (beam-beam, rest-gas, IBS) | [hours] - |14.9|
Synchrotron Radiation
Instantaneous power loss per proton W] [3.15x1071 [ 1.84 x 10~
Power loss per m in main bends [Wm™!] 0.0 0.206
Synchrotron radiation power per ring [W] 6.15 x 10~2 3.6 x 103
Energy loss per turn [eV] 1.15x 1071 | 6.71 x 10°
Critical photon energy [eV] 0.01 44.14
Longitudinal emittance damping time [hours] 48489.1 [13 |
Transverse emittance damping time [hours] 48489.1 26
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Parameter name Unit Value
Injection kinetic energy GeV 14
Maximum momentum GeVic 26

Dipole field at 26 GeVic T 1.26
Radius m 100.000
Curvature radius m 70.079
at ~6.1
Pipe half height cm 35
Pipe half width cm 7.0

Supér Proton Synchrotron, CERN

Note, a proton synchrotron (fixed orbit, varying magnetic dipole fields)
have a limited range of operation (magnetic saturation, beam stability)



Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
Bus Bars

Heat Exchanger Pipe
Beam Pipe

Helium-1l Veessel
Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

X
Auxiliary
Bus Bar Tube

Instrumentation
Feed Throughs

~ 1400 modules




Whole Wire Critical Current Density (A/mm?, 4.2 K)
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LHC Superfluid
Cryogenic Plant — the
largest LHe capacity
in the world

8x18kW@ 45K
1’800 sc magnets

5 ‘
4 Q
4 O
5 A
v %
. 1
. i

24km & 20 kW @ 1.8 K
36’000t @ 1.9K
130 t He inventory

Pt1.8 Pt 1
O Cryogenic plant

from S.Claudet




LHC Colllmators

itrons diﬂ ngéround the beam

movable jaws (with RF shield)



And then...

All superconducting magnets in LHC connect their supply and return currents through current
bus cables, located in conduits within the magnet cryostats. Each bus in each magnet must be
spliced to the same bus in the neighboring magnets. Those splice joints must be stable

against quench. The provisions for stabilizing copper, and the provisions for soldering, were
inadequate in the original installation.



Sc cables from left
side magnet Gaps with lack
of Sn-Ag filler

Sc cable from
right side magnet

S——

2010: 304185p0 / A 2010: 303+309p02
2011: 303182p0 2011: 305£309p02






Quench protection of the
superconducting magnets

pole protection. praclica. qUeNncri-odc.
Implementation heaters
It's difficult! - the main challenges are: * Srrfinlcss :}9";1 g‘;li: 15mm x 25 pm glued to outer
surface of winding

of the others will be dumped in that magnet => vaporization! * pulsed by capacitor 2x 3.3 mF at 400 V = 500 J
* quench delay - at rated current = 30msec

* Solution 1: cold diodes across the terminals of each magnet. Diodes normally block = magnets - at 60% of rated current = 50msec %
L | |

1) Series connection of many magnets o insulated by Kapton W
* In each octant, 154 dipoles are connected in series. If one magnet quenches, the combined energy

track accurately. If a magnet quenches, it's diodes conduct => octant current by-passes. . co plated 'stripes’ to reduce resistance

+ Solution 2: open a circuit breaker onto a resistor F
(several tonnes) so that octant energy is dumped I

in ~ 100 secs.

2) High current density, high stored energy and
long length

+ Individual magnets may burn out even when
quenching alone.

+ Solution 3: Quench heaters on top and bottom
halves of every magnet.

But the quench heater leads are
beginning to fail open.

It is suspected that warmup-cooldown
stresses weaken the connections.



CERN is evaluating a new quench

protection method: CLIQ

Discharge a capacitor across the,,

inductive circuit of the dipole
winding.

It induces distributed AC loss
spike that drives quench
everywhere in winding.

It works great on an LHC dipole:.!

Current (kA)
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LHC interaction-region layout

/47[/45 final triplet
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nominal bunch spacing= 7.5 m
nominal collision spacing =3.75 m
— about 2x15 collisions between

IP and separation dipole!
tune shift would increase 30 times!
solution: crossing anale



LHC: long-range beam-beam

\JA CMAN bunch
W

long-range
collisions
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30 long-range collisions per IP, 120 in total



Q
0.!25
nominal
0.32
0.315 +
< >
0.21 L - L
0.297 0.302 0.307

LHC beam-beam tune footprint

LHC design criterion:
nominal total tune
spread (up to 6cin
x&y) from all IPs and
over all bunches,

1 including long-range

effects, should be less
than 0.01

| (experience at SPS

collider)

[=1034 cm2sT

0.312 Qx

nominal tune footprint up to 6c with
4 IPs & nom. intensity N,=1.15x10"



ele_ctron cloud F Ruggiero]
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schematic of e- cloud build up in LHC beam pipe,
due to photoemission and secondary emission

. agags |
— heat load (— quenches), instabilities, & onotron

emittance growth, poor beam lifetime radiation &
beam image

currents add
to heat load



Beam scrubbing gradually reduces the
secondary electron yield.

_ G. Rumolo
Electron cloud: &, ., in the arcs: results
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LHC — longitudinal instability
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E. Shéposhnikova, G. Papbtti
loss of Landau damping
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3
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1.9E-09
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main cure: controlled longitudinal | .

blow up on LHC ramp
feedback on bunch length measurement modulates
noise amplitude to control blow-up rate;

bunch lengths converge correctly to target 1.5 ns
(now ~1.25 ns)
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Back in business...
Discover the Higgs...
Then what?

* Supersymmetry
e Naturalness bound...

; { ’ ,j: e '\4 y
- Photo by
O [/7 | e lidfadl.Hoch@cern.ch



The Standard Model

FERMIONS It’s an effective theory with
Topquark( many unanswered questions

A
344000 electrons 1 top quark

9

Bottom
quark

e | B

Q — :
Tau What determines the masses?
o Strange quark

Down [Muon
quark

Qo k Why this energy scale?
1073 Q@ U quar — Electroweak scale ~0.1-1.0 TeV

Electron — The only ‘natural’ scale is the
~1019
NEUTRINOS MASSLESS Planck scale (~10™° GeV)
(small, unknown masses) BOSONS : — 195 Cc R

MASS (GeV)
=3

— particularly the 3rd
generation?

p—
o
R

1074

Photon

Q O | QO

Electron | Muon Tau .Gluon
neutrino | NEUrnoO | neutrino




Prime candidate (is still) Supersymmetry

F T N /™ N YMNNY/NNM ~in LB BN el ol |

= SUSY provides appeallng Dark Matter candidates

» Light Supersymmetric Particles — e.g. Neutralino (or Gravitino...)

= Provides remarkable unification of forces
= At the grand unification scale ~ 10'° GeV

resolution (m)
1077 107%° 103 107V 1072° 10733
| | | | | | | ]
without supersymmetry :

Ny,

100

1/strength

10

. l No SUSY' l . SUSY.

10° 10° 10 10" 10 10° 10° 10 10" 10%®
energy (GeV)

= Predicts a standard-model-like Higgs with m, <130 GeV!



Report card from ATLAS

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

IV = L VTV S LT MESWID, MiainD ainid rivjouuuns < Juo niainueia (Vwoo)y

Status: July 2015 Vs=7,8TeV
Model e, T,Y Jets E'.r“'” JE diw ) Mass limit Reference
MSUGRACMSSM 0-3e,uf1-27 210jels3 b Yes 203 WV mgl=mi3) 1507.05525
3. q-.qf‘ 0 26jets  Yes 203 mIF] =0 GeV, m(1” gen. ql=m(2 gen. q) 1405.7875
3. 7-+q¥1 (compressed) mono-jel  1-3jels  Yes 203 m(Gl-mit <10 Ge 1507.05525
9. 0-‘4(1 J(vlw;y, 2e.p(ofl-Z) 2jels  Yes 203 m(¥;}=0 GeV 1503,03230
22, 2—qgt) 0 2Bjets  Yes 203 mif; =0 GeV 1405.7875
B F-qqty —ggWiE) O-1ep  26j0ls  Yes 20 m{F}}<300GaV, miT*)=0,5(m(TT}-miz)) 1507.05525
28, 3 ({q[.-/w 2eu 0-3 jets - 20 mi] -0 GeV 1501.03555
.% GMSB (¢ N 1-2r+01¢ 02 nls Yes 203 tangd »20 1407.0603
GGM (bino NLSP} 2y Yeg 203 <T(NLSP)<0.1 mm 150705493
'g GGM (higgsino-bino NLSP)} Y 14 Yes 203 mif} <800 GeV, cz{NLSP)<0.1 rmm, u<0 1507.05483
= GGM (higgsino-bino NLSP} ¥ 2 els  Yes 203 m(T}}<850 GaV, c7{NLSP)<D,1 mm, >0 1507.05433
GGM (higgsino NLSP) 2eu(Z) 2ijets Yes 203 m(NLSP)>430 GaV 1502.03280
Gravltino LSP ] mono-jet  Yes 203 m(C)>1.8 % 107 &V, miz)=m(j)=1.5 TeV 1502.01518
I3 3-.&5)(. 0 34 Yes 204 mif]}<d00 GeV 1407.0600
é-g R, Ftil) 0 7-10jets  Yes 203 m(i}} <350GaV 1308.1841
2, g-.,arﬁ 0-1e.p 3 Yes 201 mif]}<400GeV 1407.0600
1S R, 3oty 0-1ep 3h Yes 201 mik}}<300GeV 1407.0600
L& hbb -.u, 0 2h Yes 201 m(k}}<80Gev 13082631
BBy, By ek 2e,4(S8} 036 Yes 203 miF] =2 m(i)} 1404 2500
i, r.—mr.‘ 12ep 120 Yes 4.7/20.3 mif?} = 2mii)), mif}}=55Gev 1205.2102, 1407.0583
- ,,,,‘,,_.wf,y, or if] 0-2ep 0-2Jets!1-2h Yes 203 m¥]1=1 GeV 1506.06516
g Aiiy, ek 0 monojelictag Yes 203 mii,)mii})<85GeV 1407.0608
g hi{natural GMSB) 2e,p(2) 14 Yes 203 mif3ix 160GeY 1103.5222
B bbbl 42 Sep@ 16 Yes 203 1200 GoV 1403 5222
fodiw, ? e 2e.p 0 Yes 203 m(F}}=0GaV 1403.5294
XA K| = Tviw) 2ep 0 Yes 203 M =0 GeV, mi?. i=C.5(mif | rm(E)}) 1403 5294
KL K=t 2r . Yes 203 m(K] =0 GeV. m(F, #)=0.5m{E] Jemii} )} 1407.0350
= /J'—'?LVII.H v, (ILECRY) 3en 0 Yes 203 mAES)=m(T?), miE] =0, mi7, 71-0.8mIE] 1emiT))} 1402.7029
w h ﬁ"“ 23ep  O2jels  Yes 203 mik§ j=m(i3). mi¥\)=0, sieplons dacoupied | 1403.5294, 1402.7029
B “;(5,,;%_ h—bbiWWireyy €HY 02b  Yes 203 m(F: l=mi ), m(¥))=0, sleptons dacoupied 150107110
«6 X:_: =gl dep 0 Yes 203 m{E)=m(i?), mi?)0, mid, #1-0.5(m(km(Ed) 14055086
M (wino NLSP) weak pred. Tepry Yes 203 cr<imm 1507.05493
Direct £141 prod., longived ¥  Disapp.trtk  1jel  Yes 203 miF: M)~ 160 MeV, #ik}1=0.2 ns 1310.3675
Direct | ¥; prod,, long-lived ¥7  dEfdx trk . Yes 184 (¥ 1-miT))~160 Ma\, #(¥} <15 ns 150605332
'§ @ Stable, stopped § R-hadron 0 15jels  Yes 279 M 1=100 GeV, 10 g2<ri)<1000 8 1310.6534
= Stable 3 R-hadron trk - - 19.1 14116795
g GMSB, stable 1, ¥l -2, erie ) 124 - - 194 1028anfi<50 1411.6795
S92 amss, P1yG. long-ived 17 Y . Yes 203 221i#})<3 n3, SP$3 model 1409.55¢2
Fr —seevfepyiupy displ. eefepfup - - 20.3 7 <erif))< 740 m, mig)=1.3TeV 1504,08162
GGM 3§, ¥)—ZG displ. vix + jets - - 203 & <crif)< 480 mm. mig)e1.1 TeV 1504.05162
LFV pp—vr + X, Pr—epferfur T YT o - 203 &y =011, diziiny2n=0.07 1502.04230
Bdnear RPY CMSSM 2e,u(SS} 036 Yes 203 migl=mig), crysp<l mm 1404.2500
X|X| X T wEF) —seeiy, UV, de.u - Yes 203 mif;}=0.2xmiE1). Ay, 40 1405 5086
E Kk K -WEL N i erd,  Seprr . Yes 203 mE]}0.2¢miE1), Ayy20 1405.5086
& . $-0quq 0 6-7 jets - 20.3 BR|)=BR(#)=BR(c)=0% 1502.05606
20 20Tl T — ggq o 67ps - 203 M350 GeV 1502.05606
8 3ot fi—bs 2ep(88) 036 Yes 203 1404,250
i1, fi—bs 0 2jets+2b - 203 ATLAS-CONF-2015.026
s 2e.p 2h . 203 BRIF, sl [u)>20% ATLAS-CONF-2015-015
@ Scalar eharm, 2k o 2¢  Yes 203 m(ﬁ'kzooc.v 1501.01325

Mass scale [TeV]



squark gluino production

stop

sbottom

slepton EWK gauginos

RPV

Report card from CMS

Summary of CMS SUSY Results* in SMS framework
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CMS Preliminary

For decays with intermediate mass,
M emediate = X'mmothe[+(1-X)‘ﬂ]Isp

I 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1
0 200 400 600 800 1000 1200 1400 1600 1800
*Observed limits, theory uncertainties not included Mass scales [GeV]
Only a selection of available mass limits
Probe *up to* the quoted mass limit



'Events taken at random
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Integrated Luminosity [fb-1]

Luminosity upgrades

forecast to 2021 (25 & 50 ns)

from Frank Zimmermann (CERN)

600.0 -~ 180

—50ns:dashedlines 1

‘ I ' I ; L. 160
500.0 - . 5

‘ E—— @ | ', 140

| s

—— — - g
400.0 50ns 7, 120

| ’ | #

j T ’ , integpdted — 100
300.0 - ’ . aremd

| (%2} ! - 80

‘ I |
200.0 - A A w0

‘ -' ile up

[ | 40
100.0

[ ! \ ol 20

00 =" | | | 0

o - ~N o < wn o ~ (2] L=23 o -

-~ Py Pl - -~ - - - - =) o o~

o (o] [} o o o [} o o (= o (=}

o~ ~N ~N ~N ~N ~ ~N ~N ~N ~ o~ ~

« pile up high (80-120) in 2015-2017 with 50 ns spacing

(50-ns pile up >2x more than for 25 ns spacing)

Pile Up

luminosity leveling at the HL-LHC

example: maximum pile up 140
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Nb,Sn Superconducting Magnets for

11 T dipoles to free space for dispersion
suppressors in the arc lattice.

200 T/m quadrupoles
with 120 mm aperture
for the low-beta triplets
flanking each IP.



