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The Large Hadron Collider
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Run | summary
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Month in Year
ENERGY
Year Energy [TeV]
2009 0.9-2.36
2010-2011 7
2012 8

2015-? 13

LUMINOSITY

We need data, and lots of it!

2,000,000,000,000,000 p-p collisions per

experiment in 2 years

- Lots of chances to produce exceptionally
rare processes

- Only about one in a million events recorded

All achieved at reduced collision energy
following 2008 incident
- Full repairs now underway for Run Il




Precision measurements

~23MeV ~-48MeV ~95MeV ~1.3GeV ~ 4.2 GeV ~ 173 GeV
i g ©

The top quark is the most

massive (known) elementary particle

LHC production rate over 10 times greater
than in previous experiments

Large sample to study production and decay

Example: measuring the top mass — \
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Observed particles
(pre-LHC)
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The BEH mechanism
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BEH field: ¢,, ¢,
4 components overall
Vacuum state breaks

gauge symmetry

\

One field left over:

(Brout-Englert-Higgs)
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Massless bosons Physically observable
from SM bosons: W%, Z, vy
symmetries

The Higgs Boson @



Higgs detection at the LHC

PR oo oy s oo cun Precision channels
(good mass resolution)
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High rate, substantial background

e e :
\\\\\ h—Z77" —40

Low rate, but very pure
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30~ e Data ATLAS Preliminary
" [l Background zz" Ho77")_sal
25— [l Background Z+jets, tf

How
discoveries _
- Signal (mH=125 GeV)
alfe md d e 201~ 77 Syst.Unc. \s =7 TeV:|Ldt = 4.6 fo

\s = 8 TeV:[Ldt = 20.7 fb!

Events/2.5 GeV

« 15—
h—7/ —4/ i
, 10[—
Ongoing -
measurements: -
ST
o Mass .
o Couplings ol
o Spin/parity 80 100 120 140 n;]f([)GeV]
So far consistent with The 2013 Nobel prize honoured this
expectations successful prediction

2013 NOBEL PRIZE IN PHYSICS
Francois Englert

Peter W. Higgs




Revenge of the SM

Quarks Gauge Higgs
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But is that it?

If SM parameters are random, how lucky are we?

pn YGRES n $a'a&NT=f$

JATKPOT ©

Good example: Higgs boson mass should be much, much b|gger

It‘s like winning with odds of 1/100,000,000,000,000

What is more believable: that this just happened or that the game is rigged?



Three solutions

Non-
fundamental GUT scale
Higgs Composite Higgs: Eg extra lowered

difficult for a number dimensions
of reasons

m, =125 GeV Mgy =10,000,000,000,000,000 GeV

™.,

Eg supersymmetry (SUSY)

particles/
interactions

All rely on observations of new

phenomena with mass near m,
ie at most ~1000 GeV =1 TeV



Supersymmetry @ the LHC
Hypothesis: every SM particle gains a partner,

different only by % a unit of spin

~ 0 ~
Solves hierarchy problem via (nearly) exact y ﬁ
cancellation of Higgs mass loops S
f ,/ - \\
H *_ . __.

Bonus: potential dark matter candidate
(or neutrino masses)




Supersymmetry

Hypothesis: every SM particle gains a partner,
different only by % a unit of spin

Solves hierarchy problem via (nearly) exact
cancellation of Higgs mass loops S
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V4 \
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H s~ _+____

What does it look like? There are many possibilities

1. Squark/gluino production: high rate, any SM
particles possible in decays

@ the LHC

Gauginos Squarks
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Supersymmetry @ the LHC

Hypothesis: every SM particle gains a partner,
different only by % a unit of spin

Solves hierarchy problem via (nearly) exact
cancellation of Higgs mass loops S
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What does it look like? There are many possibilities

1. Squark/gluino production: high rate, any SM
particles possible in decays

2. Stop/sbottom production: lower rate, must be
light for naturalness
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Supersymmetry @ the LHC

Hypothesis: every SM particle gains a partner,
different only by % a unit of spin

Solves hierarchy problem via (nearly) exact
cancellation of Higgs mass loops S

f TN

V4 \
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What does it look like? There are many possibilities

1. Squark/gluino production: high rate, any SM
particles possible in decays

2. Stop/sbottom production: lower rate, must be
light for naturalness

3. Slepton/gaugino production: could still be seen
if squarks are very massive
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Supersymmetry @ the LHC

Hypothesis: every SM particle gains a partner,

different only by % a unit of spin o ™ ﬁ' 5" ;'
Solves hierarchy problem via (nearly) exact y y
cancellation of Higgs mass loops S = - g' S ’ B'

; 2. +
H Q II \l y y Sleptons
~0

— it . B DI

What does it look like? There are many possibilities

~ (0 ~ ~ ~ ~

1. Squark/gluino production: high rate, any SM XJ’ fy @ @ J

particles possible in decays

2. Stop/sbottom production: lower rate, must be g

light for naturalness b——t ---g—s
3. Slepton/gaugino production: could still be seen d _

if squarks are very massive p
4. Indirect effects: usually in flavour physics H i

)

<

See Alexander Mann’s talk yesterday for more B.~>uw now observed!

No enhancement over SM
LHCb-CONF-2013-012




ATLAS SUSY Searches* - 95% CL Lower Limits

Status: SUSY 2013

ATLAS Preliminary

JLdt=(46-229) b V5=7,8TeV LQ1, B=0.6
e T, E™S [ dt[f! imi XO ( A LQ1, B=1.0
Model Ty Jets ET™ [ram) . Mass limit Reference 95% CL EXCLUSION LIMITS (TEV) P B= .
MSUGRA/CMSSM 0 26jets  Yes 203 |a@ 17TeV. m(@)-m(z) ATLAS.CONF-2013.047 LQQ‘ B=1 0
MSUGRA/CMSSM teu  3bjets Yes 203 |& 1.2/feV anym(@) ATLAS-CONF-2013-062 q° (qg), dijet » B=11
) 710jets  Yes 203 |& 14T an;ﬁm«a» a" (W) LQ3 (bv), Q=¢1/3, B=0.0 Lepl‘oQucrks
o 2-6 jets. Yes 203 a 740 GeV m(P})=0 GeV ATLAS-CONF-2013-047 .
'g 0 26jels  Yes 203 | 13Tev m(i?)-0 Gov ATLAS.CONF-2013.047 q* (@2 LQ3 (o), Q=x2/3 or +4/3, B=1.0
3 feu  3Bjets Yes 203 | 118 eV m(i})<200 GeV, m(¥*)=0.5(m(i)sm(g) | ATLAS-CONF-2013-062 q*, dijet pair stop (b1)
0 3 2en 0-3jets - 203 |& 112 m(i$)=0GeV ATLAS-CONF-2013-089 P sted Z
Q  GMSB (Z NLSP) 2epu  24jets  Yes 47 tang<15 q", boo .
3 Gis i 1Zr oz we a7 & ety awen ATLAS CoNF-2013025 &, A=2TeV Compositeness
2 GGM (bino NLSP) 2y - Yes 48 m(i3)>50Gev uA=2Tev b’ — W, (31, 21) + b-jet
£ GGM (wino NLSP) Teu+y Yes 48 m(i})>50 Gev. ATLAS-CONF-2012-144. .
GGM (higgsino-bino NLSP) k4 1b Yes 48 m(F})>220 GeV 12111167 q’, b'A’ degenerate, Vib=1
GGM (higgsino NLSP) 2e,u(Z) O03jets Yes 58 m(H)>200 GeV AATLAS-CONF-2012-152 ' — i
Graviino LSP 0 monojet Yes 105 m(@)>10 eV ATLAS-CONF-2012-147 Z'SSM (ee, py) B? bZM(.1 I(;op%ts)
y - :
53 b7 0 3b  Yes 201 |& 12 eV m(i)<600 GeV. ATLAS-CONF-2013-061 _ Z'SSM(m Generation
g,E ety 0 7-10jets  Yes 203 |& 11T m(i) <350GeV. 1308.1841 Z' (tt hadronic) width=1.2% T — tZ (100%)
T Eotil Oi: :‘p 3b Yes 201 & 1. 4Tev m(})<400 GeV AYLAS:CONF:sz:ns! Z' (dijet) t' — bW (100%), l+jets
E—bith; 0-1ep 3b Yes 201 |& 13TeV m(¥3)<300 GeV ATLAS-CONF-2013-061 z % N 1.29
— = = (tt lep+jet) width= ' — bW (10096), I+1
o 2b Yes 20.1 by 100-620 GeV m(¥1)<90 GeV 1308.2631 Z'SSM (ll) fbb=02
wc 2eu(SS) 03b Yes 207 |b; 275-430 GeV' m m(F) ATLAS-CONF-2013-007 -
& 12ep  12b  Yes 47 & mi3) 1208.4305, 12092102 G (dijet) _
§ 2eu  O2jets Yes 203 |& 130-220 GeV/ () =m(,)-m(W)-50 GeV, m(f,)<<m(¥) | ATLAS-CONF-2013.048 G (ttbar hadronic) C.I. A, X analysis, A+ LLURR
2ep 2jets  Yes 203 |@ 225525 GeV. m(})=0 GeV ATLAS-CONF-2013-065 G (et+MET) kM = 02 C.L A, Xanalysis, A- LL/RR
- 0 2b Yes 201 % 150-580 GeV/ m(})<200 GeV, m(¥; }-m(¥%)=5 GeV 1308.2631 = C.I., py, destructve LLIM
$ i1 (heavy), z]—n,;g Tlepu 1b Yes 207 |@ 200610 GeV m(79)=0 GeV ATLAS-CONF-201 GyykM=01 el .
“’S ik (heavy), f—tFy 0 26 Yes 205 @ 320-660 GeV. m(F)=0 Gev ATLAS-CONF-2013-02 G Z)Z(qq) kM = 0.1 C.L, pp, constructive LLIM (ontact
55 hb, hochh 0 monojetciages 203 |G 90-200 GeV’ miEmiE)<85GoV ATLAS CONF-20 .1, single & (HNCM)
atural GMSB) 2eu(2) b 207 |& 500 GeV' mE)>150Gev ATLAS CONF-2013.025 w C.1,, single y (HnCM) Interactio
b + 2 3eu?  1b  Yes 207 | 271520 GeV. m(E)=m(i)+180 GeV ATLAS.CONF-2013.025 W' (dijet) oL )':;, dl‘ i =
2ep 0 Yes 203 |7 85-315 GeV. ()= ATLAS-CONF-2013-049. W’ (td) U N !ve
2en 0 Yes 203 |§ 125-450 GeV. m ATLAS-CONF-2013-049 W'— WZ(eptonic) C.L, incl. jet, constructive
27 - Yes 207 | 180-330 GeV. m ATLAS.CONF-2013.028 wR
3en 0 Yes 207 [ 600 GeV miE)=m(F ATLAS-CONF-2013-035 (tb)
3en 0 Yes 207 i 315 GeV. miE)=m(E2), m ATLAS GONF-2013.035 WR, MNR=MWR/2 Ms, yy, HLZ, nED = 3
1eu 2b Yes 203 ;z,l 7 GeV m(¥})=m(i2), m(¥3)=0, sleptons decoupled | ATLAS-CONF-2013-093 WKKp=10TeV Ms, yy, HLZ, nED = 6
B§ Dircctii¥iprod longived ¥ Disapp ik fjet  Yes 203 | 270 GeV m(E;)-m(E5)=160 eV, r(¥7)=02 ns ATLAS-CONF-2013-069 pTC, NTC > 700 GeV M, 1L, ED-3
=8 Stable, stopped & R-hadron 0 15jels  Yes 229 |& 832 GeV m(})=100 GeV, 10 us<r(#)<1000s ATLAS-CONF-2013-057 ing R , Il HLZ, nED =
ST GMSB, stable 1, +7(&, f)sr(e.) 124 - < 159 10<tang<50 ATLAS-CONF-2013-058 String Resonances (qg) Ms, I, HLZ, nED = 6
S 8 GMSB.¥)-yG, long-lived 3 2y Yes 47 04<r(®)<2 ns 1304.6310 s8 Resonance (gg) N
—- 48, X3 —aqqu (RPV) 1, displ. vix - 203 |a& 1.0 TeV. 1.5 <cr<156 mm, BR(z)=1, m(¥3)=108 GeV | ATLAS-CONF-2013-092 E6 diquarks (qa) MD, monojet, nED =3
LFV pp—si; + X, Frmve + 4t 2ep 46 12121272 Axigluon/Coloron (qgban) MD, monojet, nED = 6
LFV pp—siy + X, Froe(u) +1  Teu+t - - 46 12121272 N " _
S Biinear RPV CMSSM Teu  Tiets  Yes 47 . ATLAS-CONF-2012-140 gluino, 3jet, RPV MD, mono-y, nED = 3
& - W}Z,X/gﬂee%‘ euie  den - Yes 207 | ¥ 760 GeV m(3)>300 GeV, iz >0 ATLAS-CONF-2013-036 MD, mono-y, nED = 6
K S WR B orrv,, erv, BemT - 207 |F 350 GeV m(P})>80GeV, 412350 ATLAS-CONF-2013-036 N o "
Foaa 0 67 jets 203 |& 916 GeV. BR(1)-8R(5)-BR(c)=0% ATLAS-CONF-2013-091 gluino, Stopped Gluino MBH, rotating, MD=3TeV, nED = 2
g-ohit, hiobs 2e4u(SS) 03b Yes 207 |& 880 GeV' ATLAS-CONF-2013-007 stop, HS.GD MBH, non-rot, MD=3TeV, nED = 2 Bltra Dimension
Scalar gluon pafr, sgluon—qg 0 4jets 46 | solon incl it rom 1110.2693 12104826 stop, St;iowed gﬂ's"é’ MBH, boil. remn., MD=3TeV. nED = 2
Scalar gluon pair, sgluon— t¥ 2e,u(SS) 1b Yes 143 ATLAS-CONF-2013-051 stau, HSCP, ¥ ' N
g WIMP ineracton (05, Diracx) 0 monoiel Yes 105 )<B0G, it o<687CeV orD8 | ATLAS.CONF 2012147 hyperK, hyper-p-1.2 TeV MBH, stable remn., MD=3TeV, nED = 2 % Black Holes
| "
V5=8TeV 101 neutralino, ct<60cm MBH, Quantum BH, MD=3TeV, nED = 2
full data Mass scale [TeV] 2 3 5
“Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o thtoretical signal cross section uncertainty.

1TeV

So far, no significant deviation from the Standard Model

No evidence for SUSY or other non-SM physics

Precision measurements in agreement with expectation

Caution: Many caveats and loopholes
Example: Limited sensitivity to late-decaying particles,

WL
L

"”ll

/

~

[/

surprises could still be lurking in the Run | data! A
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Buttazzo et al, arXiv:1307.3536v2 [hep-ph] I St h at |t?
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107 . :__:—-;1‘168; ' 1 . .
Instability .- _ -~ 105 Ifthe SMis all that is,

- ol Ry = - -
= —~ -

L - the universe appears to be

178 :
e / - = L . 1019 .
i a ‘ finely tuned and metastable

176 F T 0
[ g - -~ - .- 10%  Finely-tuned: Apparently unlikely
- _ ’ selection of fundamental constants
[ L Y e s Metastable: Our universe not the
[ Meta—stabity.~ | 1’2’30 -z ,best” vacuum, but stable for

.-~
: current life of universe

\ O5
1

174 -

172

Top pole mass M, in GeV

H) o ' Stability
168 ; PN TN NN (N TN TN TR [N SN TN SN (NN TR SN | larl)(ly:];397'l35|3§
120 122 124 126 128 130 132

170

Higgs pole mass My in GeV

How can this be?

Are we in a multiverse?

Do balancing pressures place us
near the critical point?

Maybe




The future

Warning: all simulation past this point! |




1695 Openings and Complete reconstruc- Consolidation of the Installation of 5000 300 000 electrical
final reclosures of tion of 1500 of these 10170 13kA splices, consolidated electrical resistance measure-
the interconnections splices installing 27 000 shunts insulation systems ments

The main 2013-14 LHC consolidations

10170 orbital welding
of stainless steel lines

18 000 electrical Qual- 10170 leak tightness tests 4 quadrupole magnets 15 dipole magnets to be
ity Assurance tests to be replaced replaced sure relief devices to

bring the total to 1344

Installation of 612 pres-

Consolidation of the
13 kA circuits in the 16
main electrical feed-
boxes



The LHC upgrade plan

>.A - 5x 103 cm2s?
E 3 Long Shutdowns (LS) with luminosity leveling
O
= ~
S / ~ 3000 fb!
= NOW - ~2x10%*cm?s! LS3
©
9 - 1x103*cm2s! ~300 fb1
O design luminosit
9 S ST
Ie) 7 High Luminosity
OB 7x108cm2st | ~50 fb™ (HL)-LHC
Vs=13 TeV
e LS1
rd
25 fb?
Vs=7/8 TeV

2013-14 2018-19 2023-5 Year

Phase 0 Phase 1 Phase 2

upgrade upgrade upgrade

At each stage: beam improvements and detector repairs, upgrades
Eventual target: >100 times today’s dataset



Future prospects: Higgs

T I 1T I T T I T T T I LI I T T T T T T

E 10'° :E ATLAS Simulation Preliminary Q:
0 109;E=14Tev ]
i). = J L dt = 3000 b BH— mH=1 25GeV 3
@ 10%F Wz .
o g E T :
> 10’ wWw
o 10 —WW-— pvpy E

10° .

10° .

10°*

10°

1 02 1 I 1 1 1 I | - 1 1 | 1 1 1 | 1 1 1

80 100 120 140 160 180 200
m,, [GeV]

Vs = 14 Tev
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Il‘ll}lthllJll‘

< - E

g—ZOOO? - S4B toy Monte Cario J

=3000- — S+ B model E

-4000E- —— B-only model —;

_ S B B B P I
SO0, oo 110 120 130 140 150 1680

my,,, [GeV]

10-100x current dataset will allow rare events to

be observed
o Eg h->up: ~1 in 5000 decays
oProbe interaction strengths to O(5%)

ATLAS Simulation Preliminary
(s =14 TeV: [Ldi=300 ib” ; [Ldt=3000 fb™

T T T T T T ,! T T T
i

Hott (VBF-ike)

H—sZZ (comb)

H— WW (comb.) E
Hoyy  (coms) é

0 02 04




Future prospects: SUSY

 Many searches statistically limited
— More luminosity improves sensitivity to rarely produced particles
— Higher energy increases production rate of massive particles

* Maintaining sensitivity to all scenarios challenging

. . 000 T g
CMS Simulation, /s = 14 TeV S = 'ATLAS 'Simulation Preliminary ' | ! =
~ 1000 - . O, 900 =300 fb (<u>=60) 5¢ discovery —
8 g00| PP 9994 g%, So Discovery Reach & gooE Vs=14 TeV #5300 fb" (<u>=60) 95% CL exclusion _J
o -== L =300 fb", Phase |, <PU>=140 e _E m3000 fb! (<u>=140) 55 discovery 3
é’x’ 800| =L =3000 fb”, Phase Il Conf3, <PU>=140 700 = O-lepton channel #3000 fb™! (<u>=140) 95% CL exclusion ]
= = 600k [JATLAS 8 TeV: 95% CL obs. limit
700F = - . E
: : 500E- : T
600}~ E 400F- JPEE : L
500F- E 300F- a "' i 3
oo, AT : 200 L
I - 1005 S
E H L_ LH C .‘ E 0 ?-“I-\n PRI BT T R '| P 1‘ P l v 0 ﬂ - -

200E- \ 3 p 400 600 800 1000 1200 1400
discovery reach . t Top[GEV]

100:_||||1||||1|[||1|l||||l:'|||||||||||||E p
600 800 10001200140016001800200022002400 ‘:[1)

My (GeV)

|
~<
=

Current limit




Future prospects: some other examples

s 1°F " ATLAS Préliminary .

2 e (Simulation) Zy -l

2 L5 JLdt=3000 fo!

g

(@ 6 - ’
10 HL-LHC —5TeVZ
10°

exclusion

0.06 0.1 0203 1

Current limit

New forces would emerge at the LHC through

the production of new gauge bosons (Z‘)

Exceptionally clean dilepton signatures are

possible

Exclusion sensitivity could reach nearly 8 TeV

my [TeV]

(number of events)/bin

CMS Projection: ¥s = 14 TeV, L =300 b’
T

T T T | 1 T T | T 1 T | T T =

120 BlwzQcp —
100 -
80 —:
60 —:
40 Non-SM -
interactions? .

20 R SRR
Sttt

<

400 600 800 1000 1200 1400
WZ Transverse Mass, GeV/c?

The LHC can collide gauge bosons too!
Rare, needs large luminosity to observe

Deviations in diboson kinematic distributions
could hint at unexpected processes



—— Beams back

— 3.5 TeV beams

Conclusions

In the first three years of high energy
collisions, the LHC and its experiments
have really delivered

2010 |

— First HI collisions

2011

™~ Max # bunches (1380)

Brout-Englert-Higgs mechanism ~ Peaklumireached

confirmed as the origin of mass

2012

— Higgs boson
announced

SN

p+Pb running

2013

No sign of anything else, so far, but
guestions about the Standard Model

remain

= Collisions restart

Higher energy LHC will help probe even
higher mass scales to attempt answer

these questions

205 | 2014 |
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