he Higgs Boson and Beyond

Jiro Taniguchi, Furari, © Casterman (2012)

Highlights of the LHC proton-proton physics programme

Andreas Hoecker (CERN)
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Mankind’s search for the smallest unit of
matter, its different forms, and the
forces acting is much, much older than
particle physics

Particle physics is a term naming the
search for the ultimate laws of Nature
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The SM is the legacy of 20t" century

particle physics

- It unifies quantum mechanics, special
relativity and field theory

- It describes ~ all laboratory data

Is the SM the theory of everything?
Or rather of almost everything? Or ...
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A 1 TeV-frequency microscope looks at really, really tiny objects...

Nanoscience Particle physics today
(TeV scale)

o

Siphonaptera (flea)




The Standard Model

The SM consists of 24 elementary matter particles and 3 forces with total of 26 parameters

Fooiiay Matter particles Organised in 3 families

6 Leptons 6 Quarks

Q (u) (<} (t)
) \s) o)

Force quanta Distinguishing 3 forces

3 weak bosons

Electro- @ @ @

magnetic force Weak force Strong force

. Breaks electroweak symmetry
Higgs boson .
88 @ Generates boson and fermion masses

Regensburg, Jan 28, 2013



The Standard Model

Elementary particle physics is successfully described by local gauge theories

A problem: local gauge symmetry requires massless spin-1 “gauge” (=force) boson
This has been well verified for QED, with a massless photon (= infinite range)

However, the W, Z bosons are massive (= finite range ~10-'> cm)

Only way to break gauge symmetry consistently is to spontaneously break the
symmetry of the vacuum:

MZ W # O <= <O | ¢) | O> =1 # O [ non-zero vacuum expectation value ]

¢ is a complex doublet field with non-zero vacuum expectation value.
3 d.o.fs become Z, W+ masses, remaining d.o.f is massive scalar Higgs boson

This is known as the “Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism”

I

Regensburg, Jan 28, 2013



The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

The early universe, at T > T, was in a symmetric phase (|¢.,;,| = 0)
A phase transition at ~Tp (100 s after big bang) led to |¢,| > O

Phase transition

A T>T|-:w
V(g))

Potential barrier —

Higgs bubble expansion —_
[©)

0

Regensburg, Jan 28, 2013



The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

The early universe, at T > T, was in a symmetric phase (|¢.,;,| = 0)
A phase transition at ~Tp (100 s after big bang) led to |¢,| > O

Phase transition

| T> T
V(lg))
Potential barrier — T = TEW
Higgs bubble expansion —_
e s

0
Condensation of Higgs field > ‘(,b‘

— i

“spontaneous” phase transition

) Simplest scalar potential that breaks

2 4 e
Higgs potential: V(¢) = u’, ‘(p‘ + A‘q;‘ +Ylylyld ground state symmetry. Does what we

need, but bears fundamental problems.
Carries the seeds for new physics ...

Regensburg, Jan 28, 2013 10




The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

Early universe: symmetric phase,
fundamental particles are massless
- gauge symmetry is respected

Symmetric phase - early universe

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN
Photon \N\N\N\N\I\VN\N\NVNVN

Weak boson A\ '\ "\ \'V/V'\V/ 'V VN

Neutrinos >
Electrons -
Top quark >

H. Murayama
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The Standard Model

Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism

Early universe: symmetric phase, HiggsnpuetriarpHagaid énry akengphase
fundamental particles are massless

- gauge symmetry is respected Gravity ANNANAANNANANANANAN
A Higgs field displaces ground Photon ANV AN

state breaking gauge symmetry

It fills all space time (but w/o Weak boson f%@\&\/\/\/\/\
orientation as spin=0)

Particles interact with the Higgs : VIV e
: : ) Neutrinos — -
field and reduce their velocity. L AT (I
They acquire a mass proportional e
to interaction strength Electrons ) e
L
- Action of the Higgs field Top quark -

creates a vacuum viscosity

H. Murayama

12
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The Higgs boson -
last of the particles ?

The SM predicts all its properties, except
for its mass. What was known about it ?

Full references for mechanism:

F. Englert and R. Brout, PRL 13 (1964) 321.
P.W. Higgs, PRL 13 (1964) 508.

G. Guralnik, C. Hagen, and T.W.B. Kibble, PRL 13 (1964) 585.

It is also of note that Landau and Ginzburg had proposed a
field giving the photon a mass in a superconductor, the
mathematics of which is identical to the “Higgs mechanism”
and predates it by several years.

http://www.shardcore.org/shardpress

14



Constraints from global electroweak fit

Global fit of all EW precision measurements to SM prediction constrains M

W.Heisenberg

http://dfitter.desy.de

| T T 1 | T T 1 | T 1T 1 | I'l [ | T 1T 1 | T T 1 :
€]l fitter|s
"""""""""""""""""""""" — 30
| ’ _
(&) ':' .
ﬁ — Theory -
o —— uncertainty —
n- p—
w .
- -
-------------------------------------------- —f 20
,"' +25 _:
M, =947 Gev E
/ <153 GeV (95% CL) =
"""""""""""""""""""""" —_ 10
| 1 1 1 | 1 1 1 | 1 1 1 | | I | | 1 1 1 | | I | :
120 140 160 180 200 220 240
M, [GeV]
e = R ——

Regensburg, Jan 28, 2013

Andreas Hoecker — The Higgs Boson and Beyond
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The Higgs boson should not be too light, and not too heavy...

Perturbativity and (meta)stability bounds versus the SM cut-off scale A

;l 350 1 T T T T E
) B 12
S, N —— Perturbativity bound 18
EI - [ | Stability bound =42
300 [— =92 [ Finite-T metastability bound — %
- o= Il Zero-T metastability bound @
— =7 Shown are 1o error bands, w/o theoretical errors ] 2
250 (— — "
B Allowed Not allowed |
200 — —
150

100

16 18
Iogw(A/ GeV)

The SM Higgs must steer a narrow course between two disastrous
situations if the SM is to survive up to the Planck scale M, ~ 2x10'8 GeV

Regensburg, Jan 28, 2013



4t of July, 2012 =

CERN LIBRARIES, GENEy,

[T -

SCAN-0008106 11.4.1983

PRELIMINARY PERFORMANCE ESTIMATES FOR A LEP PROTON COLLIDER
S. Myers and W. Schnell
1. Introduction

This analysis was stimulated by news from the United States where very
large pp and pp colliders are actively being studied at the moment.
Indeed, a first look at the basic performance limitations of possible PP or
pp rings in the LEP tunnel seems overdue, however far off in the future a
possible start of such a p-LEP project may yet be in time. What we shall
discuss is, in fact, rather obvious, but such a discussion has, to the best
of our knowledge, not been presented so far.

We shall not address any detailed design questions but shall give
basic equations and make a few plausible assumptions for the purpose of
illustration.  Thus, we shall assume throughout that the maximum energy
per beam is 8 TeV (corresponding to a little over 9 T bending field in very
advanced superconducting magnets) and that injection is at 0.4 TeV. The
ring circumference is, of course that of LEP, namely 26,659 m. It should
be clear from this requirement of "Ten Tesla Magnets" alone that such a
project is not for the near future and that it should not be attempted be-
fore the technology is ready.

Duration of projects /planning stability:
First LHC workshop 1984 !




4t of July, 2012 |

i

Producing the Higgs Boson and Searching for New
Physics at the TeV Scale Requires a Huge Machine

Particles accelerators:

~> Look deeper into matter (size ~ 1/E)
(“powerful microscopes”)

-> Discover new heavier particles (E = mc?)

> Probe conditions of the early universe (E = kT)

de Broglie

Einstein

1% | Boltzmann

Lawrence

Regensburg, Jan 28, 2013
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ATLAS publications

http://atlasresults.web.cern.ch/atlasresults
Performance

Measurements On Nov 30:

M Searches
» ATLAS produced
220 papers using
collision data
* 421 preliminary

conference notes
ATLAS
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Proton—Proton Collisions

» For proton-proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element
Parton distribution functions
Representing structure of proton
@ e*e™ collider Hadron collider ot A T
NEW AND KNOWN PARTICLES Q \‘)—\r 3y
b n/ v B \\\\”//\\V\\\
Yo N A e - %; AN *'
-, N9 /" 4 FIREBALL (ENERGY) S *ﬁk H\)
[

&N 5y 777 (MINI BIG-BANG)

77
ELECTRON L%/ Lo POSITRON
(MATTER) ~ *4 IV (ANTIMATTER)
~ . e <
Bl ™
E:m.c? 0 | : @
. \
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Proton—Proton Collisions

» For proton-proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions Hard scatter parton cross section
Representing structure of proton " Higher order pQCD correction;
accompanying radiation, jets, ...

X = jets, W, Z, top, Higgs, SUSY, ...

Underlying event

« CM energy of parton collision: s = M)Z( =X, X, " Sc

» The parton density functions rise dramatically towards low x:

- Higher cross section at higher proton-proton collision energy
- More luminosity also achieves higher effective energy

- Low-x (eg, Higgs) dominated by gluon-gluon collisions: “gluon collider”

Regensburg, Jan 28, 2013
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Recorded Luminosity in 2012

Luminosity is key quantity: rate = cross section x efficiency x luminosity

ATLAS integrated
luminosity in 2012

Peak L = 7.7x1033 s~'cm=2 (Aug)
Max L/fill: 237 pb~" (June)
Weekly record: 1350 pb~" (June)

Longest stable beams: 22.8 h
(July)

Fastest turn-around between
stable beams: 2.1 h (April)

Best weekly data-taking
efficiency: 92 h (55%) (July)

Total Integrated Luminosity [fb ]

At L = 7x1033 s7'cm=2 and 8 TeV pp collisions, 560

Higgs bosons of mass 125 GeV (o, .y = 22.3 pb)

are produced in ATLAS and CMS per hour

Or: every 45 min. 1 H — yy, need ~2 typical
160 pb-! fills to produced one H— 4l ([=e/u)

30

25

20

Total Delivered: 23.0 fb'
Total Recorded: 21.5 B’

ATLAS Online Luminosity
LHC Delivered
ATLAS Recorded

\s=8TeV

151 EFF:D =
101~ -
5 =
:I Ll 1 1 | Y I Y [ B | | S Y Y S [ I | | | Y N N [ B | | | Y I I [ | |:

04/03 30/04 25/06 20/08 15/10 09/12
Date in 2012
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Many interactions per bunch crossing: “Pileup”

High luminosity comes at a
price: probability of parasitic
collisions in one bunch
crossing (= pileup) increases

Average of 21 (peak: 40)
collisions per crossing in 2012

Another price to pay: higher
trigger thresholds - low-pT
physics suffers

Z — uu event in ATLAS with 25 reconstructed vertices



Regensburg, Jan 28, 2013
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ATLAS and CMS have Measured Inclusive and Exclusive
Jet Cross Sections at never Explored Energies

Differential jet cross section versus jet p; Differential jet cross section versus di-jet mass
;‘ 1 024 :_I ] T ] T T T T 1T | T T T T LI 42 _: ;‘ 1030 :_I T | T T T T T T 7T I* T T I16 I_:
> o - @ik, iets, =04 ® y<03(x10%) 'q:) il Svstemat ; a0=y <4t Ex ]8143_
- : O 03<ly<0.8(x10%) g 27F ystematic 5=y <4.0 (x s
(\D 10° E| Ldt=a7pb, Vs=7 Tev B 08<[y|<12(x10% — S 107 = uncertainties B 30=y"<35 (x109) 7
S 108" em e NI = Y 53Irs3R b
Z = —e— A ope ek D S 107 9 NLOJET++ O 18:v<20 (x 102 7
=== o = . = o C CT10, u=p_ exp(0.3 y* A 10=y*<15 (x10) J
> 10'°F —e—__ * - Y 36<ly<44(x10%) 5 N o ¢ k=P, O3V B 08IV STe Giod) T
© = —o— - o B g 10°°F Non-pert. corr. ° V' <05 (x 109
|—1 012 i*_._ —— O .- 3 e} il ' ]
Q. C —— —o-, - B 18 = 2] i
LS, 9 Fr—i— . T, U = c\_g 10°= ATLAS ==
Nb 10 = e A - © o == _ 15 2o —
© 106 . —— -E-_E-—E— -.-+-- o 1070 **"‘4 =
il = - < - -
C p—— —O- =B == _T = =9 BEY= S
all e -E-'E' =l s 1012 L -6-.9. —
3 [t — = == . il e S ==
10 F —fe— —h— == | B C -, =z B
— ElE — — —— - —
— e e %-g- — 109 — e "'--* e == —
1p==__ _ - __ o= == | = — T —v— =
1 0 F{ | Systematic == == e = - '.'-.-_._ _
:_ uncertainties == % ! _: 3 — . . '.'-0:.. — A —
1 0'6 = NLOJET++ == — 10° F anti-k, jets, R=0.4 'o..'.‘ —
F10] (CT10, p=pl™) — = § — -
-9 [ Non-pert. ccT)rr. A TLAS = 1 i \E =7TeV, fL dt=37 pb gl E
1 0 1 | | | 1111 I | | | | 11 11 | N C 11 ‘ 1 1 | | 11 11 | I— | | | | ]
20 30 102 2x10? 10° 107 2x10” 1 2 3 4567
p, [GeV] s ToV]

Agreement over many orders of magnitude gives confidence for new physics searches

]
? 3 -
v - 3 v 4 >
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High-energy jets probe new particles and interactions

Measure di-jet invariant mass and angular distributions

2 — 2 parton scattering to
two jets described by QCD

Tends to scatter at smaller
angles than if there were
new particles produced

Recall atomic substructure
discovery in Rutherford
scattering: deflection at
large angles !

New, high-scale interaction ?
New bound state (FarEincLe) ?
Are quarks c‘omposi&es ?

Regensburg, Jan 28, 2013



The highest-mass central dijet event collected. The two central high-p; jets have an invariant mass of 4.69 TeV

Run Number: 209580, Event Number: 179229707
Date: 2012-08-31 20:24:29 CEST

— 325ET (GeV)

285

[ 245

205




High-energy jets probe new particles and interactions

Measure di-jet invariant mass and angular distributions

Observed and fitted dijet mass

Events

10° -o- Data =
- — Background -
10' e Vs =8 TeV E
- [Ldr=13.0fb" -
10°E E
10° E
10 E
=3 | E

'ATLAS Preliminary

Significance
N [« e

\
3000 4000
Reconstructed m, [GeV]

Regensburg, Jan 28, 2013

Data / fit ratio, compared to four g* models

m(q*) > 3.84 TeV (95% CL)

- ATLAS Preliminary

= [ Vs=8TeV,[Ldr=13.0fb" §

= 4 ° [ data - fit ] / fit .

cIU e T q”* PYTHIA 8 (1500) 4

r= T — T — q* PYTHIA 8 (2500)

o & g* PYTHIA 8 (3000) |
- q* PYTHIA 8 (3750) i
| ]

1000 2000 3000 4000

5000

Reconstructed m; [GeV]
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High-energy jets probe new particles and interactions
Measure di-jet invariant mass and angular distributions

No deviations from SM seen - set limits on new phenomena:

Benchmark model Observed limit
at 95% CL
Resonant Excited quarks m(g*) > 3.8 TeV
Non-resonant 4-quark contact interactions A > 7.8TeV <~2x 10" cm

10- 14cm

10-"3 cm
10°-10-8 cm
10-9-10-7 cm ‘\ quark
ke A
A X 3

Regensburg, Jan 28, 2013 33




QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

8 10f ATLAS Preliminary
= — 35pb” g 5 : : : 5
S - S LHC pp Vs =7 TeV
© . B 35pb’ Theory
10" : : : o Data (L =0.035- 4.6 fb’)
B LHC pp Vs =8 TeV
10° =
= : : mm Theory
= . 58" * Data(L=581")
- = * . 58"
10° 1om' 1§ —F
- : é ? T
— : 1.0 fo! 1
- : 4.6 fb
= 5.8 b
— -1
10 = 461 2107 =T =
- 4.6
T—w Tz T 7 T 1t T ww T wz T w | 2z
g N -

Regensburg, Jan 28, 2013



QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

LHC is top factory:

At 8 TeV CM
energy: ~36 x
larger cross
section than at
Tevatron

LHC pp Vs =7 TeV

ATLAS Preliminary

Theory
o Data (L=0.035 - 4.6 fb")

LHC pp Vs =8 TeV
mm Theory

. e Data(L=5.81fb")
- o . 58fp
10° 1om' | § —F
S | é =
— 1.0 fo! 1
B : 46
= 5.8 o'
— -1
10§ 46t" LT 2 "3 |
- 4.6 1"
1 e ot T ww wz I owt | zz
- =i H-z .
\ /&/ - ]

Regensburg, Jan 28, 2013
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

% 500__1 L L L B B B ‘ﬁ ATLAS Preliminary
0] ATLAS Preliminary = 77T/ 201 e 1 : é é é é
© [ 070 == Rk LHC pp Vs = 7 TeV
n 4001~ 0 Z +jets ]
T i B single top ] Theory
() L i
! et 1 o Data (L =0.035 - 4.6 fb)
300__ 7777 Uncertainty __
§ Cleantop 1 LHC pp Vs = 8 TeV
200 reconstruction - Theor
§ (here: hadronic | - y
7 top mass) ) e Data(L=5.81fb"
100 4 7
I e OSUV
0 T i T dihead ..
100 150 200 250 300 350 400 ; :
Migy- [GeV] —a 5.8 b
: : : »
. - | | A i g —E
+ First precision measurements of top 4.6
cross section and mass at LHC : : : : :
» Searches for new physics in top ; | T T e T w2
production and decay
— i < ‘
: - \ 5 z :’f/ v
J AN ¢ - = -

Regensburg, Jan 28, 2013
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

S 105k ATLAS Preliminary
= = 35pb” | 5 |
5 - I LHC pp Vs = 7 TeV
© . B 35pb’ Theory
10" : o Data (L =0.035- 4.6 fb’)
B LHC pp Vs =8 TeV
10° = mm Theory
- 581 e Data(L=5.81fb")
10%
10
w7 3

-

Regensburg, Jan 28, 2013

Electroweak
di-boson
production
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

= E sspp' é road to
2 - S LHC pp \E =7 TeV measuring
B L : :
10t i | | ) ;hfor{ oss.aeqy| Clectroweak
= ata (L=0035-461)  qummetry
- % 2 e AS oo T T breaking
O I imi ]
L g 22? ATLAS Prel-m nary _  pata E LHC op ‘@ -8 TeV
103 L Y 2C’?det=4.7fb1 l:lzzsm'm -
= > b inty mam Theory
— - F \s=7TeV
— 0:3 16 Estimated Backgroundi ° Data (L — 58 fb-1)
— I.E 14 ; 077 (stat) (syst) é
120 4
10° 10 =
= 1t
— 6 = 3
- A E fo ko
10 2k E 4.6 fb”
= 100 200 300 400 500 600 700 =T H(130 GeV) - WW
— Four-lepton mass [GeV] !
1 W | Z | it | t | WW | WZ | Wi | 77 H(130 GeV) — 77

; 1\ 3) )
A\ (5 s -
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A 4u event seen in ATLAS

@ATLAS

EXPERIMENT
http://atlas.ch

|

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST



iggs Boson

ing for the H

Hunt

Regensburg, Jan 28, 2013



Hunting for the Higgs Boson

Tevatron Run Il Preliminary, L <=10.0 fb"

s=sxx Expected

The Higgs boson has been vainly searched & |5 I Emem Tovawon

~ ) ] ! serve : e !

for at many accelerators S10 (SR Co sacoe Exclusion .
- 3
Best non-LHC 95% CL limits from LEP (CErN, 3
1989—2000) and Tevatron (Fermilab, 1990-2011): 2
(=2}

my > 114 GeV
147 GeV < my < 179 GeV

—] SM=1

‘ ‘ ‘ ‘ Febru;ary 2012

100 110 120 130 140

150 160 170 180 190 200
m,, (GeV/c?)

Regensburg, Jan 28, 2013 Andreas Hoecker — The Higgs Boson and Beyond 41



Higgs boson searches at the LHC

Higgs production and decay probabilities predicted vs. Higgs mass by SM

At the LHC, the Higgs boson is produced dominantly via gluon fusion
OH total ~22 Pb at 8 TeV for my, = 125 GeV (-20 x Tevatron; >200 x rate given luminosity)

Cross section steeply falling with Higgs mass

Total production of ~470 thousand SM Higgs bosons of
125 GeV in 2012 in each ATLAS and CMS

Higgs-strahlung

Regensburg, Jan 28, 2013



Higgs boson searches at the LHC

Higgs production and decay probabilities predicted vs. Higgs mass by SM

At the LHC, the Higgs boson is produced dominantly via gluon fusion
Oy total ~22 Pb at 8 TeV for my, = 125 GeV (-20 x Tevatron; >200 x rate given luminosity)

Because of the coupling to the W,Z,q,t,g,y
mass of the decay particles:

... the Higgs will decay with

preference to the heaviest H
particles allowed Ty S

... the Higgs does not couple
directly to photons and

gluons, but only via “loops W}z,;q,i.}s;y
involving heavy particles
(e.g., top, W)

Regensburg, Jan 28, 2013



Higgs boson searches at the LHC

Dependence of the branching fractions on M, drives search strategy

Branching fraction

ww

i .-l-"l"'i L

Regensburg, Jan 28, 2013

200 220

240
Higgs mass (GeV)

For medium to heavy Higgs:
« Lepton final states via WW®™)  ZZ(*)

For light Higgs:
» Lepton final states via WW*, ZZ*
« Di-photon final state
« Di-tau final state

The dominant H — bb mode is only
exploitable in association with W/Z or
tt, also with strong Higgs boost

Associated leptons provide trigger signal as they help
to reduce huge QCD background, s(bb) ~ O(100 pb)
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT ’

Run/Event: 194108 / 564224000

H — yy candidate event (CMS) — note: background dominated sample




H— vy

Clean discovery channels for Higgs, allowing precise mass determination

Benefit from excellent energy resolution and photon identification capabilities of ATLAS/CMS

~ ATLAS Preliminary

S weights / 2 GeV

-
e
e
D

{s=7 TeV, f Ldt=4.8 fo™'
{s=8 TeV, (Ldt=13.0 fb™

H—yy

A Data S/B Weighted
—— Sig+Bkg Fit (m _=126.5 GeV)
Bkg (4th order polynomial)

44

T weights - Bkg

110

-’—
»—
>
g I ]
> i )
a;uJuLIudJIhmehulmlmhLduulll|lll| N1 ERTA RRTA SER1 RER AT FATA AR,
o

150
m,, [GeV]

CMS Vs=7TeV,L=51fb"'{s=8TeV,L=5.3fb"

Maximum excess of 6.1c (4.10) seen by ATLAS (CMS) at 126.6 + 0.3 + 0.7 GeV (125 GeV)

ATLAS signal strength: o(pp — H — yy)[exp]/ [SM] = 1.80 + 0.30(stat)

Regensburg, Jan 28, 2013
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0 i 191500

150014

@ I

C

o) L

W4g00] -

— 130

8 : m,, (GeV) :

= I i

2 . 7

% 500 B i gft;Fit ]

A~ | e B Fit Component

? : [ J+1o .

g)/ i -I +20 | | | | -

» O 110 120 130 140 150

m,, (GeV)

+0.21 +0.20
_0.15(Sy5t) _0_14(theory)

Both experiments classify events according
to resolution and topology in ML fit
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47 279030 GMT
Run/Event: 195099 / 137440354 \

\

]

H — 2e2u candidate event (CMS)



H— 77" — 2(e, u) + 2(e, p)

Clean discovery channels for Higgs, allowing precise mass determination

Benefit from excellent energy/momentum resolution and identification capabilities at ATLAS/CMS

> L
336 e Data ATLAS Preliminary
m — *
o [ [ Background zz" Hos770) o4
C
%30 — [l Background Z+jets, ft
C |:| Signal (mH=125 GeV)
25—

" 7/ Syst.Unc.

s =7 TeV: [Ldt = 4.6 fb”
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Maximum excess of 4.10 (4.50) seen by ATLAS (CMS) at 123.5 + 0.9 + 0.3 GeV (126.2 GeV)
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ATLAS (CMS) signal strength: o(pp — H — 4¢)[exp] / [SM] = 1.3 *>> (0.8)

Regensburg, Jan 28, 2013
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H— WW® = 2(e, u) + 2v

Not clean, but abundant (competitive at 125 GeV) — little mass sensitivity

e —T

Signal selection: reconstruct transverse Higgs mass, exploit W polarisation (leptons emitted in same dir.)
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Some excess seen by both experiments: 2.8c (3.10) for ATLAS (CMS) at ~125 GeV
ATLAS (CMS) signal strength: o(pp — H — 2/2v)[exp] / [SM] =1.5+ 0.6 (= 0.8)

Regensburg, Jan 28, 2013
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H — tr and (W/Z)+H — (Iv/Il,vv)+bb

Challenging, non-clean channels — not yet significant

' ATLAS-CONF-2012-160, ATLAS-CONF-2012-161, CMS-PAS-HIG-12-043, CMS-PAS-HIG-12-044

Signal selection: reconstruct (broad) Higgs mass peak, close to Z, background understanding crucial

(% 8_| | T 17T | T 1T | T 1T | T 1T |-| .I T | |_ % 6 N U IM U PI Il -I U U U U U U U | U U U U | U U U U il
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B 7 e ObservedCL, [Ldt=46f"s=7Tev B [ 's=7TeV,L=5fb" ~-e- CL.H125 injected |
S [ - ExpectedCL, [Ldt=130f" (s=8Tev | § O 's=8TeV,L=121fb ~-e-- CLiExpected
— 6F 1 = - VH(bb), combined m CLg Expected= 10
I= - [J=20 1 E B CL Expected= 20 -
. - =10 1 3 4
1 5__ - B

- 10 -
@) C 15 -

o r q = B
P 4t is 3 7
o - > T

3 - g N G
- 1 2 2 T

2 41 | A
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1 ]

O:I | | I | | | | | | | | I N | | | I | I: L | L L | L L L L | L L L L _‘
100 110 120 130 140 150 110 115 120 125 130 135

my [GeV] my [GeV]

Slight excess seen by both experiments for 7z, ATLAS does not yet see excess in bb
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Combining all the channels — discovery significance
One new boson with Higgs-like properties ... nothing else around

All results [yy, ZZ, WW, tt, bb] combined. Left: ATLAS, right: CMS — low mass region shown only
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ST .S\ YooIfoItiIiiozo = - -.----_I:Z
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1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1
115 120 125 130 135
my [GeV]

CMS Preliminary {s=7TeV,L<51f" ys=8TeV,L<12.21b"
T T T

m -1 \\\‘\\ \\\\‘\ \\‘\\\\‘\\\ \\,10,
S 10'E N 20
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j\ T\ ‘S \=\8 \T\eY L1 1 | ‘ L1 1 | ‘ 1| \‘T‘L L1 1 1 ‘ L1 1 \i
110 115 120 125 130 135 140 145
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Maximum excess of 7.00 (6.90) seen by ATLAS (CMS) at 125.2 + 0.3 + 0.6 (125.8 + 0.4 + 0.4) GeV
ATLAS (CMS) signal strength: o(pp — H)[exp]/[SM] = 1.35+0.24 (0.88 + 0.21)

Regensburg, Jan 28, 2013
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Combining all the channels — cross section

Are channel-by-channel cross sections x branching fractions SM-like ?

Individual o[exp] / o[SM] ratio for the channels: yy, ZZ, WW, tt, bb. Left: ATLAS, right: CMS

| | | |
ATLAS Preliminary
W,ZH — bb
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H— vy
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\s = 8TeV:ch1t= 13 o™

H—zz" - 4
\s=7TeV: [Ldt=461"
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Combined
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+1
Signal strength (u)

H— bb

H—1t

H—yy

H— WW

H—2ZZ

Compatibility with SM (u=1): 13% for ATLAS, > 50% for CMS

Regensburg, Jan 28, 2013
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Combining all the channels — couplings
s it the Higgs boson with JP¢ = 0** and SM couplings ?

Observed o: [G-BR](ii > H— ff) b

- o, (i = H)-B

R, (H — ff)-x2

2 /.2
K /K [where: k=T _/TM
f H a aa aa

CMS Preliminary s =

7TeV,L<5.1f0" \s=8TeV,L<12.2f0"
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S 60 =4 10 RN -
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Spin-0 hypothesis slightly favoured; Higgs to vector and fermion couplings agree with SM
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Combining all the channels — couplings
s it the Higgs boson with JP¢ = 0** and SM couplings ?

Michael Peskin, in theoretical summary talk at HiggsHunting (July 2012) [arxiv:1208.5152]:

SM strength (i.e., ‘large’) coupling to WW, ZZ is

“ prima facie evidence that the new particle is CP even
spin zero field with a vacuum expectation value that
breaks SU(2) x U(1). This is what we call a ‘Higgs boson’. ”

3B
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— Intense curiosity —

A new era in particle physics has begun: the exploration of planet Higgs




What can we conclude from this discovery
Recall: light Higgs was predicted from SM fit to precision measurements

http://dfitter.desy.de

-
o
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What can we conclude from this discovery
Is the electroweak vacuum stable or metastable (if SM holds) ?

Barely stable ?

M,, [GeV]

But: prediction of the
stability bound suffers
from theoretical
uncertainties ...

Regensburg, Jan 28, 2013

350

300

250

200

150

100

=N

Allowed

W

 *
£ 74

1A

ATLAS & CMS

=

—— Perturbativity bound

[ ] Stability bound
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Ellis et al, arXiv:0906.0954
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What can we conclude from this discovery
Is the electroweak vacuum stable or metastable (if SM holds up to M) ?

Barelystable? ;150||||||||||||||||||||||||||
G 145 . [ Stability bound
= [ Finite-T metastability bound

But: prediction of the = 140 Bl Zero-T metastability bound

Shown are 1o error bands, including theoretical errors

stability bound suffers
from theoretical 135

uncertainties ...
130

Let’s zoom into the ATLAS & CMS

interesting region 125
Newest full NNLO result moves up 120
stability bound at Planck mass by

+0.8 GeV and reduces uncertainty 115
> barely stable or 110

metastable, but
certainly the Higgs self 105
coupling would become
very weak at M,

e IIII|IIII|IIII|IIII|IIII

100 6 8 10 12 14 16 18

— s arkiv: 120564 Iogw(A/GeV)
i = 75 , /a

Regensburg, Jan 28, 2013

Ellis et al, arXiv:0906.0954



& detector technologies;

Global data sharing,
oration '

N S F 7 N

. *
X R A&

o)

Jiro Taniguchi, Furari, © Casterman (2012)
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The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

Vig) = g +2lg| +Yipiyie

Higgs boson mass term
2 2 2
6mH - ‘du H‘ < Acut-off
“Hierarchy problem”
- new physics at ~TeV




The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

Is this the right potential?
2 4 B . . . : 5
V(g) = u? M - ;LM + YlhylypJg o If the Higs field fills all

space-time, is it related to
inflation and dark energy?)

Higgs boson mass term Higgs self coupling Higgs—fermion couplings

6mf, ~ ‘duf,‘ x A Ay = Gem2//2 ~0.13 “SM flavour problem”:

cut-off i
“Hierarchy problem” EW vacuum may be meta- IR MRS WEEED
between fermion families

- new physics at ~TeV instable

/4 Y/ J

| G. Isidori at HiggsHunting 2012

v

Through the missing protection of the scalar potential to high-scale physics (no
symmetry for m, = 0!), the Higgs boson is considered a “portal to new physics”




Higgs dlscovery puts these questlonsEnto spotlight

)

)
FT”IJA 3

B Vo= ol <l Yl

o .
'i. .
Y P. Higgs at CMS

66
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Proposed solutions to hierarchy problem

 Weakly coupled: Supersymmetry, ...
« Strongly coupled: Little Higgs, Composite Higgs, ...

Different manifestations of similar scenarios. Many models also provide dark matter candidates

Higgs disco

ions

Irt

very puts these quest

N '*’ \JT ‘\ )‘;dg‘ “ by

b Vo = o Al Yyl

oy -
[ : ;

»
) 3
Y P. Higgs at CMS
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Does a symmetry between fermions and bosons
regularise the Higgs radiative corrections ?

—

P. Higgs at CMS

Regensburg, Jan 28, 2013
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Fermion loop S

_]{ H S 2

Boson loop

Supersymmetry (SUSY)

Fermion and boson loops contribute with different signs to the Higgs radiative
corrections: if there existed a symmetry relating these two, this would protect
the mass of the scalar Higgs

Supersymmetry realises this by transforming bosons <> fermions

This solves the hierarchy and naturalness problems of the SM (and other problems)
Each SM particle has thus a supersymmetric partner (which is of ~TeV scale — “broken SUSY”)

Regensburg, Jan 28, 2013 69



The '
scalar Mrs. SUSY
precipice
EW scale™! —
GUT scale!

Planck scale1

Fundamental scalar

length scale



SUSY has: Ny (bosons) = Ny (fermions) [cf. SM: N, (bosons) <« N, (fermions)]

» To create supermultiplets, we need to add one superpartner to each SM particle
» Superpartners have opposite spin statistics but otherwise equal quantum numbers

Supersymmetry (SUSY)

Spin 0 Spin 1/2 Spin 1 Spin 3/2 Spin 2

sLeptons Leptons Gravitino Graviton
sQuarks Quarks
Higgs Higgsino
Photino Photon

Zino Z
Wino w
Gluino Gluon

Regensburg, Jan 28, 2013



SUSY has: Ny (bosons) = Ny (fermions) [cf. SM: N, (bosons) <« N, (fermions)]

» To create supermultiplets, we need to add one superpartner to each SM particle

» Superpartners have opposite spin statistics but otherwise equal quantum numbers

* Need to introduce an additional Higgs doublet to the non-SUSY side - 5 Higgs bosons

« SUSY breaking introduces lots (> 100) of new parameters (masses, mixing angles, phases)

Supersymmetry (SUSY)

Spin 0 Spin 1/2 Spin 1

b A zw z2 £
SUSY g ~  ~

'-5 q15 q2 q

§ ho! HO! AO )?'?, )?g: )?:g)’ 9240 y, ZO

©

Z H* Xir X2 W+

o 5

'S ga ga

The gauge-mixed physical states that propagate
in space and time and that can be observed.

Squark/slepton mixing
proportional to SM
partner masses

- largest for 34 gen.

—> can become lightest
squarks / sleptons

Neutralinos: mass eigenstates of photinos, zinos, neutral higgsinos

Charginos : mass eigenstates of winos and charged higgsinos

Regensburg, Jan 28, 2013
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SUSY has: N, (bosons) = Ny ¢ (fermions) [cf. SM: N, (bosons) < Ny (fermions)]

Squark/slepton mixing
proportional to SM

partner masses
20 =0 =0 =0

Xis Xa» Xas Xa Y, 70 - largest for 3 gen.
2 B W -> can become lightest
gCJ,, X1 Xz squarks / sleptons
= g~a ga

Regensburg, Jan 28, 2013
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Characteristic SUSY Decay Cascades

« To avoid proton decay, a hew conserved quantum number (R) is introduced,
which forces a SUSY particle to decay in at least one other SUSY particle

« The lightest SUSY particle is thus stable (LSP), and must be neutral and
colourless 2 WIMP (dark matter candidate)

« Typical LSP is spin-'2 neutralino. It could also be a gravitino

« With R parity: SUSY production in pairs only - requires energy 2 x SUSY mass !

2 LSPs escapes detection
- missing E;, no mass peak !

“Typical” SUSY decay chain Tt -- <
at the LHC, driven by mass /
hierarchy of SUSY particles q q
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SUSY searches at the LHC

Many different search channels along expected SUSY event topologies

Signatures of the SUSY “cascades” are driven by masses of the SUSY particles

CMS Experiment at LHC, CERN

\, | Data recorded: Tue Oct 26 07:13:54 2010 CEST
—\| Run/Event: 148953 / 70626194
T | Lumi section: 49

To good generality we can expect:

— High-p; jets from squark & gluino decays

— Leptons from gaugino & slepton decays 7
r [Jet pT: 468 GV
— Missing transverse energy from LSPs ‘.H_T
: : : / N\t
This lays out an inclusive search strategy N -

¥
Jet pT: 57 GeV {

{l

=g

» Most of the hard analysis work
consists of understanding and [t pT 3 6]

modelling backgrounds from SM
processes !

1
\ Jet pT: 214 GeV|

MHT: 693 GeV

e
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SUSY searches at the LHC

Many different search channels along expected SUSY event topologies

Signatures of the SUSY “cascades” are driven by masses of the SUSY particles

Q LR L IR RO
. . 3 _ - ¢
To good generality we can expect: E 10° fL gt=58f"  ° g:;igzgﬁ ¢ pfedit.ﬁv)g
— High-p; jets from squark & gluino decays %104 ATLAS Preliminary — g";‘g:;itfti“; i E;
— Leptons from gaugino & slepton decays 5103 o', = 2:2:22 ;V:V(f“)v 4
— Missing transverse energy from LSPs "”102 """" SUSYG-000,7=150
= =
S =9 jets P> 55 GeV E

. . . 10

This lays out an inclusive search strategy E
1 ........ .—-§
®» Most of the hard analysis work 107 -
consists of understanding and 102 4
modelling backgrounds from SM £ s + HJ{H e ;
processes ! S wstens ittt E
e 7 6

EmISS/\/i [Gev1/2

N

\
<N
.
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SUSY searches at the LHC

Many different search channels along expected SUSY event topologies

Signatures of the SUSY “cascades” are driven by masses of the SUSY particles

Squark-gluino-neutralino model, m(%?) =0 GeV
T T

;‘ 2800 L T T I T T ]'} I T :. T T I T T I T T T I T T T I T T T I T T ] g T T T I T T T I T T T I T T T I T T T DI t| |20|'1 2' (I\{i T 8I TI \/I) T
[} - o .. — T~ - [ ata S= e
S.2600 7 ATLAS Preliminary — §105 fL dt=538 fb1 —— Background prediction j:
@ = n N s ATLAS Preliminar [ Mutti-jets (inc. tt—qq)
X~ C . ] (%) ’ 3
§ 2200 — e 0-lepton combined —] :]E) [ Sherpa W— (eut)v ]
o - E e L susy - 2 I Sherpa Z— vv |
® 5000 . \ U Observed limit (x10,.0) - o E % SUSY §=900, >~(‘1’=150 3
1800 |~ ' S =9 jets p_>55 GeV E
1600 =  eSsSwe 3
1400 :— R r.?
1200 :
: == ]
1000 | E
B | I 11 1 I 11 1 1 1 IE
m(q) = m(g) ]
m(q) ]
m(g) 1012 14 16
ET*/\[H; [GeV"?]
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Does SUSY hide from our analyses?
What is required to keep SUSY “natural” ?

Recall: we need to cancel the Higgs virtual
corrections. Most important is top loop

b/t

Contrary to the SM, 34 generation squarks
can be lighter than 15t and 2" generations

A\
V4
Watch out for tops and b’s in
final state (“natural SUSY™) Direct b/t pair production

= NS |
e JAA\ o -
Regensburg, Jan 28, 2013 78



Does SUSY hide from our analyses?

Dedicated searches for gluino-mediated (left) and direct stop production (right)

See: https:/itwiki.cern.chitwiki/bin/view/AtlasPublic/SupersymmetryPublicResults

9-g production, g— ﬁs“(o T, production Status: December 2012
;‘ CL 95% C.L. limits. GSUSY not included. F ;‘ —I o I_ I_ R I—
8 800 theory - Expected ) 500 | ATLAS Prelimin ary Ln=18 ' Vs=8TeV Ly =4.7fb"Vs=7 TeV ]
= O-lepton, = 3 b-jets  [L_ =12.81b", 8 TeV] P S, L —It —>t”° ILATLAS-CONF-2012-186 0L [1208.1447], 1L [1208.2590], 2L[1209.4186] _|
s ATLAS-CONF-2012-145 int = Observed N3 | ’TlLO +5 GeV OL ATLAS-CONF-2013-001 - ]
E 700 3-Ieptons, -4 jets [L. =13.0 fb-1, 8 TeV] - Expected E B - m = 106 GeV . 2L [1208.4305], 1-2L [1209.2102] |
ATLAS-CONF-2012-151 int = Observed | m =150 GeV 1L ATLAS-CONF-2012-166 B
; L Expected | m = - 10 GeV 2l ATLAS-CONF-2012-167 -

O-lepton, = 6-9 jets [L =5.8fb", 8 TeV] 400— = m =2x Mo 1L ATLAS-CONF-2012-166 1-2L[1209.2102] ]
600 | ATLAS-CONF-2012-103 int === Observed - -
-~ Expected . — Observed limits oo Observed limits (-10,,.,,) === Expected limits _|

2-SS- leptons, = 4 jets L =58fb"8TeV]
ATLAS-CONF-2012-105 === Observed B N
500 - ]
300— —
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300

200

100 ¢
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Should we forget about SUSY ?

Maybe the electroweak scale is finetuned. But what about dark matter ?

Should we give up on natural SUSY and

directly search for WIMP (dark matter) = 107? cMs 0 mmew
production in proton—proton collisions ? &5) 1L 15=7Tev E won ]
: O : ]
How can we detect (and trigger) them ? = qo°L J Ldt=501' e ]
- E —@— Data 3
- - ]
—_ G) bl 0 mmmees DMA =599 GeV, m=1 GeV
q Energetic gluon/photon Lﬁ 0e ADD Mp=2TeV. 5 =3 ?
radiation in the initial sate 103 ]
q X 1 )
| | 11 1 | ! i 1 |
200 400 600 800 1000
- Search for mono-jets events! ET™ [GeV]

P 2 ' N ==¥ P
JIAY e = il
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Should we forget about SUSY ?

Maybe the electroweak scale is finetuned. But what about dark matter (DM) ?

Limit on WIMP pair production cross section
can be transformed into limit on effective

WIMP-hadronic contact interaction: N;10'29
2,10

Vector (SI): (7,2)(@r"q)- A~ 810
(]

S

\s=7TeV, 4.7 fb™', 90%CL

ATLA
H T LI B B B T
| —— XENON100 2012

CoGeNT 2010
R D5: CDF qg— j(xx)

- — — D5: CMS q@— j(xX)

- CDMSII low-energy

Dirac

Dirac

— D1: G j(0)

—=— D5:q0— j(xX), ;
—— D11:99— j(x0).. ]

-1 Otheory

Dirac

irac

Dirac

Axial-v. (SD): (xy .y 2)(@y"y°q)- A”*

WIMP-nucleon

1 ]

scattering cross-section: o «c—- Q7 L e\ i
A N

DM DM =107 D 1

> x .. Spin-independent -

10° 10°

WIMP mass m [ GeV ]

) i\ = V|
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WIMP p:oduct'{d Weearch.

»and fromiouter space

- . SRS
- = Q 3 -
'- =i — e o~
— . - - "
- .

L » - SR _—'-',‘_:,‘-,

- -

. ’ m =1 ~ o .. 5 =
‘? g *~“*;’%J v y '1.;.- . o
J L !‘-Z ! | — - -

Particle Dark Matter Searches based on:

e T N %
x/ \SM SM/ \SM

Courtesy: Indirect Direct Colliders
David Berge(CERN)



Many models other than Supersymmetry deal with the
hierarchy problem ...

« some also provide dark matter candidates,
« some also grand unification,

« some of them provide new sources of matter-antimatter
violation to create the remaining matter,

« some may explain the hierarchy in the observed particle
HENYEY

« some are only valid up to several tenth of TeV, others up
to GUT scales...



o ; B o Re'co'rd‘Blacszole-.\'rvfthi?f—33 Solar Masses m [@ 1.‘0'~clwarflgalaxy
Many ofothe'se models have fascmatlng features

Comp /Ytra el{mensmns for example are small curled
I i;f..j';fﬁdfmensmns of micfon- size or much smaller ‘ |

If grav1tons propagates in them grav1ty may become strong
--ﬁ-.j-‘-and ‘we should observe couplfng of SM part1cles to grav1ty

We mfght then even reach into the trans Planck regime at
fthe LHC! If also the SM fields propagate in the extra
,’;dlmensmns they may develop new hfgh ‘éass states.

If the new phenomena are of TeV scale should see them.
._;-{_;;.-.j;We hence must search for them at the LﬁC'

B

B

Artist’s portrayal of the IC 10 X-1 system: the bltcr— = —arra itS companio,_n star is on the right ‘




Many ofhthés:".e‘_.’:lmo'dels‘ ha_vé fasc

MSUGRA/CMSSM : 0 lep +j's + E;
MSUGRA/CMSSM : 1 lep +j's + E; o
Pheno model : 0 lep +j's + E; e
Pheno model : 0 lep + j's + E;

7,miss.

T.miss
Gluino med. 7" (G—q@7) : 1 lep +j's + E, oo

3 GMSB (TNLSP) : 21ep (OS) +['s + E; 1.

©  GMSB (TNLSP) : 1-27 + 1\ep+Js+ET

3 GGM (bino NLSP) :yy + E-™*

3 GGM (wino NLSP) 1y + lep + E"™*

GGM (higgsino-bino NLSP) :y +b + E’ e
GGM (higgsino NLSP) : Z + jets + ET miss
Gravitino LSP : 'monojet' +Eq e
gabb/ (virtualB) : 0 lep + 3 b-j's + E e,
Gt vmyalt :21ep (SS) +J's + Er s
%ﬂtu (virtual®) : 3 lep +]'s + E.
vmua\ I) 0 lep + multi-j's + E o
ganx (virtualt) : 0 lep + 3 b-j's + Ey es
bb,b. %bgq 0lep +2-brjets + Ey 1y
ﬂty :3lep +j's + E;
/2‘|sp (+b-jet) + E.

7,miss.

7 miss.

7,miss
7 miss.

tl, Tty o1 \ep +b-jet + E; s
Wity : Loz lep (+ b-jets) + E,

ETm

T (natural GMSB) Z(=l) +bijet+ £ "
~ \LIL I~>Ix 2lep +E; s
23
=3 % TV (W), >V, 12 1ep + Ep i
@ "Lxl'vxﬂ(w) M a Iep +E™
7275 D+ Ep.

Direct ¥, pélr prod AMSB Iong Ilvedﬂ"j«ﬁs
Stable § g Rthadrons : low B, By (full delector)
Stable T R-hadrons : low B, By (full detector)

: stable

x - qqp (RPV) W+ heavy d\splaced vertex

ppav +X,V,—e+) resonance

LFV ppev +X,V, ﬁe(p)+T resonance
Bilinear RPV CMéSM Ylep +7j's+E,

LT WL T eev env, s 4lep +Ep oo

2] e J

Jx,eevyeny t4lep + Ep

qqq.: 3-jef resonance pair

luon : 2-jet resonance pair

irac ) : 'monojet' +

T,miss.

>
a
o

T —

5=
calar
WIMP |nteracl|0n (D5

miss.
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L=5.8 16", 8 TeV [ATLAS-CONF-2012-109]
810", 8 TeV [ATLAS-CONF-2012-104]
L=5.8 b, 8 TeV [ATLAS-CONF-2012-109]
L=5.8 fb”, 8 TeV [ATLAS-CONF-2012-108]
L=4.7 10", 7 TeV [1208.4688]

L=4.7 16", 7 TeV [1208.4688]

L=47 b7, 7 TeV [1210.1314]

L=4.8 10", 7 TeV [1200.0753]

L=4.8 16", 7 TeV [ATLAS-CONF-2012-144]
L=4.8 b, 7 TeV [1211.1167]

L=5.8 b, 8 TeV [ATLAS-CONF-2012-152]
L=10.5 fb", 8 TeV [ATLAS-CONF-2012-147]
L=12.8 fb”, 8 TeV [ATLAS-CONF-2012-145]
L=5.8 fb”, 8 TeV [ATLAS-CONF-2012-105]
L=13.0 b, 8 TeV [ATLAS-CONF-2012-151]
L=5.8 b, 8 TeV [ATLAS-CONF-2012-103]
L=12.8 fb”, 8 TeV [ATLAS-CONF-2012-145]
L=12.8 b, 8 TeV [ATLAS-CONF-2012-165]
L=13.0 fb”, 8 TeV [ATLAS-CONF-2012-151]

015", 8 TeV [ATLAS-CONF-2012-166]
0", 8 TeV [ATLAS-CONF-2012-167]
L=13.0 fb", 8 TeV [ATLAS-CONF-2012-166]

L=2.1 16", 7 TeV [1204.6736]
L=4.7 10", 7 TeV [1208.2884]
71", 7 TeV [1208.2884]
L=13.0fb, 8 TeV [ATLAS-CONF-2012-154]
L=13.0 b, 8 TeV [ATLAS-CONF-2012-154]
L=4.7 16", 7 TeV [1210.2852]

L=4.7 16", 7 TeV [1211.1597]

L=4.7 16", 7 TeV [1211.1507]

L=4.7 16", 7 TeV [1211.1597]

L=4.4 16", 7 TeV [1210.7451]

L=4.6 16", 7 TeV [Preliminary]

L=4.6 b, 7 TeV [Preliminary]

L=4.7 16", 7 TeV [ATLAS-CONF-2012:140]
L=13.0 fb”, 8 TeV [ATLAS-CONF-2012-153]
L=13.0 b, 8 TeV [ATLAS-CONF-2012-153]
L=0.6 10", 7 TeV [1210.4813]

61b",7 TeV [1210.4826]

5 1", 8 TeV [ATLAS-CONF-201: 27
1 T

405Gev| b mass (m(] )=2mee)
L=4.7 15", 7 ToV [1208.4305, 1209.2102167 GeV.| T Mass m%‘p,SS GeV)

160-350 GeV.| t Mass (m(z) =0 GeV, mix;) = 150 GeV)
is0440Gev! T mass (m(z,) =0 GeV, mi-m@z) =10 GeV)
23055606 1 mass mv %)=0)
230-465 GeV. Tmass (m(/ )=0

L=4.7 1", 7 TeV [1208.1447,1208.2590,1200.4186]
310 GeV. T mass (15 <miy. )<230 GeV)

Tmass (mé, =0
110-340 GeV| 7, mass

85-195 GeV/

BO0GEW T mass (5 <tanp <20)

430 GeV

H00ZEAGEW Sgluon mass (incl. limit from 1110.2693)

ATLAS

Preliminary

148TeV. mass (mf@)<2TeV, light, )
138 TeV. 3 mass (m@) <2 TeV, gmf,

900 GeV. gmass () <200 GeV, m(j gmu +m(@)
WBATeVl § Mass (tanp <15)
qiZ07eV G mass (anp >20)

HETeVI G mass (m(i,)>50 GeV)
619 GeV' gmass
mGlV g mass (mlx, )>220 GeV)
690GeV! g mass (mff) > 200 Gev)
645GeV F sca\e (m(@)> 10 eV)
124TeV| §mMass (m@) <200 GeV)

der = (21-13.0)1b"
(s=7,8TeV

8 TeV results
7 TeV results

+mE))
m mil) as above)
%, Mass  (mGz) =), miz,) 70 . Sleptons decoupled)
mass (1 <r(;) » 10ns)
usaov g mass
683 GeV | mass

#00/GeW Q Mass (1 mm <cr <1 m,gdecoupled)
ilsiTevl v, mass 0, 2,,,=0.05)
AHOTeVI V. mass (x,,=0.10.
127ev §=3 mass (o, < 1 mm)
790GeV 7. mass (i, 1)>300 GeV.1, ori., >0)
il mass (m(7 ) > 100 GeV, M=l )=m(L), 5, 07 1 > 0)
EeaGew § mass

704GeV. M* I;ca\e (m, <80 GeV, limit of < 687 GeV for ra)
[ ] 1 [

10"

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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ATURS BHECMS ™

Large ED (ADD) : monojet + E7 ¢

Large ED (ADD) : monophoton + E; ..

Large ED (ADD) : diphoton & dilepton, m,.

UED : diphoton + E

S'/Z, ED : dilepton, m,

RS1: dlpho(on&dl\epion m

RS1 : ZZ resonance, my,

RS1: WW resonance, my,,,

RSg ~>n (BR=0.925) : tt — |+jets, m

ADD BH (My,, /M=

ADD BH (M,

Quantum b\ack hole : dijet, F. (

Extra dimensions

qqqq contact interaction '7/( “)

qqll Cl : ee & uy, m
uutt Cl : SS dilepton + jets + E-
Z' (SSM) :m,,,,.
Z' (SSM) : m,
w' (SSM) m
W' (=g, g_=
Wig (= th,

Cl

r miss

v

'Tei
kin. vars. in eejj, evjj
kin. vars. in ugjj, wvjj
) < kin. vars. in Ttj, Tvijj

Scalar LQ pair (=1) :
Scalar LQ pair (8=1) :
Scalar LQ pair

LQ

WbWb
— WitWt

generahon tt'—
4" generation : b'b'(T
New quark b' : bB'— Zb+X, m
Top partner : TT — tt + A A (dilepton, M 3
Vector-like quark : CC mhq
Vector-like quark : NC,m,
Excited quarks :y-jet resonance, m’ ot
Excited quarks : dijet resonance, m
Excited lepton : |-y resonance, m
Techni-hadrons (LSTC) : dilepton, m,
Techni-hadrons (LSTC) : WZ resonance (vlll), m
Major. neutr. (LRSM, no mixing) : 2-lep +Jels
' (LRSM, no mixing) : 2-lep + jets
H=* (DY prod BR(H*—ll)= 1) SS ee (uw), m
Hf' (DY prod., BR{H=—ep)=1) : SS ew, m_ N
Color octet scalLar dijet resonance, m

Excit.: New quarks

ferm.

eetun

Other

inating features.

sin IC 1.‘O'dwar
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L=4.6 b, 7 TeV [1209.4625]

L=47 b7, 7 TeV [1211.1150]

L=4.8 1b”, 7 TeV [ATLAS-CONF-2012-072]
L=4.95.0 fb”, 7 TeV [1209.2535]
L=475.0 b, 7 TeV [1210.8389]
L=1.01b", 7 TeV [1203.0718]

L=47 b, 7 TeV [1208.2880]

L=47 b, 7 TeV [ATLAS-CONF-2012-136]
L=131b", 7 TeV [1111.0080]

L=1.01b", 7 TeV [1204.4646]

L= 16", 7 TeV [1210.1718]

L=4.8 1", 7 TeV [ATLAS-CONF-2012-038]
L=4.95.01b", 7 TeV [1211.1150]
L=1.01b", 7 TeV [1202.5520]

T T T
aazrevl Mp (i
qwaTedl M, (5=2)
WHETeW Mg (HLZ 5=3, NLO)
W4iTeVl Compact. scale R
aFiRedl M ~R™"
223%eW Graviton mass (k/Mp, = 0.1)
848GV Graviton mass (k/M;, = 0.1)
FBETE Graviton mass (k/Mp, = 0.1) del =(1.0-13.0) fo"
ieevl g, mass
qEsTed M, (c:é? (s=7,8TeV
18T M, (6=6)
AT M, (5=6)
7876V A
13.9TeV

ATLAS

Preliminary

A (constructive int.)
e A

L=5.96.1 fb”, 8 TeV [ATLAS-CONF-2012-120]

249TeV Z'mass

L=47 b, 7 TeV [1210.6604]

L=47 b, 7 TeV [1209.4446]

L=47 b, 7 TeV [1209.6593]

L=1.01b", 7 TeV [1205.1016]

L=47 b, 7 TeV [1209.4446]

L=1.01b", 7 TeV [1112.4828]

L=1.01b", 7 TeV [1203.3172]

L=4.7 16", 7 TeV [Preliminary]

L=47 b, 7 TeV [1210.5468]

L=47 b, 7 TeV [ATLAS-CONF-2012-130]
L=2.01b", 7 TeV [1204.1265]

L=47 b, 7 TeV [1209.4186]

L=4.6fb”, 7 TeV [ATLAS-CONF-2012-137]
L=4.6 fb”, 7 TeV [ATLAS-CONF-2012-137]
L=2.1 16", 7 TeV [1112.3580]

430Gev. W' mass
113Tev. W' mass
242Tev. W* mass
e60Gev 1" gen. LQ mass

e85Gev 2™ gen. LQ mass
s3Gev 3° gen. LQ mass
656 GeV. ' mass
670GV b' (
400GeV. b'mass
483Gev. T mass (mi

14Tev. Z'mass
255Tev. W' mass

T, ) mass
s

(A,) < 100 GeV)
142Tev| VLQ mass (charge -1/3, coupling ko = v/m)
1.08Tev| VLQ mass (charge 2/3, coupling ko = v/myg)
2.467TeV| q* mass

L= mun 8TeV. mus—conr 2012:148]

3.84TeV g" mass

H;* mass (limit at 398 GeV for uu)

227TeV. |I* mass (A =m(l")
pT/mr mass (m(prle) -m(n;) = MW)
p, mass (m(p,) = mixy) +my, m(a,) = 1.1m(p,))
N mass (mW ) =2 TeV,
Wy mass (m(N) < 1.4 TeV)

mass

Scalar resonance mast
L1 ! L1

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

1 10 10?
Mass scale [TeV]

Mass reach of searches for SUSY (left) and other new phenomena (right) (here: ATLAS)




Broad search spectrum at ATLAS and CMS

The LHC is pushing the limits on new phenomena




What’s next ?



Is the new boson the SM Higgs ?

If so, what protects it ?

Thank you !

y

Mr. Higgs

LHC timeline

2009

\ 4

2013/14

Start of LHC

Run 1, 7+8 TeV,
~25 fb~1 int. lumi

LS1: prepare LHC
for design E & lumi

Collect ~30 fb™ per
year at 13/14 TeV

To answer these question

we ngad Mene-data andie
higher collisiQni@Bes i

\ 4

~2030

Twice nominal lumi
at 14 TeV,
~100 fb~" per year

Phase-2 upgrade
to HL-LHC

~300 fb~' per year,
run up to > 3 ab™’
collected



Spare slides



The Standard Model

The SM consists of 24 elementary matter particles and 3 forces with total of 26 parameters

-
o —h
a o

5
"_|_|-|T|'|T|'| IIII|'|T|'| IIIII|T|'| Illllnqwlllllm IIIII|T|'| TTTIT m'

do/dQ? [pb/GeV?]

H1 e*p CC (prel.)
H1 ep CC (prel.)
ZEUS e*p CC 06-07
ZEUS ep CC 04-06
SM e*p CC (HERAPDF 1.0)
SM e'p CC (HERAPDF 1.0)

e m > X

10°

y<0.9
P.=0

% H1e*p NC (prel.)

A H1epNC (prel.)

O ZEUS e'p NC 06-07 (prel.)
o ZEUS ep NC 05-06

SM e*p NC (HERAPDF 1.0)
—— SMe'p NC (HERAPDF 1.0)

—
<
4

10°

Above ~100 GeV, electro-
magnetic and weak
interactions are unified

Below 100 GeV, weak
interaction is weaker
than electromagnetism

Electroweak interaction

HERA data from electron—quark
scattering into e+q (NC = y,Z) or
v+q (CC = W?)
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The LHC proton—proton physics programme

1. Mass and electroweak symmetry breaking

— Search for the Higgs Boson, measurement of its properties

2. Hierarchy in the TeV domain

— Search for new phenomena moderating the hierarchy problem

— Search for the unexpected at the high-energy frontier

3. Electroweak unification and strong interactions
— Precision measurements and tests of the Standard Model

— Tests of perturbative QCD at the high-energy frontier

4. Flavour

— B, D mixing, rare decays and CP violation as tests of the Standard Model

Regensburg, Jan 28, 2013



Recorded Luminosity in 2011
Luminosity is key quantity: rate = cross section x efficiency x luminosity

. Surpassed
ATLAS ]ntegrated ,I_l;' - LI B B B |. T T T |. ™ | T T T T T T T Tev’;tron
lum.inos.ity in 2011 = 7:— ATLAS Online LumanSI’[y \s=7TeV record of

= - LHC Delivered 4.1x 1032
* Peak L =3.6%103%3 s~'cm~2 (Aug) N 61— —
Q - ATLAS Recorded
« Max coll-bunch: 1331 (At = 50 ns) [= -
51— vered: 5.61 f6
« Weekly record: 580 pb-" (June) 2 - iotal Dellvered..5.61 fb_1 ]
o - otal Recorded: 5.25 fb .
Q 4— —
T n E
g 3F =
< - .
S 2k E
e L .
1— ]
: IIII 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

0
28/02 30/04 30/06 30/08 31/10
Day in 2011
| I
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Leptons are pure SM and new physics probes with

much reduced strong-interactions background

Z' /W ?

e/v

Unification of forces ?
Left-right symmetric models 7

Compac& extra dimensions ?

Technicolour ?
Higqs extensions ?

Regensburg, Jan 28, 2013




Leptons are pure SM and new physics probes with
much reduced strong-interactions background

B trigger paths
°4 2011 Run,L=1.11b" -93' P

3 CMS Vs=7TeV

I low p_ double muon
high P, double muon

z What’s happening
in this tail ?

0
dimuon mass [GeV]

Unification of forces ?
Left-right symmetric models 7
Compact extra dimensions ?
Technicolour ?

Higgs extensions ?

Regensburg, Jan 28, 2013



Events

Observed and predicted dielectron mass spectrum
-> Search for bumps

1 07 T I T T T T T T T T I
10° ATLAS Preliminary  « Data 2012
] Z’ — ee Search Ozn:
10 i
f Ldt=509fb" Cloiboson
10* [ I

\Vs=8TeV [ Dijet & W+Jets
[]Z(1500 GeV)

[ ]2(2000 GeV)

10°

10?
10
1
107"
1 0'2 1 I 1 1 1 1 I
100 200 300 1000 2000
Mee [GeV]

95% CL lower limit:

Regensburg, Jan 28, 2013

Events

Searches for Z’ and W’resonances in decays to e/ u
Use dilepton / transverse mass to search for excess over SM

Observed and predicted dimuon mass spectrum

T T T T T T T I T
ATLAS Preliminary ¢ Data 2012

Z'—uu Search Ozv~
f Ldt=6.1f" Opivoson
B«

Vs=8TeV []Z'(1500 GeV)

[7]Z'(2000 GeV)

10
10" ] 1&__%
1000 200 300 1000 2000
m,, [GeV]

m(Z’cqy) > 2.5 TeV

*)Constructive interference model
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The top quark is the heaviest known elementary particle

— Almost as heavy as a gold atom...

— It is that heavy that it decays to bW* before it can
form hadrons: its lifetime of 5x102% s (half a
yoctosecond, T't = 1.5 GeV) is smaller than
hadronization time: 1/Aqyc, ~ 3x10% s

— When a top pair is produced at LHC, it can only fly
~0.1 fm within its lifetime, but the typical hadron

size is 1 fm. At 0.1 fm, QCD is weak due to
asymptotic freedom

— There are thus no topponium bound states

— Top is believed to be preferably involved in
reactions with heavy new physics particles

nd
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

LHC is top factory

Semi-
leptonic
tt decay
(~30%,
lep=e, u)

ATLAS Preliminary

LHC pp Vs =7 TeV
Theory
= Data 2010 (L = 35 pb™)
o Data2011 (L=1.0-4.7fb"

LHC pp Vs =8 TeV
mm Theory

e Data 2012 (L=5.8fb")

oy

Regensburg, Jan 28, 2013

o H
1.0 b
I z i
1.0 fb 1 g
4.7 for :
. i . 58

4.6 1fb :

L 4.7 !

r t L oww owz Towt T ozz




QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

()]
o
o

L L L LA N L N B |

400

Events / 8 GeV

300

200

100

o
100

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\%
ATLAS Preliminary

0.70 fb'

150 200 250 300 350 400

® \s=7TeV2011Data -

[Jtm, =1725GeV
W + jets (DD)
Z + jets

B single top

I QcD (DD)
dibosons

77/, Uncertainty

Clean top

reconstruction
(here: hadronic
top mass)

Migp. [GeV]

* First precision measurements of top
cross section and mass at LHC

Searches for new physics in top
production and decay

T

ATLAS Prellmlnary

CMS Preliminary

Summary of weak boson and top cross section measurements vs. theory

CMS 2010 dilepton ®
JHEP 07 (2011) (L=36 pb")

1/5.5+x46+46

(val. = stat. = syst.)

173121+ 2.7

(val. = stat. = syst.)

1725+ 0.4+1.5

(val. + stat. = syst.)

173.5+0.4+1.0

(val. = stat. = syst.)

1735+0.7+1.3

(val. = stat. = syst.)

173.4+ 0.4+ 0.9

(val. + stat. = syst.)

CMS 2010 lepton+jets ®
PAS-TOP-10-009 (L=36 pb")
CMS 2011 dilepton "
arXiv:1209.2393 (L=5.0/fb)
CMS 2011 lepton+jets s
arXiv:1209.2319 (L=5.0/fb)
CMS 2011 all-jets o=
PAS-TOP-11-017 (L=3.54/fb)
CMS combination -~
up to L= 5.0/fb

—=O=t

Tevatron 2012 combination
arXiv:1207.1069v2 up to 5.8/fb

173.2+ 0.6+ 0.8

(val. = stat. = syst.)

160 165 170 175

180

185

My, [GeV]

T
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory

%) 50074 LA LA AL LI I L B I ‘ﬁ ATLAS Prellmlnary
0 " ATLAS Preliminary (° =7 TeV2ou baa 1 |
° = onn T SN e 10 —
£ — i 19 o SM fit w/o m\rheasurement =
o L I Qco (DD) il — -
|.|>.| L dibosons J - SM fit w/o m nd M,, measurements -
3001 777/; Uncertainty T 8 — —]
i ] - -@- mki" ATLAS mefsurement [arXiv:1203:5755] -
- Clean top : 7 B in ] =
200; reconstruction B = - mKi" CMS meas rv,:ment [arXiv:1209:2319] 3
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory
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QCD and electroweak measurements
With more luminosity we are sensitive to ever smaller cross sections

Summary of weak boson and top cross section measurements vs. theory
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Higgs boson searches at the LHC
Higgs production and decay probabilities predicted vs. Higgs mass by SM

it il b e — o o

\'s= 8 TeV

Higgs cross section
decreases rapidly
with Higgs mass

T IIIII|
LHC HIGGS XS WG 2012

Total productio “E
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What can we conclude from this discovery
Under the SM hypothesis, the global EW fit is complete and over-constrained

Gauge sector of SM at
tree level is given by
3 free parameters,
e.g.: o, M,, G

> My, sin?(6,) predicted

Radiative corrections
introduce quark mass
dependence

-~ my,, predicted

Regensburg, Jan 28, 2013
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SUSY has: Ny (bosons) = Ny (fermions) [cf. SM: N, (bosons) <« N, (fermions)]

» To create supermultiplets, we need to add one superpartner to each SM particle

» Superpartners have opposite spin statistics but otherwise equal quantum numbers

* Need to introduce an additional Higgs doublet to the non-SUSY side - 5 Higgs bosons

« SUSY breaking introduces lots (> 100) of new parameters (masses, mixing angles, phases)

Supersymmetry (SUSY)

Broken SUSY spectrum (if exists) unknown, A Mtura[ Spectru%
but some guidance principles: General “bottom-up” viewpoint
M G e
» At least one light (< 135 GeV) neutral Higgs “Distant
s | TevV | -~ Cousins”
» Naturalness requires: m (t, b, x) <1 TeV to The “Nuclear Family” J
compensate top and W contributions to Higgs of the Higgs
» To avoid large FCNC: squarks, sleptons of 500 GeV_ ;
1st & 2nd generations heavy and degenerate ho p ()
MY e L
R (——)s

«<— Closeness to Higgs
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Grand Unification of the Gauge Couplings (GUT)

Recall: GUT motivated by quantisation of electric charge in multiples of 1/3

1/ oui)

-----------------------------------------------------------------------------------------------------------

__________________________________________________________________________________________________________________

Supersymmetry

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

0 i i i i i i i i _
102 106 1010 1014 1018
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SUSY searches at the LHC

Many different search channels along expected SUSY event topologies

W boson discovery at UA1 (CERN)

Missing transverse energy " , {ll

— Missing transverse energy from LSPs

& i

el ecfron
\ —-—_-___-—--_'__—-__________-—4

UA1 @ CERN, 1982
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Should we forget about SUSY ?

Maybe the electroweak scale is finetuned. But what about dark matter ?

Consider a new stable weakly interacting particlex

During an early universe, its annihilation _
reaction is in thermal equilibrium: XX <> ff

As the universe expands it cools down, so that: X)X — f f

When o, < H(T ), some x freeze out and create dark matter Q,,

Its abundance is inverse proportional to its annihilation cross section:

1

“on * T )

DM <

«m?, Q=01 = m -0(0.1TeV)
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