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Jiro Taniguchi, Furari, © Casterman (2012)

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



Jiro Taniguchi, Furari, © Casterman

is the legacy of 20 century
particle physics

- It unifies quantum mechanics, special relativity
and field theory

- It describes ~ all laboratory data

|s 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

Eernilohe ‘ Matter particles Organised in 3 families

6 Leptons 6 Quarks

(u) C\ (t)
O 00

Force quanta Distinguishing 3 forces

Photon 3 weak bosons 8 Gluons

@ GG ®
magnetic force Weak force Strong force

Degree of freedom belonging to field
Higgs boson @ that breaks electroweak symmetry and

generates boson and fermion masses
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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, Zbosons are massive (— finite range ~10-15 cm of weak interaction)

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

MZ w = 0 <« <O | ¢ | O> =pv = (Q [non-zerovacuumexpectationvalue]

¢ is a complex doublet field with non-zero vacuum expectation value.
three d.o.fs become Z, W=* masses, fourths d.o.f is massive scalar Higgs boson

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

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond



The Standard Model

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

The early universe, at T > Tgy, was in a symmetric phase (|¢nin| = 0)
A phase transition at ~ Tgy (~10-° s after big bang) led t0 |@min| > O

Phase transition
| T>T,
V()
Potential barrier — T = TEW
Higgs bubble expansion —{__
0
4
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The Standard Model

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

The early universe, at T > Tgy, was in a symmetric phase (|¢nin| = 0)
A phase transition at ~ Tgy (~10-° s after big bang) led t0 |@min| > O

Phase transition

t T>TEW
V(9))

Potential barrier —

Higgs bubble expansion —

0

v
S

Condensation of Higgs field
— _/

“spontaneous” phase transition

5 2 4 . Simplestscalar potential thatbreaks
Higgs potential: V(¢) = u . ’gj)‘ + )L‘(P‘ + YJ?,ULIIJ,J?(P ground state symmetry. Does what we
< need, but bears fundamental problems.
(p, 4 determined once Higgs mass known ) Carries the seeds of new physics...

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond 11



The Standard Model

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

Early universe: symmetric phase, Symmetric phase — early universe
fundamental particles are massless

— gauge symmetry is respected
Gravity \N\N\ NN\ \N\N\NNVN

Photon \ N\ N\ N\ N\ '\

Weak boson "\ "\ "\"\"U "\

Neutrinos >
Electrons >
Top quark >

H. Murayama

Pittsburgh, Dec 7, 2015 12



The Standard Model

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

Early universe: symmetric phase, Higgs quantum liquid in broken phase
fundamental particles are massless

— gauge symmetry is respected

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN
A Higgs field displaces ground state ANANANANANNNANANANAN
breaking gauge symmetry Photon
It fills all space time (but without Weak boson %
orientation as it has no spin)
Particles interact with Higgs field and _ SOK— —
effectively reduce their velocity. Neutrinos — VL A1 VL

Acquired mass proportional to

interaction strength Electrons — e, ‘)M
— Action of the Higgsfield Top quark
creates “vacuum viscosity” t 1 L
H. Murayama

Pittsburgh, Dec 7, 2015 13







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.Englertand 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 should be noted that Landauand 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: //wwwsshardcore.org/shardpress

Pittsburgh, Dec 7, 2015 15



Constraints from global electroweak fit

AT W
PS4 ST g gatlobelline

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

May 2012
| T T 1 | T T 1T | T 1T 1 | Il' [ | T 1T 1 | T 1T T :
€] fitter sm*ii
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1T} _]
= -
-------------------------------------------- — 20
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http://gfitter.desy.de
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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

%‘ 350 B T T T T T T T T T T T | T T T | T T T | T T T T ] %
S - —— Perturbativity bound ] %
EI - [ | Stability bound 4%
300 — = o [ Finite-T metastability bound ] %
- o Bl Zero-T metastability bound <
I~ =n Shown are 1o error bands, w/o theoretical errors 1 2
250 — — "
B Allowed Not allowed |
200 — —
150 17 = M2 /202, A1) e ™
- [
1004 6 8 10 12 14 16 18

Iogm(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 Mp ~ 2x10'8 GeV
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4t of July, 2012 —Hige

Duration of projects / planning stability:
1st LHC workshop 1984 (CERN & ECFA)
ATLAS & CMS Letter of Intents: 1992

COVERAGE

after July 4" seminars at CERN
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4t of July, 2019—=

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

Lawrence

Boltzmann

Pittsburgh, Dec 7, 2015
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" ATLAS & CMS: gi

ATLAS: emphasis on excellent jet
and missing-Erresolution, particle
identification, flavour tagging, and
standalone muon measurement

Key; Muon
Electron
== Charged Hadron (e.g. Pion)
Neutral Hadron (e.g. Neutron)

CMS: emphasis on excellent
electron/photon energy & track
(muon) momentum resolution,
and flavour tagging

Both: excellent hermeticity — very few “cracks”




. The detectors mea

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Proton

Ne

n

Transition

Radiation

Tracking Tracker

Pixel/SCT

detector

The dashed tracks
are invisible to
the detector

Ensemble of measured
interactions in a given
proton—proton bunch
crossing makes up an
“‘event”




LHC experiments started more than a
decade ago with large scale computing
— now big data is everywhere

Note: LHC has a public science budget,
unlike Google or Facebook

Largest data volume from simulated
events, not from real collision data !

US climate
database
6 PB

Contentuploaded to
Facebook each year
182PB
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ATLAS: 489

ATLAS publications

http://atlasresults.web.cermn.ch/atlasresults

On Dec 7, 2015:

» ATLAS produced 489
papers on collision data
(~half on measurements,
~half on searches)

* 666 preliminary
conference notes

CMS very similar

2016
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Luminosity is key quantity: ,
rate = cross section-x- eﬁlaencyx Im“mn’o 5

30IIIIIIIIIIIIIIIIIIIIII

ATLAS
Preliminary 2012, \'s =8 TeV

Run-1 luminosity profile

Total production:
* Lintrecordea = 21 fo'at 8 TeV
* Lpeak = 7.7 x10¥ cm 257!

* Max collidingbunches: 1380
with 50 ns bunch distance

¢ Max L;y / day: 286 pb™

. o At Ly every4s5min. 1 H—
CMS very similar peak .
oL LJ_Afl{-ll/T [ |y| L1 vy, need ~2 typical 160 pb™'

v pOC W oct yan et 3 oct fills to produced one H — 4l
Month in Year

. LHC Delivered Delivered: 22.8 fb™'
Recorded: 21.3 fb™
[ ]ATLAS Recorded

N
o

—_
)]
IIII|IIII|IIII|IIII|IIII|IIII

2011,Ns =7 TeV

—_
o

Delivered: 5.46 fb™'
Recorded: 5.08 fb™!

Total Integrated Luminosity [fo]

[¢)]




T ———

JNIN%y Highluminosity comes at
el Orice of pileup interactions

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

* Most analyses quite insensitive to
pileup at this rate, several mitigation
methods used

* Another price to pay: highertrigger
thresholds — low-prphysics suffers



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,
extracted using experimental
data and QCD properties

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond
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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

Representingstructure of proton, 4 Higher order pQCD correction;
extracted using experimental o accompanyingradiation, jets, ...

data and QCD properties

="
-
P
-
-
-
.
"
-

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

Underlying event

) 1 1 0 < — 2 — . .
CM energy-squared of parton collision: s = M, = X, - X, -5,

« The parton density functions rise dramatically towards low x:

- Higher cross section at higher proton—proton collision energy
- More luminosity also achieves higher achievable energy
- Low-xregime (eg, Higgs production) dominated by gluon—gluon collisions: “gluon collider”

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond



Proton—Proton Collisions

proton - (anti)proton cross sections

» Cross-section fully dominated by 10° —
inelastic strong interaction “minimum o L . : N
H ” [ tot : E
bias” events 10" F Tevatron LHC: =
10° ;— E
« Detectors cannot record 40 MHz event i // :
105 = . . ' -
rate (eachevent ~2MB size — 80 TB / second) i o, : : 5 ]
10° |F g : / -
*  Online custom hardware and software 10° £ " RN
o ” _ . F oulEr > Vs/20) o ]
triggers” reduce rate to filter out events s"F T
with a million & more times smaller SRUES S 1.
cross-sections than minimum bias © 10° o (E" > 100 Ge\;) =
events 10" [ 3
10° L .
« Save ~1kHz rate to disk (~ 2 GB /second) oL ]
10 L .
10° | M,=125 GeV{ .
10° L .

, [ wJs2012
10 2
0.1

Pittsburgh, Dec 7, 2015
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The theoretical approach to computing proton—proton
iInteractions works very well in practice

:‘%"‘: AT .1 = v

Double differential jetcross section vs. jet pr andn Cross-section of W + jets production versus scalar pr sum (Hy)
Precise tests of NLO matrix element calculations matchedto parton shower models

; 1 010 F — T T T LI B T i % 10* LA N N L L Y L L B B | LI B = T N T T
o :_ anti-k, jets, R=0.4 ATLAS _: ] ATLAS W(— }\%;t: 1 jet 3 % 15— BH+S < BH+S Excl. Sum ]
P24 ]
o 1 07 z Ldt=45f0", Vs=7 TeV ® |y|<0.5(x10% . E .‘L'_ 10°E-anti-k, jets, R:q_4, Yoo 7 TeV. 46 fbo! = E ; : I
o) - O 05<ly<10(:10% 7 T B>30GeV, i <44 —o BACKHATISHERPA] B B i ccanin i
& 1 04 F e B 1.0<[|y<15(x10%) _] \'ﬁ 102L-Scaled Predictions —o— fH+SS.EXC|. Sum o a 05 ATLAS s ]
il ®e O 15<yl<20(x109 = 2 —+— LoopSim 3
> L ®oee, W<20(<10) 3 _gg —=— ALPGEN ] I I I
o] 10F o ° o.... A 20<[y[<25(x107%) 10 —+— SHERPA = 15k LoopSim i
— - %004 ®00eq, [ 25<<30(x10") —»— MEPS@NLO E 8L |
— O — ] .y %
Q 102F %004 i ] R i
© 00, 1 3 e i
s e %o o 3 ] osr I
= By — ] ’
N S b T OOOOOOQ% ° — !
= ] S 10 = ; J } }
o] 10 C b5 = .-... o - E T T T
8__ DDDD g, O o — . m15_—ALPGEN _
© = (B/g) H — 2 h - T
10°E Beg 3 10 * E o — §
r A, A & = B — E = 1|'r T
11 Aay n 5 . ] i
107 A, 7 10° - £05— _
- AN A & _' E
10—14Z AAAA AAAA 5 1ot 7 —————— ; ;
= Systematic 22 L = - E ©45| — SHERPA —
17 = uncertainties N A — ] 8 i, N —h
107 & A 3 10° E T 1 e % -
= NLOJET++ (CT10) x A — 3 g
= Non-pert. corr. x EW corr. -3 ] a 05 =
20 - 6 2 3% MEPS@NLO
C 1 1 1 1 I 1 ] L1 L1 L1 L1 3 PSR TR TR [N TN N SN SO NN TN TR TN T NN SO SO W
10 | | 10 | | |
500 1000 1500 2000 500 1000 1500 2000
107 °
H; [GeV] H; [GeV]
p_ [GeV]
T

Precision measurements & theory developments — new quality of QCD tests at hadron colliders
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Theory so far agrees with all measured cross-sections

Across widely different processes

e

Standard Model Production Cross Section Measurements

Status: Nov 2015

o) —%ﬁb -1total (x2)
o 1011 ~i0e inelastic ATLAS Prellmlnary - Theory
— 20 b
5 106 = Run12 +5=7,8,13TeV LHC pp Vs =7 TeV
0.1<pr<2TeV
O BBl Data 45-4910
0.3<m;<5TeV
10° O LHC pp 5 = 8 TeV
A Data 2031b!
104 n; >0 ~sJe
35?;1 LHC pp Vs =13 TeV
i -1
103 nj>1 ,,J.ZO"J..‘Z:,(.). o _ Data 85 pb
o 35_)'?5:1 e, u+X
nj>2 n>10
102 o niOe t'c'li_ ww
-O-n_>2 108 Q__'A'_
njtzja hi> j = W_t“_ 13.0 fbp total
1 e 8o 9gF
10 4 GRS L4 2000 A Howw
o] _16_3 o I 2z = A = 4
n;>4m 25 pay ==
ni>5 - © s-chan
]. ':J‘;f nj=6 H-tr Zy
n>6 e A
nxs 27 VBF h
10_1 Ol o H—-WW
nj>8
n:6 g . . SN
o H=yy
-2 (>7
10 n>7 nn
H—-ZZ—4¢
was S
1073 =
PP Jets Dijets W z tt t VW 7Y H Vy ttw iz tty Zjj Wyy wwj
EWK

R=0.4 R=0.4

lyl<3.0 |y|<3.0 fiducial fiducial ~ total
y*<3.0

total total

fiducial * fiducial ~ fiducial

total

EWK
fiducial = fiducial = fiducial = fiducial
njet=0

total

Harvest of cross-
section measure-
ments from LHC
experiments
confirmed the
predictive power of
the Standard Model

Pittsburgh, Dec 7, 2015
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The LHC is also a precision machine

Electroweak sector requires precise measurements of my,,, My, and the weak coupling strength

First forward—backward measurements in Z— £¢ events by ATLAS, CMS and LHCb are
interesting feasibility tests, but yet an order of magnitude below the LEP/SLD precision

Best current M,, measurement from Tevatron (o, = 15 MeV), no result from LHC yet

; [ T T T T | T T T T | T T T T | T T T T T T T T ’L_/
8 ~ 68% and 95% CL contours ™ "r‘r’::i;;'::éz\:" ]
— 805 — B fitw/o M,, and m, measurements -- 5=0.76 GeV ) —
E; L fit w/o M, m, and M, measurements —0=076® 0-5‘{.be6 GeV
B direct M, and m_ measurements ' ’
80.45 —
80.4 | £ s
No W mass /_9 oo oo o , A o
measurement T W, world comb. = 10 ; i -
from LHC yet 80.35 :— M,, = 80.385 = 0.015 GeV 5 _
80.3 | gt P m
80.25 [— -7 g el fitter|su
C '|’/| L1 TR I L'/|l 1 I RS ST B
140 150 160 170 180 190
/‘ m, [GeV]

Competitive top mass results from the LHC

Pittsburgh, Dec 7, 2015
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The LHC is also a precision machine

Electroweak sector requires precise measurements of my,, M)y, and the weak coupling strength

Newest top mass combination
from CMS features total
uncertainty of 480 MeV

640 MeV for Tevatron combination,
ATLAS has no8 TeV result yet

Important theoretical discussion
on non-perturbative uncertainties

Alternative my,, determination via
Cross-section measurements

Pittsburgh, Dec 7, 2015

ATLAS+CMS Preliminary LHCIOpWG m,, summary,s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]
stat
total uncertainty total stat
Miop = 173.34 £ 0.76 (0.36 = 0.6:7) GeV ey = total (stat syst) 5 Ref.
ATLAS, l+jets (*) I—l—-—|-—| 172.31+1.55 (0.75+ 1.35) 7 TeV [1]
ATLAS, dilepton (*) I—l—-—|—| 173.09+1.63 (0.64+ 1.50) 7TeV [2]
CMS, l+jets It 173.49= 1.06 (0.43= 0.97) 7TeV [3]
CMS, dilepton I—l—o—l—-—| 172.50+1.52 (0.43+ 1.46) 7TeV [4]
CMS, all jets o 173.49+ 1.41 (0.69= 1.23) 77TeV [5]
LHC comb. (Sep 2013) e 173.29+ 0.95 (0.35: 0.88) 77TeV [6]
World comb. (Mar 2014) [ 173.34+ 0.76 (0.36: 0.67) 1.96-7 TeV [7]
ATLAS, l+jets == 172.33+1.27 (0.75+ 1.02) 7 TeV [8]
ATLAS, dilepton I—l—-—|—| 173.79+1.41 (0.54+ 1.30) 7 TeV [8]
ATLAS, all jets F———— 175.1:1.8 (1.421.2) 7TeV [9]
ATLAS, single top I—l—-—|——| 172.2+2.1 (0.7 2.0) 8 TeV [10]
ATLAS comb.(:‘fiae'tgf’;g_ H+-H 172.99+ 0.91 (0.48= 0.78) 7TeV [8]
CMS, I+jets HeH 172.35+0.51 (0.16+0.48) 8 TeV [11]
CMS, dilepton i 172.82+1.23 (0.19+ 1.22) 8TeV [11]
CMS, all jets e+ 172.32+ 0.64 (0.25+0.59) 8 TeV [11]
CMS comb. (Sep 2015) N 172.44+ 0.48 (0.13: 0.47) 748 TeV [11]
E [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
[3]1 JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded by results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
shown below the line H [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
T I S R R NN AN AN AN NN N N N NN S N A N N B
165 170 175 180 185
mtOp [GeV]
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Run-1 allowed critical first electroweak studies

Higgs boson acts as “moderator” to unitarise high-energy longitudinal vector boson scattering

:
W=W+ + two jets production: > AT A T T
Jets p 3 ATLAS . Data2012 il
o 10 20.3 b, Vs =8 TeV RXA gyst. Uncertainty =
q q q d 2 : W=W?jj Electroweak 3
- o+ € — S0 WEWHj Strong N
Ij>j 10 : Prompt _
Conversions 3
_i;—)t B Other non-prompt
W+ W+ XXX X N =
q q q q 1 :t _§
yyyyyyﬁyyyyyyf
EW VBS production Non-VBS production =
10
q W . .
Analysis provided =
¢ first 3.60 evidence 5 B : Iil gs;aﬁ‘;% rainty i
for electroweak VBS 9 LB %55 (SigHBRaVBRg. [ L E
q production, ie, for 2 : SRR
. - VVVV scattering % !
8 97500 400 600 800 1000 1200 1400 1600 1800 2000
Strong production m; [GeV]
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The Higgs boson had been
vainly searched for at many
accelerators

Best non-LHC 95% CL limits
from LEP (CERN, 1989—2000)
and Tevatron (Fermilab,
1990—2011):

my > 114 GeV

147 GeV < my < 179 GeV

EW fit: my < 153 GeV

Y EEEEEE———

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond




Higgs boson production at the LHC

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

Vector boson fusion:

At the LHC, the Higgs boson is produced dominantly via
gluon fusion o1 ~22 pb at 8 TeV for my = 125 GeV

Cross section steeply falling with Higgs mass

‘S'umnm’ E iy
t e -
9 0ol D)

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

Pittsburgh, Dec 7, 2015



Higgs boson production at the LHC

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

Because of the coupling to the
mass of the decay particles:

. the Higgs will decay with W,Z,q,i.,g,y

preference to the heaviest
particles allowed

... the Higgs does not
couple directly to photons
and gluons, but only via
“loops” involving heavy

particles (e.g., top, W) @,Zo;q;i:ﬂﬁ

Pittsburgh, Dec 7, 2015



Higgs boson production at the LHC

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

H(125 GeV)

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

For lightHiggs:

Branching fraction

» 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 ft,
ot also with strong Higgs boost

A S

140 160 180 200 220 240 Associated leptons provide trigger signal as they help
to reduce huge QCD background, o(bb) ~ O(100 ub)

Higgs mass (GeV)

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond



No doubt on H,,s discovery in the bosonic channels
Much extended and improved Higgs analyses by both ATLAS & CMS since July 2012 discovery

—
H— vy
% 10000 T T T T T =
3 ATLAS 1
P oy e Data2011+2012 7
; L SM Higgs boson mH=126.8 GeV (fit) ]
c O egg e Bkg (4th order polynomial) T
2 eo00— —
w - H—yy B
4000 :— —:
C \(§=7Tevf|_dt=4.8fb" ]
2000{— =
o \(E:STerLdt =2071" -
o 500 :— t t t —;
] 400E- =
P2 A ;
2 200E- =
LR ++L+ $ +L+1+ PR V-
R 2Ok LA A A M
& aop! ‘ ‘ ‘ 2
o 100 110 120 130 140 150 16
m,, [GeV]
CMS (s=7TeV,L=51fb"Vs=8TeV,L=531b
% 7\ T ‘ T T T T ‘ T T T i
L > ' '
o L 8 Unweighted
o) L 121500
<1500 %
[%2]
i 2} L
C
b L
|-I>J L
_01 000 j 130 |
I | m,, (GeV) |
-
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Ry
() | ¢ Data
= 500 | —— S+BFit
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Q@ [ st *
%) | @ +20 ]
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m,, (GeV)

Pittsburgh, Dec 7, 2015

Events / 2.5 GeV

Events / 3 GeV

H—Z7 — 4¢

7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\7
35 ATLAS L 3
C H - ZZ* - 41 I:I Signal (mH:125GeVp,:1.51) 7
30— \s=7Tev det=4.5 ! = Background 2z* ]
C . Background Z+jets, tt ]
25 ; femetey de‘:20-3 " % Systematic uncertainty {
20~ =
151 =
10} 1
50 #
0
80 90 100 110120 130 140 150 160 170
m,, [GeV]
CcMS Ns=7TeV,L=51f"Vs=8TeV,L=53fb"
FT ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘»
] 2i ¢ Data 7:
C B z+x ]
10F Oz@n 4
5 [ ]my=125GeV -
8 L |
6 1
4
2
0 - .
80 100 120 140 160 180
m,, (GeV)

Events / 10 GeV

800

600

400

200

H— WW® — 2£2v

S/(S+B) weighted events / bin

1000

500

ATLAS H—WW*
{s=8TeV, 20.3fb™
(s=7TeV, 4.5

(@) nj=1, entee/un
¢ Obs = stat
% Bkg=syst
Ml Higgs
B ww
O Misid
B vv

0 Top
B DY

100 150 200 250
m+ [GeV]
CcMS 491" (7 TeV) + 19.4 fb" (8 TeV)
T T
| - data B wz+zz+vvv m, =125GeV |
| —H-ww o top eu 0Ajet |
B w° [l DY-+iets
ww

[ B W+ets

150

50 100 200



30

.

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




@ATLAS

EXPERIMENT
http://atlas.ch

H — 2e2u candidate event (ATLAS)

44444

< <
\\\\\\

AN
\\\\\

Run: 182796
Event: 74566644

2011-05-30 07:54:29 CEST



ATLAS & CMS have joined forces

Combined mass and coupling measurements

Combined mass: my = 125.09 + 0.21(stat.) + 0.11(syst.) GeV

IIII|IIIIIIIII IIIIIIII|IIIIIIIII|IIIIIIIII
ATLAS H—yy F———+ e+ Total
CMS H—yy ——o— Stat.
1 Syst. 0.3% combined precision already!
ATLAS H—ZZ —4] ———
Mass in agreement with EW fit
CMS H—ZZ —4] ———1—
______________________________________________________________ Knowledge of Higgs mass has huge
impact on EW fit: SM prediction of m,
ATLAS+CMS yy m= with 8 MeV precision
ATLAS+CMS 41 ——e+—  ATLAS and CMS
ATLAS+CMS yy+4l ' LHC Run 1
IIII|IIIIIIIII||IIIIIIII|IIIIIIIII|IIIIIIIII
124 125 126 127 128
m,, [GeV]
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ATLAS & CMS have joined forces

Combined mass and coupling measurements

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002

Highly complex combination of couplings, simplified pictures of combined signal strength

, o wrt. SM shown below. Overall: uy=1.09 + 0.11
Higgs production signal strengths

ATLAS and CMS Preliminary - ATLAS Higgs decay signal strengths
LHC Run 1 - CMS —
- ATLAS+CMS ATLAS and CMS Preliminary - ATLAS
— ; —=10 LHC Run 1 —OMS Excellent agreement
: — %D .
N ooF = N B _ o ATLAS+CMS among experiments
: E —=1o
B i u' = ) Combined observation
e —— i —
Myee : - ! of H — tt channel and
- ; - g VBF production
i uw — =
| —— )
M o - : {tH channel a bit large:
~ i L L 4.4 significance (2.0exp),
; — +0.7
Mo — = =234
T | —————
Wi - " ——
i bb | ——
L1111 | L1 11 | L1111 | L1 11 | L1111 | L1111 | Ll 11 | L1111 111 1 I 11 1 1 l 11 1 1 I 111 1 I 1111 I 1111 I 1111 I 1111
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Parameter value Parameter value
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ATLAS & CMS have joined forces

Combined mass and coupling measurements

. T 4 ——e

ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002

E>|> _IIII| T T IIIIII| T T T TTTTT T T IIIIII| T i
- LHC Run 1 Preliminary Zi .
5 | A
L I W ]
£ |> -1 — Observed ‘ _ |
107k =
& SR SM Higgs boson E Higgs boson couples to matter
N - particles (fermions) with a strength
, i ’ proportional to the particle’s mass,
107 Fa) E and to force particles (bosons) with
- T . a strength proportional to the the
- b - particle’s mass-squared
10° v E
1074 E
1111 | | IIIIII| | | IIIIII| | | IIIIII| 1]
107 1 10 10°

Particle mass [GeV]
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The Higgs boson appears SM-like

Large amount of additional experimental information

’ I ATLAS 1504.05833, 1509.00672

Spin-parity measurements from angular distributions in ZZ™), yy, WW®) exclude other than 0*

Invisible Higgs branching fraction Also constraints on:

constrained to < 25% (ATLAS) + spin/CP,

— dark matter constraint « anomalous off-
(model-dependent) shell couplings

Differential cross-section measurements to
increase sensitivity to new physics
(long-term project, needs much more data)

;‘ T[rrr|]rrrJrrrJjrrrJyrrrJyrrryrrryrrr[rrorr (\'l_| 39 T T TTTT ‘ T T TTTT ‘ T T TTTT
) B B HRes + XH i € 10 Lok = ;
3 1 aiE M VSE s Vs fiH BB S, ATLAS 4 forbidden decays
ﬁ_ + data, tot. unc. " syst. unc. 5 104 — (eg: FCN C)
e R = Vs=8TeV, 20.3 o g =
Cl O 4o T e T E
o ATLAS pp—H 2 = — S E |
o o = PRI L =
© 10 ' E B 10_45 ;//////fff/?fff/ 7 -
S T s=7TeV, 4547 6"
2 104 S
I o (s=8TeV, 203 fb
............. 35 — -]
____________ < 1074 B Vis. & inv. Higgs boson decay channels |
B * % [Kw, Kz, Ky Koy Koo Ky Koy Ky, Kz, BR T ]
107 F : E § 105" No Ky z assumption: BR,_ <0.22 at 90% CL |
| . | L ) | Ll | 1 DAMA/LIBRA (99.7% CL)  ATLAS 90% CL in ]
8 - T T T T sal I CRESST Il (95% CL) Higgs portal model: N
o 107°° [ CDMS SI (95% CL) —
T " CoGeNT (99% CL) === Scalar WIMP
2 - —— CRESSTII(90%CL) == = Majorana WIMP
= 1078 -t SuperCDMS (90% CL) #zz2 Vector WIMP - —
= 1 | areias XENON100 (90% CL) _|
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Does the Higgs boson have sisters or brothers?

Many models predict more than one scalar doublet, eg, 2 doublets lead to 5 states: h, H, A, H*

ATLAS and CMS performed numerous searches for other Higgs states — so far vain

CMS 5.1tb"(7TeV)+19.7 b7 (8 TeV)

_|||||||||||||||||||||||||||||||_
. H—-2ZZ —-2(02v ¢ Observed
3 =1-jet :
10 [ 1Z+jets
[ ] Top quark/W+jets/WW
B Wz
[ ]zz
—— ggF H(400)
-- VBF H(400)

10—1J:IIIllilllllI|III|III|III|III|II

200 400 600 800 1000120014001600
m. [GeV]

Search for heavy H — 2ZZ (or WW)

Pittsburgh, Dec 7, 2015
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o 10° tan(B) = 50 MSSM m™*
W otk High-mass H* selection
1 post-fit

10 .

10-2 | IR EhS Eb et b '|"‘FT"| spredeemreepaaqs 1
E 2 T T | T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
U) 1'57 WIS, '/'//'/
= M 4777777777777
© B4 «f*%%%5%%%5% G224
T 0-5 | \ \ \ \
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200 400 600 800 1000 1200
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Search for charged H* — v
(also many indirectconstraints on H*)
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Does the Higgs boson have sisters or brothers?

Many models predict more than one scalar doublet, eg, 2 doublets lead to 5 states: h, H, A, H*

Higgs sector also tested vie precision and rare low-energy processes, eqg, Bs— yy
Bs — puis loop process (notree-level FCNC)that is in addition CKM & helicity suppressed: BR(SM) = (9.7 £ 0.7) x 10~

b pt
-, CMS and LHCb (LHC run I)

BO t ZO C’\l: : T | T T T | T T T T T T | T T T T :
S w- g f BRBs—w) +g'ata| d background E
s C —— Signal and backgroun ]
S — - +0.7 _ Y ]
M < 50 = (2.8 _0_6)X109 |:|B§—>MM —
_ + Z 1 B°— utu” 3
b W 2 s | - - = Combinatorial bkg. ]
c 40 . . —
s !t I7M\| @ e Semileptonic bkg. —
0 o - .
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2 30— ]
< e -
S W= — 2 — ]
M e -
2 20— —
b h, H, A :u+ g - .
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0 SNe l w N N Y [/ . W
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The Standard Model is complete

It is a briumph for the It is a briumph for the
imagination and rigour greatest experimental
of the human mind undertaking ever:

Fronbier of accelerator &
detector technologies

Global data sharing,
analysis & collaboration

Pittsburgh, Dec 7, 2015 Andreas Hoecker — The Higgs Boson and Beyond
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Can we conclude that the Standard Model is the theory
of matter and force ? No !

PSS H 4 terarch
wiaas v N Eo?- ,:f‘f’e Mass Grouge ‘C‘« i y
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&
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C&""s"‘%g N nergy € Torees ~ e_um\ws
el -
con cvoDle Matter-antimatter Skrond c?
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The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

V(¢) =

Higgs boson mass term
2 2
my, ~ |‘5H,.,| x A

cut-off

“Hierarchy problem”
- new physics at ~TeV

/4

w2 ] + alg] +Yiylw)

|

Higgs self coupling
)\‘SM = GF mHZ/\/Q = 01 3

EW vacuum may be meta-
instable

Is this the right potential?

If the Higgs field fills all
space-time, is it related to
inflation and dark energy? y

J

Higgs—fermion couplings

“SM flavour problem”: large
mass hierarchy between

fermion families

J

G. Isidori 2012

Andreas Hoecker — The Higgs Boson and Beyond

Pittsburgh, Dec 7, 2015
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The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

V(@) = i |gf + Alg| +Yiuiyle

Higgs boson mass term )
2 2 2
om, ~ |6‘u'H| % Aot - = fl_ - - _Ii - =

“Hierarchy problem”
- new physics at ~TeV

J 4
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The Higgs potential (u < 0, A > 0: physics or just mathematics ?) exemplifies our
success with description but lack of understanding

V(@) = i |gf + Alg| +Yiuiyle

Higgs boson mass term )
6mf, ~ |6u:| o A2 H H

(e(¥] 7o) i A S G ———— S SO S
“Hierarchy problem”

- new physics at ~TeV
J Y
Proposed solutions to hierarchy problem
« Weakly coupled: Supersymmetry, ... Different manifestations of similar
. O : : : scenarios. Many models also provide
Strongly coupled : L|ttle.H|ggs, Composite Higgs, ... et o e M ol
- Dynamical (relax(ion)ation) propose new particles at the TeV scale
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The
scalar
precipice

Mrs SUSY (or Mrs BSM)

EW scale™! —

GUT scale!
Planck scale1

Fundamental scalar

length scale



Vast amount of BSM searches — with no significant anomaly seen so far

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

Status: July 2015 Vs=7,8TeV
—|— h t. . 'I: Model &MY Jets EN [ranm™) Mass limit [W5=7TeV| s=8Tev Reference
T
eorv-agnostic. sianature based
y g ) g . 347 0 26jels Yes 203 | 850 GeV m(E3)=0GeV: m(1* gen g)=m(2+ en.q) 14057875
@ G—g¥) (compressed) monojet  1-3jets  Yes 203 |@ 100-440 GeV mig)}m(F})<10GeV 1507.05525
o 2 ittt ooty 2ep(off2) 2jets  Yes 203 |@ 780 GeV miE})=0Gev. 150303290
searches, as well as hi targete R
) D Foagts —ggWR) O-tep  26jels  Yes 20 |& 126 TeV m(F})<300 GeV, m(¥)=0.5(m(F }+m(z) 1507.05525
N i F-aqg(LL/ v/ 2ep 0-3jets - 20 |& 1.32TevV. miT)=0; 1501.03585
2 GmSB (I NLSP) 1274010 02jels  Yes 203 |& 16TeV  tang>20 1407.0603
2 GGM (bino NLSP) 2y Yes 20.3 I 1.29 TeV e7(NLSP)<0.1 mm 1507.05493
l [ IO e = e e n e n O n e S S GGM (iggsino bno NLSP) y 15 Yes 203 [& 13TV F1)<500 GeV,crNLSP<0.1 i <0 15070545
< GGM (higgsino-bino NLSP) 3 2jets  Yes 203 |& 1.25TeV. m(F})<850 GeV, cr(NLSP)<0.1 mm, >0 1507.05493
GGM (higgsino NLSP) 2ep(2) 2jets Yes 20.3 z 850 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP o mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 10~ eV, m(g)=m(3)=1.5TeV 1502.01518
S 0 3b Yes 201 |& 1.25TeV m(i})<400 GeV 1407.0600
3’8 0 7-10jets  Yes 203 |[& 1.1TeV mi(F}) <350 GeV 1308.1841
Not unexpectedly, a few of these searches ended u %= Hu % ow 2 e
y etso g 0-1ep 3b  Yes 201 |& 13TeV m(F1)<300 GeV 1407.0600
. . o0 o [3 26 Yes 201 B 100-620 GeV m(if)<00Gev 1308.2631
showing some (non-significant) anomaly, a legacy to i3 2epie9 o3 Y 2 i s cav
) §,§ 12ep 12h  Yes 4.7/203 | i\ IAOH6TGEV 230-460 GeV M) = 2m(id), m(E})=55 Gev 1209.2102, 1407.0583
. 2 g 0-2e.pu 0-2jets/1-2b Yes 203 [& 90191 GeV 210700 GeV m(E)=1 Gev 1506.08616
(o) h ec k in R un- 2 Of th e |_ H C 53 0 monojelictagYes 203 |@ 90240 Gev i mE<85GeV 1407.0608
28 2eu@ b Yes 203 |h 150-580 GeV miE})>150 Gov 1403 5222
B 3en(2) 1h  Yes 203 |7 290-600 GeV' m(¥1)<200 GeV 14035222
2epn 0 Yes 203 |7 90-325 GeV' m(P)=0 GeV 1403.5294
2en 0 Yes 20.3 140-465 GeV' ¥ 1403 5294
5 2r - Yes 20.3 100-350 GeV' 1407.0350
= vl L), (7 L) 3ep ) Yes 203 700 GeV 1027
w % *‘LXA ‘[ ! 23equ  02jets  Yes 203 420 GeV' 1403.5294, 1402.7029
O WRIEY, b WW Tty ©HY 02h  Yes 203 250 GeV 1501.07110
L St den 0 Yes 203 [y 620 GeV i 1405.5086
NLSP) weak prod. Tep+y - Yes 20.3 W 124-361 GeV cr<tmm 1507.05493
. prod., long-lived ¥  Disapp. trk  1jet Yes 203 |#f 270 GeV m(E})-m(E})~160 MeV, 7(F 13103675
LQ1(e)) x2 stopped gluino (cloud) orod. longlived ¥ GE/dx trk Yes 184 |&; 482 GeV i i) 1506.05332
LQ1(e+LQ1W) stopped stop (cloud) . ;eddv:nﬂ—hadmn o Sets Yes 79 ; 832 GeV — m(E})=100 GeV, 10 us<r(@)<1000s iossss
L Lﬁf%‘%éz) HSCP gluino (cloud) Long-LWed ST . S et | 537 Gev B 10<tanp<s0 14116795
L0 Leptoquarks HSCP stop (cloud) . ongived ¥} 2 S v 23 [d 435 Gev 2enily<a s, 5P mace 1095542
(vD) X q=2/3e HSCP Particles v displ. ce/enfii - - 203 [@ 10TV 7 <er 1aTov 150405162
LQ3(tb) x2 q=3e HSCP displ. vix +jets - 203 | & Tev 150405162
tgg(;) xg chargino, ctau>100ns, AMSB ¢ X Sroepfer/ur | emerur T 208 |n 150304430
S ( )?f neutralino, ctau=25cm, ECAL time CMSSM 2eu(SS)  08b Yes 203 |aE 1404.2500
ingle LQT (A=1) Boeenes, 4o - Yes 203 750 GeV m(E)=02xm(F 14055085
Single LQ2 (A=1) 0 1 2 3 4 Tev e Ben+r - Yes 208 450 Gev m(id)>02xm(i?). 14055086
_ 0 67jets - 203 917 GeV BR()-BR()-BR(¢) 150205686
0 1 2 3 4 TeV J+MET, vector DM=100 GeV, A ¥ - qaq 0 67jts - 203 |& 870 GeV m(¥})=600 GeV 150205686
- MET, axial-vector DM=100 GeV, A Lbs 2eu(SS) 03b  Yes 203 | 850 GeV 1404.250
RS Gravitons 7§ | o gasizs 208 |n 100:308 Gov S ConF 015z
RS1(yy), k=0.1 +MET, scalar DM=100 GeV, A Dark Matter 2epn 25 203 & 0.4-1.0Tev BR(be/y)>20% ATLAS-CONF-2015.015.
RS1(ee,pp), .1 y+MET, vector DM=100 GeV, A m, o] 0 2¢ Yes 203 |& 490 GeV m(FY)<200Gev. 1501.01325
RS1(j), k=0.1 L
" y+MET, axial-vector DM=100 GeV, A
(WW—4)), k= 107! 1
RSt 4, k=0. 1+MET, €=+1, SISD DM=100 GeV, A Mass scale [TeV]
0 1 2 3 4 Tev L4MET, £=-1, SI/SD DM=100 GeV, A of the available mass limits on new states or phenomena is shown. Alllimits quoted are observed minus 1c- theoretical signal cross section uncertainty.
£ . N y . N
‘ MS Prehm'nary 1+MET, €0, SI/'SD DM=100 GeV, A
0 1

SSM Z'(t1)
SSM Z'(jj) ADD (y+MET), nED=4, MD Lorge Extra
SSM Z'(bb) T Dimensions
SSM Z'(ee)+Z'(uy) ADD (yy), nED=4, MS
SSM W'(jj) ADD (j), nED=4, MS
SSU Wi - Soirm
SSM W WZ=vIl) QBH (), NED=4, MD=4 TeV
SSMW'WZ=4)) | Jet Extinction Scale
o 1 2 3 4 Tev String Scale (j)
d 0 1 2 3 5 6 7 8 Tev
Excite -
o M=) . Compositeness
o (M=A) Fermions dijets, A+ LL/RR
q'(qQ) dijets, A- LL/RR
q'(@y) dimuons, A+ LLIM
b* dimuons, A- LLIM

dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HnCM
single p, A HnCM
inclusive jets, A+
inclusive jets, A-

coloron(jj) x2
coloron(4)) x2
gluino(3)) x2
gluino(jjb) x2

Multijet
Resonances
1 2 3 4

CMS Exotica Physics G 2015

012345678 910111213141516171819 TeV



The LHC Run-2

Higher collision energy, more luminosity



The LHC Run-2: 13 TeV / 8 TeV inclusive pp cross-section ratio

Minimum bias

W(ln)

Z(ll)

Yy

t (s-channel)

t (t-channel)

WH

H (ggF)

H (VBF)

tt

ttZ

ttH

A(0.5 TeV, ggF+bbA)
stop pair (0.7 TeV)
gluino pair (1.5 TeV)
Z' SSM (3 TeV)

)

)

)

—

Q* (4 Tev
QBH (5 TeV
QBH (6 TeV

— —

1.2

s 1.6
1.7
e 2.0
2.2
2.5
S 2.0
2.3
2.4
3.3
3.6
3.9
4.0

At 103% cm—=s1@ 13 TeV
pp the LHC produces:

200HzZW — £v
19Hz Z — ¢¢
8 Hz top pair
0.5 Hz Higgs
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2015 LHC operation at a glance

21stSep 25 ns STABLE BEAMS

23014 15 19515 36.2

From: Matteo Solfaroli, LHCC open session, Sep 23, 2015 with 1177 bunches/beam
21-Sep-2015 21:00:30 Fill #: 4402 Energy: 6500 GeV I(B1): 1.27e+14 1(B2): 1.26e+14
) » w ALICE 7 CTAS LHCbw
3rd J une First STABLE BEAMS! nstan 2728.155 0.998 2413367 55.013

0.000 0.000 10.542 0.332
0.000 4.003 0.250 0.355
0.525 0.083 1.962
STABLE BEAMS [ Totem
Updated: 21:00:30
o

MD-2 + TS-2

Intense beam

. September
commissioning phase
10th Apr 6 5 TeV for the firsttime (ever!) 14t July 476b (50 ns) 7t Aug end scrubbingfor 25ns | Since then, Oct/Nov:
= m iif g b : .« 2232 colliding
— |‘|‘ 1.6 x10% cm=?s~" bunches in
g \ — ATLAS ATLAS/CMS
e o Lya Of 5.2 - 1033

* Nov 4: MD/TS-3

* Nov 20: lons
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2015 luminosity profile per experiment

Interesting data sample: almost 4 fb—1 recorded luminosity per experiment (Run-1 8 TeV: 20 fo-1)

Luminosity calibrated with beam separation scans. Current uncertainty 5-12%, will improve in future.
Differences in amount of delivered luminosity between ATLAS and CMS under scrutiny by experiments

Pileup profile overall a bit lower than during 8 TeV Run-1

— non-critical CMS Integrated Luminosity, pp, 2015, vs = 13 TeV
Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC
- 6_ T T T T T T T T T T T T T T T T T —] — 4500 T T T | T T 4500
o) C . . . . ~ ( I LHC Delivered: 4012.95 pb-
= - ATLAS Online Luminosit =13TeV !
- - S Online osity  Vs=13Te ] -8 4000 [ CMS Recorded: 3610.95 pb ' 4000
= 5 [ LHC Delivered J1 3
2 - [_] ATLAS Recorded - £ 35008 13500
= - . 7)) . . . .
= R © 3000/ Preliminary Offline Luminosity 13000
3 4 Total Delivered: 4.34 fb™ £
- . -1 i
g8 Total Recorded: 4.00 1o & 52500 Toalin 2015 (recorded) |2500
© — , ) ] « B _ . —1
> [ Peak luminosity: ] E 2000f g— gg i gg IE 1 12000
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Intense activities during 2 years Long Shutdown 1 (Ls1)

Huge consolidation & improvement programme for detector, online, offline, computing

Most important upgrade for ATLAS is new innermost Pixel layer (“IBL”), at 3.3 cm from beam
— significant improvement of track position resolution (lifetime measurement, b-tagging)

r R = 1082mm a) eA eo e =
/7 panar) - \penar D
TRT < | -

L Sensor area [mm2]: 41.3x19.2 20.5x 18.5
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ATLAS

EXPERIMENT

Run Number: 264034, Event Number: 11475271

Date: 2015-05-06 22:53:45 CEST

One of the very first proton—
proton collisions recorded
by ATLAS in “quiet beam”
conditionsin May 2015



Initial very low-luminosity data used for soft physics

Measurements of charged particle spectra, proton underlying event, correlations, cross-sections

CMS PLB 751, 143 (2015) , ATLAS-CONF-2015-028, ATLAS-CONF-2015-038

Collision energy-dependent evolution of charged particle multiplicity and total inelastic
proton—proton cross section measured

Extrapolated inelastic cross-section versus CM energy
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Initial very low-luminosity data used for soft physics

Measurements of charged particle spectra, proton underlying event, correlations, cross-sections

A peculiar phenomenon of long-range correlations (“Ridge”) in pp colllisions, known from
heavy ions, was reobserved — Understood to be per-event, single particle cos(2A$) modulation
whose amplitude is independent of multiplicity and CM energy; prdependence similar to pPb and PbPb

ATLAS 0.5<p>°<5.0 GeV ATLAS 0.5<p*°<5.0 GeV
(s=13 TeV e (s=13 TeV

g, ! ~\\\\\\\\\ \ $1.02
=) Q//' . Increased <
Opg A | multiplicity O

-4

Right: the “Ridge”
Not described by leading MC generators
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W, Z boson and top-quark production at 13 TeV

proton-proton collisions at
13 TeV centre-of-mass energy

ATLAS

EXPERIMENT

Run: 267639
Event: 82839370
2015-00-14 11:20:48

Displays of one Z(— pp) + jets candidate event
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Standard probes: W, Z and top-quark production

At 13 TeV collision energy, cross-sections for W, Z, top-pair production increase

Mt - ATLAS-CONF-2015-039, CMS-PAS-SMP-15-004 , ATLAS-CONF-2015-033, ATLAS-CONF-2015-049

Use leptonic decays to trigger and reconstructs objects
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Standard probes: W, Zand top-quark production
At 13 TeV collision energy, cross-sections for W, Z, top-pair production increase

s T
o

’ ATLAS-CONF-2015-039, CMS-PAS-SMP-15-004 , ATLAS-CONF-2015-033, ATLAS-CONF-2015-049

< 3% exp. uncertainty, sensitivity to PDFs
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Standard probes: W, Z and top-quark production

At 13 TeV collision energy, cross-sections for W, Z, top-pair production increase

- . :
'r -"_W. R N R i PO S
|h-ﬁ . -

Resulting cross-sections for top-pair (left) and single-top (t-channel) production (right)

ATLAS-CONF-2015-039, CMS-PAS-SMP-15-004 , ATLAS-CONF-2015-033, ATLAS-CONF-2015-049, CMS-PAS-TOP-15-013, CMS-PAS-TOP-15-004
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High-mass dilepton production

Insufficient luminosity yet to challenge Run-1 sensitivity to new physics
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Display of u*u- event with 881 GeV invariant mass

ATLAS Run: 271048
Event: 344127619

EXPERIMENT 2015-07-09 03:56:38 CEST
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CMS CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

« Display of rare colossalete- candidate
event with 2.9 TeV invariant mass

+ Eachelectron candidate has 1.3 TeV E;
» Back-to-backin ¢
Highest-mass Run-1 events: 1.8 TeV (ee), 1.9 TeV (up)



ATLAS

EXPERIMENT

Run: 279685
Event: 690925592 \
2015-09-18 02:47:06 CEST

8.8 TeV mass dijet event collected by ATLAS in September 2015



New physics in events with jets 7

Qo 2 : -
EXPERIMENT | o A < M
Run: 279685 | | ‘ T

Event: 690925592
2015-09-18 02:47:06 CEST

Do quarks have substructure?
Can they be excited?



New physics searches with di-jets

Early 13 TeV data already sensitive to very high-mass & cross section physics (eg, QBH)

Look for deviation in dijetinvariant mass spectrum from smoothly falling function

QBH limits improved by ~1TeV over Run-1
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New physics searches with di-jets

Early 13 TeV data already sensitive to very high-mass & cross section physics (eg, QBH)

Brand new results from ATLAS & CMS — first 13 TeV results with full 2015 dataset
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New physics searches with di-jets

Early 13 TeV data already sensitive to very high-mass & cross section physics (eg, QBH)

ATLAS also looked into angular distribution
* Defineforjets 1 & 2:

X =exp|y;— Vsl

whichis ~independentof m;, for
tchannel LO QCD at parton level

Restrict analysisto |y; + yo < 2.2,
andto my, >2.5TeV

* Prediction from NLOJET++ and
including electroweak effects

* Systematic uncertainty dominated by
QCD prediction and jet energy scale

Pittsburgh, Dec 7, 2015
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New physics searches with multi-jets

Early 13 TeV data already sensitive to very high-mass & cross section physics (eg, QBH)

ATLAS-CONF-2015-043

Similarly, look for structure in Hr = 25 pr in events with > 3-8 jets with pr> 50 GeV
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Display of ZZ — putu~ + e*e~ candidate event (m,, .. = 94 /86 GeV, mye. = 191 GeV)

ATLAS

EXPERIMENT

Run Number: 271298, Event Number: 78224729

Date: 2015-07-10 20:50:34 CEST




Display of H — puee candidate from 13 TeV pp collisions. The measured momentaare: pr(u) = 55, 33 GeV,
pr(e) = 14, 11 GeV The measured masses are: m(ppee) =123 GeV, m(uu) =91 GeV, m(ee) = 27 GeV

ATLAS

EXPERIMENT

Run Number: 280464, Event Number: 51714061¢

Date: 2015-09-28 04:21:57 CEST

— SSET(GeV)




Successful restart by LHC and detectors at 13 TeV
Experiments were well prepared — lots of interesting physics results already

Questions remain



Is the new boson the SM Higgs ?

If so, what protectsit ?
Mr. SUSY

And what makes the dark matter ?

I\

Mr. Higgs




Only data can tell us ! LHC timeline

2009 Startof LHC
Run 1, 7+8 TeV
L.~ 25fb-1

i LS1: prepare LHC
for design E & lumi

®  Run-2, 13-14 TeV
l Collect ~120 fb-"

|
1
|
\

Is the new boson the SM Higgs ?

If so, what protectsit ? 2019
Mr. SUSY |  Phase-1upgrade
And what makes the dark matter ? 2021
Run-3, 14 TeV,
Collect ~300 fb-?
2024

i Phase-2 upgrade

A ' to HL-LHC
2026/7

Mr. Higgs Run 4-5, 14 TeV
Collect 3000 fb1

~2037



Next updates:
Watch the archive and the end-of-year seminars, 15 Dec 2015 at CERN

[ http://indico.cern.ch/event/442432 |
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