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LHC Run 1 (2010-2012)
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Steve Meyers at "Physics at LHC 2012":

"The first two years of LHC operation have produced sensational performance: well beyond
our wildest expectations. The combination of the performance of the LHC machine, the
detectors and the GRID have proven to be a terrific success story in particle physics.”



LHC Run 1 (2010-2012)
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LHC Run 1 (2010-2012)

...+ LHC machine

and theory




The Physics highlights

from Run 1



Standard Model Production Cross Section Measurements .o vaen 2015
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CMS results on Higgs boson couplings
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For the first time, non-universal, mass-dependent couplings observed



Evidence for El.weak W*WH4jj production

» Higgs boson needed in the SM to regularise VV scattering at high energies;
« Key experimental process: W*W#* scattering

q q

q ‘ 4 ‘ ‘ W
e W \"{Zv W
:
" w /',d:\' W s
q a ! q 'I‘ q (Il

El. weak production Strong production

PRL 113 (2014) 141803 ——

12} SRR R R A A D L I .
5 30 ATLAS _+ Data2012 ] VBS enhancemen’g py cutting on
(@ - 203fb7 Vs =8TeV EZF Syst. Uncertainty | mass (m;) and rapidity separation Ay
25 500 GeV W*Wjj Electroweak ] : g
C ’ W*W’jj Strong ]
20l ) BN Prompt _
C N Conversions ]
15 B Other non-prompt

10 ATLAS: 3.60 for el.weak production

Tf%TTI L
>
>
>
>
X
»
»

CMS 200- PRL 114 (2015) 051801

JENNENEENE RN EE NN

(expected: about 3.00)



P

S~ X1
1 t
P W q

-t production, Tt )”(? /c )*(?

s Status of top squark searches N L
~,

T, production,f,— b f f’%? /T—c i? /T—= Wb i? /T—t i? Status: Feb 2015 700
— O T T T T T T T T T T T T T T 1 T > IS B I N A B
> K I I I I I I i r
8 L ATLAS Preliminary L, =20f" {s=8TeV Ly = 4.7 16 {5=7 TeV o] cCMS Preliminary Observed
—_ -E_Aﬁ 0L [1406.1122] 0L [1208.1447] N 3 600 I~ n
3Xv_ t,—t 1L [1407.0583] 1L [1208.2590] 7 n - ]
1S 500 _-.T‘ﬁté 2L[1 ] ; : ] E \S = 8 Tev © -~ Expected
4 ) [1403.4853], 2L [1412.4742] 2L [1209.4186] ] l HEP
-bﬁ Wj %y 1L [1407.0583], 2L [1403.4853] o - C 201 4 -
E=t—cy 0L [1407.0608] 7] w o " g
EsT-biry 0L [1407.0608], 1L [1407.0583] ] 4 = 500f — SUS-13-011 1-lep (MVA) 19.5 1b -
< 4 7z o [ = SUS-13-011 O-lep + 1-lep + 2-lep (Razor) 19.3 1’ .
S s .
— Observed limits  ==== Expected limits =, E o v@ v SUS-18-011 O-lep (Razor) + 1-lep (MVA) 19.31b"

Alllimits at 95% CL 400 |- == SUS-13-009 (monojet stop) 19.7 1" (T~ ¢ 7))

= SUS-13-015 (hadronic stop) 19.4 b

1
@ 300 "N

LB
T |

Ol

. 200

1001/ /.7

|
|

i
\
\,

_IIII|IIII|II
.
T

s sl

0 .r'. L — I :
600 700 100 200 300 400 500 600 700 800
g [GeV] stop mass [GeV)

[ A




Results from other Searches for New Physics
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Important physics questions
for LHC Run 2

« The LHC has resumed operation and will soon deliver physics data
at Vs = 13 — 14 TeV with higher luminosity

« A new energy range will be explored !!

Major physics topics:
(i) Extend the searches for New Physics

(i) Precise measurements of the Higgs boson profile
(iif) Additional Higgs bosons?
(iv) Multi-bosons, Scattering of vector bosons

(v) Precision measurements
(my, my,, Higgs couplings)



LS1

7 TeV 8 TeV

Eo Fae

R2E project

LHC / HL-LHC Plan

13-14 TeV

14 TeV

splice consolidation
button coilimators

b0 B b Foe P

experiment beam pipes

Y | | experiment upgrade | F—

L=0.75.10% cm2 s
Atyynenh =90 ns

pile-up: u ~ 40

injector upgrade
cryo Point 4
DS coltimation 1P2

P Poos Baw B e

phrase 1

Atyynen = 25 ns

pile-up: u ~ 40

L=1.5.10%% cm2 s’

Atyinch =25 Ns

pile-up: u ~ 60

L=~2.10% cm2 s

HL-LHC Installation

experiment upgrade
phase 2

High
Luminosity
LHC

'HC

14 TeV

nor
urr ty

}_.

-zoeskm

energy

m integrated
S LB luminosity

L=5.10% cm2 s!
Atyineh = 29 s

pile-up: u ~ 140




Luminosity evolution
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Important components of the detector upgrades

To reach physics goals:

- Replacement of the
Silicon Tracking Detectors (ATLAS, CMS)
(Limited life time due to radiation damage,
and to maintain the performance,
e.g. b-tagging, at the higher luminosity
/ pile-up conditions)

- Optimisation / improvement of Trigger Strategies to keep thresholds at
higher luminosities as low as possible

- Adaptation / Improvement of the front-end Electronics of nearly all
sub-detectors



Long Shutdown 1 (2013-2014):
- New beampipe at r = 2.5 cm

- New Insertable B-Layer (IBL), r = 3.5 cm
- Pixel readout refurbished

- More complete muon coverage
- Fast Tracking for L2-trigger will come
online during Run 2

Long Shutdown 2 (2018-2019):
- New muon small wheel forward .
- Topological L1-trigger processors

Long Shutdown 3 (2023-2025):
- Completely new tracking detectors

(full silicon, Inl < 4.0 under discussion)
- New trigger architecture (LO / L1)
input rate

- Calorimeter electronics upgrade




Long Shutdown 1 (2013-2014):

- New beampipe atr =2.5 cm

- New Insertable B-Layer (IBL), r = 3.5 cm

- Pixel readout refurbished

- More complete muon coverage

- Fast Tracking for L2-trigger will come
online during Run 2

Long Shutdown 2 (2018-2019):

- New muon small wheel forward
spectrometer IBL Installation, 7. May 2014

- Topological L1-trigger processors
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CMS Upgrades

Long Shutdown 1 (2013-2014):
- Complete muon coverage

- New HCAL photo-detectors

Long Shutdown 2 (2018-2019):
- New Pixel detector (2017)

- New HCAL electronics

- L1-trigger upgrade

Long Shutdown 3 (2023-2025):

- Completely new tracking detectors
(full silicon, Inl < 4.0)

L1 track trigger

New forward calorimetry

High precision timing for pile-up
mitigation

Upgrade
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Performance improvements
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b-tagging performance at HL-LHC

» The capability of tagging b-jets is critical for the success of the Higgs and
BSM programs of the HL-LHC

« Improved tracking detector recover the required performance
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Normalized entries

Jet performance at HL-LHC

Example: reconstruction of Z' - tt (hadronic decays)
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High-p; jets = jet substructure and pile-up mitigation plays a key role

see also: arXiv:1306.4945 (Jet substructure techniques)
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Physics Prospects for Run 2 (and beyond)
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Physics Prospects for Run 2 (and beyond)

Cross-section ratio: 13 TeV / 8 TeV
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“Early Physics” in 2015

Inelastic pp collisions at \s = 13 TeV
Study of Minimum Bias events —> tuning of Monte Carlo models
Detector performance

use “standard candles”™. QCD jet production
Z > U (“tag-and-probe” for lepton performance)
7. DT

Searches for New Physics (in a new energy regime)
- Quark substructure, excited quarks, ...

- Heavy resonances decaying to di-leptons, tt, ..

- Heavy / additional Higgs bosons

Measurement of Standard Model processes (W, Z production, tt , direct photons,..)
(as test of the Standard Model in a new energy domain,
—> valuable input to reduce theoretical uncertainties, e.g. PDFs)



Double differential cross sections, as a function of
pr and rapidity y (full 2011 data set)
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Jets from QCD production: LHC

» Rapidly probe perturbative QCD

in a new energy regime o
o+ f|  QCD Jet cross-sections
0% -— ——— CTEQ4M
-- CTEQ4HJ
wrE N MRST
» Experimental challenge: .
understanding of the detector ;3
- main focus on jet energy scale CRNRUR ~10 e
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» Theory challenge: I /m
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* Di-jet mass spectrum provides large

In addition: Sensitivity to New Physics

sensitivity to new physics

e.g. resonances decaying into qq,

excited

quarks g%, ....

JHEP 1405 (2014) 059
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Kaluza-Klein gluon (4 TeV) gyx =2 tt

Events / 400 GeV

Events / Bin

Resonance Searches

Search for resonances in di-lepton, tt, di-boson (WW, WZ, ZZ) final states

Huge sensitivity increase with higher energy (ultimate luminosity)
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Very similar results by CMS (arXiv:1307.7135)



Cross Section [pb]

SUSY discovery / exclusion potential

NLO cross sections for the production of SUSY particles
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Canonical searches assume R-parity conservation,
lightest neutralino as LSP

> E;™Mss signatures for strong production

- Multi-lepton + E{™ss signatures from el.weakino decays

These searches will already be relevant in 2015



Discovery p

SUSY discovery reach in 2015

ATL-PHYS-PUB-2015-005

ATLAS Simulation Preliminary Discovery reach, O-Iepton+jets+E:iss
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m., [GeV]

SUSY discovery / exclusion potential
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Expected 95% CL exclusion and 50 discovery contours
Large increase in mass range Large increase in mass range
(current gluino mass limit: 1.3 TeV) (current chargino mass limit:  0.42 TeV)
Discovery range: up to 2.0 TeV ( 300 fb-") Discovery range: up to 0.56 TeV ( 300 fb)
2.35 TeV (3000 fb1) 0.82 TeV (3000 fb")
95% CL. exclusion: 2.35 TeV ( 300 fb") 95% CL. exclusion: 0.84 TeV ( 300 fb")
2.95 TeV (3000 fb1) 1.10 TeV (3000 fb1)




Higgs boson physics



Higgs boson parameters

ATLAS-CONF-2015-007

ATLAS Preliminary ':"23,;2';,’,& Total uncertainty Comments:
my, = 125.36 GeV _ﬁ(t';:g'rvy) + 16 on i
R N - Statistical uncertainties still dominate
—— Wi == (except H > WW*)
u=1.46 j': » : ; ::
H - ww* | T - Both experimental and theory uncertainties
w=1.18"9% .
| - are sizeable
H — bb , 1
n=063"77 i
H- ’ - T
;l=1.44:jf X : ._.__‘_'
H - : T -
S . - At present: difficult to make reliable
Hoz T e ? estimates on the experimental and
n=27700 : N theoretical systematic uncertainties
— ; e - : -1
Combined v ? for 300 fb-! and in particular for 3000 fb
=118 7 f
014 %
B} 471" -1 0 1 2 3
\s=7TeV, 4547
| |
\s=8TeV,203 1" Signal strength (u) — TAKE NUMBERS WITH CARE !
Current knowledge on signal strength and Remember that they have large

uncertainties uncertainties



Events/1.0 GeV

Consolidation of Higgs boson signals

Fl=> 24 > 4M (inC|USive) CMS-PAS-FTR-13-003 ttH, H-> YY, i Lepton ATL-PHYS-PUB-2014-012
CMS Simulation 2013 Vs =14 TeV L=3000fp" - -
': : E 300~ ATLAS Simulation Preliminary _
500 | ‘ N - i
: Phase || Detector - PU140 ] < B + fL 1= 3000 ", 514 TeV -
400 — ] Conf-3:H 522" 4y 1 S 200 33%-.._ . ++ + + il %&E&E‘;ﬂ?\d Fit
Conf-d:H 222" = 4 N o B *** ++ + i
N i 1 - Ty *%...f_ §
300 — I Conf-3:2/ZZ-4p — 100— + R ‘+'+f+++
:— _ nf-d: 2IZZ - 4 M __: : ?--.
200 —m— Background subtracted events_
f# Signal Fit
0 %—Q—%
i 100 150 200 250 300 100 740 160
M, [GeV] m,, [GeV]

Conf-4 = conf-3 + n-coverage up to 4.0

High statistics signals will become available during the next years
(increased n — coverage of tracker will help)
H > ZZ* and H - yy remain “clean” channels

Focus will be on differential measurements and
classification, e.g. ttH production with H > 48, H = vy



Consolidation of Higgs boson signals

H-> WW?* 5 fv fv (+2 jets) ATL-PHYS-PUB-2013-014

Events / 20 GeV

F | A A | LA . Y Y AN B B L B B |

405 . E
OF AtLAS Simulation Preliminary Wy B oW
35 \s=14TeV,|Ldt=300fo" [Ji [ SingeTop

- B 2y [ Wset B
30 HoWW*sevuv/pveyv + 2 2] W or O wr .

S ]
25 =
20 —
151 =
10 =

58 =
- 1, .
50 100 150 200 250 300

m; [GeV]

A “more difficult” channel at high energy/luminosity

- tt background increases faster than signal

- Jet counting affected by pile-up

- Analyses at high-luminosity require dedicated optimisations

Expected uncertainty on u-measurement:
- Gluon fusion: for 300 [3000] fb'!: +(9-18)% [£(5-16)% ]
- VBF: +(20 -21)% [ +(9 - 15)% ]
Range reflects impact of theory uncertainties: (no uncertainties — present uncertainties)



Present status:

S/ (S+B) Weighted dN/dm_ [1/GeV]

CMS, 4.9 fb" at 7 TeV, 19.7 fb™" at 8 TeV
n T L} T L} ' L) L) L) Ll Ll

H - vt decays

JHEP 1405 (2014) 104

UT,, €Ty, Ty, eu
2500
" s,

T M
2000
1500
1000
500 |-
o

0 100

-40

40f

20

——— -—l—:

Al
2 1SMM(125 GeV) et

e Data - background
‘ l [[] Bxg. uncertainty

0

208

T

0

oo
m,, [GeV] -

100 200

—&— Observed -

) Electroweak
] aco

Measured signal strengths in Run 1:

ATLAS:
CMS:

u=1.43 704 44
w=0.78 + 0.27

(4.50)
(3.20)

200 300
m,. [GeV]

Expected precision on u:

300 fb™:
3000 fb™:

+(18-21%)

+(8—18%) (depending on pile-up
rejection, no theory
uncertainty)

2015/16 data are important to consolidate the signal

Basis analysis techniques (multivariate techniques, strong reliance on VBF-component)

will be pursued

Signal increases faster (factor 2.4) than major Z - Tt background (factor 1.7)

However: high pile-up sensitivity, in particular in forward region
ATLAS studies (ATL-PHYS-PUB-2014-018) strongly indicate that tracking up to n=4.0
has high potential to reject pile-up jets (tag-jets)




H - bb decays

Present status:
Phys. Rev. D89 (2014) 012003

80+ CMS e Data _
Is=7TeV,L=5.010" pmvy
is= 8TeV,L=18.9fb" wW

60 PP~ VH; H— bb —— Sub. MC uncert.

VH + VV MC uncert. -

S/(S+B) weighted entries

0 50" #400. 4" 150" 200" #2550
m(jj) [GeV]

Measured signal strengths in Run 1:

0+0.36
+0.5

ATLAS: u=0.
CMS: u=1

5
0

Expect 3.90 (8.80) for 300 fb-! (3000 fb-")

Expected precision on u:
300 fb!: +26%
3000 fb': #(12-14%) (depending on theory
uncertainty)

2015/16 data are important to establish a signal (most likely not > 50)
Basis analysis techniques (multivariate techniques, focus on high-p region,
- boosted jets, develop reconstruction techniques further)

Dominant backgrounds: Wbb, Zbb
How far can uncertainties be reduced?




Rare Higgs boson decays

H-> uu

SM prediction: BR(H 2 uu) =2.2.104

Run 1 limit: wgs ~ 7
With 3000 fb-":

- Observation at 7o
- Uncertainty of 20-25% on signal
strength

H-> Zy

SM prediction:
BR(H = uu) = 1.54.103

Run 1 limit: ugs ~ 10
With 3000 fb-":

Uncertainty of 20-30% on signal
strength

Events /0.5 GeV

ATL-PHYS-PUB-2013-014

ATLAS Simulation Preliminaryé

fLdt=30001" 7

« S+B toy Monte Carloé
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Estimated uncertainties on signal strengths
In individual decay modes

ATL-PHYS-PUB-2013-016
CMS: arXiv:1307.7135

Run 1 300 b 3000 fb-
Au/u Au/ Au/u

ATL-PHYS-PUB-2013-016

ATLAS Simulation Preliminary

\s = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb"

H- vy ATLAS  24% - 13% 4 9%
H—yy (comb.) CMS 23% 6 —-12% - 8%
H->ZzZ ATLAS  28% 7-11% - 9%
Hes 77 (comb) CMS 31% 7-11% - 7%
H>WW  ATLAS 21% 8 —13% 5-11%
CMS 28% 6-11% 4-7%
H— WW (comb.)
H- o ATLAS  30% 18 — 21% 15— 19%
CMS 35% 8 — 14% 5—8%
H-Zy  (ind) H>bb  ATLAS 26% 12— 14%
CMS 11— 14% 5-7%
H— bb (comb.) H - uu ATLAS 38 — 40% 12 — 16%
CMS 40 — 42% 20 — 24%
H—tt (VBF-like) H-> Zy ATLAS 44 — 46% 27 — 30%
CMS 62% 20 — 24%
Houpw  (comb.)
ATLAS range: (i) current theory uncertainties

(i) no theory uncertainties

Ap/p
The hashed areas indicate the increase of the
estimated error due to current theory systematic
uncertainties

CMS range: (i) all syst. uncertainties left unchanged
(i) 0.5*syst(theory), syst(exp) scaled by VL



Estimated uncertainties on signal strengths
In individual decay modes

ATL-PHYS-PUB-2013-016

ATLAS Simulation Preliminary Estimated uncertainties on production modes:
\s = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb

T | T T ' T Y
300 tb! 3000 fb~!
H— comb. Aulp
1 ( ) All unc. | No theory unc. | Allunc. | No theory unc.
- g9 — H| 012 0.06 0.11 0.04
VBF | 0.18 0.15 0.15 0.09
mbo.

H— ZZ (comb) WH | 04l 041 0.18 0.18
. qqZH | 0380 0.79 0.28 0.27
g9ZH | 3.71 3.62 1.47 1.38
H— WW (comb.) nH | 032 0.30 0.16 0.10

H— Zy  (incl)

H— bB (comb.)

H—tt (VBF-like)

H—up  (comb.)

s

0.2 0.4

o

Ap/p
The hashed areas indicate the increase of the
estimated error due to current theory systematic
uncertainties



Estimated uncertainties on coupling scale factor ratios

ATL-PHYS-PUB-2013-016

ATLAS Simulation Preliminary

\'s =14 TeV: [Ldt=300 b ; [Ldt=3000 fb”

L

Il][‘

| |

IIIII’II\

lllllll‘

Use fully generic benchmark model, no
assumptions on new particles contributing through

loops

For the majority of coupling ratios the precision

without theory uncertainties is significantly improved

by more than a factor of two when going from
300 fb! to 3000 b

Estimated uncertainties on loop-induced Higgs

boson couplings:

0 005 0.1 0.15 0.2 0.25
A=A

Nr. | Parameter 300 tb~' 3000 fb~!
Theory unc.: Theory unc.:
All Half  None All Half  None
Kg 89% 7.1% 63% | 6.7% 4.1% 2.8%
9 Ky 49% 48% 47% | 2.1% 1.8% 1.7%
KZy 23% 23% 23% 149% 14% 14%
BR;, <22% <20% <20% | <14% <11% <10%

Ky




Estimated results on coupling fits

. . ATL-PHYS-PUB-2013-016
Example: simple k¢ vs k,, scenario

w A L L I T 3
“1.255 30010, w/theory —— 3000 fb, w/theory -
> . 1.2 - 300 fb™!, w/o theory ------- 3000 fb™, w/o theory
(one coupling scale factor for fermions and \1sE. + Standard Model E
one for bosons) E ]
1.1 -
1.051 =
0.95[ =
0'9; WP—A:I'LAS Simulation Preliminaré
0.85F Vs =14 TeV E
4 | ‘ | | ‘ | | | | ‘ | | | | ‘ |
0.9 0.95 1 1.05 1.1
Ky
Expected precision:
300 fb':  k,: +2.5% (no theory uncertainties) +4.3% (current theory uncertainties)
Ke: 27.1% +8.8%
3000 fb'':  «k,: +1.7% (no theory uncertainties) +3.3% (current theory uncertainties)
Ke: ¥3.2% +5.1%

More results on different benchmark scenarios in ATL-PHYS-PUB-2013-016




Conclusions

« Superb LHC Run 1 with a milestone discovery
* Huge progress in investigation of the Higgs boson profile in Run 1

» So far, no signals from New Physics;

* Run 2 about to start > We will enter a New Energy domain

- Similar experimental conditions as in Run 1 (at the beginning, hopefully)
- Refurbished experiments, highly motivated physicists and PhD students

- High potential to explore new mass range
- High potential for more precise measurement of the Higgs boson
HiggsTools can contribute significantly to that

« Exciting times ahead of us




