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First 13 TeV Collision!!

 LHC collides protons at 13 TeV to tune accelerator
— Physics run starts from June 3!l

. CMS Experiment at the LHC, CERN
Data recorded: 2015-Jun-03 08:48:32.279552 GMT

Run / Event / LS: 246908 / 77874559 / 86
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Success of Standard Model

« Discovery of a SM-like Higgs boson: precise
measurement of mass, coupling strength,
production and decay kinematics

Impressive precision tests of the Standard Model
over many order of magnitude
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The Standard Model (SM)

- 23

« The SMis the current theory of fundamental == & - ©

- @
\ . up charm top Higgs
particles and how they interact T (e (e
* Forces ‘9909 @
down strange bottom photon
— Strong force: binds protons and neutrons -
to form nUCIGI 1/zelectn; - mu.!y':) - taru[/ | Zbos? %
— Electromagnetic force: binds electron g (= [ | ) o | 8
- LW |- W|. | @
and nUC|e| tO form atoms E electron muon tau W boson E[ )
ﬂ neutrino neutrino | negtano T
— Weak force: causes radioactivity 1701 m—— Eleciromagnetic. mem
— Gravitational force: binds matter on large cursiey QY | PV,
scales =8 S :
: : : *® \ i
« Higgs boson: explain why particles have a T -
maSS mmmm Gravitational s sesssss \Veak m——
« During last 3 decades, a lot of experimental § B @
observation support that the SM is correct )

Burning of the sun
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Combination of Higgs Mass

Phys. Rev. Lett. 114, 191803 (2015)
0.19% precision!!

ATLAS and CMS

—e— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—vyy —— 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy = 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l } - i 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV
CMS H—ZZ 4l —t—— 125.59 £ 0.45(+ 0.42+0.17) GeV
ATLAS+CMS yy I—EI—-I 125.07 £ 0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 41 I_I-E—| 125.15+0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?—I 125.09 + 0.24 ( £ 0.21 £ 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]
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Observation of B, > mumu

CMS and LHCb (LHC run 1)
First observation of th U
IrSt opservation o e very > .FE —4— Data E
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rare dcay of the BO, into two g 0 e E
~ Bty ]
3 Ce— —.— =+ = Combinatorial bkg. -
muons g " Y I N Y U ¥ S EEEE Semileptonic bkgg.; ]
. . © N —— i . ]
BSM particles can contribute on 5 °*F°R e b :
the excess of SM prediction on E <'> E
the decay rate £ TAL A | | _l, | _l, | i ! Jlr
- 5360— EE— —5200 I ‘7'—'5;-:-66-"" I 5EJS(_)0 — 5800 =
m,- [MeVic?]
d BY— pu” e B)— pp” — 0.9 CMS adLHCD (LHG run ) : l |
; it . ut S OSETTITT T TR —r T
0 U 0 % T E
B t ~ B; t v : 07 i— —i
%74 - T - =
$ po W p B O°F E
® o5k 3
f BY— ptp” g BY— ptp O4E i
Xtvo Ny 0.2 H
B E[/X< B v E E
W= TET =
s - wW- _ ok 1|1a 3
H e 0 6 7 8 9
BB, = p* ) [1077)
Deviation 6.20 from B, SM prediction
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Another Record broken ....

http://www.nature.com/news/physics-paper-sets-record-with-more-than-5-000-
authors-1.17567

V211 5,154 authors — listed also in the PRL print version &
s 2, 700-author list for CMS+LHCDb paper (not in print-

version of Nature)

PRL Editor Garisto:

,1he biggest problem was merging the author lists from two
collaborations with their own slightly different styles. | was
beecor 1es IMPressed at how well the pair of huge collaborations worked
te size oft tOgether in responding to referee and editorial comments “

naviee cast SOME biologists were upset this week about a
1say 2015 genomics paper with more than 1,000 authors

Rogue antimatter found in thunderclouds

Physic:
authors

R Rights & Permissions
Aeroplane detects signature spike in photons that

does not fit any known source of antiparticles.

the standard model predictions. The CMS (Compact Muon Solenoid) and LHCb (Large Hadron

June 5th, 2015 H.D. Yoo, SNU slide 8



Beyond the Standard Model

We are exploring the EWK symmetry

The SM does not correctly account for

— Hierachy problem: fine-tuning
required for Higgs mass at EWK
scale

— Dark matter: cosmological evidence.

Can we produce the DM particles in "

the LHC?
— Unification of forces: gauge coupling

divergence at unification scale 5x107s

— ... And the unexpected: probe unknown
and unexpected territory!

Therefore, the SM falls short of being

a complete theory of fundamental
Interactions

Time after

breaking scale the Big Bang

5x1043s

3K

Atoms

Dark
Energy
71.4%

4.6%

Dark
Matter
24%

TODAY

Temperature Energy

10K 10" Gev

10K 10" Gev
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Beyond the Standard Model

- & Yodel
B LT

-
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BSM Results from Run | data
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CMS Exotica Physics Group Summary — Moriond, 2015

T NR BH, nED=4, MD=4 TeV
QBH (jj), nED=4, MD=4 TeV
Jet Extinction Scale

TeV String Scale (jj)

Excited
Fermions

dijets, A+ LL/RR
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3
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Long-Lived
Particles

3 4 TeV

2
Dark Matter
2

3 4 TeV

0 1
0 1

Large Extra
Dimensions

012345678 910111213141516171819 TeV
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350

300

100 -

CMS Run | Publication

Showall Total QCD Exotica Searches Supersymmetry B Physics Electroweak

Top Physics Heavylon Higgs Forward Physics  Standard Model Beyond the SM: B2G

392 papers submitted:

In review process (151):

June 5%, 2015
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CERN IR NUmBbers

MEMBER STATES 6370

AUSTRIA
BELGIUM
BULGARIA
CZECH REPUBLIC
DENMARK
FINLAND
FRANCE
GERMANY
GREECE
HUNGARY
ITALY
NETHERLANDS
NORWAY
POLAND
PORTUGAL
SLOVAKIA

iy OTHERS 1205

SWEDEN
SWITZERLAND
UNITED KINGDOM 605

ALBANIA
ALGERIA
ARGENTINA
ARMENIA
OBSERVER STATES 24414, AUSTRALIA
INDIA 158 AZERBAIJAN
ISRAEL 51

JAPAN 229
RUSSIA 1027
TURKEY 87
USA 892

BELARUS
BOLIVIA
BOSNIA AND

BANGLADESH

HERZEGOVINA

BRAZIL

CANADA 136
CHILE 3
CHINA 202
CHINA (TAIPEI) 41
COLOMBIA 19
CROATIA 24
CUBA 4
CYPRUS 12
ECUADOR

EGYPT

EL SALVADOR

ESTONIA
ETHIOPIA
GEORGIA
GIBRALTAR
HONG KONG
INDONESIA
IRAN

IRAQ
IRELAND
KENYA
KOREA, D.PR.
KOREA REP.

KYRGYZSTAN
LEBANON
LITHUANIA
LUXEMBOURG
LIBYA
MADAGASCAR
MALAYSIA
MALTA
MAURITIUS
MEXICO
MOLDOVA
MONGOLIA

MOROCCO
NEPAL

NEW ZEALAND
PAKISTAN
PALESTINE (O.T)).
PARAGUAY
PERU
ROMANIA

SAN MARINO
SAUDI ARABIA
SENEGAL
SERBIA

SINGAPORE
SLOVENIA
SOUTH AFRICA
SRI LANKA
SYRIA
THAILAND
TUNISIA
UKRAINE
UZBEKISTAN
VENEZUELA
VIET NAM

=
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Large Hadron Collider (LHC)

Particle

jet
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COLLISION COURSE

Future Circular Collider (100 TeV)

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory.

CERN'’s Large

Hadron Collider
Circumference: 27 km
Energy: 14 TeV

US/European super
proton collider
100 km; 100 TeV

International
Linear Collider
Length: 31 km

<1 TeV

HE_LHC 80km option
potential shaft location

~
\\‘:' L3l
o‘:“‘.-" ..' ‘:.

e, China'’s electron-positron collider
5 52 km; 240 GeV
China’s super proton collider
52 km; <70 TeV

China-hosted international
electron-positron collider
80 km; 240 GeV
4 China-hosted international
................... super proton collider
80 km; <100 TeV

. -
o, **
o e®
ooooooo

K] o
., o
. 0
., .
.......
0000000000

s EXiSting eceeeee Proposed
.................................................... Tev' teraelectronvolt; Gev’ glgaelectronvolt

June 5%, 2015
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Why High Energies?

* Accelerator and detector are instrument to study smaller and smaller
structures and heavy short-lived objects with a detector

V4

w,

wl h_hx

« Wavelength of probe radiation

needs to be smaller than object
to be resolved p E
. GeV s _
|p|=1T—>)\=1.24-10 m ~~ size of a proton
GeV

17| = 10° — 2 A=124- 10~ m ~ size of proton substructures, e.g. quarks.
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Why Make Larger?

« This is due to technological limitations

» Magnetic field, accelerating gradient, ...

e Circular machine

— The higher the particule momentum, the higher the magnetic field to
keep beam on trajectory

— The higher bending angle, the higher the magnetic field

June 5th, 2015 H.D. Yoo, SNU slide 19






SILICON TRACKER
Pixels (100 x 150 um?)
~im?  66M channels

Microstrips (50-100um)

Pixels ~210m? 9.6M channels
e n o CRYSTAL ELECTROMAGNETIC
Trackei CALORIMETER (CAL)
ECAL scintillating ,or
HCAL
lenoi
Solenoid PRESHOWER
Steel Yoke ~ Siicon stps
i Ons ~16m2 137k channels
.-//"
STEEL RETURN YOKE
~13000 tonnes
o ,
SUPERCONDUCTING /
SOLENOID
Niobium-titanium coil /../
carrying ~18000 A FORWARD
T s CALORIMETER
,.:'i'../' V Steel + quanz fibres
HADRON CALORIMETER (HCAL
Total weight : 14000 tonnes Brass + plastic scintillator / ¢ MUON CHAMBERS
Overall diameter :150m Barrel: 250 Drift Tube & 500 Resistive Plate Chambers
Overall length 1 28.7m Endcaps: 450 Cathode Strip & 400 Resistive Plate Chambers

Magnetic field  :38T
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CMS Collaboration

« Approximately 3800 scientists (43 countries, 200 institutions)
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Why This is Not An Easy Task

This is part of the ATLAS
detector (one of the pixel
patch panels).

This is typical of what
experiments look like on
the inside.

You can see how modeling
this by simple geometrical
shapes is likely to
introduce inaccuracies.
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Why This is Not An Easy Task
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ATLAS and CMS in Berlin
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Detector Mass in Perspective

Eiffel
tower
CMS
10000 tones

14000 tones
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CMS Slice

I | | 1
om im 2m im
Key:
Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

) Electromagnetic
}!”' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

ftracking

Transverse slice
through CMS

D.Barmey, CERN, Febrcasry 2008

Jet ——.E%

Et
miss
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CMS Trigger and Data Acquisition

Bunch crossing
40 MHz

1 event is ~ IMB in size

[ \
= It [ y =
] _"-. () = a"_ L
'E e IL;II oy E:'
w2 \_7
L | | |
(R R R — —

Online system

> multi-level trigger to:
-filter out not interesting
events

~ GHz A
/ Level 1 Trigger - special har'dwar'/
75 KHz
/ High Level Trigger - PCs/
100 Hz J

‘reduce data volume

data recording

|

Offline analysis
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Balloon

On the Tape (Grld) ) B

CD stack with

Networks, farms and data flows e

450MB/s

Prompt Processing CMS (300Hz)

Calibration detecto
Archival Storage

» - 3
,,,,,,,
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Collision Data

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14 621490 GMT
Run/Event: 194108 / 564224000

BN

June 5%, 2015 H.D. Yoo, SNU




LHC delivers collisions with more than one interaction per bunch
crossing

Origins of pile-up
— In-time: real (typically) QCD multijet events emerging from non-

primary vertex

Out-of-time: energy
deposit in calorimeters
which is coming from
other bunch crossing
due to long readout time |

Stochastic: random
energy fluctuations
combined by cluster
algorithm

78 vertices
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nghllght of Run I Results
= Iv
Recent Results!! ’
- e

\

-’
/il
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SuperSymmetry

Supersymmetry (SUSY) is a family of weakly-coupled theories that give solutions to the Naturalness
problem, realize unification at the GUT scale and, in certain cases, provide candidates og Dark Matter

f TSN
fundamental space-time symmetry between fermions " ,' ‘l
and bosonds that regularizes the Higgs boson mass i T g /
A sz ____
Spin 0 Spin 1/2 Spin 1 Spin 3/2 Spin 2
sleptons leptons _ gravitino graviton
squarks quarks EaCh SM part]Cle
Higgs Higgsino haS a
photino  photon supersymmetric
o 7 partner Search for SUSY partners
Winos Classifying
L o wew ] at the TeV scale? searches for
» Provides solution to the hierarchy (“SUSY breaking”) _ SUsY
prOblem | Prompt? [ Long-Lived?

— “Natural” (not-so-fine-tuned) ]

SUSY: TeV scale RPC? RPV? Hﬁ;vegg

« Can provide dark matter candidate

. . ?
— If RP is conserved, sparticles [ Strong? ] [ Wealc? ]
pair produced & lightest SUSY - o :
: : a rich phenomenology
particle is stable 15tand 2" || a0 ooneration =
generation || Co\ orie (stops, gsalleggtlgg:, and a broad set of

— Missing transverse momentun¥quarks and sbottoms)

. . lui
signature in detectors e
June 5th, 2015 H.D. Yoo, SNU slide 33
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SUSY Results from Run |...

Summary of CMS SUSY Results* in SMS framework ICHEP 2014
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*Observed limits, theory uncertainties not included
Only a selection of available mass limits
Probe *up to* the quoted mass limit

Mass scales [GeV]

June 5th, 2015 H.D. Yoo, SNU slide 34



Long-Lived Particles

Several BSM models (including SUSY) could give rise to new, massive
particles with (relatively) long lifetimes

— SUSY with weak RPV

— Minimal B-L extension of the SM

— “Split” SUSY
— Magnetic monopoles

— Stable charged leptons and
R-hadrons

Striking signatures including:
— Disappearing tracks

— Displaced vertices in tracking

detector

— Displaced muonic lepton-jets

— Decays in the calorimeter

June 5%, 2015

H.D. Yoo, SNU
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Displaced Lepton Pairs

« Search for non-SM Higgs boson decaying to spinless, long-lived boson
X which can decay to leptons

* Require leptons associated with tracks to have |d,|/a(d,) > 12

-1

1 07 T I L | L | L | UL | UL I T 12IOI-§ Iflb T I(18 ITeIV) T TTTT T TTTIT T 139;5 |f|bl ;ll |(8 -ll-lelYl)l
CMS 10 - I i | { =

S Diboson g Observed limits CMS :

6 - —@— m, = 20 GeV/c ]
10 s & Wrdets Foo- mi = 50 GeV/c? m,, = 400 GeV/c® |

1t —— m, = 150 GeV/c?
. Expected limits (+1o)
- my = 20 GeV/c?

—_
(@)
6}

lZ/Y—m*u' L G=q TR

Events in signal region / 0.5 units
2
o(H— XX)BxA(X— pn'1w) [pb]
)
L 11 Illlll

10° B

107 E
102 - 5
10 10°¢ E
1 ] 7lh AR -4 i ]
: E “: - LI / “ 10 E_:] 1 I 1 llllllll 1 lllllul | Illlllll | IlIlILlI | llll_E

0 2 4 6 8 10 12 14 16Id1?/ 20 102 100 1 10 102 10° 10°
0’94 ct [cm]
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Search for Dark Matter

« TeV scale DM search motivated by the “WIMP (weakly interactive
massive particle)”

— Effective Field Theories, simplified models

« Dark matter particles escape detection: tag events using recoiling
objects, measure the missing transverse energy (E;Mssn9)

* Mono-X + E;Mmissing ( X = jet, W/Zly, top, ttbar/bbbar)
Collider Mono-Mania

<< -
X pl’Od uction i + A plethora of mono-X searches appeared recently with 8 TeV
q A data (see Z. Demiragli’s talk):
® ATLAS W/Z(“j") + MEr, arXiv:1309.4017, 20 fb™
® ATLAS Z(ll) + MET, arXiv:1404.0051, 20 fb™'
® ATLAS lepton + MEr search, arXiv:1407.7494, 20 fb™
® CMS monojets, arXiv:1408.3583, 20 fb™
® CMS monoleptons, arXiv:1408.2745, 20 fb™
© CMS mono-t, arXiv:1410.1149, 20 fb™
® ATLAS mono-tt/bb, arXiv:1410.4031, 20 fo!
® ATLAS mono-t, arXiv:1410.5404, 20 fb™
® CMS monophotons, arXiv:1410.8812, 20 fb™
® ATLAS monophotons, arXiv:1411.1559, 20 fb™'
® ATLAS monojets, arXiv:1502.01518, 20 fb™
® CMS mono-tt, B2G-14-004, 20 fb™

m, Oy M Jq

Direct
detection

X q
Freeze-out,
indirect detection

wn
(=]
3
E
s
3
n
o
£
2
S
3
:
®
=
%
3
5
g
(0]
w
8
(7}
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Theories of Dark Matter

NMSSM

R-pari
MSSM vioplati ;Y

Supersymmetry

—

Soliton DM

Quark
Nuggets,

Theories of
Dark Matter

Sterile Neutrinos

Little Higgs

QCD Axions

Axion-like Particles

Littlest Higgs
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Search for Dark Matter

Mono-jet searqch . Mono-W search

| g | -36 T T T TTTT T T T T TTTT T T T T TTTT - 197 fb-1 (8 TeV)
NE 10 ? O l!:_% CM c\/]\‘lossg T T T |||||| T T T ||||-|| . T T T IIIIE
S 109 ‘E g @6 e - ----Expected Spin-independent
-E- = 2\ e ) 109 - —Observed

_ Nz = .. —

S 10%E 1,5 CMS,90%CL, 7TeV,501" .o /3 © " E Limits at 90% CL ]

0 a0 T i\ ------- @pmmn——"" o® . C - i
$ 107 “—*"CMS, 90% CL, 8TeV, 19.71b" 3 % 1097 WHDMEH __——eee——————— .

40 o0 0@ = F e
8 10 3 & \"56/9‘\“20 A2 3 - e ;
e 1041 ;E 2 Vector E; x 10738 - jff

O 42 - : - CMS monojet E=+1 E

c 107 F : - W+DME=0 i A

8 e ' 1030 =

= E Rt ]

o s " CMS monojet &=-1  _ _._.-- i

2 104 E 100k e =

$< 10-45 _E Scalar E’ “: ............................. E

= Spin Independent - ~ 1

10-46-| ] Lol ] Lol 1 Lo 10-413_W+|DMIE_|-1|””| ) Ll ) |C|IYI|||_|E

1 10 10° 1 10 102 8

10°
M, [GeV] M
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Resonance Searches

Many BSM theories predict narrow resonances at the TeV mass scale

— Clear “bump”
over SM prediction Excited

— Almost any combination
of 2 SM particles can
form a resonance in

BSM mode dimensions
(RS graviton)

Extended
auge ;
gaug —

symmetry

Composite
Higgs
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Leptoquarks (LQs)

Search for singly produced 15t and 2" generation

. . aq
leptoquarks (eej or upj final state)
Single LQ production x-section depends strongly o
on A g, i o ’
Additioinal non-resonant contributions
— Enhancement in low mass tail of M distribution 4 ¢
Initial state has quark flavour
— Anything beyond 1st generation is suppressed
e CMS Preliminary Expecteli_i:::"f TeV) . 10? CMS Preliminary : :19.6 ft?" (8 TeV)
= — = 1
b:1 0! .; EEUE:E C section, . EE E EE 10" E
10_2é [ Signal PDF uncertainty 10_2%‘7 .
10_3; 10'3%
10'4é \& : 10
S . NOS ; - .
b €6 S w e
o S i e e W e S 10.GE”400‘‘‘eoo‘Hsoo”‘1006”1200”‘1406”1606‘‘1806
500 1000 1500 2000 Firsfzgg. LQ gg;g (GeV) Second gen. LQ mass (GeV)
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Search for W and Z’

 New heavy gauge bosons can appear in many BSM models
— SSM, RS gravitons, composite Higgs, etc.

— Signature based to cover all possible 3
scenarios and interpret in many
benchmark signal models

W’ couples to fermions as the SM'W =

19.7 o™ (8 TeV)
T T T T

T | T T T |
e Observed limit e + E’T"i.Ss |
T I T T T T I T T T T I T T T T 1|9.7| fb.|1 (8| TleV) < - Observed |imit M + E:Iss :
%)1 0° cMS SSMW' — i v W - (w0 v x —— Observed limit combined §
(51 otk v+ g M =2000 GeV Wt single t L Expected limit combined -
— __HNCCl—=uv, [Jov V) 7] Expected limit combined = 16
~10° A = 4000 GeV Ml aco [ ] Expected limit combined = 2 o
§2) DM, A =200 GeV, [I] Diboson @) 10 \ =
= 02 M,=300GeV,E=+1 4 po - CMS S
Lﬁ 106 [ syst. uncer. I e+ Emiss W+ Emiss N
’. - T ’ T -
1 L Limits at 95% CL |
10" e E
1028 = L C 5 ]
10° . _ 9
10 AL
8 — 10 1_' 1 | 1 1 1 1 | 1 1 11 | 11 1 1 | 1 1 1 A:I‘
500 1000 1500 2000 2500 500 1000 1500 2000
M; (GeV) MM (GeV)
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Search for W and Z’

 New heavy gauge bosons can appear in many BSM models
— SSM, RS gravitons, composite Higgs, etc. 7 W
— Signature based to cover all possible

scenarios and interpret in many
benchmark signal models

« Z couples to fermions as the SM Z

q “+

20.6 fb' (8 TeV, un) + 19.7 fb™' (8 TeV, ee

~

—
o
A

20.6 fb™' (8 TeV)
T T I

> 10° — = g SRR | | | | E

8 10° CMS T FCMs -~ Median expected

@ t Data x i [ 68% expected ]

2 10 vz 5T :

o 10° [ &, tw, Ww, WZ, ZZ, 1t :T:_ 105 9.5 % expected _:

1 02 D Jets (data) & .......... Z v E

10 E N Z'ssu i

% Y. =—— 95% CL limit .

1 = 6 R |

» 1107 E

10 >_§ o -

102 EF B i
10° 8 ]

10-4 M| ! ! ! Al ii e} 10_ E_ =

70 100 200 300 400 1000 2000 - | | | e - 3

m(uw) [GeV] '

500 2500 3000 3500

M [GeV]
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Drell-Yan Differential Cross Section

P

» Imporatnt SM benchmark channel to test pQCD
at NNLO

« Dominant background of BSM searches in
dilepton channel

19.7 b ee and uu (8 TeV)
T T T T T T T |

S‘ T T T T T T T T T
) CMS VIZ - e'e, pr _
% 1 02 e TTT TTT TTT TTT TTT TTT 1||9'|7 lftl)]l 'JI'H' |(8|Telvl) TT TTT
g 1o = A A A A A AR AR R A A
— % C CMS —e— Data N
_g y = f FEWZ, NNLO CT10 .
g 10 E 500; 60 < m < 120 Gev FEWZ, NNLO NNPDF2.1
102 400~ -
10° 300~ RS .. .
10 - e ]
C - ]
1 0-5 - data 200 :_ w‘.x —:
L e i
10°F  [JJFEwz, NNLO CT10 100}~ e
107 - * e ]
O—I 1 I 11 | 1 T_F
: a - ) ) ) ' ' ) ) j ) ) ' .
S 15 F ' ! = § VE ]
= - = S 081 D
® 05 F | | = 00204 08 08 1 12 14 16 T8 2 22 24
e 20 50 100 200 500 1000 2000 Absolute dilepton rapidity ly|
m [GeV]
June 5th, 2015 H.D. Yoo, SNU slide 44



DY Results at LHCP 2014

* This result was introduced as an example of QCD triumph in LHCP
2014 plenary talk: “Precision QCD Theory” by Radja Boughezal (ANL)

1/c, doldm [GeV']

QCD Today

CMS
1 j Ldt=481b" ee,J Ldt=451" ppat fs=7TeV
hd Y2 — ee, uu
102
102
104

10°
10° * NLO+parton shower tools now

107 standard tools used 1n analyses

10 £ Eii| FEWZ. NNLO CT10+L0 EW

* NNLO QCD, sometimes with NLO

10° . R
> EW combined, are becoming
& 1.5 [l FEwz NNLO CT10LO EW .
£ 1 fasrrsmmnes available for more and more channels
® 05
o
5 1.5 B FeEwz NNLO CTI04LO EW * Several global NNLO PDF
§ 051 g muaannHiHt Paetmareegeaie  extractions with robust errors now
o - .
15 N 80 120 240 600 =0 available
m [GeV]
Saturday, May 31, 14 3
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Diboson Production

* Important test of the gauge sector of the SM
* Irreducible background for Higgs and searches
» Test of triple gauge couplings

— Charged TGC (WWZ, WWYy) allowed in SM

. . q Vi
— Neutral TGC (ZZZ, ZZy) forbidden in SM sECharnmel
 Anomalous couplings generally lead to larger . "
. . . . 1
cross sections, especially in the high transverse ]
momentu m Mar. 2015 CMS Preliminary
T T I T T T
1 CMS measurements 7 TeV CMS measurement (stat,stat+sys) \i
tal IS vs. NLO (NnLo) theory 8 TeV CMS measurement (stat,stat+sys) —+———e——i
Y, (NNLO th,) _— 1.06 +0.01£0.12 5.0fb"
Wy o 1.16 +0.03 £0.13 5.0fb" q—‘— |74
Zy ot 0.98 +0.01+0.05 5.0 fb" u-channel =
Zy —o—i 0.98 +0.01+0.05 19.5fb"
GOOd agreement WW+WZ 1.05+0.13+0.15 4.9’ q 1A
with SM NLO WwW ———— 111+ 0.04 £0.10 4.9 "
T WW, (NNLO th.) I 1.01+0.02 +0.08 19.4fb
predlctlon Wz ————— 1.17 £0.07 + 0.07 4.91b"
Wz e 1.12+0.03+0.07 19.6fb" 7 GC vertex
ZZ R 0.99+0.14 +0.07 4.9fb"
7z —_ 1.00 £ 0.06 = 0.08 19.6 fb™
0.5 ‘II I I I I 1|5 I : 2 q I/l
i eomanaloNi? Production Cross Section Ratio: Oy, / Oy, s-channel
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From Run | to Run |l

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

25

= w— 2010, 7 TeV, 44.2 pb
= w— 2011, 7 TeV, 6.1 %
2 — 2012,8TeV,233 0 20
@
o
£
£1s5 15
3
—
2
10 10
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o
@
£
: s // 390 :
: /
S
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0
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%c

N
s‘u"‘ RS ‘p\‘ sg,o’ \o"’ \‘\o" $00‘
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CMS Average Plleup, pp, 2012, .~
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60 nPU

o
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H
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B

<u> = 21 1 | . 13T9V_PU40bX50
— 13TeV_PU20bx25
— 13TeV_PU40bx25

Pt iR LTS
<100 & 1

110 1S 120 125 130 135 140 145 150
PPN

cMs Ga7Tov.LasSIn" GasTov.L Iﬁlb"
35/ * Data
f B z.x
30! .
f |:]2y.zz
25§ [ lﬂ\.-lZGOOV
20,
15}
10}
5:2
0

160 1
my, (GeV)

120 140

d Vvs=13TeV
d Higher luminosity

4 Larger number of interactions per BX
d Reduced time between BXs

(40@50ns or 20@25ns )

—
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Luminosity Ratio

e Stirling

1 00 ! ! ! ! | ! ) ) T T | T
B /
ratios of LHC parton luminosities: 13 TeV /8 Te h
:
;
In gg fusion: /
forvé§=1TeV, ; /
o 99 for\§=2TeV, ; /
= ---- Xqq for\§=3TeV, ; | /
= R for V§ = 4 TeV, . Vi
2 10 49 4
g : In qa, | /,/// -
£ o
=
=
MSTW2008NLO
1 [ S R | ) ) ) ) R S B | ) ) )
100 1000
M, (GeV)
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/' Projection at 14 TeV

» Projection of discovery reach at 14 TeV with 300, 1000, 3000/fb
* Used in Snhowmass white paper

« Studies are based on generator level extrapolations and scaling of
8 TeV results

_Q E | \\ T T | T T T T | T T T T | T T T T | T T T T T T T T E

! = CMS Projection Preliminary, s = 14 TeV =

% - B —e— discovery at 50 with 300/fb |

E ——— discovery at 50 with 1000/fb E

N — 5 discovery at 50 with 3000/fb

Important to underg,tand 10° —
the future expectation = E
to decide the detector - .
upgrade plan 10" E
: — o —0—0 E

s — 2, (LO) ]

107 2o =

- —Z,(0) ]

B ', (LO) e

1 0-6 '1:'_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | I | _i

1000 2000 3000 4000 5000 6000 7000

m(u*n) [GeV]
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LHC Operation

Energy increase Injecti
LHC 8 TeV to 13/14 TeV t?;l)zggg HL'LHC

® Luminosity @ Ultimate luminosity

pU=[100@25ms| o, 40g434 . . 3 10000 _
|200@50ns) ~ = —==Integrated - 'baseline's++«Integrated - ultimatg,..-+*" -
4 3.5E+34 ’ \ . RYTEE o
E 30843 1000 . . _
> 255+34 o4 ns / W 3 Luminosity-
LB | 2 leveled at
_| 50@ 25ns | ‘@ 0.0 .-
PU‘[loo@@)z)SOns” 2 20E+34 — 25 ns ~ .25 ns_ 1 E 5y10% cm2el
! .E Vs P V) o ] o= | .
g 1oE - o — 5 inHL-LHC
PU={§38§(5)$ - = 1.0E+34 1 1.0 %
. £ ©
®  5.0E+33 T o %
Q. 0.0E400 L rF_ Zimmermann, CMS Upgrade Workshop, 11/2011 A %
"o o o a3 2 8 5 @ 2 8 &8 -
o o o o o o o o o o o o
LS- Long Shutdown Year Interaction
region
8x1033 Hz/cm? 2x103%4 Hz/cm? upgrade 1035 Hz/cm?
30 fb 300 fb* 3000 fb"
——— Phase 1 Upgrade A

Phase 2 Upgrade
E—
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Many searches for new physics and SM tests are on-going at LHC

While a bit frustrating that we haven’t found anything yet, it's definitely
not a time to give up _

New LHC energy may
very well cross the
threshold and plethora
of new phenomena will
open up in the
forthcoming run

Stay tuned with new
13 TeV results from
CMS!!
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Drell-Yan Cross Section (2)

_ Uncertainty
* Improved knowledge on PDFs is very Source 2.2 fb™! (MeV)
important at the LHC Lepton energy scale 7
Lepton energy resolution 2
— Current best measurement of W mass Recoil energy scale 4
from CDF/DO is dominated by PDF Recoll energy resolution 4
o Lepton removal 2
uncertainties Backgrounds 3
— Implications for indirect new physics (e madel oo 2o
searches |QED radiation "~ s
_ . NaY Total systematics 15
E_speC|a_IIy at Fhe LHC, where new x-Q W statistios 1
kinematic regions are probed Total 19
- Applications of the double differential cross B. Jayatilaka, Moriond 2012
section measurement to PDF constraints B0.5 [ e
| O LEPEWWG (2011) 68% CL (excluding m, . m,__ & direct Higgs exclusion) _
— Replace the existing DY data with 50,45 Oty e ]
fixed-target in the PDF fit < - ]
. 804 .
— Purpose to constraint PDFs S
« In particular d quark and anti-quarks €035}
8043f— :
155 160 165 170 175 180 185 100 105

My, (GEV)
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Model and Limit Setting
relative resolution (electron barrel-endcap)

@ Shape signal model: 24
BW(MgelMZI ’ er) [1%4) Gauss( Meelaresolution)

@ Shape background model: Parameterized function, [
shape from fit to simulation 2f

@ Data considered: Events with My, > 200 GeV

T T T ]

barrel-andcap CMS Preliminary, 8 TeV, 196 1o -
268 ‘ ]
+-DY - ee

\ Ot O (%]

—fite DY

22

@ Mass window: Mz =+ 6 times mass resolution B R T R - R T BT

v m{ee) [GeV]

Limit setting

Shape analysis using an extended unbinned likelihood function of invariant mass
Bayesian 95% CL upper limits on Z’ to Z cross section ratio Ry

a(pp—>z'+x—>£+e—+x) N(Z’—>€+E—) A(Z—>e+£—) e(z—>e+e—)
opp = Z+X = 0H—+X)  N(Z—ot+6-) A(Z > t+6-) e(Z' — t+e-)

ag

o(Z") evaluated in mass range My, +40% , o(Z) evaluated in 60 GeV < Myp < 120 GeV

@ Uncertainty on the luminosity cancels in the ratio R,
@ Uncertainties on the absolute values of €rrigger, €reconstruction and mass scale reduce to
uncertainties on their evolution from the Z peak to high mass ]
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Systematic Uncertainties

Systematic uncertainties

@ Dominant uncertainty on the limits:
Ratio of acceptance times efficiency between Z’ and Z
3% for dimuon, 4% for barrel-barrel and 6% for barrel-endcap dielectron channel

@ Z/v" background:
Shap|e uncertainty on the background fit from PDFs and higher order corrections

ranges from 2% at Mg = 200 GeV to 20% at Mg, = 3000 GeV
@ Uncertainties on the subleading backgrounds studied but less important

@ Impact of uncertainty on the muon momentum scale studied with different
detector misalignment scenarios and found to be negligible

Test of limit setting

| A

@ Impact of variations of the background shape and normalization on the observed
limits is small

@ Impact of variations of the mass window used for limit setting on the observed
limits found to be small
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Benchmark Signal Modeling (1)

« Z — 4 leptons

Generator: CalcHep 3.4.1 + PYTHIA
Tree-level matrix element calculation by CalcHEP
Model files provided by authors of theory paper

Generate 10 mass bins (12000 events each) for expected limit
calculations: M = 750-3000 GeV with 250 GeV bin size

Five channels: yuuy, yupe, yuee, yeee, eecee
Additional MC samples with various M(¢) are currently underway

 Simulation and reconstruction

Use Full-Sim:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideSimulation

PV smearing, pile-up mixing, L1/HLT emulation, physics object
reconstructions

CMSSW_5 3 4 with Summer12 S10 Pile-up scenario

Global tag for reconstruction: START53 V7C which includes the
latest mis-alignment scenario
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Benchmark Signal Modeling (2)

Assumptions on the intermediate particle (P)
— Mass: 50 GeV to allow for on-shell decays of the Z°
— Width: < 0.1 GeV
* ltis insensitive as long as it is sufficiently smaller compared to its mass

— Coupling constant to dilepton: 0.01

» The value is the boundary of the coupling constant to dilepton of the
sneutrino in SUSY model recommended by theory model author

« R. Barbier et al, “R-parity violating supersymmetry”
Dependency of @ parameters
— @ mass: it has relatively strong dependency on the results of 6*Br,
in particular, Br
— @ width, coupling constant: they have negligible dependency on the
results of 0*Br

« Test the coupling constant with 0.005 and 0.05 and observe negligible
difference
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Benchmark Signal Modeling (3)

Summary of parameters

Parameter Value
4G leptons” U(1) charge -4
SM quarks’ U(1)’ charge 1/3

®d mass

50 GeV, 5-40% of the Z'mass

d width

< 0.1 GeV

® — (¢ coupling

0.01

Z' gauge coupling constant | 0.1

7! mass

250-3000 GeV

7! width

automatically calculated by CalcHep

Table 2: Summary of masses, coupling constants and widths.
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CMS Upgrade Program

LS1 Projects: in production

* Completion of muon coverage (ME4)

* Improve muon operation (ME1), DT electronics

* Replace HCAL photo-detectors in HF (new PMTs)
and HO (HPD—>SiPM)

| ‘1’ LS1 " ‘ LS2 “ ‘ LS3 " |
= T = — T
Phase 1 Upgrades: TDRs Phase 2: Working Groups

* Tracker replacement, Track Trigger
* Forward Region: Calorimetry, and Muons?
* Further Trigger upgrade?

* Pixel detector replacement
* HCAL electronics upgrade
e L1-Trigger upgrade

Longevity = Phase 2

e Phase 2 Scope 2013
* Targeted R&D program
* Technical Proposal 2014
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Detector Upgraded in LS1

DT sector
3 # 2 A; +
- LcoHeclors
X L |
8713 Ml LU
A, wn ‘MI_ 0
=) wan kT wn
mn -"v]‘=l
ﬂ =
e |
- ~.§ |HEEREREREN Illllll{ ={=IMIH_
T~
-
& |
| HE ,

ME1 FE
_ electronics Cold trackrer
New beampipe operation
slide 61

June 5%, 2015 H.D. Yoo, SNU



LS1: Exercutive Summary

+ Detector: LS1 has achieved its main goals
® Main deadline in the near future:
+ Pixel insertion
+ Trigger: on track

© ORM-OSLB is now part of the system
® Major milestones ahead

+ Commissioning and Run:

® DAQ2 and new Timing & Control Distribution System are actively tested in regular
global runs

+ Software:
® Large amount of development to cope with 25 ns, increased pileup
® Release strategies being discussed
+ Computing:
® No change in resources
® Lots of work in improving processes and performance

+ CSA14:

® Well engaged, valuable feedback in software and computing areas

+ PHYS14:
® In preparation
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LS1 Muon Upgrades

(a% )(732 )(72? )(s‘;?/ )(sg: )(532 °) (5% °) (42"; °) (423 al (4%)2 %) (3213 °) (3§'§-) (33':-)
Trigger performance: significantly lower threshold "°° ] NS AA o i
3 -27.7°)
for same rate 700 ""34 ------- o E
m L fwheel 2) ‘I | Jes20
CSC and RPC: ME4/2 (1.25<|n|<1.8) iﬂ‘@‘i ,,,,, el 1ae.
More hits, lower rates | : : 157,
y wE) -®-'| || CEO el g
CSC: ME1/1 (2.1<n|<2.4) new digital boards and e ME2/2 ; Josse:
5 g 5 g - MB1
trigger cards : higher strip granularity — 7 1(/ = s ||
. ey g C solenoid
Electronics reliability L7777 Ill
o . |
DT: new trigger readout board and relocation of CHOAD ||' M2/1M
sector collector from UXC55 to USC55 (new ""””@'3”/ i l‘gy Lo 150
optical links) W Hl : : : Jos
tracker ; - 3 : q s
0 0 200 + 400 6(.)0 — 8(‘)0 = 10‘00 — 12100‘_‘, * 1:10(:.8.)
ﬁ106 = L1Mu Efficiency for Degraded and Upgraded Detector at High Luminosity
T S 1 L1 CSC trigger rates, L=2+10>* > 1.2 — T R —— —
ﬁ ] - ﬁﬁﬂ\\:\\ |:| no ME4/2, 2 stations é - Higgs pT region
10 g \\\ || with mEer2, 3 stations &% T + ¥
- w :
il \ ~ 0.8 by
= \ N :
N A A I 0 B N T e N 0.6
o el 1fAN i e SR |
- [arget Rate § khiz l N I 0.4 a
B I N " Detector and CSCTF threshold: ]
1025 I I “\\\ ‘degraded" (p°>°"">50 GeVic) —|
- | I I : ‘upgraded’ (p$s°TF>20 GeV/c)
B 1 1 \‘ 0 : 1 1 | it it I 1 1 1 | 1 1 1 | 1 1 1
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Trigger Cross-section [micro-barn)

luminosity ratio
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HLT: Challenges for 2015

FTTTTTTTTT T TTTT T TTT T T T T T T T

T
un

4-208686; 4-208553 -1-208551 4208541 -4-208540 208487

|—New Fit

0.09

O

0.1

Ll

4500 5000 5500 6000 6500 7009
Instantaneous Luminosity (10~ cms”]
WJS2013
[~~~ rrrerere T T T
- ratios of LHC parton luminosities: 14 TeV/ 8 TeV
i
[ I
I
I
e D —— e =T
- - - P -
- I
: MSTW2008NLO ]
1 1 1 1 ) 1 1 1 1 1 1
0 50 100 150 200
M, (GeV)

2012: 8 TeV HLT o ~0.09 pb
— PU=25, small dependence on PU
8 TeV— 14TeV = rates double

— Average output rate of ~ 1.2kHz at
103%%cm-?s-! if menu untouched.

To keep the present acceptance:
— Improve HLT object reconstruction
 Allowing tighter cuts
— Reconsider strategies
« More cross triggers
— Will need more CPU
* e.g. to extend PF usage

 Particularly if PU <> grows above
25
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