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Outline

- LHC and CMS detector
- Precise measurement of standard model processes:
- Jets electroweak production
- Top physics
- B Physics
- Physics of the Higgs boson:
- Summary of Higgs boson discovery and properties
- Searches for physics beyond the standard model:
- Supersymmetry, exotica, dark matter
- Summary and overview of future program

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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LHC and CMS operations

CMS Integrated Luminosity, pp
Data included from 2010-03-30 11:21 to 2012-12-02 15:07 UTC
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w2010, 7 TeV, 44.2 pb '
w2011, 7 TeV, 6.1 1 '
w— 2012, 8 TeV, 22.8 1 '

- The Large Hadron Collider delivered pp
collisions from 2010 to 2012:
~6 fb-1 of pp collisions at Vs =7 TeV
~23 fb-1 of pp collisions at Vs= 8 TeV
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- The CMS detector proved itself very A 7Tev
. . . V] 0
efficient collection and reconstructing P W W 0 ge® o (o oef
event at high instantaneous luminosity: Date (UTC)
. CMS Integrated Luminosity, pp, 2012, s = 8 TeV
~94% of delivered data were recorded
~89% of delivered used in analyses

w

¢ Total Integrated Luminosity (b ')

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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[1 CMS Recorded: 21.79 M '

|> BB LHC Delivered: 23.30 i ' Moriond/EP
CMS Validated: 20.65 i '
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- Also collected heavy ion collision data:

~150 ub of PbPb collisions at VsNN = 2.76
TeV during 2011

~31 nb-1 of pPb collisions at VspN = 5.02
TeV during 2013
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CMS: the collaboration
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photo M.Hoch

40 countries, 193 institutes
~ 3300 scientist & engineers (including ~ 900 students)



A. Calderon, XLII IMFP 14

CMS: the detector e targest

14000 tonnes STEEL RETURN YOKE superconducting

12,500 tonnes SILICON TRACKERS =
28_7m |ong Pixel (100x150 ym) ~16m* ~66M channels mag net ever bu"t:
15m high

Microstrips (80x180 ym) ~200m? ~9.6M channels . f'
SUPERCONDUCTING SOLENOID m ag n etl c Ie I d u p to

Niobium titanium coil carrying ~18,000A 3 8 T
L}

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

Inl< 2.4

HADRON CALORIMETER (HCAL) Inj< 5.2
Brass + Plastic scintillator ~7,000 channels

Inl< 3.0

Tracker Inl< 2.5
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CMS: the physics objects

o(E)/E; ~ 100%NE[GeV] +5%

Key: om m m im
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
o(pT)/pT~10% E RS
\ S
at 1TeV \ ¥ =3
Electromagnetic #

)tl ]“ Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iran return yoke interspgfrsed
with Muon chambaefs

Transverse slice
through CMS

..._
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: 7

o(pT)/pT ~10% @1 TeV
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Object reconstruction: performance

CMS Preliminary 2012 Vs=8TeV, L=19.6 fb" CMS preliminary Run2012 _ ¥s=8TeV
v ' w 1.2_ ]
s [T LA T A r CombRellso PF dB <0.2
:f“:: ; 4+ e ’ B
0.8 e 1 . . . .
| 1 I 1 - High efficiency on lepton
06l Electron ] 0.9+ . + .
- T MVA ID + isolation eff. ] F ] ID + Isolation
I (Endcaps)....... ) 0-85 Muon ID+ISO - >95% at plateau
- Probeine.ndca::t1A479<ln ppppp <25 | 07: —+—Data _; ° Good agreement datal
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i i r —4 Data/MC
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p GOV g CHSpimmyanz
8 12.21b" at Vs=8TeV
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§ 9 ' =Total unoertainty @ *;'“f ™ ;
> J EC — Absolute scale S 10° B EWK -
° c -+ Relatlve scale > B top 3
Excellent . ] T 8 - Extrapolation .g \ [_Juncertainties
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. . 6 = Qo
energy calibrations 5 <+ Time stabllity E 1g?
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E 10
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CMS: trigger system

20,000,000/sec M. Strassler 2012

100,000/sec

350/sec

- Level-1 & HLT menus reduce
# of p-p interactions from:
2x107 Hz (input) down to ~350
Hz (recorded),~300 Hz
(“parked” for later analysis)

Processed and

Alar Stored

30,
2,
/“v@c

Parked for
Later
Processing

Partial Storage
for Scouting

trigger paths

- -1
2011 Run, L= 111" | 5, v

CMS \s=7TeV

i low p_ double muon T
high p_double muon - Example: dimuon

mass distribution
from several
double-u trigger
paths: calibration,
Bs(uuw), quarkonia,
DY+Z

Events per 10 MeV
=

Z

I I I
1 10 - 10°
dimuon mass [GeV]



No wiout cIIens

crossmg ‘oCcur ( what we. called

e,

_precedent L
?\.Experlmental




A. Calderon, XLII IMFP 14 10 CMS

CMS Average Pileup, pp, 2012, =8 TeV

AN,

At high Iummosﬂy multlple coII|S|ons per: beam- :
croesmg occur. (. what we called _plle; up") WIthout

precedent RS .. ! |
Experlmental challenge to cope W|th hlgh p|Ie up '

40 IN] 29 % 20 2%
Mean number of interactions per crossing

« Total HLT
+ ‘core”
“parked”

T
g 8 8

-
cross-section [nb])

nghly-ﬂeXIbIe HLT system aIIows CI\/IS»
\ }to keep a constant-rate.cross section
N with varying pile-up. conditlons W|thout
PU=30 jaaN sacrlflcmg phy3|cs -

instantaneous luminosity [Hz/r
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]
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CMS performance under PU

CMS Preliminary 2012 {s=8TeV, L=19.6 fb'

1

- Alot of effort on correcting PU effects: s ' :
. Object performance as a function of W :
- Electron -

the pile-up: i,_e_ the number of 0.6 e SR S a

- MVA ID + isolation eff.
reconstructed vertices after PU (Endcaps)

0.4

corrections applied
0 ® Data
MET resolution -
= CHISpteIinll'llaryz?ﬂ P I T Y DU P PR PR PP o e
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- —=— MVA PFE, data .
y _ # verti
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~_ [ —NoPU PF F; data I; b [ CMS Simulation 2012, (s = 8 TeV W 1 9rm I(2IM$I[.vlrellmlnary Run2012 |I§|=|8'Il'elv
2 [ — NoPUPFE; simulation ' 1 & F T F CombRellso PF dB<0.2 | ]
<] N _| & 14— — MVAlsolation Loose C ]
20_ —— PFE, data 1 @ . . 1.1 _
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B {' T —— MVAlsolation Tight | TR PP MRS N S ]
15— - 1:_ R —-4—-a—a—+a 1
§ I : 0.9f :
L _ 08__ N H H H :
B ] é- r I WY - S
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CMS highlight physics results
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QCD: Jet cross sections =
protonlcﬁ(x’zz'\q‘J"Qg+

- Study the strong force using jet production

- Differential cross section for inclusive jet production at 8 TeV
- Agreement with NLO®NP QCD over 27 orders of magnitude up to 2TeV

- CMS data can be used to constrain the fits of the parton distribution
functions (PDFs)

- Knowing your PDFs is critical for searches and precision tests on x-sections

Vs =8TeV anti-k R=0.7 L=10.71fb

Vs = 8TeV anti-k; R=0.7

L=10.71fb" CMS Preliminary

1010 | 2.5 T T LI B | T
. 0.0 0.5 (x10° L i
10 T ~= 00<}i<05 (x 1 " eDaTheoy  0.0<lyl<0.5 ]
108 —=— 0.5<]y|< 1.0 (x 109 i i
= g —— 1.0 <ly]< 1.5 (x 10%) o~ ==Theo. Uncertainty _
7 = L -
10 ) —— 1.5<y|<2.0 (x 10?) == Exp. Uncertainty -
< 108 =T a —+— 20<ly]<25(x 10" - .
> _ i
8 105 B —— 2.5 <]y|< 3.0 (x 10° =15 SMP'12'012
- s L
E 104 = — _ L %’ B
., 10° L 5 F
e e
-c Q = ke mEEmEm et -Iy'-.l:
T 10 B - ﬂ-‘-l—‘
1 0.5 -
10" == —NNPDF 2.1 NLO ® NP - ABM11 CMS Preliminary ]
1072 i i ]
L | I I | | o | ol | | ] [ R R W R | ]
80 100 200 300 400 500 1000 2000 80 100 200 300 1000 2000
Jetp_ (GeV) Jetp_(GeV)

» Dominant experimental uncertainty: JES
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- New measurements at 7TeV of o (Q) from 3 to 2 jet cross
section ratio and from 3 jet mass differential cross section

- Sensitivity in high Q regime

CMS preliminary L=50fb" /s =T7TeV
< 022t R P S SR [—— JADE 4Jot rate
(()1) L L B B B B I B T ] s , —— LEP event shapes
0.2— cms — 0.20 L Pessseaais oK A Y —O— DELPHI event shapes H
o B 7 \ 5 ! SMP'1 2'027 |—O— ZEUSinc. jets
B B ' o o |—— H1DIS
018—_ - O8NS 7 |—x— DO inc. jets
i i )| =V~ DO angular cor.
0'16:_ SR s _: R A ) N2 R as(Mz) = 0.1184 % 0.0007 (world avg.)
014 & 014 5 NG 5 as(Mz) = 0.116073:0972 (3-jet mass)
0.12- B T U SO OO 2 U S AR
0.1 7 0.10 =0 cMs Rz ratio |-~ T S Y T'"\'. Jg e g -
i ) ] —@l— CMS ¢t prod. : 5 5 M 8 !
0.08- Data (Int. Lumi. = 5.0 6" — || —@— CMS3jetmass| L L . s
C ——— NNPDF21a,M)=0.106 - Min. Value | 0.08 b——— — PN
E ) NNPDF2.10:,(M,) = 0.119 . 5.10° 10 2-10'  5-.100 102 2.102 5.102 10° 2. 10°
0.06~ j — — - NNPDF21aM,)=0.124 - Max. Value | Q [GeV]
0.04. 00" 400 600 800 1000 1200 1400 » Measurement dominated by TH
.. ) (GeV) uncertainty: PDF & (asymmetric)
T1,2

Eur.Phys.J. C73 (2013) 2604 scale uncertainty
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W muon charge asymmetry
vs |n| measured to ~1%. Many
uncertainties cancel in ratio.
Constrains u/d PDF ratio

- Differential DY+Z x-section
in agreement with NNLO at 7,8
TeV. Quark PDF constraints at

low mll
- do W+ +y) — do (W —3
> fl_dt=4.efb"ee,det=4.5fb“wat s=7TeV A(ﬂ) _dy (WT = (Tv) dy (W™ = 7v)
S, 10 — do i+ + do (\W—- -7
= " Y*IZ - ee, u d,7(W — 0 v)—l—d”(W — (V)
107
°
= ™
8 10° S CMS preliminary \s=7TeV,4.7fb"
N > LANNL L B L By L B L B L LB B B LB
L 10 s £ o3r -
10° E E I p,>25 GeV ] E
10° = > | Hq <
N © | —+— Data 4 o
107 + Data U.J %0.25 _— @ —_ -
10° FEWZ, NNLO CT10+LO EW < E g S { A
10° n'- © : % - %
> = (2 0.2 —0—@ - i
g 1.5 [— B3] FEWZ, NNLO CT10+NLO EW s i P | 2
ﬁ = AP, " - 02 90 N
5 O - : NLO FEWZ 68% CL 1 ﬂ.—
bl 05 Wb CT10nlo - w
g 0.15s%7 X3I NNPDF23nlo 1 =
£ RN HERAPDF15nlo ]
8 N 55 MSTW2008nlo |1 O
B 771 MSTW2008CPdeutnlo _|
m [GeV] e b b e b e b
0 0.5 1 1.5 2

» Dominant uncertainty: p scale + unfolding Muon |
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Phys. Lett. B 721 (2013) 190-211

s-channel
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Events /5 GeV
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[ W +jets
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e
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T

[rete e
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40 60

o(pp — WTW™) =69.9 £ 2.8 (stat.) £ 5.6 (syst.) £ 3.1 (lum.) pb.
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t-channel
Va

\s=8TeV,L=53fb"

T | T T T |
-o- DATA
Y4
B WZ/Z + jets

2z

200

400
m,,,, [GeV]

WW 10-20% above NLO prediction (7,8TeV)

o(pp — ZZ) = 8.4+ 1.0(stat.) £ 0.7 (syst.) = 0.4 (lum.) pb.
ZZ in agreement with NLO prediction

800

» 1st evidence
(~3sigma) for
EWK Z
production+2
forward jets:

2 E T T
g £ CMS uuj 1 —34
- — — - N ttb
2104?\@-7TeV,L_5.1fb =¥vzz*" B
F ww

Data/MC

|
- — JES Up

-4 [~ — JES Down

30 40 50 100

200 300

7000 2000
m; j [GeV]

JHEP 10 (2013) 101
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Electroweak: anomalous TGC & QGC
Triple (Quadruple) Gauge Couplings
- Diboson final states in scattering topologies and triboson and vector
boson scattering final states can be used to set limits on aTGC (aQGC)
- Probes Electroweak sector and search deviation from standard model
aTGC y Wy W
anomalous vertices M\* \ ’

ZZy and ZZZ, ~ '

WWy, WWZ, Zyy T e 4 -
- CMs Prelilminary Vs=8TeV,L=196 ff)” X107 CuS preliminary 20115 = 7TeV. L= 505 15" _ JHEP 1307 (2013) 116
S, | o 22l First quartic
< -‘;!7;’?,;:':‘5 . gauge coupling
£ e im0 : | limits at LHC:

z | 5 1 WWyy limit two
" SMP'13'0§5 2 1 orders better
: ] - ; w—— CMS 95% C.L. (A = 500 GeV) ? than LEP Or
: ------------- = _ ..... OPAL 95% confidence region ﬁ Tevatro n '
1072 I I S halya vn Pog.po Taung PR I [
500 1000 1500 -1 -0.5 0 0.5 1

My (GeV) ay/A? [GeV7
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Summary of all aTGC & aQGC Results

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Zyy, ZZy sy —r 1

CoF Limt - CMS Limits —

— Z -0.015-0.016 4.6 b

h Y v P 77 -0.015-0.015 4.6 fb”
3 — Zy -0.003 - 0.003 5.0 fb™ f 4 ]
z 0.022-0.020 5.4 b — zz -0.004 - 0.004 19.6 b

o2 — 7y -0.013-0.014 46" SMP-13-009 2 — 2z -0.013-0.013 4.6
3 H Zy -0.003 - 0.003 5.0 fb™ 4 — zz -0.004 - 0.004 19.6 fb™!
—_ Zy -0.020 - 0.021 5.1 fb™ _ -0.016 - 0.015 4.6 b
H1x100 — zy -0.009 - 0.009 4.6 fb™ f; — Z o.oos 0.005 1.96fb"
X H zy -0.001-0.001 5.0 fo" ' ' —

K100 T zy -0.009 - 0.009 4.6 fb' {2 e 2z -0.013-0.013 4.61b
4X H Zy -0.001 - 0.001 5.0 fb! 5 — 7z -0.005 - 0.005 19.6 fb"
PR SR AT R ST SR AT NN ST S NN ST Y SN S NN SO SO S S NN S S S I N T N W T NN T N W T NN TR T S S N T T SRR SR N T S T
-0.5 0 0.5 1 1.5  x10 -0.5 0 0.5 1 1.5 x10
aTGC Limits @95% C.L. aTGC Limits @95% C.L.

Feb 2013 July 2013 |6|‘5J|:| rl;l?tlsimils —  CMSWwylimits —
M1 T WWZ’ ZZ}/ T T T ARAS Lmisl T — CMS yy — WW limits ~ =r=1»
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o DO Combination ~ -0.036 - 0.044 8.6 o™ ¥ [48000,20000] 043bT 0.207Te
e LEP Combination -0.059 - 0.017 0.7 fb-1 yy— WW [-1500,1500] 9.70tb™" 1.96 TeV
AF — ww -0.039-0.052 4.6 fb" '
1 — WW -0.095 - 0.095 4.9 fb! W) A2 Tev? —— Wwy [-34,32] 19.301b" 8.0 TeV
— wz -0.057 - 0.093 4.6 fb! aln-te B
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-0.5 0 0.5 1 1.5 fro /A" TeV

aTGC Limits @95% C.L. -10°10°10°102-10 -1 1 10 10% 10° 10* 10° yyWwW, WwZy
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Top quark production ...

—_

3103 o
a - ® CMS prelim. combined 8 TeV (2.8 fb')
= [ * LHCprelim. combined 7 TeV (0.7-1.1 fts") - . . .
E [« Ccusdiepon7Tev @3t Top pair produced in strong interaction
0 Tevatron prelim. combined (up to 8.8 fb') . e - .
[0 COF prvim comtiend 4p 085" Cross section precision challenging
o DO combined (5.4 fb’ .
107 approx. NNLO QCD calculations
- Quality of differential top x-sections can
i —— Approx. NNLO.GCD () constrain proton gluon (N)NLO PDF
- Scale uncertainty
' Scale ® PDF uncertainty
10 &£ 7 e Approx. NNLO QCD (pp)
- Scale uncertainty CMS Preliminary, ¥s =7 and 8 TeV
L 0 Scale ® PDF uncertainty
) MSTW 2008 NNLO PDF, 50% C.L. urcertamy |
/ 2010 dllePton 7550 =4.60 F4.53
L FEPETETSl APETETET BT A S AU BT ATArE ATUT A AR JHEP 07 (2011) 049 (L=36/pb) (val. £ stat_ + syst)
! 2 3 4 ° 6 ’ ar 9 2010 lepton+jets 173.10 +2.10 + 2.66
\S eV) CMS PAS QOP 101009 (L=36/pb) (val. £ stat. + syst)
03 CMS Preliminary, 12.1 fo'at ys =8 TeV
lr] 10i<| TTT I TTTT I TTTT I TTTT I L I TTr 1T I TTrTT I TTT A ggﬂc:17g 2%?2) 2202 (L—S 0/fb) ("\[Zzi:ggtiics)ilgi? i 1.46
> - e/u + Jets Combined ¢ Data -3
8 9; —— MadGraph ] .12+?E1P112 (g%?d?%&s.onb) Jvzsiigti;cs)ygz £1.03
I,o_:. - 8 MC@NLO 2011 all-jets 173.49 + 0.69 + 1.23
S _8. 7 :_ ---- POWHEG _: arXiv:1307.4617 (L=3.54/b) (val. + stat. £ syst.)
o EoEsy Approx. NNLO 5 2011 end-points 173.90 + 0.90 + 2.26
6 :_ (arXiv:1205.3453) _: Eur. Phys. J. C73 (2013) 2494 (L= 4.98/b) (val. + stat. £ syst.)
sE E 2012 B-hadron lifetime 17348 +1.47 £ 2.87
SR A B B TOP-12-030 (up to L= 19.6/b) (val. £ stat. + syst.)
43—' = CMS combmatlon 173.49 +0.36 + 0.91
E = up to L=19. (val. + stat. £ syst.)
3 ;_ _; | | | CMS Combinatilon | |
2F = 160 165 170 175 180 185

) . m[GeV]
- I 1111l I 1111 I 1111 I 1111 I 1111 I Comblned mtop measurement WIth
00 50 100 150 200 250 300 350 400

o L] - '
CMS PAS TOP-12-027 pl [GeV] 0.6% precision!




Top quark productlon
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— F

T TTTIT

A. Calderon, XLII IMFP 14

b t

T IIIIIIII T IIIIIIII T IIIIIIII

T II]IIIII

s-channel

L1 IIIIIII

T

_ g
g b

NNLO Kidonakis PRD 83, 091503 (2011)
° CMS, JHEP12(2012) 035
A CMS, PAS-TOP-12-011
NNLO Kidonakis PRD 82, 054018 (2010)
o} CMS, Phys.Rev.Lett 110, 022003 (2013)
A CMS, PAS-TOP-12-040
NNLO Kidonakis PRD 81, 054028 (2010)
v CMS, PAS-TOP-13-009 (FC interval)

| | | 1 1

1| III[II|

1 II]IIII|

N

900
800
700
600
500
400
300
200
100

3 4 5 6 7 8 9 10 11 12 13 14

Vs [TeV]
CMS Preliminary, 19.3 fb '1, Electrons, {s = 8 TeV

T T T T T T T T T T T T

/-+data

[ ]s-channel
Blt-channel
,. tw

R 5 Dt{
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-0.2 0
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0.2
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Single top production in EWK

Well established also in association to a W

b

b
g
interaction

boson: tW-channel 6.0c evidence
20 excess for s-channel single top

production

74010) S B BN BN B
CMS Preliminary, Vs =8 TeV

600—12.2 fb ™ ew/uu/ee channels
1j1t
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IIIIIIII]IIII
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[ I
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Il Other
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CMS-L=5f"Ys=7TeV,L=20fb ' Ys=8TeV

Rare Decays: B, to uu

—4—data

— full PDF
Bl

[Ssal - TATY

...... combinatorial bkg

- Rare decays, BR sensitive to new particles

S
[
O
<
=
3 40 N S o R ™ 45 0 | I EEE semileptonic bkg
. ~ B === peaking bk
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Search for the Higgs @ the LHC

Looking back... discovery of new boson Summer 2012

Observation of a new particle

with mass of ~125 GeV
by ATLAS & CMS

ATLAS: 51 ¢ Withjust:

CMS: 500 2f-1@7TeV
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J

I The Standard Model of particle physics — léeptons | Theorised/explained
: ww Bosons
Years from concept to discovery Quarks | Discovered
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SM Higgs boson: LHC production & decays
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Higgs Boson Signals: couplings to bosons

- CMS Higgs searches in 2011-2012 led to new boson discovery
with a mass of M, = 125.710.3(stat)+0.3(syst)
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nggs Boson Slgnals coupllngs to fermions
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Higgs properties

- Mass peak position

A. Calderon, XLII IMFP 14

- Best fit of signal strength p =
olog, compared to expectation
from %M Higgs boson among
observed channels.

H —)ZZ H evv Vs=7TeV L=5.1fb" . § 1
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¥
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> Properties indicate no deviation from H(SM) so far
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Other Higgs channels: ttH

- Important test of the Yukawa coupling of the top quark

- Several final states from top and Higgs decays: Higgs -
Multi-leptons, bb, 1T, or yy - o
- Combined sensitivity on signal strength y < 2: rtfu:on~ e 4 .
- excess driven by same sign dimuon channel e K(//t
i . STTTBETEET
- Expected factor ~5 in production at 13 TeV At

_ _ 4
CMS Preliminary  bbrryy, Wz [S2]7outz S0%
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Other Higgs channels: H—u*u-

- Interesting test of the Yukawa coupling for 2nd generation fermions

- Expected branching ratio in the SM is BR(H—u+u-) = 2.2 x 104 (MSSM and
other BSM can predict higher BR)

- Inclusive search for gluon fusion and vector boson fusion production:
- Observed (expected) upper limit for m;=125 GeV is p=odloy, < 7.4 (5.2)

- Runll can reach a precision of 40% (14%) on u with 300 (3000) fb-

- ; CMS Preliminary Combination
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MSSM Higgs Bosons

- CMS searched for ¢°—bb, 11, yu and for H* signals

- Recent result for neutral higgs: ¢°—1T:
- Including production associated to bb

- No evidence for a MSSM Higgs boson

5 cms Prellmlnary H_,ﬂ 4.9 fb' at 7 TeV, 19.7 fb' at 8 TeV @ CMS Preliminary, H—)T‘l’ 4.9 fb at7 TeV 19 7 fb at 8 TeV
10 T T T T
: max =
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=~ 10 CJzor c
= [ 5 g
e 103 electroweak Z b 6
B
0_,
E 10% | =160 GeV, tanB=8 10 ¢ LLE 7
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10 — SM H injected | 5
HIG-13-021 — expected
1 + 10 expected 4
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H - 3 95% CL Excluded:
10" g [T ep | cMms
i 2 | — sM Hinjected
-2 ¢ 1 — expected
10 1 1Bl e
103 0
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m, [GeV]
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Precise SM measurements: the key to discovery
Oct2013 - CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fb™)
f 8 TeV CMS measurement (L < 19.6 fb'1)
—7 TeV Theory prediction
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- Very good agreement with NLO (or approx. NNLO)
predictions at 7, 8 TeV
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All predicted elements of the SM have now been verified!
* Higgs was last missing piece.
* Yet SM remains an incomplete description of Nature!

Leptons Quarks
et

Photon | wiw: 20 Gluons )
\

\ .

Higgs Boson
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BSM: SUSY searches

- Searches driven by the production xsec and thus luminosity

- Early analyses dominated by broad and

NLO(-NLL) s(pp® SUSY) [pb] inclusive searches for strong gluino and squark

3 production
OulPbk PP —~SUSY 4 |ncreasing luminosity gave access to rarer
VS =8 TeV production channels:

- Additional motivation from the discovery
of the Higgs boson move experimental
strategy and interpretation to “Natural
SUSY” scenarios

+ light 3th generation squarks (specially
stops)
+ EWK production (also with Higgs in final state)
- The goal of experiments is to develop
1000 1200 1400 1600 Strategies to cover the rich decay spectrum:

Movernge [G6V] . Focus on X LSP + SM production (RPC): large
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections MET signatures

Also RPV and long-live particles.

Strong

production
(1+2 gen. squarks,
and gluinos)

600 800
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Typical Natural-SUSY searches (8 TeV)

- After 2 years of dedicated efforts...

- Searches for direct stop production

- SUSY simplified model limits at ~700 GeV for stop mass depending

on mass of LSP
95% confidence level (CL) xsec upper limits

cMs Vs =8TeV, [Ldt=1951fb" t pl’OdUCtIOﬂ
SUS-13-011 o 2 ;500 | LI |b| T T T I L LI | LB I T 1T 17 | T 1T T I_
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Typical Natural-SUSY searches (8 TeV)

Searches for gluino decays to stop or sbottom 4

quarks

SUSY simplified model limits at ~1.3 GeV for gluino
mass depending on mass of LSP and decay mode

5-5 production g tt 20
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SUSY EWK production (8 TeV)

- Searches for electroweakino (Xz

and sleptons

and <) pair production

- SUSY simplified model mass limits between 200-700 GeV
depending on mass of LSP the decay mode
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Overview SUSY searches

RPC Summary of CMS SUSY Results* in SMS framework SUSY 2013

gluino production
w
4
4
-
-
o

Gluino production

squark

stop

sbottom

3 CMS Preliminary
& ]
% _’“"%} e For decays with intermediate mass,
LI -y i M armediate = XM o, ~(1-X)M
§ e T I L ~ 77" ""7] Slepton
S h0 o 200 400 600 800 1000 1200 1400
erved limits, theory uncertainties not included Mass scales [GeV]

Only a selection of available mass limits
Probe *up to* the quoted mass limit
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BSM searches: High-mass resonances

- «Simple» procedure:
Reconstruct pairs of high-pT objects: jets, leptons, bosons,
Look at inv. mass, M tails for deviations from smooth SM backgrounds.
- Interpret (lack of) excess within (simplified) BSM models: Set limits for NP

]
cMS 8TeV, 206"
Z’ 9 II L?LL?;{“’” *

W = lv

Events / GeV
2

12— CMS Prelimina Ldt=20fb" \s=8TeV
YIZ-p'w ; ry
T 1 17T T 1 17T UL UL
10° 0, tw, Ww, Wz, 22, tc 210 _'w e-M=2lsooGev ' ' | o opr S
102 [ jets (data) O10° - lw"” .QCD () = —e— Data
—— W' - ev M=500 GeV (OIS )
10 01 05 lth-single topDW->rv re) E Fit
1 s £ 1o e e Qcp M
107 ‘91 04 .Y +iets l DY->ece E= 102 f_ JES Uncertainty
c ° g
1 0-2 51 02 I DY -> 11 l Diboson _8 107 é_ W (1.9 TeV)
10° 10 E
104 B . " s 10 % :
70 100 200 300 400 1(2[1()((:1*”') [623(1)0 10° = W A/C(36TeV) _ -
4 CMS Preliminary 8 TeV, ee (19.6 fb™), u*u(20.6 fb) 10! e 107 3
> TTTTN S RRERE S » - cms Prellmlnary #
[nd 061 -------- median expected 3 1 0—2 0 _ 107 = l\? 8 Te\ll I_I 19.6 b’
- I 68% expected q A F l<25,1An1<1.3
5 95% expected N 10 3 10° ? m; >890 GeV , Wide Jets ‘
10 Z'som = kb el i 3 Ft 3
3 ] 2 ‘ ¢ <
Zy 3 500 1000 1500 2000 250( = E i ,.-_I.’ AT | - e P M
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L _ o S =
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7 - o E E
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BSM searches: High-mass resonances

CMS Prellmlnarv, 19 5 fb at \f_ 8 TeV W—oevlLP
.W+jels .WW/WZIZZ 3

Di-boson resonances

—~ -
> 10° .tt . Single Top =
Search for deviations in final WW, ZZ, WZ states © o dota Juncertainy 3
(D Id- " Bulk Graviton M=1.5TeV k=0.2 (x100) =
Excellent momentum and energy resolutions are required 8 RN, ., Fito daa :
= o WW |
g l -~ E
[%2] 1 _
p— E|
C =
2
T} 10"
10* 000 1500 2000 2500 3000
9
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CMS Preliminary Vs = 8 TeV _[Ldt=19.atb S| 5 o4 ; 4 Pt }{ 4 : ; } it 7
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. E : —_— Asympt. CLsObserved -
[ z+jets (Madgraph) E J B oo Ol Bpcedii | i
B otrer Backgrounds (6, W) 1 N e S Asympl CL_ Expoctedz 25| . CMS Preliminary, 19.5 fb” at {s=8TeV, e+u combined
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BSM: Dark matter = new heavy particle

— Weakly Interacting Massive Particle (WIMP)

Universe content
. . visible matter 5%

- CMS searches for DM production in A B
association to g, y or W(—lv):

- Monojet, monophoton or monolepton final
states + MET

q g/ly/W
%‘ .
q " DM

- Derived limits using LHC data and compared to direct-detection
experiments:
Non-collider experiments: dark matter nucleon cross section limits.
Effective field theory: limits dependent on mediator nature
Vector mediator — spin independent

. . ) Atomic Nucleus ,
Axial-vector mediator — spin dependent o % /
Dark Matter |~

‘ J\Recoﬂmg

Atomic Nucleon
Nucleus

Particle
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BSM searches: generic dark-matter

- Search for new physics in monojet events o' F oM Prolminary £ v :

. 210°F (s=8Te B =

- Complementary to direct underground/space - ﬁdf;zsqu s

searches. @ 10% - e ;

- MonoJet 90% CL upper limits on Cross-section of Dark ™ L ke e
Matter with ordinary matter for my 10° e BT

- Collider experiments particularly sensitive to low 1ol | . ]
m F o ] L 3
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Overview BSM (non-SUSY) searches

LQ1, B=05
< MS E ° LQ1, B=1.0 > 0.5 TeV
XOT' CA 95% CL ExcLusION LiMITS (TEV) L2 B=05 IYIX
N ) LQ2, B=1.0
d ‘“2’:{;’,\’5} LQ3 (bv), Q=+1/3, B=0.0 LeptoQuarks
my pushed T @2 LQ3 (b), Q=+2/3 or =4/3, B=1.0
a*, dijet pair stop (b7)
above 1-5 Te\' ;aez - : . s . .
et A=2TeV ompositeness |
u* A=2TeV P b — tW, (31, 2I) + b-jet ‘ MX > 0.5 TeV
q’, b'/t’ degenerate, Vib=1
Z'SSM (ee, py) b’ — tW, l+jets 4th
Z'SSM (ro) B’ — bZ (100%) :
Z’ (¢t hadronic) width=1.2% T — tZ (100%) Generation
Z' (dijet) t' — bW (100%), l+jets
Z' (tt lep+jet) width=1.2% - BW (100%), 1+
Z'SSM (Il) fob=0.2 '
G (dijet)

G (ttbar hadronic)
G (jet+MET) kM = 0.2
G (yy) M =01

C.I. A, X analysis, A+ LL/RR
C.IL A, X analysis, A- LL/RR
C.1, py, destructve LLIM

_ C.l., py, constructive LLIM
G (Z(Z(aa) WMV;' %:) C1. single & (HNOM) Conto.c’r
W' @it ARVl Inferactions
p x pus hed C.I.,incl. jet, destructive
W'~ WZ(leptonic) bo e 1 5 TeV C.l., incl. jet, constructive
WR' (tb)
WR, MNR=MWR/2 Ms, yy, HLZ, nED = 3
WKK y =10 TeV Ms, yv, HLZ, nED = 6

pTC, nTC = 700 GeV
String Resonances (qg)
s8 Resonance (gg)

Ms, I, HLZ, nED =3
Ms, I, HLZ, nED = 6

E6 diquarks (qQ) MD, monojet, nED = 3 : m, pushed
Axigluon/Coloron (ggbar) MD, monojet, nED =6
gluino, 3jet, RPV MD, mono-y, nED = 3 .- above 1-5 TeV

gluino, Stopped Gluino
stop, HSCP

MD, mono-y, nED = 6
MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

stop, Stopped Gluino ‘ Long Extra Dimensions

stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED =2

5

& Black Holes
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The consequence: a lot of reading material

Showall Total QCD @ Exotica Searches Supersymmetry B Physics Electroweak

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

287 papers published

ho is -

supposed

to read all
this??

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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The future ... l':">
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The Future of the LHC

® Peak luminosity ==Integrated luminosity
‘ : : : : 1000.0
2506434 1 Q Ta\/ : ; i
2.00E+34 - 3 3' 100.0
P i 1 1 2
E 1soesa : i ; : Z
H H H H (7]
£ | 1 | | 00 2
8 i i i i E
£ ; ; s ; 3
g 1.00E434 : ; 3 § T
| | | | %
: 1 % | B
1 5 s 5 1.0 2
5.00E+33 | i T
0.00E+00 ; } . . i : i i i } - 0.1
o - o~ o < wn -3 ~ 0 (4] o - o o
- - - - - - - ) - - o~ o~ o~ o~
o o o o o o o o o j=] o o o o
o~ o~ o~ o~ o~ o~ ~N o~ o~ o~ o~ o~ o~ o~
Year ending

7x1033 Hz/cm? 2x1034 Hz/cm?2 1035 Hz/cm?

0fo! X2 300 b x5 3000 b
LS1 LS3

CMS Upgrades: Phase 1 Upgrads Phase 2 Upgrade
,,,,,,,,,,,,, =




A. Calderon, XLII IMFP 14

CMS Physics Program Priorities

CMS preliminary projection — > ™"~ =ens

— 4 —Jiy =Ly
- . 2 [~ Bl > KB
- With data collected until ~2022 & asf ;
~ -1 2 3t E
(~300 fb") £ 3 FTR-13-017 3
. . . © C ]
- Measure Higgs-like boson properties Tt 25} E
- individual couplings with 5-10% precision § 2f .
- Search for new physics at higher mass scale S5 3
CMS Projection s F E
— —T— —— ——— — o) C i
Expe(I:ted uncertaintiels on — I:;oo 'at f5=14 TeV|Soenario1 = 0.5 3 e
Higgs boson couplings —1 300 at f5 =14 TeV Scenario 2 0: 3
1 1 ~ - 0
K* ——0 (ky ) ~ 4-6% CMS Preliminary
KW : = o (Kt ) ~ 14-1 5% S‘ T ] T I’.I' IJ T Iol T ] L ] rrrTTT T T TTTrT l]ll T T
K ! | D 600 |- PP, It 8 TeV, 20 fb ]
z ' ' O} - 1-leptonchannel  seeese 14 TeV, 300 fb* (scenario A)
K ! I o - Based on SUS-13-011 ===~ 14 TeV, 300 f5' (acenarioc B) ]
9 ! ' £ 500 — Estimated So discovery reach —
Kb t i - , "'.,. T "o'-‘\ N
Ky — 400 - R N
K — : & et o7 Vo
200 |- A e, -
il il 1 1 1 1 l 1 L il il I 1 1 1 1 l L L : ““',,' L I‘ “ :
0.00 0.05 0.10 0.15 b e \ ¥
Scenario 1: expected uncertainty E it : .
« 2012 systematics 100 L™ 0 : .
Scenario 2: . i =
* theory syst: scaled by a factor 1/2 arXiv:1307.7135v2 0 £ e Lt

« other systematics scaled by 1/7L
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CMS Physics Program Priorities

arXiv:1307.7135v2

CMS Projection

‘ Wlth data co"eCtEd untll ~2032 E)épecl:te(.i ur;ce;tair;tielso;l | |—| “aooolfb";t f§:=14ITeVIScenlariol1
(~3000 fb_1) Higgs boson couplings —1 3000 at Vs =14 TeV Scenario 2
- Measure Higgs-like couplings with ultimate z* ' '
precision o ' ' o~ 2-3%
. z I 1
. T_he.d.ecay H—»pp'can be observed with a K, — o (Kt) ~10%
significance of 5 sigma K , |
- Probe SUSY up to m(gluino) ~ 2 TeV Ky : !
- Study vector boson scattering A
. . L PR TR RN TR NN T S TN A SN T T N SR N S
- Search for new physics in rare processes 0.00 0.05 0.10 0.15 _
expected uncertainty
= 10° | —
o — o, 14 TeV
© === 59,8 TeV
FTR-13-006 102 — 17, BB, 14 Te g E
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- ! oo
aQGC. 1 - %7, 8TeV <&
Significance 30 50 10 S =
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Concluding remarks

- The 2011-2012 LHC run has fostered great

successes by CMS: :
- Higgs boson: final discovery and consequent detailed studies
- Observation of B_~>up decays and new resonances

- World’s best top mass measurement, large number of other precise
measurements and searches in top sector

- Exclusion of SUSY in wide range of parameter space, long list of
searches for new phenomena

- Wide program of precision measurements in EW parameters and QCD

- After shutdown the new energy regime will bring
sensitivity to higher energy scales, measurements of

Higgs couplings, and more...



A. Calderon, XLII IMFP 14

Thank you ;)

Is there anything beyond the Standard Model?
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Backup material
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Some goals of the Large Hadron Collider

- Solve some open questions in HEP:

1. Mass generation problem: What is the origin of the
SM elementary particle masses ? Higgs boson ? other
mechanism ?

2. Hierarchy/ fine-tuninlg problem: Higgs mass runs
up «uncontrolled» up to Planck scale... what stabilizes
up to mp,, (1076 orders-of-magnitude!?) ?
USY ? extra-D 7 ... ?
3. Dark matter problem: SM describes only 5% of

Universe (visible fermions-bosons). ~1/4 universe =
invisible matter. SUSY ? Other particles ?

4. Flavour problem: Origin of matter-antimatter
asymmetry in the Universe ? Why so many types of
matter particles ?

5. QCD in non-perturbative regime: Why quark
confinement ? Total hadronic x-sections ?

mHI
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Object reconstruction: Particle Flow

- CMS exploits fine granularity and 3.8T magnetic field in the inner
tracker region to define a Gloval Event Description

W HCAL

et Clusters
0 [aeeoor
e
<)article-ﬂow H|

Optimal combination of information from all CMS sub-detectors
produces a list of reconstructed particles: energy and direction

e, Y, M, charged and neutral hadrons used in analysis (as if they
came from a list of generated particles) used as building blocks for
jets, b-jets, taus, MET, isolation
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Top quark production

- Top quark pairs produced in strong

interaction via:

- gluon-gluon fusion: dominant mode at LHC

- quark- antiquark annihilation

92 it 9 poooo !
g [ gooooe—— f

Single top quark produced in EWK

interaction via:

q q

~

q t b
w w+ b
b
g | 5 q' 5 g t

t-channel s-channel
o (7TeV) =64 pb o (7TeV)=4.6 pb
o (7TeV) =87 pb o (7TeV)=5.6 pb

tW-channel
o (7TeV)=15.7 pb
o (7TeV)=22.4 pb

LHC Tevatron
ag ~ 85% ~10%
qq ~15% ~ 90%

o (7TeV) =163 pb (@ approx. NNLO)
o (8TeV) = 246 pb (@ NNLO+NNLL)

all hadronic

I TR

dileptor lepton + jets
ud
+

w
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QCD: a_from the tt cross section

S

220

200

180

=7TeV; m{’°'® @NNLO ‘

—— CMS,L=231b"
-~ Top++ 2.0, ABM11

- @= Top++2.0,CT10 ——
wuge TOp++ 2.0, HERAPDF1.5 — .

- Top++ 2.0, MSTW2008 ==
A= Top++ 2.0, NNPDF2.3 i

160
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aS(mz)

Top++ and NNPDF2.3
(less assumptions of PDF
parametrization)

0.0046

ng(my) = 0.1178:).0040'

Cross section for top quark pairs
production is function of the top
mass or o, :
« Constraining mass pole we
can determine a_ value

O, (173.2 GeV) = 161.0 pb ( err. 4%)

2.3 fb"" of 2011 CMS datax approx. NNLO for S \s=7TeV, m,=173.2+ 1.4 GeV

BEELEL B AL B == B ELEL L B
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Higgs couplings

- Several production and decay mechanisms contribute to signal rate
- interpretation is difficult

- A better option: measure deviations of couplings from the SM
prediction (LHCXSWG YR3: arxiv:11307.1347)

- series of benchmark parametrizations

- Basic assumptions:
- there is only one underlying state at mH=125.5 GeV
- width of the Higgs boson is neglected N aii - 'y
(narrow-width approximation) for decoupling (c-BR)(ii = H—= ff) = T
production and decay i

- same tensor structure of the SM Higgs boson : JCP = 0++ (tested
independently by ATLAS/CMS/Tevatron)

- only allow for modification of coupling strengths

- Under these assumptions all production cross sections and branching
ratios can be expressed in terms of a few common multiplicative
factors to the SM Higgs couplings

FH=K,2{'FZM; I‘f=Kf°I‘§“; 01.=K,.2-0;W
- Example: K
o-BR(gg—>H=7vy) = osm(gg » H)-BRsm(H — yy) - >
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Coupling Modifiers

- Universality of k’s for fermions and gauge bosons kg= k.= ki=k; , k\=
kw= k; can be assumed

K 2 Ky
- Scale factors of loop induced couplings t P
(kg k,) and the total width k, can be treated ~ ° - H - (bW
M

effectively (allowing for possible additional
particles) Ky (K K7,Kp,.-) K (K,.K,) K, (K, Ky,..)
- ... 0r can be expressed in terms of
fundamental factors ky,, K,, Kt... (assuming the SM contents)

- total width: 12 ~0.75K2 +0.251

- Photon vertex loop H>yy mediated by W and fermions (mainly top)
—> sensitivity to relative sign between k,, and kg from the
interference kykg term
- > kV assumed positive 72 T i [
’ 9 tWO minima .'Tl’x_li_ ' F + vax_!i_ “'\%5:]
KF W, WV

~

- 0.07 KF — 0.66 xpry —| 1.50 &7 ¢
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Higgs properties
- Couplings from simultaneous fits to observed signals

- Measure deviations of couplings from the SM prediction: define scale
factors K as the ratio with respect to SM couplings (arXiv:1209.0040)

- Test to custodial symmetry, fermion universality and effects from new
physics

- Within uncertainties, quite a SM Higgs-like statement...

my = 125.7 GeV

s=7TeV,L<51f " ys=8TeV,L<19.6fb"

CMS Preliminary Vs=7TeV,L<5.1fb" {s=8TeV,L<19.61b"

o F ' ) ) CMS Preliminary " 68% CL
. ¢ SMHiggs @ Fermiophobic [ Bkg. only —95% CL
2 _ ' 95%
i - Bosons Ky — -
i Fermions Ky o= o =037 |
1 ' il 2
i Custodial A, — _oat| =
i s ' Pon = - I
i ym' x : O
*
ort- Down/Up du : Pg,, = 0-39
i Lepton/Quark 7qu —:*_p = 0.49
! ) =
11 Gluons Kq — -
) - . Photons K, __.._: b, =023
“0 0.5 1 15 BSM BR — - 0.41
. . KV BSM | I I 11 1 1 I | I I 1111 F?s'\ln 111
SM prediction K; = K,, = 1 o 05 1 15 2 25

parameter value
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Higgs properties

- Spin and parity from angular distributions in WW, ZZ and
YY

- Studied pseudo-scalar, spin-1 and spin-2 models excluded at 95%
CL or higher

ouswm-y r 7TeV,L= 51m r eTVL 19615" CMSpreliminary {s=7TeV,L=5115" {5=8TeV,L=19.6 ft' aasp-d-m.y 5=7TeV,L= sms F BTVL 19615' p
%) T T T %) L e e S RS R o 0.16F T T T T j CLS
g 0_1— L_!o . é 01 - o . g il 6 LJo‘
= —0 N ] E I -1 W 1 £ ° —2m" B2g 7 '
g 0.08f- - 99 —CMS datn % o.oa:—qq e CMS dal % 0.12F 99 —CMSdata J 0 0.16%
% 0.08]- A 1 3 oo 3 -
0.04f
2+mgg 1.5%
0.02f
5 ] - 5 g <0.1%
%2 -0 0 10 20 30 % 0520 i 1:1“_ 50 L:o maq
2xIn(L, /L) ><In(L /Lo.) 2xin(L, /L)
- 0
CMS prefiminary {S§=7TeV,L=5.1f" (S=8TeV,L=19615" CMSW&I HeZZ =8TeV,L=196M' CMS preliminary  {S=7TeV,L=5.115" (S=8TeV,L=19615" 1 <O'1/O
£ o016 2 o014z ks R A R et
@ ] — = 1 @ 1 —_— e 3
E 014 E o.12qq 1 [ 3 1 £ 016_~qq 2m W@ ] 1 i <0.1%
g - g . —cmscata  { g 014 —CMSdata
g 8 °-‘.‘ 1 8 o12f .
g - ?; 008:— —: § 01:
% 008 a ot 1 & . . _
ooef SM prediction JP =
0.06 0.06F . .
004 - 0+ highly favorite vs.
0.02 ] 0.02F
; ; other hypotheses
% 0 20 30 LT 10 30 %
2xin(l, /Ly) 2xIn(L, /L)

> Properties indicate no deviation from H(SM) so far



A. Calderon, XLII IMFP 14

Big themes: many (& complex) signatures
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1000

©
o
o

800

700

600

500

400

300

200

100

E SUSY LM6 g— gluino 3
- benchmark § o« B
: q;f)'z:t2 :
__ _81 —_
- Higgs squarks -
- sector —7 3
CHAY —H —:
i%ﬁ:::i: _g
gauginos/higginos 3

sleptons .
132__0‘ z:;i:_ —:

~

ln'—'_.'f

. 3 heutralino
(LSP)

-
o

IlllllllllllllllllllIlllllll

1000E.
>
200 |5

800

700

-

600

500

400

300

200

1100

—

Direct

production
via strong
processes

Direct
production

— via electroweak

processes



A. Calderon, XLII IMFP 14

Constrained SUSY searches (7 TeV)

- Many searches with multiple observables: Spartner masses
pushed to increasingly heavier (TeV) masses. No «simple»
SUSY so far ...

« cMSSM or mSUGRA = minimal SUSY SM extension with least # of
params (m0,m1/2,tanf,A,signu)

CMS Preliminary L _=4.98fb",\s=7TeV

» Most limits from
inclusive search
program: i.e. MET + 300
jets 200

;‘ 800 [ v V7 T T LA S =

. w/@Q £ %1 tan(B)=10 -

> 2011 was averyrich & ., “ao 3 L
. . — 2 > lus0 ]
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BSM searches: generic dark-matter
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