


Standard Model of particles & interactions

L= _}1 B, B" — étr(www“”) - %tr(GwG“”) [Gauge interactions: U, (1), SU, (2), SU _(3)]

+(P1,21) 5#iD, (:i) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

2 _
—g [(EL, er) $Mer + erM ¢ (:ﬁ‘ )] _¥2 {( er,vp) ¢* MV vr + vRMY$" ( )] [Lepton masses]
+(iig,dy) 6*iD,, (zi ) + @ge*iDyug + dro*iDydr + (he)  [Quark dynamics]
V2 V2

Y [(ﬁL,JL)qﬁMddR + dpM%¢ (zi )]—? {(—d,: i) ¢" M ug + M ¢" ( —A )] [Quark masses]

+(D,d)D* ¢ —mi o —v¥2)%20%.  [Higgs dynamics & mass]

e Gauge-fermion dynamics via covariant derivatives:

1 i
Dot )=lo= g W (5) 2u(i) =[0G Bt Pwrins,] (3 ).
i2e

DP-VR = BpVR: DpeR = [Bp_'ingp] er, DP'HR = |i3# 3

B;—-."'EQ’G;-.] ug, Dudrp= {Bp_%Bp "‘iﬂG#]dR:

D¢ = {3 M g +“§"’ w,,] é.

J Gauge—boson field strength tensors:

B,,=8,B,—-0,B,, W,,=0,W,-0,W,+iga(W,W,-W, W, )2, G,,=0,G,—-0.G,+ig(G.G,—-G.G,).
O(20) parameters: gauge couplings, H mass&vev, H-f Yukawa coupl., CKM mix., CP phases
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Standard Model of particles & interactions

m SM: Renormalizable QFT whose internal consistence & predictive power

have been experimentally confirmed to great precision:

A(LEP)
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“Issues” with the Standard Model (1)

B,,B" — %tr(www**”) — 217(Gp G*) [Gauge interactions: U, (1), SU,(2), SU (3)]

1

L= -

+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

v v

(—ﬁ [(EL, er) pMer + erM®¢ (:i‘ )] ve |i(_§L, ) ¢*MYvp + bRMY¢T (:f‘ )D [Lepton masses]

u

+(tig,dr) 6D, ( dr ) + @go*iDyug + dpo*iDydr + (he)  [Quark dynamics]

[Quark masses]

ey

(+(D,6)D* ¢ — m? [pd — v/2] ;2@. [Higgs dynamics & mass]

X Higgs: Generation of masses via BEH mechanism not confirmed (up to 2012)
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“Issues” with the Standard Model (2)

B,,B" — %tr(www**”) — 217(Gp G*) [Gauge interactions: U, (1), SU,(2), SU (3)]

= -1
4

+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

> [(—EL, vL)¢* MYvg + ppMY¢" (:f‘)] [Lepton masses]

+(tig,dr) 6D, (zi ) + @go*iDyug + dpo*iDydr + (he)  [Quark dynamics]

N1 /2
ar,dr) $MAdg + dpM ¢ E —% { dp,ap) ¢* M up + aph¢" u? ] [Quark masses]
+(D, ) D" — mi [dd — v/ 2]/ 202 [Higgs dynamics & mass]

X Higgs: Generation of masses via BEH mechanism not confirmed (up to 2012)
X Flavour: SM cannot generate observed matter-antimatter imbalance
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= _1

“Issues” with the Standard Model (3)

B,,B" — %tr(www**”) — 217(Gp G*) [Gauge interactions: U, (1), SU,(2), SU (3)]

4
+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

va va

Y [(EL, er) pMer + erM®¢ (:i‘ )] = |i(_§L, ) ¢*MYvp + bRMY¢T (:f‘ )] [Lepton masses]

+(tig,dr) 6D, (zi ) + @go*iDyug + dpo*iDydr + (he)  [Quark dynamics]

‘? {(“_‘LJLWM%R + drM%¢ (zi )]—? [(_gL:ﬁL)‘ﬂf’*ﬂ’fuﬂR + aphreT (;LL )] [Quark masses]

+(D.¢)D* fﬁe mi[&@—ﬂzﬁlzﬁﬂz) [Higgs dyn. & mass] G— new particles/symmetries ?)

X Higgs: Generation of masses via BEH mechanism not confirmed (up to 2012)
X Flavour: SM cannot generate observed matter-antimatter imbalance
X Fine-tuning: Higgs mass virtual corrections «uncontrolled» up to Planck scale
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“Issues” with the Standard Model (4)

L= _}1 B,,B* — %W(Wpuwﬁ*”) - %t*r(GwG’“”) [Gauge interactions: U, (1), SU,(2), SU (3)]

+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

—g |i(EL:€L)¢MEER+ erM ¢ (:i‘ )] —£ {( er, i) ¢* MYvg + spM¥ T ( )] [Lepton masses]

+(tig,dr) 6D, (zi ) + @ge*iDyug + dro*iDydr + (he)  [Quark dynamics]

-V (o1, du) oMdn + a1 (4 )]—? (~d1,20) 6 Mun + arit6" 2 )] [Quark masses]

+(Dud) D" ¢ — mis[66 — v*/2]Y20*. [Higgs dyn. & mass] G— new particles/symmetries ?)

X Higgs: Generation of masses via BEH mechanism not confirmed (up to 2012)
X Flavour: SM cannot generate observed matter-antimatter imbalance

X Fine-tuning: Higgs mass virtual corrections «uncontrolled» up to Planck scale
X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)

X Others: v's masses, gauge-gravity unification, cosmological constant, dark energy,...
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Goals of the Large Hadron Collider
m Solve 6 basic open guestions in HEP with 7 experiments:

1. Mass generation problem: What is the origin of the SM elementary
particle masses ? Higgs boson ? other mechanism ? 3 i

2. Hierarchy / fine-tuning problem: What stabilizes M iggs
(10*° orders-of-magnitude!?) ? SUSY ? extra-D ? ... ?

Planck

up tom

3. Dark matter problem: ~1/4 universe = invisible matter. = BN RO
SUSY ? Other particles ? g

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 ? Gauge-String duality (AdS/CFT) ?

6. Highest-energy cosmic-rays: Nature of CRs at 102eV ? =) ¥ @ By
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Tools: high-energy proton & ion collisions

1012 LHC, /s =8 TeV

diJet(pr > 100 GeV)

='10°

= e

: L]

% 103 Z° ) diJet(pr > 400 GeV)

- C:j “W{:vz ‘s
] & zzb
PDF(x,Q?) \ PDF(x,Q%) & 1
SM & new particles Z(r=01-m)
10-3 \ Z’' (L = 0.01-m)
Ntns PA 1079 o0 1000
A Vi X Scale / Mass [GeV]
160 - QCD thermodynamics —
14.0 .‘:‘,/T4 £qp R
12.0 | | — —=
14 10.0 | e
R 8.0 -
nPDF(X,QZ) i 6.0 Sﬁ:avour_
e 40 | g
nPDF(x,QZ) 2.0 - 3 T

0.0 =2 ¢

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Quark-gluon plasma
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Total weight CMS: the detector

14000 t ECAL 76k scintillating
Diameter 15 m PbWO, crystals MUON
. ENDCAPS
Length 28.7 m HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m?
~137k ch

Steel + quartz
Fibers ~2k ch

Pixel

Tracker Pixels & Tracker
* Pixels (100x150 pum?)
ECAL ~ 1 m2~66M ch 4
HCAL *Si Strips (80-180 pm)
Muons "‘200 m2 ~96M Ch

MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and -
480 Resistive Plate Chambers (RPC) 10



CMS: Athke people
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~3300 scientists & englneers (mcludlng ~9OO students)
from 193 institutes in 40 countries
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CMS:

Ke am Tm 2m /
y: G(EE,. ~ 100%/MNE
Muon G(E,)/E;~ 100%/MNE
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron {e.g. Neutron)
————— Photon

o(p;)/p;~15% at 1TeV

Tracker

1 Electromagnetic %
}! ] '] Calorimeter §
Hadran Superconducting 'P'E’f
Calorimeter Selencid £
Transverse slice 9) (E)/E -~ 3%/\/ E[ G e\/J ';‘O, 3% ""3'"‘L?:;':l:‘;‘l:‘i“‘atrirégf;ﬁed é:
through CWMS e
a(p,)p;<1% @ 100GeV
T
HCAL o(p;)/p;<10% @1 TeV

Particle-Flow (PF) algorithms use:

e, |, v, charged & neutral hadrons

as building blocks for:

jets, b-jets, taus, v (miss. E.), isolation

Clusters
[ deector >
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LHC Run-1: March 2010 - Feb. 2013

August 2008 :
First injection test g 71 A e i . ,gr'“
— = _——— 1 ] =
] i | E. ™ -f:‘fm“ _|'|_.;. 1023k i . rl"' ‘?
;e g &
s i
Bns  ghpfmpeahete
May 2012 Pl 2R12
October, 2011 Ramping . pgt@— '
] (/ _/é_;‘ MNovember 29, 2009 R FeSmIpErica T hﬂnp;era .
_x oy, ? G F L
e Beam back First Hints!! ?
——y ——— L
* Sept. 10,2008 J Sy sia Ny
First beams around i-
fs
= ™ March 14“‘ ?J
October 14, "‘IJ:BI.IDebEB Ehﬂ"‘l 2012 i Ll TR BT T
2010 T Restart Nov. 2012
I;;:;;;m;: with Beam End of p+ Run 1
Repair and Consolidation e

November 2010
Pb¥E+ lons

March 30, 2010

First collisicns at 3.5 TeV
Sept.
19,2008
Incident
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CMS: integrated luminosities (2010-13)

CMS Integrated Luminosity, pp

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

- 25
Te, = 2010, 7 TeV, 44.2 pb ' === 2011,7 TeV, 6.1 fb ' === 2012, 8 TeV, 23.3 b '
> {20
= p-p (8 TeV, 2012): /20 fbi*
o
‘E 15} {15
-
-
=
]
10| {10
= _ - -1
E p-p (7 TGV,ZO].O): ~37 pbl P-pP (7 TEV,ZOll). 51b
f 50 %100 15
S J
bt
=]
-
0 'Y c < o ‘ 3 < ’ ‘ c ¢
AW Lo 4 ©% AW AW 4o 5 OF AW AW 4 5°° 4 ©°
Date (UTC)
CMS ION LUMINOSITY 2011 and 2010 CMS Integrated Luminosity, pPb, 2013, /s = 5.02 TeV/nucleon
1800 Data included from 2013-01-20 14:08 to 2013-02-10 05:05 UTC
. 35— : .
D Ef:g:::zz < = BN LHC Delivered: 31.69 nb '
[ “ y c ] CMS Recorded: 31.13 ub ! —""1
1400 S RE DD [ e e CMS Certified: 30.35 nb !
& —_—
120.0 F E 251 —
5'° Pb-Pb (2.76 TeV,2014):~160 ub* Ex p-Pb (5 TeV,2013).~34 nb
80.0 . 3 —
p-pAequiv): ~7 pb? T s PP (equiv): ~7 pbt
60.0 '
g i
40.0 42 10} A
20,0 Pb-Pb (2.76 TeV,2010): ~7 ub = st =
- - __|
5/11 10/11  15/11 20/11 25/11 30/11 5/12 10/12 20 at 20 a0 ?Bb (-0‘0 i‘a“
Day/Month in 2010 and 2011 CAE L ° ®
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CMS: L1 & high-level triggers

20,000,000/Sec M. Strassler 2012

m Level-1 & HLT menus reduce
# of p-p interactions from: 2-10" Hz
(input) down to ~350 Hz (recorded),
~300 Hz (“parked” for later analysis)

trigger paths
Jhy 1
W Jy
B, — 'y
Y By
[ low p_double muon
high p_ double muon

2011 Run, L=1.1 fib"
CMS \s=7TeV

Events per 10 MeV
—
o

Z

! I I
1 10 10°
dimuon mass [GeV]

SCIIIIIIMII n M- \ur\.uul \/UIUII(A}

LI/II0O

100,000/sec

350/sec

{
\>< 1/2 O O /< 1/1 O O Processed and
— Stored
: HL \l_
Level 1 Trigger

%

e

L1 ;
®

Parked for
Later
Processing

Partial Storage
for Scouting

m Example: dimuon mass distribution
from several double-u trigger paths:

calibration, B_(uu), quarkonia, DY/Z
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CMS: p-p pileup & triggering

CMS Average Pileup, pp, 2012, Vs = 8 TeV

- - 45
< <u> =21
) {a0
s
.1: 135
-; 130
:E 125
E 120
E {15
ﬁ 10/ 110
('S
] % A0 R 20 i
Mean number of interactions per crossing
« lotal HLT
200 « “core”
sl “parked” -
m Highly-flexible HLT system allows CMS é P T e e
to keep a constant-rate cross section g = § o
. . . - . 100 T T TR R g R e W
with varying pile-up conditions without ¢ ,, RS e opapliwe s ¥ =
sacrificing physics: - |
)P S PU=14 PU=30
22 instantaneous luminosity [Hz/r

2.5 3.0 3.5 4.0 45 5.0 55 6.0 6.5
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CMS: publications & preliminary results

295 papers published + few hundreds preliminary notes as of Feb'14

295 papers published |

Exotica Searches
Supersymmetry
Top Physics
Higgs

QcD

B Physics

Isllallgllglgllallgllgl$l$l

Electroweak

Standard Model

Beyond the SM: B2G

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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CMS: publications & preliminary results

295 papers published + few hundreds preliminary notes as of Feb'14

295 papers published 20— Personal selection of
«first-ever» observations &
«best-ever» constraints:

QCD: ¢, ,«ridge», o (TeV)

QGP: T suppression
EW: yy-WW, VBF Z
Top: most-precise m__

Higgs: m,,, spin, couplings

651
60.
55.
50
55
2.
3.
2.
2.
2.

Flavour: B_(uup)
SUSY: m > O(TeV)

spartners

DM: GXN<1O'39 for mX~1 — 10 GeV
BSM: m > O(TeV)

new-particles

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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Quantum Chromodynamics
L= —%IBWB“”— %tr(wpuw*‘”) [Gauge interactions: SU (3)]

+(vy,, er) 6%iD,, (:i ) + ero*iD,er + Pro*iD,vg + (hc.)

G - _ _
—g [(EL: er) $MCer + erM (: )] —? [(_EL: vr) ¢* MYvp + ppMY¢T ( ;L )]
+ dgetiD ug + &Ra“iD#d (h.c.) [Quark dynamics]

2 - - 2 - _ -
V2 () o0t%an + a6 (42 )] -V | (i) ot Mtun 4 i ()]

+(Dup) Db — mi [ — v/ 2]/ 20°.

e Gauge-fermion dynamics via covariant derivatives:

% i i v U ig iga
D#(e§)= [3#‘75#““7“’#] (e}f) = D"(di)= [3#““—13#““—“’

6 2

12 f -
, _ v/ v/
D¢ = [3}_,_.; %Bp + %WF] é.

e Gauge-boson field strength tensors:

B#y =6p_ By _BUB‘,U.: Wp’-"‘” = B}AWU _3HW#+'3'Q2 (WFWH —WUW#)/Z,
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QCD: Inelastic p-p cross section

m Only ~60% of total p-p x-section at LHC directly connected to QCD
Lagrangian (perturbative parton scatterings) ...

m Diffractive (15%) +elastic (25%) x-sections require: Data + Regge-Gribov
approaches (QM constraints: Froissart bound, optical th., dispersion relations)
proton - (anti)proton cross sections

i R N T U S e m Impact on cosmic-ray MCs at E_~10" eV
10° ; . 10" . .
B Tt *—©— . Uncertainties of 6, change by factor of ~2
1 Tevatron LHC , . . .
10° : P i 10" the air-shower maximum fluctuations:
10° 10 - 140
10* %o 3 F i ot g 12k B -©-QGSJETII3  —® EPOS 1.6
- ' O 120/~ ; ~¥-SIBYLL21 -~ QGSJETOTc
10° Py 107 = E 3
5 : L, 160 g/cm?
'E 10° L ; 10' ; 100~ g cm
© 00 “z : 1a" H% - SRR
o (E;" > 100 GeV)} | D 80—
167" : 19" — _
- 2
: £ C -
107 / 10 60— Zoglcr'n-
i = - n
10° o, = 0% @ N S
10™ I:'.-:r':Erm > Na/4) g E 10 A N 40— :ZQ‘:‘“ g .---3
F 71 # - Rt Bt
i GPIHM(MH-1EDGEV} e pr’ & L o . .
™ 200 GeVv * ; o o 05 0.6 0708 1 2 3
e D00 GeV : \ Cross section f,g
e - B Ulrich-Engel-Unger, PRD83 (2011) 05426

rn
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QCD Inelastic p-p cross section

PLB 722 (2013) 5

g 95; @ CMS-HFbased (1 PYTHIAS E
& 900 v amas 0 D eoser 4 m Total inel. x-section 6 .~ 73 mb
a5 * TOTEM * EPOS 1.99 E CMS
- 5 s o aosernes 1 Visible inel. x-section 6, .~ 60 mb
80 = v = QGSJET 1-04 = . .
_— +‘* v Tt 3 measured in CMS via
o % . 7 * . 3 (i) pileup-events counting,
65 T >, (i) hadronic activity in single-sided triggers
602— +*‘+ +§ +; o _i
55 oM ppvs = 7 Tev +.a E Most hadronic models over(under)-
S Motars  Surga > tray, 2ty > 5 tray estimate high(low)-mass diffraction.
Qs £ s

m Mixed p-Fe UHECRs at GZK-cutoff after including LHC data (E_ ~ 10" eV):

900_{[[ T T II!I'”l T T T T TI1IT T T KIIIIII T T ||I|II'| T T IIIIII‘_ goo_l[ T 1[||| T T llflfl'l T T T TTIrr | T T '||f|||[ T T Ifllll'l
~ o HiRes-MIA s F_ o HiRes-MIA
850 q HiRes (2005) p roton ? = 850~ HiRes (2005)
= L ] gl | ==
800— Flay‘gtgye — 800 ¢ Yakutsk 2001
E . e = E +# Fly'sEye
i, ~ & Yakutsk 1993 : e 2 - -
g 750 X Auger(2010) e < 750 & Yakutsk 1993
5 - QGSJETO1 = LI E = ¥ Auger (2010)
o 700 — o T00F
650 é 650/
@ - -4 -
E 2R~ S S - E = .2
ﬁ& 550 ‘_'_# : Lt — ><V 550:—+ 4 $ @ 'w_yf.’
= i —— EPOS 1.99 3 = Prags —+— EPOS LHC
500 =] 500 .=::$"
=K (2010) —— SIBYLL 2.1 3 ik 9}3,;_« (2013) -=- QGSJETII-04
2 -=- QGSJETI-03 7 Eok - --SIBYLL 2.1
400“?|l sl PR | s vl vl ST b 400"‘|l vl TR | vl TR | 1 Ll
10" 10* 10 10" 10" 10*

17 18
&%ergy (é'{r)
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QCD: x-sections of light-quark & gluons jets

m Inclusive jet p. spectra:

20 GeV up to 2-3 TeV
(2-4% JES)

m NLO pQCD describes data
over 14 orders-magnitude.

CMS-FSQ-12-031

0F pp Vs \(_ 8 TeV CMS Preliminary
| I T T I I I I 1T T | !
a L open:L =58 pb™ (low PU runs)
> At
Q 3 10 E“’Emtﬂ%% filed: L = 10.71 fb”" (high PU runs)
3 40 E”%ﬁﬁ% — NNPDF 2.1 NLO ®NP
| O
ola
O

ﬁ

: 5
Gluon PDF constraints. 107
pp Vs = 8 TeV _CMS Preliminary i
> 2 T T T | - 107
S C  NNPDF2.1 —— DatalTheory = -
é e Theo. Uncertainty - 10__—0—00(|y|r:05( )(10)
O yaf— = 10_1'_+10<|y|<15(x10)
b T A 0 = 154yic20(x10)
[ e 5[ 20 <lyj<25( x10)
SPNER H 10°F -+—25<|y|<30(x10)
085 oos T = +32<'y|<47”<10
- — ] = L 1 1
2'2;_— { 10730740 100
F 0<|y|]<0.5 open: L —58pb (low PU runs) E
0.2 Anti-k,(R=0. 7) filled: |_ _10 71 fb! (hlgh PU runs)
013040 400 200 300~ 1000 2000
Jetp (GeV/c)
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QCD: Strong coupling from jets x-sections

m Ratio of 3-jets of 2-jets & 3-jet mass x-sections constrain o._at so-far
unprobed scalesupto Q ~ 1.4 TeV:

EPJC73 (2013) 2604
& B | I B 8 0.24 [ I ' I ! T 4
e BEr 94 = UUF CMS Ry, : 05(M,) = 0.1148:£ 0.0055 ]
N 4 3 el Kz
0.18 — ] 0.221 « CMSR, :
L, " 0.2F¢ a DO inclusive jets =
0.16 |~ — T E o DO angular correlation .
. : & 0.18— o Hi —_
0.14 — S - .
- g, S 0.16— ’ ZEUS -
aEE e 0.14[ =
011 = 0.12 =
0.08 — Data (Int, Lumi. = 5.0 fb™) i 0.1 —
= , —— ——  NNPDF2.10,(M) = 0.106 - Min, Value ] - .
- — NNPDF2.1o (M) =0119 . 0.08— :
0.06 — .f — — NNPDF2.10/(M)=0.124 - Max. Value | - .
0_04-|| |II| c b o ey e b by by b 006? | L Lol ! 1 Pl 7

200 400 600 800 1000 1200 1400 10 1 02 1 03
P, (GeV) Q (GeV)

NNPDF21: «a(M,) =0.1148 £ 0.0014
CT10: a (M) =0.1135 £ 0.0019

Measurement dominated by TH uncertainty:

MSTW2008: a_(M,) = 0.1141 £ 0.0022 PDF & (asymmetric) scale uncertainty
s £

(ABM11:  a(M,) = 0.1214 % 0.0020)

avs(Mz) = 0.1148 £ 0.0014 (exp) % 0.0018 (PDF) £0-09°0 (scale)
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“Collective” QCD: “ridge” of correlated hadrons

m Observation of long-range (over An~8 !) near-side hadron correlations
“ridge” in “central” (high multiplicity) collisions:

Pb+Pb 2.76 TeV | p+Pb5.02TeV | pp 7 TeV

CMS pPb \J5,,, = 5.02 TeV, N[[™ = 110 (b) (d) N>110, 1.0GeV/c<p_<3.0GeVic
1<p, <3 Gevic PLB 718 (2013) 795 e ey

EPJC72 (2012)2012 - 20-60%
T -._'\centrality

R(An,Ad)

m [nitial-state ? Correlated gluons around Q__ ? N

|kJ-|N‘pJ__kJ_|N‘qJ_:|:kJ_‘NQS é

Multiparton interactions enhance the near-side diagrams , .§

m Final-state ? Collective parton-flow ?
PYTHIA(pp) + B, ~ 0.5 generates such structure
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QCD plasma: q,9,QQ suppression in Pb-Pb

m Yields of strongly-interacting particles suppressed in Pb-Pb compared to p-p.

Weakly probes (y,W,Z) unmodified by medium:

5 050 » — PLB710(12)256,PRL106(11) 212301
medlum -8 ) - Central Pb-Pb, y=0, m= 2.76 TeV (preliminary) .
. ’ ) 3 a e Charged pions [ALICE] .
q: fast colour triplet properties S 2+  Charged hadrons [ALICE] ]
o - — = Charged had [CMS] -
~ % L ke DD’EES:r?esoisrﬁrflCE] ]
Induced @ - — % B-mesons — J/¥ X [CMS] -
| q E 1.5 j ———o—— Isolated photons [CMS] ]
gluon = - — = Wboson [CMS] % WL % ]
;] - ——=—— Zboson [CMS] ]
g: fast colour octet radiation ng’dy . D:g 1; ——————————————————————————————————————————————— e ﬁ ———————————————————————————— o —
R =x5 suppression T -
0.5 memmest A T
LLE R, Toimgpk ‘\\\>\5\*\\\\\§%\\\\ \}%\;\Q\ ]
e L .
Q: slow colour Ener ok : I NI R ‘ T T —
, ol Ny 0 2 3 4567 10 20 30 100
triplet loss / P My, (GeV)
Lrzoob s G PoRb S =276 Tev |
QQ: slow colour it §m®i g Cent 0-100% Iyl <2.4 E
sinalet/octet Dissociation i S - ; l;:t}— ;ZC; !'::c .
9 €t 2 sool | 1 Y(1S,2S,3S) yields
T L . « data 4
v*,W,Z: colourless P = 600:— ;, — total PbPb fit { Suppressed as
Contrals (nPDF) - op o . eXpeCted by >€d.
y: colourless 400~ e e . Iti f b-bb
. h’ C (RM scaled) 7 ((me Ing)) O ar
: 200[ - resonances in QGP
QCD medium L | ]
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PLB715(12)66, EPJC 72(12)1945

PRL109(12)222301 7

1 1 | 1 1 1 1 | 1 1 |
9 11 12
Mass(u*w) [GeV/c?]

8
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Electroweak sector (LHC)

r =Qﬁl} B, B" — étf(www#*’)- %tr(GwG“”) [Gauge interactions: U (1), SU (2)]

+(vy,, er) 6%iD,, (:i ) + ero*iD,er + Pro*iD,vg + (hc.)
V2

v

_V2

[(EL: ZL) éM er + erM®$ (: )]

|i(_EL: L) ¢* MYvg + prMY T (_EL )]

Yy

(—EL, dp)é*iD + #gro*iD ug + &Ra“iD#d (h.c) [Quark dynamics]

_g |i(ﬁL,JL)¢MddR + dpdl? (zi )]_g {(—JL,EL)¢*MHR+ERW¢T (—dL )]

UL
+(Dug)D*¢ — mi b — v 2y 20°.
e Gauge-fermion dynamics via covariant derivatives:

v ig iga
pu()=[o-"gmr g (). 2u(ir)-

Dyvp = 8uvr, Duer=I[d—imBuler, Dyur= [Bp ‘

i i
D¢ = {3}_,_ + %Bp + %WF] .

e Gauge-boson field strength tensors:
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EW: Cross sections summary

m Stringent tests of EWK (+QCD) sectors at TeV scale:

Oct 2013 CMS Preliminary

= F n
2 100 L~ N single ¢ 7 TeV CMS measurement (L < 5.0 fb™) .
© E - boson ¢ 8 TeV CMS measurement (L < 19.6 fb™") E
] e — 7 TeV Theory prediction —
c 104"~ . —
(@) — 2n jet(s — 8 TeV Theory prediction =
k] H = ° “= CMS 95%CL limit -
b} B : . : : . -
S : i-hnse : |
@ 107 % | single-t, tW __di-bosons =
7] — —
E 2 B |
o 10°5 —
c — =
e B -
= — =
o — .
o N ; =
(a 1 = * —
1 0_1 — =

m Very good agreement with NLO (or approx. NNLO) predictions at 7,8 TeV
m First-ever measured: t-W, tt-Z, yy > WW, vector-boson-fusion Z
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EW: W,Z (“standard candles”) production

m Differential DY+Z x-section in agreement with

- ha ‘?(q')
NNLO at 7,8 TeV. PDF constraints at low m, 7
i VIO — 4 Z(W) \\ l(l')
> 1 Ldt=4.8fb" ee,det=4.5 b upat Vs=7 TeV s
5 1o | h
== v*/Z - e, uut m W electron charge asymmetry vs_|nj
=i measured to ~1%. Many uncertainties
N cancel in ratio. Constrains u/d PDF ratio
= 10
10° Aly) = do/dy(W+ = ¢+tv) — do/dg(W— = £—7)
10sf. CMS-PAS-EWK-11-007 T'= do/dy(W+ = +v) + do/dy(W=- — (-7)
107 + Data p
10 FEWZ, NNLO CT10+LO EW CMS : : : | E,MO ,pb : at : 'S |= 7 ,Tev
sy 0.25- ]
g 15 FEWZ, NNLO GT10+NLO EW =2 i p;(e) > 35 GeV 1
£ 1 g - = W ev :
8 05 E 02" pRrL109(12)111806 »
15 30 60 120 240 600 15C % B ( ) N
TTTT T TTTTTT |II|rIT\|\[Gev] <C i ]
;0.06} - o i ]
%0_05_ —e— Data (1, 4.5 fb™ in 2011) i ' 3 E 0.15 B ]
© FEWZ+MSTW2008 NNLO —| U - -
:60.04; . g i i
:o.os' B 0.1 s=s HERAPDF1.5 =
B @ B e 1 MSTW2008NLO .
0.02f L - s NNPDF2.2 (NLO) -
F i theory bands: 68% CL |
 CMS Preliminary, | | , | , , | , |
0'015_ 4.5fb'1at\/§=;yTeV,20<M<30GeV ] 0'050 '|| 2
B R KR S KB B -2 Electron Pseudorapidity |
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TGC vertex

s-channel

Va

\s=8TeV,L=3.5fb"
L L

-o- DATA

wWw
B vy .
B Z+jets —
W +jets

top
stat @ syst

N

o

o
I

Events /5 GeV
§+ ]
E ]

100 -

| 60 | 80 ;
PLB 721 (2013) 190  Pr[GeV]

]|

3

Events / 25 (GeV)
= 3

ZZ and VBF-Z production

W

t-channel

Va

CMS Preliminary Vs =8TeV,L=19.6fb"

|z o

WZ/Z + jets |
[]

g ZZ = 4| &
' ZZ mass

200

400 600 800 1000

m,. (GeV)

o(pp = WTW™) = 69.9 + 2.8 (stat.) + 5.6 (syst.) = 3.1 (lum.) pb
WW 10-20% above NLO prediction at 7,8 TeV

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

World’'s strongest constraints on neutral aTGCs (fZ ~ 3-5 107)

Seminari IFAE (UA.Barcelona)
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Data/MC

1% evidence (~3sigma) for "~
electroweak Z production:

W+

.|— JES Up
-—— JES Down

T T T
CMS  ppjj
\Ns=7TeV,.L=5.1fb"

30 40 50

2000
m, GeV
JHEP 1310 (2013) 101

700 200 300 1000

David d'Enterria (CERN;



EW: vy >WW & anomalous QGCs

JHEP 07 (2013) 116

m EXclusive opposite-sign u-e events: 2 evts in 5 fbt at 7 TeV:

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb"'

— 8: A R I I I I I L R
CCB 7 F Il oaia B oreli-van<t B
o F Inclusive W*w [ Diffractive W'W ]
g 6 :_ Elastic yy — vt [ Inelastic yy — vt —:
«L F I S Wijets .
qc) 5 Y —> WTW (SM) —
= F m
W L () Ar+w— (:L]) _ +3.1
4 =
- o(pp > pWTW T p 21775 b
3L =
oF =
- 1 .
LS E
0 g ]t gt

0O 100 200 300 400 500 600 700 800 2001 000
m(en) [GeV]

m No high-p_ evts: Strong constraints on anomalous quartic gauge couplings:

CMS Preliminary 2011, VYs=7 TeV, L=5.05 fb" )<1 0 = CMS prellmlnary 2011 Vs=7TeV,L=5.051b"

30 T T T T T T LI T T T T T T T T = = = L rumn | [ T T T T 2 | 5L P, e 7]
- R Limits ~100 times < 2} - -
(@] i - Data - Drell-Yant*t ] ® -
o 25 [ inclusive w*w [l Diffractive Wew - Stronger than LEP (D LI
CV) B . . . . B k=
“a N Elastic vy — 't - Inelastic yy — 11 7 <\1< 1 }
= o0 | Kq B wojets ] ) 2 - :
g'.) B — 7 = W'W' (SM) N i W gféj 0.5 aWIAZ [Gev?]
L 15 i ..... ¥y = W'W’ (a0W=7.5E-6, aCW=0) E 0 f_ _E
L - ¥y — W'W (a0W=0, aCW=1.5E-5) 1 g g
B ] -0.5F -
e S ] QG C g =
B ] L 1 < Standard Model -
51— . PJH.-J“ %Hl e f— —— CMS 95% C.L. (A = 500 GeV) —f
7777777 N “5 e [~ ----- OPAL 95% confidence region =]
R T e ] Y W SE &
0 i i 1 g 1 igite (I AN Ul 5 po 0 op g s Tgas oo g pown Teled0s
0 50 1 00 1 50 200( %5[(()3 \3/]00 1 -0.5 0 0.5 1
e e > .
o Pr{eH aW/A? [GeV?]
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Higgs sector

L= —3BuB* - tr(W,, W) — 2tr(Gu G)

+(vy,, er) 6%iD,, (:i ) + ero*iD,er + Pro*iD,vg + (hc.)

‘/_ |i(L—"L L) ¢M er + ERME¢5( er )] —g {(_EL:EL)QS’*MUVR + prMY¢" (—;L )D[Lepton masses]

+(@g,dg) 6" iD,, (dL) +@ro*iD,ur + &Ra“iD#dR + (h.c.)

[Quark masses]

(+(D,6)D* ¢ — mi [ — v 220", ) [Higgs dynamics & mass]

e Gauge-fermion dynamics via covariant derivatives:

v ig iga v ig ig ;

o .
3ng#+19Gp]”R: Dy,dgr = |:3 - p"'iﬂG#]dR:

Dyvr = 8uvr, Duer = [8.—ig1Buler, Dyugr= [Bp 3

(7~
D¢ = {3,_..+ TB*“'" T"iﬁi..{,_.] @.
v/

e Gauge-boson field strength tensors:

ig1 iga
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SM Higgs boson: LHC production & decays

(a) gg—H

__y Gluon-fusion: dominant

_ % + 1 T |:v6'|l,,| LI B B . — < =x — Ti:é
-8_ z 8 - g —"'IV:J-H“: 18
—_— 2 o= C e
T 3 = % - 12
T E n = RIS %
ch B _ + 4l i, —
=" B . o 10 — \ Sk =
° 4F ° =/ g -
- 8 L _
i T T ]
107 10°: E
: \ | / S g ]
10—2 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | Z ,."“‘ —
80 / 100 120 {140 160 180 200 . | !
M, [GeV] 10" 100 120 140 160 180 200
= 7 g/ W/Z g t M, [GeV]
(b) VBF --H @ 7H --H  High-resolution channels: H — vy, ZZ(4l)
q q p - Large x-section channels: H - WW,tt,bb

VBF & associated prod.: harder H, more jets
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Discovery of Higgs boson: vy, ZZ channels
95% CL-Limits on o/a(SM):

Invariant mass distributions:

Significance (local p-value):

> T = 4 CMS Preliminary VS=TTeV L=5.1fb"  {5=8TeV L=19.6fb" CMS Preliminary \E=TTeV L=5.16"  {g=8TeV L=19.6"
[ [ OMS Hoyy ¢ Data 13k — Observed E i i | i | I ’
O5000[ B=7Tev, L =511" (MVA) S+B Fit - = _F i ~1 \
5000 =" EDAR s B Fit Component | = 5[ Expectedtts [|° [ 10, T —
d [ V¥s=8TeV,L=19.6 fb"(CIC) o B T - N PP W A O | A S R
= h — B 1z s B Expected+20 ||, 772 A\t
04000 - 1% [  L.20
= i 1< [ [
C = B
o) L B 62'5— 102 = \/
> - 1 R F E-
w3000 - -4 = F C
3 L 1 8 %F gt 0 AN/ e
L 1= E Y e T L A S
-— L i C =~ 10 3 e
52000 - . ? 151 =
0_) L i = I R IR R ST L AN bbbl Expected 1xSM
I
3 [ 1% ! 104 £ —— TTeV Observed
81 000~ B E ; :
+ L i 05¢ - 10 1— B8TeV Observed
% 0 :I L ‘ L L 1 L ‘ L L 1 L ‘ L L 1 L ‘ L L L | ‘ L L : ? L1 11 i 111 i | | i L1 1] i L1 11 i L1 11 i | | i | 10-5 § i i i i - collnblned o'Tserved I
110 120 130 140 150 10 115 120 125 130 135 140 n:|]45(Ge\;)50 116‘ ) |115| L1 |120\ ) \125 1 |130| L \135\ 1 |140| [ |145| 1 \150
CMS_hgg_mass (GeV) H m, (GeV)
> T T I T L] L] T T T T T 1 0 T T T T T T 11T ! T T T T TTTTTITITITTT II! T TTT 1 TTTT ! 1 =N I T .
[0 3 1 : : i !
O 30} * Data (s=7TeV:L= 51f" = " CMS Prefiminary [|—— Observed [~
o} (] my=126GeV Vs=8TeV:L=1961b" 77 AL+ 2000 | e Expected
~ [ zy, 2z PP Vs=7Tev,L=51%" | Jll Expected +1c |48 — . ~4FE <~ A\ [/
-09 - Z+X 1 . Vs=8TeV,L=196 1" 1 [P Expected + 2 |
[
w 20r K 1= = - 3
4
S ‘ Observed m,
L — Observed m,, KZ, P /My, or Vp)
10 - ’ - E oo e W R e R b AaANMEE e~ S N, | Expected —
L u S ] 76
1 CMS Preliminary H
} “l ‘ } Jo ’ 0 HoZZ—41 |}
1Tk A( i ¥ 1014 Y e=7TevL=51m"
10—15 : |_E=BTeV,L=19.6ﬂ::1':1 :
0 100 200 400 800 L L 1 1 1 | | L1 vl | . ] 10‘16 ||I||||I||||}:‘III.‘.IlIIIIIIII"I:|IIII|IIII
m,, [GeV] 100 200 300 400 100 110 120 130 140 150 160 18‘0 180
A my, [GeV] m, [GeV]
H H
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Higgs discovery/searches in other channels

m About 30 Higgs production-decay channels available:

Mhﬂ vector boson fusion [VBF) associaled prod. with WiZ ﬂﬁﬂ'armpﬂﬂ' Hf-l;-"' it
g Ny g g . <1l e Sty
o, Wz, H . W2

g t g4 — = s g 'r_ r

Channel ggF VBF VH ttH Dataset 7+8
TeV (fb1)

A=>vy 5.1+19.6
H=>ZZ—=>4l 5.1+19.6
H=>WW-=lvly 4.9+19.5
H—=>1T 4.9+19.6
H—=>bb 5.0+19.0
H-=>pp
H—= invisible 5.0+19.6
H>Zy

[Releasedl|  inprogress
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Discovery of Higgs boson: tt, bb channels

m BEH mechanism proposed to give mass to W&Z bosons.
Does it give mass to fermions? Does it couple to (down-type) fermions?
Invariant mass distributions: 95% CL-Limits on o/o(SM):  Significance (local p-value):

A 0 cﬂsm “p ma.n 1b" at 7*55.7 11 7.,.-!.;,5 Te\f CMS Preliminary, H-—-1r, 4.9 fb'"at 7 TeV, 19.7 fb' at 8 TeV
L]

CmS, upto49fb at7 TeV, 197fb at 8 TeV z 2 E_\ r r r r 1 r r 1 1 5
— - —.— 3
- B aok -sumum _ L=] H m 3 1o
D [ wr,en, .o : ® 3.5 —— Median expected > 107 \ //g
O 2500 S - [ + o Expected s
= f £ 3.0F [+ 20 Expected 107 '
E L =
£ 2000 = C 1
= - = 25F 10° . 7
2 f o NG
- - - Py
- 1500 |- - T g 2.0¢ { 10 13,
-— E il : I
.5‘ 1000 E =] SMH(125 GeViser = 3 —e— p-valfie observed
= — = E i
g - 1 S exp-e*ted for SM Higgs
@h 500 . =] E T
o | : E { %
- 0E - 0.0 HR S S T S S -8 M R | M |
w 0 100 120 [1G4gw 10 100 120 140
m_ [GeVl S —— . “|‘" € m,, [GeV]
[75) T T T T T T T T T T T T T T - ~
2 80 . CMS ! ! . ! Data ! : g B ?:If7 TeV. L = 5.0 fb" —e— CL, Observed 5 A CMS Preliminary  ys=7 Tev, L=5 b’ y5=8 TeV, L=20 b’
= - VS= 7TeV,L=501" pun 1 = 4 _ S Cls M2 injected | = .| 4.00
) | /s= 8TeV. L =18.9 fb" 1 E 5~ \s=8TeV.L= 1E.9 1 1 S CL, Expected 1 3 m, = 125.0 GeV
o [ Jwv = . pp— VH:H— bb I CL, Expected + 15 _ .
2z - PP — VH; H— bb 1+ [ CL. Expected + 25 | 14 Combined
% 60— —— Sub. MC uncert. _ ()] 4_ ] C H
=) i 1 o 4 — o T
g i —= VH + VV MC uncert. i __8 B ] 121 2\3. VH—-bb
_— = b a L) ] 105\
2 40L 1 E s 2.1c observed excess! - 46 evidence 4
Qo 1 3 2.1cexpected\ < -
%) i ] - i - ; ;
ool { 1 8 of o for fermionic
- 1 & B - 2. o
: . : ' af decay ’
r —— B 1 2;
0= \——I—-— r - 10|
: | v b by oy by |: :I PR S SO A S L L L I L 1 OO_I I IOIZI I I0.|4I I ‘O.‘G‘ IVO.S ‘ 1 I L{I-.Lé"""-;--l‘q.' I I1!é ‘ I‘I_IBI =
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Higgs searches in other channels

Best fit of signal strength

YY> bb, Tt, multi-lepton channels combined

- s=7TeW,L= 50f " a
CMS Preliminary  bb tt,yy, WW,2Z g =BTV L=195f " H=—= 2.5"_':::
z Og
B —— Observed
B CMS Preliminary (3=7TeV,L=50f"/s=8TeV, L=195f"
=
il ——
. tt_ H _g | Expected £ 15 |...
E ------Expected + 26 bb [~
o : : —
< 5 Hadronic o L
n .
LY ST oo SO S A A - .
M
3 SN R IR 3l
i Same-Sign 21 |-

- , ; : Combination {—

= PP I I PRI TR [ B

C P R R IR N | TR R T L v v -10 B £ -+ 2 0 2 4 6 8 10

120 130

38 140
my, (GeV)

=
(=]
-
I
o

Best fit ofoy,, at m, = 125.7 GeV

Expected signal-plus-background
event yield must not be negative

Observed limit: 4.3
Expected limit: 2.9

95% CL limit on p
at my= 125 GeV

CMS (5=7TeV,L=5fb'(5=8TeV,L=106f" _ 40CMS _V5=7TeV.L=50m" (s=8TeV.L=196m"
3 ? b |'|IlIlIflllflllflll[lllf|l1lllllll'llfll
- o
1600 e Data HoZy .g arXiv:1307.5515 i
sikE —— Background Model c — Observed
wmz ___ Signal m“=125Ger75 .3 B Expected £ 10
:i 2 g ---=-Expected +2 g
1000 — -~
S F o
mH-oZy g = £
& wof

200 =
it Bt e 20125 130 135 140 145 150 155 160
?DO 110 120 130 140 150 160 170 180 190 my, (GeV)
o m,, (GeV)
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Direct hint of H
coupling to top

Similar BR to yy
High-resolution too
But small sensitivity
due to BR(Z—ll)
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Discovery of Higgs boson: “all” channels

Vs=7TeV,L<51fb" ys=8TeV, L<19.6 fb'

CMS Preliminary  m,, = 125.8 GeV
H - bb (VH tag) e
H — bb (itH tag) u
H— 1t (0/1 jet) .-
H — 1t (VBF tag) -l-l—
H— 1t (VH tag), —I—
H — vy (untagged) -I—I—
H - vy (VBF tag) JE—
H— WW (01 jet) -
H — WW (VBF tag) |
H - WW (VH tag) _I—I—
H- ZZJ [ R R R |-.:- PR R R
2 0 2 4

(Not yet updated channels)

Best fit GIGSM
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m Signal strength among channels & with respect to SM Higgs:

Combined significance (local p-value):
(latest updates not included)

CMS Preliminary s = ?Tev L<5.1fb" ':s BTeV L<122fb
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= . ]
|| — H— bb . —8c
—| = H— 11 R —
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| = H— WW Y —
| —H= 27z " _
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Discovery of Higgs boson: mas, spin-parity

-
o

2AInL

- N O & 00 O N O ©

TTTT IIlI'|II|I|I'I.lf |II'II||III|IIII'|'IIIl|||'._I,I-T'II'I'I

m,

6

2ALL

5

1

N7
N

18

m Mass peak position (yy,ZZ):

S
T

=7 TeV, L=5.1 it 15=8 TeV, L=19.7 "
T T T T T T T L

I — Combined

=== Comibined (stat. only)
—H = FZZ — de
—H = A7 — 2e2n
—H = ZL — 4 7

/ -f,
/ ra

111l IIII|IIII|III |IIII|IIII|IIIF|Ill\f'llllllllll

CMS Preliminary

.13I.0. M
m,, (GeV)

-
w

(ZZ) =125.6+0.4(stat.)+0.2(syst.)

Vs=7TeV L=5.1fb™"
Vs=8TeV L=19.6fb"

ol—

m,,(vy)
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LY m,=125.4 = 0.8
- —— Stat + Syst
E X & s Stat Only
L T (" L Sea T | ST N T || -
124 125 126 127
my (GeV)

=125.4+0.5(stat.)+0.6(syst.)

Pseudoexperiments

Pseudoexperiments

m ZZ leptons kinematics sensitive to
resonance spin-parity (H prod. & decay):

CMS prefiminary  [5=7TeV,L=515" [s=8TeV,L=196f5'
T T T T

A L e

o1 . o .
[ gg—)o [

0.08:— —CMSdata |
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10 20
2xIn(L, /1y)
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2L /L)

Pseudoexperiments

Pseudoexperiments
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0t _ = Lo -
:q q -1 B
008 —cMsdata ]
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Studied pseudo-scalar, spin-1 and spin-2
models excluded at 95% CL or higher
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Discovery of Higgs boson: properties

CMS Preliminary ys=7TeV,L=5.1fb" ys=8TeV,L=19.6fb"
T T T T T T 7171 T T T T T T T 77T T

m Mass peak position (yy,ZZ):

m Couplings: ¢ - | s
i oD e . NS J | |=—es%cL .
£ of s Sy i A = D 1L |—95%cCL ]
3 b —HoZ o, 5 | we l ;
E _“/_’ZZ"jf‘.f"_i Including all < | A 1
6E \ " ; I |
=F \ yd > prOd uction 10 —
= i = E 7
i3 | /) E & decay S f
3 \ | v —f = _
: \N#] L. ; modes I
2E \ b = 10°E E
15 -\ /' | | 3 L §
P22 ' ~ 128 130 13 - ]
rn'l-l {Gew 1 1 Lol 1 1 N A A NETRTTI
_ 1 2 4 1 2 1 2
m (ZZ) =125.620.4(stat.)+0.2(syst.) . . 345 10 20 s (GoV)
Vs=7TeV L=5.1fb™ S | n - arlt -
CMS Preliminary Vs=8TeV L=19.6fb"’ . p p y'
2 67 ; m, =125.4 + 0.8 = CMS . . RGN LN R
oy L -8~ CMS dala - -- Median expected : :
' 5 — Stat + Syst _.{ 60- HHO'tic M.f+ 10 i
C .- E 0"+ 20 M.F+20 i
E N e Stat Only “  aof 0"+30 Fiag i i .
4 :
i o S i megn o " &
| AR m ETETE e T e
+ of M
] P
1_ “or : = £ £ | ! |
i o iqit T v v = # = %% %
o |\ 12I4 PRI P 125"- et 12I6 o 217 . any ?;n);:: qd—X any q@Q—X any gg—X gg—-X any gg—X gg—X gg—X

my (GeV) "
m,,(yy) =125.4+0.5(stat.)+0.6(syst.) ~ Properties indicate no deviation from H(SM) so far
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Higgs mass & top-quark mass

m Running of the Higgs self- coupling with energy:

) 27
)2—— = —6y+ gé-l— 3

9
(47 20091+—gzgl+/\(12yf 993+ 91)+24/\?+mgher loop:

178 . —— .
P —— 10" - 16° |
. T IﬂS‘ﬁbﬂ.l P — o= " e 10 4
If m, too large: A — non perturbative - ]
o F o . o
. ; c I T
|f m,,, too large: A — negative < S
g | - Mem-smbiiy | A NSSE o0l
[Strumia, Moriond EWK'13] % L™ aeers et N
> i ¢ : : 2 mf ]
3 200 bt = === Stability |
= | 168 =7~ S G R, o
= 1 128 130
E Higps pole mass M, in GeV
=
= 1 . M; [GeV] - 173.1 as(My) - 0.1184
§ M;, [GeV] > 129.8 + 1.4 ( - ) -05 ( 0007 ) + 1.0t

M, =125.8 £ 0.4 GeV (naive average of latest results)

|f mtop(pole)>171.2 GeV:

the universe Is In a meta-stable state
(it will decay to true vacuum eventually)

0 50 100 150 200
Higgs mass M, in GeV
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Top-quark mass

_ oMS. fS-7TeViewets JHEP12(2012)105
(b} B [:]ttunnﬁn:hed ..l2+hu; ] ; y
o 12000 EETi, A IR W —
— B 1t uncertainty & Data (5.0fb™ i _.?I 005 I
£ 1000[ _ - ' 20
= - el + >=4jets e o
= 800;_ Kinematic fits | ...Be_ 8 I15 Common likelihood
=S 6oop “ideogram 1N B |, fit to jet-energy-scale
= 400 — | |
QE} . ] 0.985 5 & mtop
2 200 = - 4
o - - 0.98 o
= B . 172 173 174 175
=} m, [GeV]
@ mit [GeV]
CMS Preliminary, {5 =7 and 8 TeV m 7/ different methods used at 7,8 TeV
P nosare bt Good consistency among all:

2010 leplon+jats
CME PAS TOP-10-008 |L=360pk)

173.10 = 210 = 2.66

|val « stal. « sysL}

CMS average:

2011 dIIEFtDn 172.50 = 0.43 = 1.46

Caiiepones T o sozriios m . =173.49 £ 0.36 + 0.91 GeV
2011385, 1P 00120 Dominant syst. uncertainties:
EE-Iplffﬂsnudgmgﬁmame—d:mm:: I-IPES%EI_ EI:‘EI}_EEE EXP 0'36 Gev (JES)

2012 8-hadron lftime 13482 1,47+ 287 TH: 0.45 GeV (color reconnection)

173.459 = 0.36 = 0.91

|val = stal. « sysl}

CMS combination
up b0 L= 196

(Universe meta-stable at 20 ?)

| | | o |
160 165 170 175 180
m, [GeV]
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“Issues” with the Standard Model (2)

B,,B" — %tr(www**”) — 217(Gp G*) [Gauge interactions: U, (1), SU,(2), SU (3)]

= -1
4

+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

> [(—EL, vL)¢* MYvg + ppMY¢" (:f‘)] [Lepton masses]

+(tig,dr) 6D, (zi ) + @go*iDyug + dpo*iDydr + (he)  [Quark dynamics]

N1 /2
ar,dr) $MAdg + dpM ¢ E —% { dp,ap) ¢* M up + aph¢" u? ] [Quark masses]
+(D, ) D" — mi [dd — v/ 2]/ 202 [Higgs dynamics & mass]

v’ Higgs: Generation of masses via BEH mechanism now confirmed (2012!)
X Flavour: SM cannot generate observed matter-antimatter imbalance.
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Origin of matter-antimatter asymmetry?

m Differences between particles-antiparticles (CP-violation in SM) way

too small (10%°) to explain matter-antimatter imbalance in Universe.

= New particles/CP-phases needed to explain baryogenesis
m Indirect search of New Physics via virtual particles in loops:

» Detailed B-mesons studies:

- Rare decay rates

- Branching ratios

- Asymmetries in decays
- Oscillation frequencies

- Lifetimes

E E Ivl :
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Observation of B, ->up

CMS-L=5Sf"fs=7Tev.L=20fb" fs=58 TeVv

m High-stats trigger + MVA techniques: S af o
(O C full POVF
> : C T B
210°4 2011 Run,L=1.11" Jy ".'gﬂ?rpaths S 12f 33
e 1 CMS \s=7TeV |y E__ : -----comf:inalcr_iall:ll-cg
14 B, 2 1o 1 7 sertestonie bk
£ 5 y 8 low p_ doubl 5 [ T
§104_§ . i low p_double muon D af ‘ I ] w PRL 107 (2011)191802
m1°3‘; =
1021; E °
101: m a4
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1% w2 .
g --------- - 1“}‘\ o, J.
1072 P e L ST ORI YR o AU RPUPITP B P A N
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dimuon mass [GeV]
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% 2: ;-,5 4.3 E.. (CMS+LHCb) §105_E - WV '. * ¥ ;
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“Issues” with the Standard Model (3)

B,,B" — %tr(www**”) — 217(Gp G*) [Gauge interactions: U, (1), SU,(2), SU (3)]

= -1
4

+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

va va

Y [(EL, er) pMer + erM®¢ (:i‘ )] = |i(_§L, ) ¢*MYvp + bRMY¢T (:f‘ )] [Lepton masses]

+(tig,dr) 6D, (zi ) + @go*iDyug + dpo*iDydr + (he)  [Quark dynamics]

‘? {(“_‘LJLWM%R + drM%¢ (zi )]—? [(_gL:ﬁL)‘ﬂf’*ﬂ’fuﬂR + aphreT (;LL )] [Quark masses]

+(D.¢)D* fﬁe mi[&@—ﬂzﬁlzﬁﬂz) [Higgs dyn. & mass] G— new particles/symmetries ?)

v’ Higgs: Generation of masses via BEH mechanism now confirmed (2012!)
X Elavour: SM cannot generate observed matter-antimatter imbalance
X Fine-tuning: Higgs mass runs up «uncontrolled» up to Planck scale
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BSM searches: SM fine-tuning problem

m Higgs boson is the only SM particle with mass: w0\ .
- m, not “protected” by any internal symmetry
- Scalar m, has radiative corrections up to next phys. scale WB t , " N
mﬁ = -mtz_me + (Am%)top + (A-m%)ga,uge + (Am%) DT ':\ " s '
H e cH_H o H
- m, from symmetry at Planck scale: fine-tuned to 10*°! n
m 3 general theoretical solutions: _{f“\}_
(1) Supersymmetry - SUSY: - SM superpartners SN, YU

Extra “svirtual” contributions stabilize Higgs potential.
H— —H
(2) Higgs not elementary (Golds. boson of new gauge group):

Technicolor, composite-Higgs, ..., (little-Higgs), ...
- techni-mesons/baryons, heavy-p, ..., (heavy-top, Z", ...
(3) Quantum gravity sets in at ~TeV.:
Effects from hidden dims (0.1 mm to 10*® m). =» KK-towers, radion, mini-BH, ...

~

m All solutions imply new particles at TeV scale
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Constrained SUSY searches

m CMSSM or mSUGRA = minimal SUSY SM extension with least # of params
(m,,m,,.tanp,A,signu), defined at GUT-scale & evolved down in energy.
m Many searches w/ multiple observables (mostly with MET). Spartner masses
pushed to increasingly heavier masses. No signal of «simple» SUSY so far ...
LSP Summary of CMS SUSY Results* in SMS framework SUSY 2013

MET_lﬁfmm - m(LSP)=0GeV |
§ougil | SUS-13.012 SUS-12.028 L=18.5 1.7 b I —
- qq’ SUS-12:005 SUSTI1-024 L=A7 fib ]
§ o) A Y 5 S T AR .
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§—ag i~ 7 J\ SUS-11-011 L=4.98 /b ]
g~ st~ << )| | ESUSSSOAESAENN ]
§ — qat* — w5} | | SUS-12-010 L=4.98 ffb e
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G-l > v ”\ IS0 TpES o I
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0 -0
RN - | R
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LE <k Hm SUS-13-006 L=18.5 /fb I i -1 o e
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Less constrained searches: natural-SUSY

m Natural SUSY: m, regularized by m

squarks can be heavy, gluinos less.

stop’

m ~10% fine-tuning: squarks>TeV, stops<0.6 TeV, gluinos<1.4 TeV

Gluinos decays into 3™ generation:

Events / bin

X1

X1

4 b-jets, 4W, MET
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“Issues” with the Standard Model (4)

L= _}1 B,,B* — %W(Wpuwﬁ*”) - %t*r(GwG’“”) [Gauge interactions: U, (1), SU,(2), SU (3)]

+(P1,21) 5#iD, (:i ) + ego*iDer + Pro*iD,vr + (he)  [Lepton dynamics]

—g |i(EL:€L)¢MEER+ erM ¢ (:i‘ )] —£ {( er, i) ¢* MYvg + spM¥ T ( )] [Lepton masses]

+(tig,dr) 6D, (zi ) + @go*iDyug + dpo*iDydr + (he)  [Quark dynamics]

-V (o1, du) oMdn + a1 (4 )]—? (~d1,20) 6 Mun + arit6" 2 )] [Quark masses]

+(Dud) D" ¢ — mis[66 — v*/2]Y20*. [Higgs dyn. & mass] G— new particles/symmetries ?)

v’ Higgs: Generation of masses via BEH mechanism now confirmed (2012!)
X Elavour: SM cannot generate observed matter-antimatter imbalance
X Fine-tuning: Higgs mass runs up «uncontrolled» up to Planck scale
X Dark matter: SM describes only 4% of Universe (visible fermions-bosons)

X Others: v's masses, gauge-gravity unification, cosmological const., dark energy,...
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BSM searches: Dark matter = new heavy particle?

Bullet cluster

-

< i T

m Dark matter evidences:

- Galactic rotation curves

- Collision of cluster galaxies 0 =
- CMB background T fluctuations £ T
- Large-scale structure universe § Expsciod < I :
m Properties: = g wo
- Sensitive to gravitation, stable,  bisance from center of galaxy —» R
massive, early Universe relic g2 ]
— Weakly Interacting Massive Particle (WIMP) ? T
Matter density Q,,
m_ .~ 10GeV -1TeV, o, o~ Opeucr Loy~ C(10%)

m Beyond-SM candidate DM particles:

- Lightest SUSY Particle (LSP): neutralino, ...
- Extra-Dims: lightest Kaluza-Klein tower, ...
- Heavy R-handed or sterile neutrinos.

- AXions.

- Unknown hidden sector.
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Dark matter: Collider searches

m DM produced in p-p final-state observable via:

Particle

large missing transverse energy (MET) from: Colliders

=» Lightest Particle (x°) in RP-conserving SUSY:

Prominent WIMP candidate.
Decay cascade with
large MET, many jets & leptons

=» Generic DM-pair searches:

Large MET plus initial-state
. QOCD or QED radiation: = Higgs decay to DM-pair:

Tre—— (for My, <M,/2) -

q

X 4 e
|pfMet 0, pt: 598.3 GeV/|
cccccccccccccccccccccc CMS/|
Data recorded: Tue Oct 4 02:50:32 2011 CEST S |
. Ron/Event 177783 | 442963676

(also mono-leptons) q
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Dark matter: Collider searches (generic DM pair)

(1) Search mono-jet,mono-photon excess above SM
background: Z(vv)+],y (~70%), W(vl_._, )ty (=30%).
Remove other EWK&QCD backgds: veto iso-leptons & A¢p cut ¢ X

(2) Interpret (no) excess within generic effective field theory (EFT)
for contact SM-DM interaction, characterized by 2 parameters:

SM DM
x A= %/V’g;(gq : Scale of effective interaction

M. :mass of DM particle (Dirac fermion)

SM ; e - -
- x  for various types of DM-SM couplings, e.g.:
Name | Initial state Type Operator
b 2 veetor w2 XV XDV (spin-independent: SI)
s 99 axial-vector  3X7*7°X4M7Y°¢  (spin-dependent: SD)
3) Set limits in DM mass vs. interaction-strength for SI & SD couplings:
g
2.2
8q8
o(xN — xN) ~ Lf Mn M = reduced mass of DM-nucleon system
*
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Dark matter searches: monojets/imonophotons

m MET pTy dlstrlbutlons after cuts for SM backgrounds & DM signal:

=
3 7 |:| ERNS
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= jL dt=19.5 iy | I—
o 1ot . [ ] <co
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m No excess: Limits on DM mass & WIMP-nucleon x-sections:
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BSM searches: High-mass resonances

m «Simple» generic procedure:
(1) Reconstruct pairs of high-p. objects: jets, leptons, bosons,

(i) Look at inv. mass tails for deviations from smooth SM backgrounds.
(i) Interpret (lack of) excess within (simplified) BSM models: Set limits for NP

B35 Uncertainty
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BSM searches: Extra-Dimensions via high-mass vy

m Extra Dimensions (ED) signature:
virtual Gravitons (qg/gg = G*- vy):

(spin-2 G* s-wave decay into diphoton)

m Warped ED (RS):
- G* resonance (Kaluza-Klein modes)
- 2 parameters:
M, (1% excitation)

k/M_, (dimensionless coupling to SM fields)
m Large ED (AAD):
- Non-resonant enhancement at high m_

- 2 parameters:
n_, (num. extra-dims),

M_ (effective Planck scale)
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Summary beyond-SM (hon-SUSY) searches

C M S 95% CL ExcLusioN LiMiTs (TEV)
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Compositeness
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(1) No contact
Interaction up
to A~10 TeV

Contact
Interactions

(2) A,m_ pushed
above 1-5 TeV
in many NP
models:

- Extra-dim, BH

s - Z WG reson.

- Compositeness

ExtrarDimensions
& Black Holes

(3) m >0.5 TeV for
- long-lived

- leptoquarks

- 4" gen. b',t

Generation
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LHC Outlook

Run-2 [2015-2018]: p-p @ 13-14 TeV,L_ ~ 200 fb™* (Pb-Pb@5-5.5 TeV, p-Pb@8-8.8 TeV)
Run-3 [2020-2022]: p-p @ 14 TeV, L~ 300 fb* (Pb-Pb @ 5.5 TeV, p-Pb @ 8.8 TeV)
Run-4 [2026-2028] High-luminosity LHC: p-p @ 14 TeV, L_= 3000 fb™

LS2 starting in 2018 (July) 18 months + 3months BC (Beam Commissioning)

LS3 LHC: starting in 2023 => 30 months + 3months BC (Beam Commissioning)
injectors: in 2024 => 13 months + 3months BC (Beam Commissioning)

2015 2016 2017 2018 2019 2020 2021
Q1:Q2:Q3{04(01:Q2:Q3 Q4|Q1102:03:0Q4|0Q1/02:03!04|Q1:02:Q3:04|01102:0Q3:04|Q1:0Q20Q3:04

LHC
Injectors
m,,,.WW-WW,Higgs properties,SUSY/BSM searches,...

2022 2023 2024 2025 2026 2027 2028
a17a2a3]a4]a1ia2 03 041 a2z @3 a4 |ai 02034 (a1 @2 (a3 04|a1702 @3 a4 a1 az]a3]a4
LHC

.
Injectors LS 3 .

2029 2030 2031 2032 2033 2034 2035
Q1:Q2:03 ui Q1iQ2iQ3 Q4|Q1(Q2 a3 EL’M Q1 'Q2:Q3/04|Q1iQ2:Q3:Q4|Q1!Q2 EGE Q4 1Q1 Q2 uj ui
LHC
. LS 4 I LS 5
Injectors
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m No (simple)SUSY/BSM signals yet at ~1 TeV

y of CMS SUSY Results* in SMS framework
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Back up slides
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QCD: heavy-Q cross-sections (& QQ polarization)

m Bottom &top x-sections
In good agreement with
NLO (approx. NNLO)
predictions:

m Although quarkonia polarization
still a puzzle ...

CMS Preliminary,\s=7 TeV

Spring 2012
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