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Lecture Pla

Overview of the 3 lectures in the next days
* Lecture 1: Introduction to Experimental

Particle Physics at the LI

C

_ecture 2: Measurements and test of the

Standard Model, (excluding the Higgs)

* Lecture 3: Searches beyond the Standard

Model at the LHC




Multi Jet Event at 7 Ter |

particle production
» QCD hard scattering
» Electroweak processes
 Top production
* (The Higgs particle)
e SUMmMary




A Proton-Proton Collider...




Search for New Ph

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

3 " s o Technicolor?
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A Conceptual Diagram |

What stabelizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that
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Proton-proton Col—

Most interactions due to collisions at large distance between incoming

protons where protons interact as “ a whole ”
— small momentum transfer (Ap = % /AX)

—particles in final state have large longitudinal momentum but small
—transverse momentum (scattering at large angle is small)

/
=

~

< p;>=500 MeV  of charged particles in final state

Most energy escapes down the beam pipe.

These are called soft events...
A minimum bias data event sample is dominated by soft events



Pp Collisions : Complications-

Protons have structure

Underlying event

“Hard” Scattering

outgoing parton

final-state
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QCD

QCD plays a major role in basically every topic under discussion at this
Symposium. For precision physics, or discovery physics we need to
understand the role of QCD corrections: QCD is all around us at the LHC

Quantum chromodynamics

From Wikipedia, the free encyclopedia

In theoretical physics, quantum chromodynamics (QCD) is a theory of the strong interaction (color force), a fundamental
force describing the interactions between quarks and gluons which make up hadrons (such as the proton, neutron or pion).
It is the study of the SU(3) Yang—Mills theory of color-charged fermions (the quarks). QCD is a quantum field theory of a
special kind called a non-abelian gauge theory, consisting of a 'color field' mediated by a set of exchange particles (the
gluons). The theory is an important part of the Standard Model of particle physics. A huge body of experimental evidence
for QCD has been gathered over the years.
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QCD at Recent C
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Proton-proton collisions

Generic LHC Collision  parton Distribution Functions: the probability of finding
a parton with momentum fraction x in the proton

proton
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Soft QCD Dynamics




loNS ‘.

Most collisions at the LHC do not involve a hard scattering scale

called soft collisions
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Event Types and Underly

Gt = Opp, T GSD'I'GDD"'GNDIN

*Elastic Scattering
*Single diffraction
*Double diffraction
*Non-diffraction

Hard Scattering

Hal-statg Radistiop

Underlying Frent

...Not always easy to classify individual events



CMS + TOTE

Experlmental Iayout of the TOTEM Detector

L ' IU“‘“ '” " '}. a .
'. 1 Lt “"““j,. "‘. b o ‘1

eTotal pp cross-section
eElastic Scattering
eDiffraction
eForward physics

Rap gaps & Fwd particle flows measured with
inelastic telescopes (T1 and T2)

Leading protons measured with Roman Pot

Stations (RPS) at 147m, 220m from the IP e ——— ki
RPS



Elastic/Total pp Cro

TOTEM = Roman Pots + Forward Detectors
TOTEM uses the same IP as CMS (IPS) EPL 101 21004 (2003)

7 TeV elastic differential 8TeV cross sections
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TOTEM total cross-section

~— 110 - -
7 elastic only 98.6+2.3 mb E 105 F T 3
7 p independent 99.1+4.4 mb 5 100 —* ,,,,, ++ ,,,,, + i E
g = =
. . 95 =
7 lumi independent 98.1+2.4 mb : -
90
8 lumi independent 101.7£2.9 mb ~ 80 F -
140 ) E
- . p (°DG) T T T T = PE- ' —— §
E 130 v pp (PDG) B __ TC':J 70 = _:
"~ 120| =  Auger + Glauber new data available_q__ 4 - £ 65 - =
= 10| * ALICE at Vs = 2.76 TeV ] h - -
kS < ATLAS ge 1 60
T 100 . cwms T T ~ 35 F =
2 , : PR < F Oel 3
5 90 ¢ TOTEM (L indep.) s - E 30 E =
< best COMPETE o fits ’ N Tk .
8 %0 17 150ms 0134126 - FBEYT LA S o =
g 7 ] 20 £ E
L 60 7] ppEL L 1 1 11 13
T 50 (@) Se et @Y
.= - A < U <
O 4o Bkt TO-I,-, - L—% é ﬁ "E = B %
= SAUUMPERRR P > >0 0 < <
S 30F _--T - & g & &
3 et ©c ° g 3
2 wr GRS S ] g% 7%
bm 10;+w,§_g_—v—$—n——"'"'_ﬁ#rﬁr 7 = = E &
ol . | ol l ¢ Y
10t 102 10 10t 10°



'E B l T T T II T T T
g 140
e [ - ToTem ATLAS 527 TeV
120 s Lower energy pp
- a Lower energy and cosmic ray pp
- o Cosmic rays —a— Luminosity-dependent
100~ ___ COMPETE RRpl2u . =
80 - 13.1-1.88In(s) + 1.42In%(s) ] TOTEM —a Luminosity-independent
60 f— _f = p-independent
405 - ATLAS
= e ] —— Luminosity-dependent
20 :_ Gel I g d —:
3“‘?“‘““"‘“"] """""""" i | i AR B RS RS SN S
0 1 lll110 1 1 1 llll1|02 1 1 11 ll;l03 1 1 L1 ll;l04 1 1 111 85 90 95 100 105 110 115
O ilPp— X)[mb]
arXiv:1408.577/8 \s [GeV] tot

Energy evolution of o, ,and o,

ATLAS 0, =95.4+1.4mb B=19.7 + 0.3 GeV>2
TOTEM o, =98.6+2.2 mb B=19.9 + 0.3 GeV->2

B7L1U A7L1U

The ATLAS measurement is
3.2 mb lower than TOTEM,
the difference corresponds
to 1.3 g, assuming

uncorrelated uncertainties.
A7R1U

Beam pipe




Diffractive Cross
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Understanding Particle

*Single particles, multiplicities etc. vs phenomenological models...
[ HC detectors are excellent and complementary for such studies
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Underlying Event S

An important systematic effect for precision measurements, eg top mass
All central detectors have made measurements in the ‘transverse’ region:

“Hard” Scattering

outgoing parton

proton

underlying event
ini

final-state

outgoing parton radiation

proton

underlying event

tial-state

radiation

Leading Charged-Particle Jet
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Region
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Double Parton Sc

Example: angular correlations study of W+ 2jet events: The fraction of the
cross section attributed to DPS= 0.08 £+ 0.01 (stat.) = 0.02 (sys.)

arX|v 1301 6872
0'07._' L r~= 7T T T T I
- ATLAS » WIv data - physics BG, \F =7 TeV

0.06}— - Fit distribution
- - A+H+J template A

+ —— template B _f

444
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0.04F

Events / 3 GeV

0.03F J p
o Ldt=36 pb

00 20 40 60 80 100 120 140

Aitats [GGV]
Difference between the transverse momenta
of the two jets (p; > 20 GeV)

DPS can be important for searches where after cuts only a few events remain...




Correlations Between Produced P

2N s Experment e L, CERN / 4 eSelect high multiplicity events

\ A\
08, 022558, 830811 GMT

eStudy the correlation between
two charged particles in the
angles @ (transverse):

Ag and 8 (longitudinal): AB

= n= -In tan@/2

All events High multiplicity events
MinBias, 1.0GeV/c<p <3.0GeV/c N>110, 1.0GeV/c<p'<3.0GeV/c r

A new phenomenon

in the ‘stronge force’?
*Multiple interactions?
*Glass condensates?
*Hydrodynamic models?

R(An,A9)
R(AN,A0)

-4 JHEP 1009 (2010) 091




Forward Particles I\/Ieasurem_

| HCf uses the same Interaction Point as ATLAS (IP1)
. HCf has forward detectors at zero degrees seen from the IP (140 away
from the IP): Measure the forward photons/pions for cosmic ray studies

140 m >« 140 m
| Y
Y
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Forward gamma measurement compared : 3
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No model reproduces the data well !
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Important for understanding of cosmic ray data o~ s —sm—sw 30003500
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Hard Scattering
Perturbative QCD




Strong Interaction: Jets Produc-

Study the strong force using jet production

proton | ny\/%) D|-]et invariant mass = 5.15 TeV (R=1.1 jets)

! k Q(X1) q
, : CMSE xperiment at LHC, CERN
Fq(x) q Data recorded: Fri Oct 5 12:29:33 2012 CEST
\ RurLFV(mt 204541 / 52508234
pIOtOH ( NQ% . | Lumi section: 32

In this event
more than 60%

Jets of particles

emerge after a high of t{\e full :
i, _ proton-proton
energy parton-parton ., eneray

Scattering ends up in jets

44



Early Measurements of Multi-jets-

e Early 2010 data...
Jet Multiplicity distribution

Eur.Phys.]. C71 (2011) 1763 o
A six jet event
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Inclusive Jet Multiplicity

Multi-jet distribution in good agreement with theory - LO matrix elements plus
matched parton showers - apart from normalization




Inclusive Jet Production

| Phys.Rev. D86 (2012) 014022
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Agreement with NLO calculations over the full range, up to 2 TeV jets
The anti-kT jet algorithm is used in most studies. The ‘cone’ chosen for this
algorithm is different for ATLAS and CMS -> no direct comparison possible

ATLAS uses R=0.4 and R=0.6




Inclusive Jet Productio‘-
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Inclusive Jet Prod

Comparison with NLO calculations with the data in some detail,
for different proton structure function parameterizations.
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Extracting the Strong Coupling C

Measure the ratio of 3-jet to 2-jet events

This measurement is sensitive to the fundamental QCD parameter a
Di-jets within the range of 420 - 1390 GeV, p- of all jets larger than 150 GeV

More methods are being used

Y
‘.i_‘.;“ 4 8 O 24 i LI T T T T T T 17T I T T T T LI ‘ T :
= g = °C CMS R,, : ag(M )=0.1148"7%% 7
/l—f\> — Z -0.0023 —
& (XS 3 0220 CMSR,, ]
= A 0 25 | a DO inclusive jets .
= -mev TN o DO angular correlation 7
— 0.18— o H1 -
dos, /dpr = » ZEUS =
Rao = P 0.16— —]
2 d02+/dPT x aa(Q) 0 14: .
+ Jda— ]
Q = (pr12) = 22 5 I - =
0.12— —
(pr12) range  Q as(Mz) as(Q) 0.1 —
(GeV) (GeV) 0.08— -
420-600 474 0.1147 100061 (0936 00040 0os. World average =
’ O L1 1 | 1 | 1 1 1 L1 1 | 1 1 1 1 1 11 ‘ I—

600-800 664  0.1132 70000 0.0894 +2-00%1

2
800-1390 896  0.1170 F500%8  0.0889 00083 10 10

3
10Q (GeV)

) «5(Mz) = 0.1148 + 0.0014 (exp.) = 0.0018 (PDF) 3590 (scale) = 0.1148 T990% arXiv:1304.7498

a@(Mz) = 0.111 + 0.006(exp.) * 53 (theory). ATLAS-CONF-2013-041

ATLAS prelim:




New Directions: Boosted Jets & Substruc-

Analyse boosted/merged jets RN
arXiv:0802.2470 \;

Start from Cambridge-Aachen FAT jets and apply jet “pruning” to find sub-jets
Many methods being developed to analyse the jet substructure: grooming->
mass drop filtering, trimming, pruning...

Example: Boosted top events with b-jet and two merged jets from the W

CIMISIPIrellilnrir[lalr'ly’I\‘??|8|T?v(] |19|.? lfb|'1| | T 17T l L e I | l T 1T l T 17T
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e Data —
B ]
I W+Jets =
[ INon-W MJ
[ Z+jets
[ Single Top
— Data fit

W "~ MCfit —

Subjets i
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Detailed QCD Jet-structure Stu_

* Detailed QCD jet studies such as substructure grooming
are important to get:

* Deeper insight into pQCD evolution in jets
* To perform searches for New Physics in a new way

CMS Pretiminary L 6pb? NE_7TeV arXiv:1203:4606
£ — & E ATLAS +m1u|:|sa.JL- mp' -
. ® Data 2 0.06Fantik R-10 Sl e = " : ;
" C —.\E HEI'WIQ-H— 2.3 (Gluon) _g o E 500 < p_r-:ﬁﬂﬂ GaV Total un. E E|E E ATLAS B (oa 2010, L=3% pt” E 3
24f Yeut = 1077 Homirs 23 (Quark)| whe OO v = 1< —— Py B3 ERR
-~ TWig++ 2.3 ( I e Cw Horwigss : oF — POWHEG + PYTHIAG AUET2E_]
r —-- Pythia DET (Gluon) 0.04 : ]
225, + PythiaG D&T - a mcmeee PYTHIAG AUETZE 3
G B '
Ej ¥ o I'-‘y'lh|aE22 - - . Anti-k, jets, A = 0.6
ZE 8 — Pythia8 72 (Quark) : 1; - ! o r:{l-,zm Ga
1.8 ., £ : 2 =
- 4, li-r R:ﬂﬁ 0.01 .
o “f, [ N
1 60 vl <1 - 0
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L N N N =5 b G'E
1 2: "“:Qﬁ ik g 1%;: - e el oy = = E
= — "."'-:;___ E ! +H .
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1—|' 1 1 Lol 1 -_.-I:::'TTJW 3-45_ L L L L L L L L L _E Width
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Low-x Studies at t

9
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High energy of the LHC allows to
access regions of low Bjorken-x

Detector coverage to large |n| is
important! Typical measurements:

e Low mass Drell-Yan, Jpsi...
e Prompt photon production
e Jet production with large rapidity

Xyp= (M/14 TeV) exp(zy)

0°EF Q=M M =10 TeV

QCD Dynamics studies:
DGLAP: Dokshitzer, Gribov, Lipatov, Altarelli Parisi
BFKL:  Balitskii, Fadin, Kuraev, Lipatov

log (1/x)




Low-X: Mueller-Navelet Jet St_

eLook at correlations between jets -with p> 35 GeV- at large rapidity distance
*Proposed in the early '90’s to as sensitivity test to BFKL and DGLAP evolution

CMS-PAS-FSQ-12-002 central + forward jet  azimuthal correlation vs Ay
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and Z Boson Productior




W and Z Boson Product

f
Select final states with leptons i
arXiv:1107.4789
arXiv:1109.5141

CMS prellmlnary

:..."b & E I ! 3
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https://twiki.cern.ch/twiki/pub/CMSPublic/EWK-10-005/Zee_mass_Log_corrected.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/FastPerformancePlots/W2010/fig_01b.png

W and Z Boson Produc
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Top Quark Production




Top Quark Physics I

Iy
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mass, GeV

M

~ 173 GeV T~5el10%s "= (1.5 GeV)!

top

*The heaviest known elementary particle: ~173 GeV
*Coupling to the Higgs ~1 — Special role in EWK symmetry breaking?
eSpecial sector to searches for new physics




Candidate Event for Tc

Top Di-Muon Candidate Event




Top Pair Production at

ATLAS+CMS Preliminaryo“. summary, Vs=8TeV TOPLHCWG July 2014

% Tevatron combination® L =‘18.8 ft" ATLAS +CM S Prell mm ary July 2014 N

B ATLAS dilepton L= 4.6 1b
CMS dilepton L=2.3fb"

ATLAS lepton+jets* L= 0.7 fb” TO P LH CWG
CMS lepton+jets L = 2.3 f6'
ATLAS dilepton L=20.3 fb"
CMS dilepton L=5.3 16"

....... NNLO+NNLL (top++ 2.0), PDFALHC —_
my, = 172.5 GeV

I scale uncertainty
scale @ PDF @ o uncertainty

stat. uncertainty
= total uncertainty
Oy +(stat) =(syst) =(lumi)

e O m O

ATLAS prel., efutjets

102

o

24112+ 31 9 pb

1

228+9 "

) " @ ATLAS leptonsets* L= 5.8 5 .

ATLAS-CONF-2012-149, L =5.8 b - N Kl i 7

- O CMS lepton+ets* L=2.8ft L 1 A

. - *Preliminary 250+ 47

ATLAS, dilepton ey, b-tag 2424+ 1.7+55+7.5pb = r 1 A

arXiv:1406.5375, L_=203fb™ 4
+29 200 r T

CMS prel., efu+jets
CMs-PAS TOP-12-006, L _=2.8 b

2+ 10 pb

10

Inclusive tt cross section [pb]

CMS, dilepton
JHEP 02 (2014) 024, L _=5.3 fb

239+2+ 116 pb

=== NNLO+NNLL (pp) 150 T .
——— NNLO+NNLL (pp) 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

m,, = 172.5 GeV, PDFC+) a, uncertainties aco?rdmg to PDF4LHC
1II|IIII|III?IIIIIII?IIIIIIIII 1 1

2 3 4 5 6 7 8 9
\'s [TeV]

257+3+24+7pb

CMS prel. elutt,
CMS-PAS TOP-12-026, L_=19.6 b

Effect of LHC beam energy uncertainty: 4.2 pb

300 350

ATLAS and CMS have made top anti-top pair cross-section measurements at 7 and
8 TeV, and are in agreement with NLO QCD expectations. Present precision ~ 6%




The Mass of the To

Tevatron+LHC m ., combination - Feb 2014, L  _ =3.5 fo'-8.7f"
_ ATLAS + CMS + CDF + DO Internal
CoF Runil et ———t 172.85 + 1.12 (0.52 + 0.49 + 0.86)
CS';?;’?”' diepton * - ' 170.28 + 3.69 (1.95 +3.13)
CDF Runil, all jets - ———— 172.47 + 2.01 (1.43+0.95+ 1.04)
??':Et:r“”’ B tets F—e—i A 173.93 + 1.85 (1.26 + 1.05+ 0.86)
oo R et —+—e—+— 174.94 + 1.50 (0.83+0.47 + 1.16)
Df:jl Runil, di-lepton — = +— 174.00 + 2.79 (2.36 + 0.55 + 1.38)
Ajl':’ff‘cm' I+jets — e — 172.31+ 1.55 (0.23+0.72+ 1.35)
ATHAS Zot driepten —_— — 173.09 + 1.63 (0.64 +1.50)
oM s et — o —i 173.49 + 1.06 (0.27 + 0.33 + 0.97)
veththaiel —+—— 172.50 + 1.52 (0.43 + 1.46)
CME 2T Alets *—+— 173.49 + 1.41 (0.69 +1.23)
World comb. 2014 —_ - 173.34 = 0.76 (0.27 + 0.24 + 0.67)
2£ TevatonMar. 2013 (incl. Runl) | r—e—m 173.20 + 0.87 (0.51+0.36 + 0.61)
35S LHC sept. 2013 —it— 173.29 + 0.95 (0.23 + 0.26 + 0.88)
o | | | total (stat. iJES syst)
165 170 175 180 185
my,, [GeV]

U S| n g Tevatron an d B Combination performed using BLUE
LHC combination of the m, = 173.34 + 0.27 (stat.) + 0.24 (iJES) + 0.67 (syst.) GeV
mass measurements

The best value
on the top mass

m, = 173.34 £ 0.76 GeV to date!!




Vector Boson+Jets and

arXiv:1304.7098
—_ 106 T . - - - .
g ATLAS | Dyt (ten) High statistics and precision at the LHC
31 Ldt=46f" ~#~ Data 2011 ({s =7 TeV . ) -
L ik els, A=0 e ALPGEN allows for W/Z+jets and top+jets studies
X o' >30GeV, Iy"i<44 1 m’z@fﬁ fo
= 10 “¥— BLackHAT + SHERPA
! g
= 10 —— arXiv:1404.3171 CMS,L=5.0fb"at \s=7 TeV
% 10 —— % 1 I T T ] I T I ]
T 8|l== 'E Lepton+Jets Combined 3
10-1 e Flo - t0p+JetS 1
- —— 4l = N
102 Z+]ets ' 10 - E
] A S S S : E
§ 1%_ —V—BL/ACKHAT + SIlE/FlP'A ) % : 10-2? e Data | =
S os- T ! _ i MadGraph+Pythia ... ) :
E T —t—+—+—+= | -~ MC@NLO+Herwi : |
g 1-;_ ‘@ ALPGEN . o 10% 9 ! E
g '2 ’5i£§§§ﬁ§§%§%% Y, - POWHEG+Pythia : 5
O o8+ - T -
= 0.6 | | | | | | |é o 15¢ | | | r"""I """ - ]I =
© 1;_—|A—SHEH|PA l ! ! I b ';: % D] S— mmminind .
8 ‘ A7, g | :
~ — 7 T 0.5_ 1 1 1 1 I
O ool ¥ ARSIk 7 = 3 4 5 6 7 =8
= 0.6 | | I | I I |é Njets

Good description by theory for both processes
Important backgrounds for searches, eg for SUSY searches



Summary:. Cross Sectio

Feb 2014 CMS Preliminary

$ 7 TeV CMS measurement (L < 5.0 fo™)
$ 8 TeV CMS measurement (L < 19.6 tb™)
—7 TeV Theory prediction

—8 TeV Theory prediction

% CMS 95%CL limit

—
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Production Cross Section, o [pb]

iii|||VBF|||

ttZ 'ggH qgH VH " itH
Th. Ao, in exp. Ac

Measurements in good agreement with the Standard Model predictions
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Anomalous WW Pro

Di-boson production: This should not be a problem for theory, no?

Standard Model prediction: 58.7"}9 (PDF) ™3} (total) pbj

Contributions neglected in this SM prediction
qq - WW  (NLO - NNLO+NNLL k-factor) + 1.6 pb
gg -~ WW  (LO —» NNLO+NNLL k-factor) + 1.4 up to +2.8 pb

Electroweak corrections —-0.5pb

yy-induced WW +0.5pb Total sum of:
Vector boson scattering +0.5pb +3.5t04.9 pb
Double parton interaction + 0.04 pb

o(pp— WW) ATLAS (ys=7TeV)
PRD 87, 112001 (2013)

® Data
== Exp. Stat. Unc.|[
— Exp. FullUnc. }
A Theo.Pred. |
o(pp— WW) CMS (1s=7TeV) E == Theo. Unc. i
Eur.Phys.J. C73 (2013) 2610

o(pp— WW) CMS (fs=8TeV)
Phys. Lett. B 721 (2013)

30 40 50 60 70 80 90 0.5 1 1.5
Gtotal [pb] C‘c)lvs./ Gtheo.

Bizar: all measurements so far gave a systematically higher value!
Less the case for ZZ and WZ as far as we can see...




Anomalous WW Prod

What was missing until now was the ATLAS 8 TeV result

IIII|IIII|ll|l|Il
ATLAS Preliminary

Py Measured
Ldt =20.3 fb cross sections
ATLAS-CONF-2014-033
\s=8TeV ete’
WW .
B

SM Prediction

qa/qg — WW: MCFM NLO CT10

gg —» WW: MCFM LO CT10

gg— H —I> WW: Nl"iILO MST\P;I2008 |

10 20 30 40 50

oy = 71.4 112 (stat) 139 (syst) 757 (lumi) pb

Standard Model prediction: 58.711-Y (PDF) 73] (total) pb

Important: how well do we control the theow? Now NLO, Higgs included




New Physics in WW Cross Sect-

Both these phenomenology papers appeared on June 37 ...

‘Stop’ that ambulance! New physics at the LHC?

arXiv:1406.0858

Jong Soo Kim,* Krzysztof Rolbiecki,® Kazuki Sakurai,’ and Jamie Tattersall®

Interpretation in the two papers

(Overall analyses of WW, and

available SUSY searches):

— Stop pair production -- with mg,

~ 200 GeV- plus decay to chargino
leading to the WW excess

h— bW b0 v
m;, = 212732 GeV,
mgp = 150159 GeV.

eTests in other channels?
ATLAS already excluded this point?
*WW excess at 13 TeV?

Natural SUSY in Plain Sight

arXiv:1406.0848

David Curtin, Patrick Meade, Pin-Ju Tien

T, production, T, b, %= W' %, m - m; =10 GeV >

= ‘ T T
& L ATLAS — Observed limit (=1 cﬁ,ﬁ:) — Da COSta
Eﬁx‘ 300(— J‘Lm =201, {s=8 TeV — — Expected limit (+10,,,) ]
! . miss imil 9
ospl  lemton+jets + ] All limits at 95% CL a ICH EP14

Prefered I‘CQIX

from LHC W*W- excess
. ‘ ldxl*Xiv:‘t 405{]!34{?[}1('})‘1)}1],\I M P )
?50 200 250 300 350 400 450 500
mE [GeV]

My take:

*Need to have a careful look at QCD
corrections, effects of the jet veto...

*Need other measurements eg
WW-lvjj, WW+0/1/2 jets...



Precision Measurements: Bj

A B, particle is a particle consisting of a beauty-quark
and strangeness-quark, with a mass of ~ 10 GeV
*Three B, particles in a million will decay into two
muons. This decay has been chased since 30 years.
*New physics modifies these Standard Models predictions

BR(Bs — utTp~)=356+029 x 1079

Observation:

BR(Bs — ptpu™)=(29+0.7) x 107°

CMS-BPH-13-007 arXiv:1211.2674
Do 104" : Results from
CDF Iy — LHCb +CMS
prened experiments
|:|u'jn’u:: : & sM CombII”IEd

0 TTTERTETTI e w2 But no sign of New Physics here...®

BB ) (107



Higgs!

We discovered a Higgs particle!

m‘:? Li/'
WE FOUND 1T e
WE FOUND THE EL&J*
Hies BOSON/ [ AN
o)l NS .
7. N

Dec

AP

4




Brief Higgs Summ‘

CMS Preliminary 19.7 15" (8 TeV) + 5.1 16" (7 TeV)

ST T T T T T T T T T
C ATLAS —— Combinedyy+ZZ" ]

" g‘- .
F \5=7TeV fldt=451b" —Hon 3 g ¢ ...ObSE.WEd ¢ SM .nggs
35 F=8TeV Lot = 203" —H= -4 ! 2
. = : @
C —B8%CL
e, - 9% CL 1k
23— —f H-+bb

Signal yield (o/og(m =125.36 GeV))
M
on
|
|

TN T T R AN TR RN
123 1235 124 1245 125 1255 126 1265 127 127.
Old result: m, [GeV]

r,(MeV)

Width =
A: < 24 MeV
C: < 22 MeV
(95%CL)

Couplings are
within 20% of
the SM values

A: 125.4 £0.4 GeV
C: 125.0 £0.3 GeV

We know already a lot on this Brand New Higgs Particle!!

>
"

5 0.05/ ATLAS —Dats
27T Hozz 54l )
3 L Vs=7T ¥ J=0
3 o2k T eV [Ldt=46fb R
§ [ Vs=8TeV [Ldt=2071" ~P=0 ]
20.15 | ]
L : | ‘
0.1F i I P } 1
i S
0.05F I X } ]
i | |

R

-Q|5 -0 -5 0 5 10 15

log(L(U” = 0%)/ LU =07)

Spin =
0+ preferred
over 0°,1,2

SM-like behaviour for most properties, but we look of course for anomalies,
i.e. unexpected decay modes or couplings, multi-higgs production...




Search for LFV Deca

CMS-PAS-HIG-14-005

* Previous best limits on B(H—put) <~ 10% from reinterpretation
of LHC H— 1t searches and from t—py amiva20s.1397
— Can do better with first dedicated search

On public demand
from our theory
friends ©

* Consider hadronic (t,) and electron (t,) tau decays

» Same basic event selection and jet categories as SM H— 1t
analysis (0-jet, 1-jet, VBF-tag)
* Differences in kinematics
— Harder muon p; spectrum Thaci Tha;i
— A¢ between p, 1, /7T, : :
missing energy vector




Search for LFV Deca

e . CMS preliminar 19.7fb™", (s =8 TeV
Comparable sensitivity w0 Jets R

from all channels 2 35% (exp) - ® Observed

2 94% (obs.) % Expacied
1 Jet

ut
5 1ome @) - [ ] Expected= 1o
1 . 21 bs. .
Observed limit 1.57% (exp. * (obe) [ Expected= 20

utT 2 Jets

0.75%) 1.95% (exp.) X .

3.29% (obs.)
ut, 0 Jets
1.32% (exp.)

Large improvement of 2.04% (0bs.)
ut_, 1 Jet

previous limits 1.65% exp) -

2 38% (obs.)

ut, 2 Jets
3.77% (exp.)

Background-only 3:84% (obs)

p-value of 0.007 (2.460) T o)
_Best-ﬁt 1.57% (obs.) |||||||||||||||

+0. 40{;. 8 10
B(H—pr1) = 0.89 —0.37 95% CL L|m|t on Br(h—-—-m:), %

Mild excess giving a 2.50 effect... To be watched!!!




Summary

Run-1 delivered many measurements of Standard Model
processes, eg on the top quark, EWK and in QCD. Some
features of multi-particle production are not understood.

Electroweak measurements show agreement with the
data in general. Some effect in WW production?

The LHC is a top-factory. Very detailed study of the top
guarks ongoing. No surprises yet!

A prime target of the LHC was the discovery of “a” or
“the” Higgs particle. Particle found/Mission accomplished!
©

The new particle has properties compatible with a Higgs,
but surprises are still possible. This will be one of the
topics for the coming run.

But where is everybody else? > Lecture III




