


H - yy candidate event in the CMS experiment

Expected number of decays in data for 12 fb-':  ~ 480 H > yy
m, = 125 GeV ~ BOH>Z2Z2-> 41
~ 4400 H > WW > Iv Iv




Search for the H - yy decay
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2 photons (isolated) with large transverse

momenta

Mass of the Higgs boson can be reconstructed m,

Both experiments have a good mass resolution

ATLAS:

~1.7 GeV/c? for my ~120 GeV/c?

Both experiments use different yy categories
according to mass resolution

Challenges:

- signal-to-background ratio

(small, but smooth irreducible yy background)

M

q !

- reducible backgrounds from yj and jj
(several orders of magnitude larger than

irreducible one)
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Measured yy mass spectra

> g7 <2000 L i
3 mop T B 00k oY s
% 2000~ Sig + Bkg inclusive fit (m,, = 126.5 GeV) (51800:_ FSZSTeV,L:S.S ! Bkg Fit Component
o 1800P% . ... 4th order polynomial %1600_ 5= eV, L=o. [ J=to
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f 405')1200:—
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i %_D 6005—
@ %’ 400
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L Ll Ll —Ll O ! ! | ! ! ! | ! !
120 130 140 150 160 0
m [GeV] 120 140
m,, (GeV)
unweighted events, inclusive spectrum weighted events, according to S/B

« Background model: exponential / polynomial function,
determined directly from data (different models have been used - systematics)
 Experiments see excess of events around m, ~125-126 GeV/c?
« Use statistical analysis to quantify excess incl. systematic uncertainties on
background and signal modelling
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Search for the H > ZZ0) &> ¢ {*{- decay

meeee [GeV]

The “golden mode”
4 leptons (isolated) with large transverse
momenta

Mass of the Higgs boson can be reconstructed m,,

Both experiments have a good mass resolution
ATLAS: ~2.5GeV (4e) for my ~130 GeV
~2.0 GeV (4u) for my, ~130 GeV

Low signal rate, but also low background:
- Mainly from ZZ continuum
a7 o
q Z

- In addition from tt and Zbb events:

tt - Wb Wb — fv clv {v clv

Z bb — # ctv ctv

however: leptons are non-isolated and do not
originate from the primary vertex

rejection possible in excellent LHC tracking detectors
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* Reducible backgrounds from Z+jets, Zbb, tt giving 2 genuine + 2 fake leptons
measured using background-enriched, signal-depleted control regions in data

 Irreducible background from non-resonant continuum ZZ production seem slightly
underestimated in NLO Monte Carlo simulation; normalized in high-mass region;
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Search for H > WW - {v fv decay

« 2leptons (e or u) with large transverse
momenta

Leptons from Higgs decay (spin-0 particle)
are expected to have a small angular
separation

* 2 neutrinos

—> large missing transverse energy

- Higgs boson mass cannot be
reconstructed, use transverse mass my

» Highest sensitivity around 160 GeV
(nearly 100% H - WW branching ratio)
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Events / 10 GeV

H-> WW > {viv
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Updated ATLAS analysis (since 4" July)
including the 2012 data
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Test of background-only hypothesis for the combin/ . of
the vy, ZZ, WW, tr and bb channels -

7 P O
59 -ATLAS and CMS- A
X
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ATLAS 2011 - 2012 . 10" OJ\ S\
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Determination of mass and signal strength
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Is it the Standard Model Higgs boson ?

First indication from the signal strengths in the individual channels, normalized to

the Standard Model expectations

IATL‘ASI 2014 - 2ol1z

W,ZH — bb

I I
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H— 1t
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« Data are consistent with the hypothesis of a Standard Model Higgs boson !

« Experimental uncertainties are still too large to get excited about “high” yy and
“low” fermionic (Tt and bb) signal strength !

62



Next important steps:

Updated analyses awaited for the “Hadron Collider Physics” Conference
in Kyoto in November

In particular more complete results from ATLAS on tt and bb channels
expected

Maybe first glimpses at spin of the resonance
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Part 5: Searches for Physics Beyond the Standard Model

g, Frond s'uts)
Uni€ication

SUPERSTRIN G

M-theory heterotic)
@ fRolon omy

- Afew examples from SUSY
searches

- Some Exotics
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5.1 Search for Supersymmetry

* (q, qg or gg in the initial state - production of coloured
SUSY particles is dominant, via strong interaction

« Drell-Yan production of sleptons, charginos and neutralinos
(lower cross sections)

q Nl (i B xF 1)
")‘/Z < W <
L J -
q sFA)d 2 (1)
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Cross sections for SUSY production processes

o (pb)

G, pbl: pp — £¢, (‘](:1, Ilfl, Y

VS =14 TeV

— NLO
LO

m [GeV]

M (GeV)

NLO corrections in QCD perturbation theory are known
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 |If R-parity conserved, cascade decays produce

Search for squarks and gluinos

distinctive events:

multiple jets, leptons, and E;™Miss

» Typical selection: Njet >4, E;> 100, 50, 50, 50 GeV,

e Define:

events / 200 GeV / 1fb™’

10°E

10¢

T TTT T

10

™

E,miss > 100 GeV

My; = Emss + PL 4+ P2 4+ P2 + Pf(effective mass)

500 1000 1500

Di-boson
ATLAS

—I\7I,Frllte Carlo -

Ny

R -

2000 2500

s o 0 . 4. ]
3000 3500 4000

Effective Mass [GeV]

example: mSUGRA, point SU3 (bulk region)
m, =100GeV, m,, =300 GeV

tanp =6, A,=-300GeV, u>0
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What do the data say ?

; Signal Region Observed and expected
Tocess
. . > d-je, > d-jt, . event numbers (from Standard
> 2-jet > 3-jet High mass
e > 500 GeV | mer > 1000 GeV Mode| processes)
Z|y+jets 325+26+6.8 258+26+49 208 +9 +37 162+2.1+36 33+£1.0+1.3
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Summary on control of backgrounds using data
(control regions, very important !!)
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A:Z + jet events, Z 2 ee
(to estimate Z - vv background,
likewise y + jet events were used)

B: QCD multijet background
(reverse cut on A¢ (jet, E{™ss)

C. W = Iv + jet control region
(select events with one lepton,
30 < M4(I,E{™ss) < 100 GeV,
no b-jet to suppress top contribution)
D: top quark control region
(same selection as for W events,
but require b-tag)
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Results from 2011 data, 4.7 fb™"

Squark-gluino-neutralino model, m(z,) = 0 GeV Interpretation of the results in the

LI B SR B B
(I . ATLAS Preliminary (My1uinos Msquark)-Plane as 95% C.L.

I | Combined ] . Ve - -
i . CL, observed 95% C.L. limit — exclusion limits in a simplified
“....' CL, modia? expec(ed limit | SUSY model:
~+ Expected limit +1¢ ]
[0 ATLAS EPS 2011 —
Ldt= 47115, 18=7 TeV | - =
i T ] my =0

....

1400
- masses of gluinos and of 1st and 2™

1200 generation squarks as given on plot
- all other SUSY masses are assumed

1000 to be decoupled, with masses of 5 TeV

800

600
600 800 1000 1200 1400 1600 1800 2000

gluino mass [GeV]

Large area of mass combinations excluded,;
Limits do not apply to stop / sbottom production
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MSUGRA interpretation

CMS Preliminary L _ =4.98 fb' Ns=7 TeV
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MSUGRA interpretation, including 2012 data

MSUGRA/CMSSM: tang = 10, A = 0, u>0

;‘ 800 : T T | T - A{. _I_ I T T I | \I T T T | nT T T | I\\ T T T | I T T T :
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€ 700 S N -
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= LR L L Wt i B E
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E\ \\\\\ == ‘\\
400 = ¢ NG e e, N
= X \ 8
350 = ‘\\ \ — e,
300 : | | | -I | \I I -]— | I_\—I i —|_ 1_'\|‘|—| — - _L JJ_ | | | | 1 ...I.".I | |
500 1000 1500 2000 2500 3000 3500

m, [GeV]

MSSM/cMSSM interpretation (for equal squark and gluino masses):

L=5.8fb"at Vs =8 TeV m(squark), m(gluino) > 1500 GeV




Looking for “natural” SUSY

» Search for stops and sbottoms in gluino decays
- If other squarks are very heavy, gluino will decay into sbottoms

and stops with high branching ratio

« Search for stop and sbottom pair production
- to close the loophole that the “gluino is too heavy”
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ATLAS: g —7 ,b

4-6 jets (23 b-jets), no leptons. Allowed decays depend on masses
’
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Events / 50 GeV

Direct Stop searches

Light stop <m, : look for top-like decay

Heavy stop > m,: look for

hadronic or leptonic top decays

with extra E,mss
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Combined stop exclusion

T, production: T, — b+, %> W' ’+7z (BR=1, m, <200 GeV); [ ->t+5g (BR-1 m, > 200 GeV)
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Is SUSY dead ?

A. Parker, ICHEP 2012, SUSY summary talk

Under attack from all sides, but not dead yet.

« The searches leave little room for SUSY inside the reach of existing data;
but interpretations within SUSY models rely on many simplifying assumptions,
and so care must be taken when making use of limit plots.

Plausible “natural” scenarios still not ruled out;
Light stop and/or RPV scenarios have few constraints.

« There is no reason to give up hope of finding SUSY at the LHC.
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5.2 Search for new, high-mass di-lepton resonances

« Additional neutral Gauge Boson Z° « Randall-Sundrum narrow Graviton
resonances decaying to di-lepton

appear in Extra Dim. Scenarios

4 q ' — 4 q
.' AYAVAV AV ‘-' —I— :_‘L':":l"'t'l'q'l'f '."':'-"'.-.ll-‘._;
/g p\Y4 /g
(a) (b)
Standard Model :
background process Signal

» l|dentical final state (two leptons), same analysis, interpretation for different
theoretical models
« Main background process: Drell-Yan production of lepton pairs

¢
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N
'
b
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Events

Di-electron invariant mass

107 T I T T T T T T T T I
10° ATLAS Preliminary ¢ Data 2012
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Events

Search for New Resonances in
High Mass Di-leptons

2012
data

Di-muon invariant mass
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6 ATLAS Preliminary e Data 2012
10 Z'—uu Search Oz
10° fL dt=6.1fb" [C]piboson
10* [ T
° s=8TeV []Z/(1500 GeV)
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Dominant Drell-Yan background has been normalized in the Z peak region, 70-110 GeV

Data are consistent with background from SM processes;

No excess observed.
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Z' models used in the interpretation

(i) Sequential Standard Model Z’

- Z' has the same couplings to fermions as the Standard Model Z,
width of the Z’ increases proportional to its mass

(i) Models based on the E4 grand unified symmetry group

- Broken into SU(5) and two additional U(1) groups, leading to two

new neutral gauge fields, denoted W and x.
The particles associated with the additional fields can mix to form

the Z’ candidates
Z'=7'y cos By + Z'y Sin B4

- The pattern of symmetry breaking and the value of 65 determine the
Z’ couplings to fermions
(several choices are considered)
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Interpretation in the SSM and E6 models:

o B [pb]

10"

102

103

10-4 L

Z -

~-al
-

ATLAS Preliminary
(s =8TeV

--- Expected limit
Expected + 1o
Expected + 20

— Observed limit

= Z'5sm

— 2z,

—Z,

1 Lo N
2 2.5

3

M, [TeV]

2012
data

Resulting mass limits: ee + uu
95% C.L.

Sequential SM: m, > 2.49 TeV
E; models: m, > 2.09 — 2.24 TeV

Summary of 95% C.L. SSM exclusion limits from various experiments:

95% C.L. limits ee uu Il

(SM couplings) combined
CDF / DO 53fb! +s=1.96 TeV 1.07 TeV
ATLAS 59/6.1fb" vJs=8TeV 239Tev | 2.19TeV 2.49 TeV
CMS 4.1 fb! Vs = 8 TeV 2.59 TeV
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Interpretation in the Randall-Sundrum models: Graviton resonances: G - I
(Kaluza-Klein modes)

excluded at 95% CL
—— Observed Limit
— - Expected Limit
Expected Limit = 1o

Resulting mass limits: ee + uu
95% C.L.

ee:fL dt=4.91b"

e f Ldt=5.01f"

O:IllllllII|III|III|III|III|III|III|II
1 12 14 16 1.8 2 22 24 26

M- [TeV]

Limits as a function of the coupling strength k/M’,

K : = space-time curvature in the extra dimension
M5 = Mp, / V8 (reduced Planck scale)
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Search for W — |v

W’: additional charged heavy vector boson

Appears in theories based on the extension of the gauge group
e.g. Left-right symmetric models: SU(2); Wg

Assume v from W’ decay to be light and stable, and W’ to have the
same couplings as in the SM (“Sequential Standard Model, SSM’)

Signature: high p; electron + high E/Mss

— peak in transverse mass distribution
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Events

Search for New Resonances in
High Mass Iv events (W)

Transverse mass (e, E{™ss)
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Data are consistent with background from SM processes. No excess observed.
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Interpretation in the Sequential SM
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Summary of 95% C.L. SSM exclusion
limits from ATLAS and CMS
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Summary of results on searches for Physics Beyond the
Standard Model in ATLAS in ATLAS

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: LHCC, Sep 2012)

Large ED (ADD) : monojet + E; ¢ M, (5=2)
Large ED (ADD) : monophoton + E; .o M, (8=2) ATLAS
2 Large ED (ADD) : diphoton, m,, Mg (GRW cut-off, NLO) Preliminary
Q UED : diphoton + E; s Compact. scale 1/R
2 RS1 with k/Mp, = 0.1 : diphoton, m,, Graviton mass
g _ RS1 with k/Mg, = 0.1 : dilepton, m, 2 Graviton mass det =(1.0-6.1) o
5 RS1 with k/Mp, = 0.1 : ZZ resonance, my, ,; Graviton mass
« RS1 with k/Mp, = 0.1 : WW resonance, my,, Graviton mass 1s=7,8TeV
§ RS with BR(g, —11)=0.925 : tt — l+jets, m KK gluon mass
oosted
W ADD BH (My,, /M,=3) : SS dimuon, Ny .. M, (5=6)
ADD BH (M, /M,=3) : leptons + jets,Zp M, (5=6)
Quantum black hole : dijet, Fx(mls M, (6=6)
"""""""""""""" gqqq contact interaction 'X(m ) A
3 qqll CI : ee, un combined, m| A (constructive int.)
_________________________ uutt C1 ; SS dilepton + jets + Er s, A
Z’ (SSM) 1M, |L=5:56.1 fb”, 8 TeV [ATLAS-CONF-2012-129] 2.49TeV_ Z' mass
Z’ (SSM) :m,, |L=471b",7TeV [ATLAS-CONF-2012-067] 1.3TeV. Z' mass
S W’ (SSM) iy, |L=47 1", 7 Tev [1209.4446] 255Tev. W’ mass
W (—=1q,9_=1) 1My, =477, 7 Tev [CONF-2012-096] 350 Gev. W’ mass
Wg (= tb, SSM) :m_ [i=1.0", 7 Tev [1205.1016] 1137ev. W’ mass
___________________________________________________ W* (7_7”[” | L=47 1", 7Tev [1209.4446] 242Tev. W* mass
@] Scalar LQ pairs ($=1) : kin. vars. in egjj, evjj |L=1.01™,7TeV [1112.4828] 660Gev 1" gen. LQ mass
= Scalar LQ pairs (f=1) : kin. vars. in uujj, uvjj [L=1.01" 7TeV [1203.3172] 685Gev 2" gen. LQ mass
9 R 4! 'generation : tt— WbWb |L=471"7 TeV {Prefiminary} 656 GeV. ' mass
S 4" generation : b'o’(T_ T, .)— WtWt |[1=4.7 b, 7 TeV [ATLAS-CONF-2012-130] 670GeV| b’ (T, ) mass
2 New quark b’ : bB> Zb+X, m_ |izzois77ev Haoaszesi 400GeV. b’ mass
s Top partner : TT — tt + A A (dilepton, MTZS L=4.71b", 7 TeV [1209.4186] a83Gev. T mass (m(A ) <100 GeV)
[} Vector-like quark : CC,m,, [L=4561b", 7TeV [ATLAS-CONF-2012:137] 1.12Tev. VLQ mass (charge -1/3, coupling k ,q = v/my)
2 Vector-like quark : NC, Myq  [L=46 0", 7 TeV [ATLAS-CONF-2012-137] 1.08Tev. VLQ mass (charge 2/3, coupling k,q =v/mg)
Sw T Excited quarks :y-jet resonance, m ’ q* mass
oS jet
=9 Excited quarks : dijet resonance, m g* mass
S § Excited electron : e-y resonance, m e* mass (A = m(e*))
we Excited muon : u-y resonance, m"' w* mass (A = m(u*))
"""""""""" Techni-hadrons (LSTC) : dilepton 'r}ie'e,'m; ' p,/w; mass (m(p,/or) - M) = M)
- Techni-hadrons (LSTC) : WZ resonance {lll), m p, mass (m(p,) = m(r;) + my, m(a,) = 1.1m(p,))
_8 Major. neutr (LRSM, no mixing) : 2-lep + Jets N mass (m(W ) =2 TeV)
6 W, (LRSM, no mixing) : 2-lep + jets W, mass (m(N) < 1.4 TeV)
= (DY prod., BR(I—F*—>W) 1) : SS dimuon, m H:=* mass
Color octet scalar : dijet resonance, m Scalar resonance ma:
"""""""""""""""""""""""""""""""" ) 1 L1 1 111 1 1 L1 1 111 1 1 L1 1111
10" 1 10 10°

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown
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Summary of the lectures

After a long way of design, construction, installation, commissioning of both
machine and experiments the LHC had an excellent start in 2010

The performance of the accelerator and the experiments is superb;
(In 2012: an integrated luminosity > 14 fb-! already)

The Standard Model has been established, all relevant processes measured;
In many areas measurements have reached the precision phase

A new boson has been discovered with a mass around 126 GeV,;
Exiting analyses ahead of us to understand the nature of this new particle

So far: no deviations from the Standard Model seen, but the LHC potential
has by far not yet been fully exploited !
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