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The LHC

Proton-proton collider at CERN (Geneva)

Collision energy: 14 TeV (design), 8 TeV (reached)
Luminosity: 1034 (design), 0.77x103* (reached)

4 major experiments:

— ALICE (heavy ions)

— LHCDb (b-physics)

— ATLAS, CMS (general-purpose)



[Some of] ATLAS/CMS goals

 Measurements

— Electroweak physics

—QCD

—top-quark physics

— heavy-flavors (b-physics, D mesons)
» Searches

— Higgs

- SUSY

— Exotics



Higgs boson searches



1964 : Invention

» Higgs. Phys.Lett. 12:132 (1964)
« Englert, Brout. PRL 13:321 (1964)
- Guralnik, Hagen, Kibble. PRL 13:585 (1964)




Particles, forces and ...Higgs

Leptons



Higgs boson solves two problems

1. In gauge theories interaction is mediated by a
massless particle

« But from the muon decay, Gg=(1/300 GeV)?

* Introduction of a Higgs scalar field generates
non-zero mass of gauge bosons

2. (Cross-sections of scattering WW—-WW,
WW — ZZ diverge like E4, violating unitarity

» Diagrams with Higgs cancel this divergence.
Term E# is replaced by (M )?



What we knew before LHC

 Theoretical constrains

* Indirect experimental constrains
(LEP1+LEP2+Tevatron)

» Direct searches of Higgs boson:
—LEP-2
—Tevatron



Note: in Standard Model all
Higgs boson properties are
predicted if M, is known

My, Is (was!!) the last unknown



Theoretical constrains on M,



Renormalizability of the theory

m, = 175 GeV
o (M;) = 0.118
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If SM is valid up to
1016 GeV, then
130<M,<170 3B

If validupto 1 TeV,
then 70<M_ <700 GeV

* |n addition, from the

unitarity of WW—-WW
scattering:
M,<710 GeV
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Indirect experimental
constrains on M,



Radiative corrections
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Ingredients for M,

M, : LEP1
sin@,y : LEP1

Myy : LEP2, Tevatron
m, : Tevatron

Gg : muon decay
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Direct Higgs search at LEP



LEP collider (1989-2000)

Js =90 GeV to
200 GeV

2 s Circumference:
- approx. 27 km

4 Experiments



Associated ZH production

e / - ee > ZH
« H —Dbb/tt (82%/9%)
Z(/ « Z — qg/ee/pu/vv
\\ « Experimental reach
= T My = Eqy— My

Maximum LEP-2
energy: 206.5 GeV

N — (+ very small statistics

Wt at 209 GeV)
N
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Events / 3 GeV/e”

Events/ 3 GeV/c*

M, >114.4 GeV (95%CL)
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LEP found 4 events around
115 GeV

Expected background:
1.2 events

Lower limit: M >114.4 GeV
(expected limit 115.3)

After hot debates LEP was
closed to concentrate
resources on LHC

20



Direct Higgs search
at Tevatron



Tevatron accelerator complex
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Integrated luminosity per experiment
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Last result before LHC joined the game:

95% CL Limit/SM
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Direct Higgs search at LHC
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Delivered Luminosity [fb 7]
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LHC operation

- ATLAS Online Luminosity

2010pp\s=7TeV

— 2011 pp\5=7TeV =
- —012pp\5=8TeV

) W od
Month in Year

2010: warm-up

2011: 7 TeV
> 5 pbt
2012: 8 TeV
» 6 pb1 by summer
conferences
> 15 pb-1 by now
» 20-25 pb1 by the end
of year

2015: 13-14 TeV
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Higgs decay modes

C(H— ff) ~ MgM;  « Fermionic decay width
proportional to the

C(H — WW) ~ Mj/2 fermion mass squared
| * Higgs decays to a pair
D(H — ZZ) ~ Mg/4 of heaviest fermions
, (b-quarks)
'H — gg) ~ 1[1328 * Decays to boson pairs
o WW and ZZ are

19ag),  dominant if My > 2My,
327

D(H —~y) ~ My
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Branching ratios

Higgs decay modes
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Analyzed decay modes (CMS)

Analyses No. of My range M
H decay | H prod | Exclusive final states channels (GeV) resolution
untagged | 77 (4 diphoton classes) 4 110-150 1-2%
L VBF-tag | 77 + (ji)var (low or high m;; for 8 TeV) 1or2 110-150 1-2%
VH-tag | (vv, ee, jp, ev, pv with 2 b-jets)@ (low or high p7) 10 110-135 10%
bb (£ with 4,5,=6 jets) & (3,24 b-tags); .
#tH-tag (£ with 6 jets with 2 b-tags); (£¢ E’ith 2 or =3 b-tagged jets) ? 110-140
o (ETh, T, €M, HH)X : .
LA (low i-r high _if]r-}‘f} * (0 or 1jets) o LHE=T4D A%
- VBF-tag | (€T, pTy ep, pp) + (fi)ver 4 110-145 20%
ZH-tag | (ee, pp) x (T, T, €Ty, U, €H) 8 110-160
WH-tag | tee, Ty, Tep 3 110-140
WW — fvgq | untagged | (ev, pv)&((jj)w with 0 or 1 jets) 4 170—600
WW — fvév | 0/14ets | (DF or SF dileptons) @ (0 or 1 jets) 4 110-600 20f%
WW — fviv | VBP-tag | fvév + (fj)ver (DF or SF dileptons for 8 TeV) lor2 110600 20%
WW — fviv | WH-tag | 3£3v 1 110-200
WW — fvfv | VH-tag | fvfv + (jj)v (DF or SF dileptons) 2 118-190
27 5 47 inclusive | 4e, 4u, 2e2u 3 110600 1-2%
o A T inclusive | (ee, pu) x (4T, €Ty, UT, €H) 8 200600 10-15%
77 2629 | inclusive | (ee, up)x((jj)z with 0, 1, 2 b-tags) 6 il 3%
77— 2 untagged [i:e;"f, ) with MET) & (0 or 1 or 2 non-VBF jets) b 200600 7%
7 — 202v VBF-tag | (ee, up) with MET and (jj)ver 2 200600 7%
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Expected signal significance (CMS)
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H—yy mass spectrum

CMS

ATLAS

Selected diphoton sample

Data 2011 and 2012
Sig + Bkg inclusive fit (m, = 126.5 GeV)

4th order polynomial
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Y weights - Bkg

¥ weights / 2 GeV
]
S
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H—yy mass spectrum (weighted)

ATLAS

(c)
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95% CL limit on oloSM

i

H—yy production upper limit
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H—vyy fluctuation probability

ATLAS Preliminary
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H—yv signal strength

RN R R RE R RERRN R > = CMS preliminary

E_ SM Hoyy ATLAS Prelin _E % 3__»s=7TeV, L =51 fb‘ .sa/o CL Fand

- ==Hest fit reliminary ] E C\s =8:T9V, L = 53 qug

= [J2m)e Z I P S —

— 3 a [

0

g_ g _1 .........................

- Data 2011, (5= 7TeV,[Lat =487 3

- Data 2012, {s= EFTEV,j Ldt=59%" 3 i2_

B bio b bvera v bera b e by g H o b b b b b b Ly

10 M5 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 {f
m, (GeV)

my [GeV]

ATLAS: p=1.9 *0.5 CMS: p=1.46 £0.43



H—Z77 —4f mass spectrum
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H—Z7 —40 upper limit
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H—Z77 —40 fluctuation probabillity
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Signal strength (u)
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H—-WW-—{vlv my spectrum
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H—WW—{vlv signal strength/exclusion
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H—bb and H—1t
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Combination of all channels



Cross-section upper limit
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Fluctuation probability
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Signal strength
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Anything at large masses???
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Chronology of the discovery

Tevatron | ATLAS CMS
July 2011 1o 20 150
Dec 2011 3.6c 250
Mar 2012 26 250 2.8 ¢
July 2012 280 500 490
Aug 2012 6.0c 500
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What we know by now

Did we discover a new particle?
— Yes, certainly.

Is it a Higgs boson?

— We don’t know yet!

Is it a Standard Model Higgs?
— We don’t know yet!

Is it a boson?

— Yes! (Integer spin)

Is it a vector boson?

— No! S # 1

Is it a scalar boson?

— We don’t know yet! S=0 or 2
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First test of production mechanism

m, = 125 GeV CMS Preliminary

Untagged

VBF tagged

VH tagged

W
ZH, WH ttH tagged
5.3%

\s=7TeV,L=5.11b"
\s=8TeV,L=5.3fb'

]

1_2 &8 4
Best fit CF/GSM
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Test of decay branching ratios

CMS (s=7TeV.L=51f" ys=8TeV,.L=53 b’

'ATL'AS' 201% -20|12

W.ZH — bb

2 =7TeV: ILm 478"

H— 1t
'lls T TeV: _[Ldl 484?ﬂ)

H— WW - lvIv

Vs=7TeV: |Ldt=47 8"
{= =8 TeV: |Ldt = 5.8 iy

H-v
1E=?Tef Ldt=4.5 "
= =8TeV: Ldl 59f”

H— 77" —>4|

V& =7Tev: |Ldt=4.8 "
V& =8Tev: |Ldt=58f"

| |
m, = 126.0 GeV

Combined

5=7TeV: JLdt=48-48/"
E=8TeV: JLdt=52-50m"

u=14+03

0 1
Signal strength (u)

H— vy

H— ZZ

H— WW

H— 1t

H— bb

m,, = 125.5 GeV
S —
— i
4-
&

|

11 1 | | I I | 11 1 | | I | | I I | | [
-1 0 1 2 3

Best fit O'/O'SM

95




Higgs couplings: bosonic vs fermionic
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Other searches

* Non-Standard Model Higgs
— Fermiophobic Higgs
— SUSY Higgs
— Exotic Higgs (e.g. double charged)

« Supersymmetry
» Exotics (everything else)
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Supersymmetry

Observation of a Higgs boson at 125 GeV is
consistent both with SM and SUSY

SUSY signal is expected in a wide variety of
channel and topologies. Typical predicted mass
spectrum is 100-1000 GeV. Experimental
signature relatively easy - difficult to miss!

But: not a single hint so far!

It is nearly impossible to exclude SUSY
decisively, because of too wide spectrum of
possible scenarios
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Few examples

Squark-gluino-neutraline model, m(x } =0 GeV
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Exotics

New vector bosons (W' ,Z")

4th generation quarks

New leptons

Gravitons, monopoles, leptoquarks
Black holes

Double charge, fractonal charge particles
Just any unexpected deviation from SM
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Example: sequential Z” boson
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Large ED (ADD) - monojet +E. ..
Large ED (ADD) : monophoton +ET.rnIB
Large ED (ADD) : diphoton, m.,
UED : diphoton + E.
RS1 with k/M_, = 0.1 : diphaton, m,,
R51 with k/M_, = 0.1 : dilepton, m,
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RS1 with kM = 0.1 : WW resonance, m
RS with g !g!——ﬂzﬂ it — jets, m.
RS with BR{g — 925t — l+jets, m
ADD BH (M., IM_=3) : S5 dimuon, N, e
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Extra dimensions

"Omly a zelection of the available mass imits on new ziafez or phenomena shown
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Summary

A new 125 GeV particle has been
discovered at LHC

It pertectly fits the long-waited Higgs
boson, but confirmation is needed

Not a single hint of new physics beyond
the Standard Model

Still enormous amount of work ahead!
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Spare slides



c(pp — H+X) [pb]

10?

10

10"

10°

\'s= 8 TeV

8

Lo
0 100

200

300

400

LHC HIGGS X5 WG 2012

66



107

10

{

35 pb!

35 pb”’

ATLAS Preliminary

LHC pp Y8 = 7 TeV
= Theory
= Data 2010 (L= 35pb™)
O Data 2011 (L=1.0-47 17

LHC pp V5 =8 TeV
== Theory

* Data2012(L=5.8M"

67



68



FPeak Luminosity [1 0** em= s1]

_IIIIIIIIIII
10— V5= 7TV
~ ATLAS
il Online Luminosity
I
‘e
2
0 L -

=7 TeV V=8 TeV

f!

v i{j

’
-
#

Wi

I 1 AL

(AN SOV o S A\ S o« S AN S Vo'

Month in 2010

Month in 2011 Month in 2012

69



