Highlights from the LHC Physics Experiments —
‘Unravelling the secrets of the Universe’
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Richard Hawkings (CERN)
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The LHC experiments and their workings
Exploring the Standard Model
The story of the Higgs

From the beginning to 4t July 2012
What we have done in the last year

What next — supersymmetry (SUSY) and/or more?
Conclusions

Disclaimer: Mainly concentrating on the physics program of ATLAS and CMS,
and using more ATLAS results for illustration ...

http://atlas.ch/ , http://cms.web.cern.ch/org/cms-public
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Experiments at the LHC

4 large detectors in caverns ~ 100m underground

ATLAS and CMS

General purpose

detectors for discovery

and precision SM ! fans
ARONNL

measurements

Similar physics goals,

complementary designs

LHCD

Specialist detector for
flavour physics (e.g. CP
violation)

ALICE
Specialist experiment for
heavy-ion physics
Pb+Pb in 2010,11

Pb+p in early 2013
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The ATLAS detector
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46m long, 25m high, 7000 tonnes
Surrounding the collision point as far as possible ...
Richard Hawkings 3
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The ATLAS cavern is crowded...
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ATLAS and CMS each have ~3000
people, ~200 institutes

Physicists, engineers, technicians,
computer scientists, support staff
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An LHC detector (ATLAS)

Detector built in layers:

Measure as much as possible
about particles in each collision Specrome

Type, energy and direction

Tracking, EM/hadronic
calorimeters and muon detectors

Different particles’ interactions:

Electron: track and EM shower . ,
Photon: no track, EM shower e | ‘ % The dashed rracks
. =S i are invisible to
Proton, pion: track, small EM _ - U the detector
shower, large hadronic shower ‘ ‘ ; :
Muon: track, little in EM/hadronic acrona
calorimeter, external track Cei N
Neutrino: nothing! T Tepin
Infer from the ‘balance’ of Trackiyg PTll;scT o

everything else
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The challenge to the detectors

50

LHC luminosity up to 7 1033 cm2s-1

crossing at start of fill in 2012

Like looking for a needle in a haystack 15

10

% 45 Ve =7 Tev Ve =7 TeV Ve =8TeV
Bunches of up to ~1.6 101! protons, § 40E- Gniine Luminosity )
spaced by 50ns g 22
Up to ~35 pp interactions per bunch g 25 § P

£ 20 .

toamf’ v o

... hew haystacks every 50ns 5 " :
E L1 L1 1 I.I L1 1 1 1 | L1 1 1 | laml | 1 |
Most of these interactions are ‘soft’ fan‘““'“",,\p{ W ot st a3 oF 10 et 3 od
and Unlntel’eStlng Month in 2010 Month in 2011 Month in 2012

But produce a background of 1000s of
tracks and soft energy deposits
overlaid on the interesting collision

Degrades measurement resolution

Harsh radiation environment
Type inversion in silicon sensors
Eventual activation of detectors

Neutron background and SEU
27 June 2013 Richard Hawkings 20 cm 8
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The particle zoo

= State of the nation (Standard Model): light ... heavy
© Quarks: spin %2, charge 1/3e, 2/3e Ea—— C—

= Bound by QCD (strong force) in 2s and
. ‘ , Quarks
3s into hadrons, cannot be ‘free
= Up/down make up proton and neutron

= 100s of exotic hadrons

= Top quark anomalous — heavy as Au
© Leptons: spin %2, charge O or 1
= Only feel EW interactions
: : : Leptons
= Electron and neutrino, heavier cousins
muon (cosmic rays), tau
= 3 families/generations of each
* Force carriers — spin 1 bosons
= Photon (electromagnetism), W/Z (weak

force), gluon (strong force)
= Higgs boson (?) — connected with mass

* LHC - Higgs, top, bottom, W, Z, v, ...

* And the unknown ...
27 June 2013 Richard Hawkings 9
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a (proton - proton)

i

CEHN LHC
LHC7l
1mb—
Tubr
1nb |
UA1/2
i . (PE)
ﬁgg[q-.g = 500 GeV)
O
— m,__ = 175 GaV
top
8]
1pb— = 1031‘39\-’
O-Z
— m_,=1Ta¥
a Higgs i
— ml' = 500 GeV i
| | L
10

0.001 0.01 0.1 1.0
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mian ssc 1N€ LHC physics landscape

Events /s for & 10¥ cm=2 s~

More interesting processes hiding in an
overwhelming background

Rates for nominal LHC, 14 TeV, L=1034cm=2s1!

Process Rate @14TeV
Inelsatic pp collision 10° Hz
B-quark pair production 106 Hz
Jet production, E->250 GeV | 103 Hz
W-lv 102 Hz
Top-quark pair production 10 Hz
Higgs (m,=100 GeV) 0.2 Hz

Not all these events can be recorded

Multi-level online trigger system to reduce rate
to ~400 Hz for offline storage

Based on detecting energetic leptons (e,u,T),
photons, jets or overall energy imbalance

Trigger strategy defines physics we can study
Richard Hawkings 10



Production of jets

T
—

Protons are composite objects g 10 = D eyiax NLO PO
3 ‘valence’ quarks carrying most momentum % 10:2 Bl m  2010data, [Ldi=37 pb’
A ‘sea’ of quarks/antiquarks and gluons < 184 *+ f‘”: :?‘:’ftt€‘=1-~°)”b'1
— i ! only high p_triggers
Collision ‘picks out’ quark/gluon from each 18—2 "a
To make the ‘hard scattering’ collision S 107 .
,(r P . ) E 10-8 =
| © 4g0F ATLAS Preliminary =
10"F <]
P \ P 1012k \s=7TeV °
\ 10713k anti-k, jets, R=0.6 o
. 10 lyl<28
‘ 107°
Hard collisions scatter quarks or gluons 1078 B 1'02 S '1(')3 "
p, [GeV]

Most jets have only a small

fraction of the proton’s momentum
Compare to simulation models —
a vital tool in understanding the
data

eynman diagrams

Outgoing quarks/gluons produce ‘jets’ of
particles we see in the detector

27 June 2013 11
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Richard Hawkings
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Run Number: 201006, Event Number: 55422459
Date: 2012-04-09 14:07:47 UTC
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W and Z bosons

VT o cms L&
12 36pb’ at \s=7TeV —
W (80 GeV) gnd Z (91 GeV) > | Zoete :
Force carriers of the weak force o 1 ; p
Discovered at CERN in 1980s, now 208l > o E
produced copiously in LHC collisions 2l ]
Decay to leptons: W—e/p v, Z—ll 5 f ]
a¢ __________cms Bosf :
. C 36 pb” at Ys=7 TeV _: 2 02 :_ 7
> W—oev ] ;
G L . ® data - g S——— ,
L ED — . -— ™ s34 P . - —
=~ Woev = 0 tbamﬁk**““m‘aﬁ;ﬁa"*.w’u*wj
t F . B Ewka ] 1 —— Nr——
% 15 . * B QcD 7] 60 80 100 120
. C L ] M(e'e’) [GeV]
o 10 ' m; from e<and v Important tools for calibration of e and p
E ] measurements, and missing energy (v)
b - . .
- . ] Interesting physics measurements
—— Proton structure, W/Z+jets production
I e PR ATa sl Produced in decay of heavier objects
-5 T l.‘ i .' PR . .
0 50 100 150 Top quarks, Higgs bosons, new particles?

27 June 2013 M; [GeV] Richard Hawkings 13



~ .| CMS Experiment at LHC, CERN
CMS | Run 133877, Event 28405693

‘I Lumi section: 387

Sat Apr 24 2010, 14:00:54 CEST

Electrons p; = 34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c2

\’ :

? ~\ * - S .
’L S =
 SSEcssen. e
/ L ——~ "X’\.

’ ¥
r=
@

CMS Z—ete-
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W and Z events

“Sf\ ATLAS

A EXPERIMENT

Run Number: 152221, Event Number: 383185
Date: 2010-04-01 00:31:22 CEST

Richard Hawkings |

p,(ut+) =29 GeV
np+)= 0.66
E, =24 GeV
M, =53 GeV

W-pv candidate in
7 TeV collisions

14



Events / GeV

Top quark production

h{_

Top quark as heavy as a gold nucleus (~173 GeV) tt—WbWb—Ivbqgb
Mainly produced in pairs, decays as t—Wb 45000 ATLAS Prolminary é;;;f:j}’;f‘iacaev—;
W can be detected in decays to leptons or quarks (jets) ; =§\‘,”fj'i°p :
b-quark produces a jet with a b-hadron, b-hadron ey
decays a few mm from the interaction point : Sfci,lf,fﬁjye‘ .
‘b-tagged’ jets are a good signature of top production - E
(G100 o L L B I I R LU I _
ATLAS Preliminary * \s=7TeV data ! =
500 J Ldt=4.7 fb ! + ------- Best Fit background | . 1 ; é j _i

Best Fit

400— Mgy = 172314075 . G&V number of b-tags
JSF = 1014+ 0.003;: ' .
300 bJSF = 1,006+ 0.008 ,,, Top decays before forming hadrons

Only ‘bare’ quark we can study
Mass measured from decay products

Large mass of the top is a mystery
o S — e o Is it connected to the Higgs?
30 140 150 160 170 180 190 200 210 220 LHC is the first top ‘factory’ where we

ml’ce)CO [GeV] . . .
27 June 2013 “Richard Hawkings &N study it in detalil
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A tt—epvvbb top pair candidate

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST

27 June 2013




The Higgs boson

Elegant unified theory for the W, Z and photon
But requires them to be massless

Postulate an additional ‘Higgs field” with 4 d.o.f.

whose minimum potential is not at zero

Spontaneous symmetry breaking, idea also
applicable in other areas of physics

Once symmetry is broken, 3 d.o.f. go to make
W+*, W-and Z massive (longitudinal component)
. . Re(h) vector-boson
One is left over — the scalar Higgs boson H (a) gluon-gluon fusion(b)

Interactions of H with other bosons are g _ fusion a, s
completely specified — only mass m, is free t o L

Predictions for production and decay vs m t

—

. ‘ , : g ay A
Extend to fermions — a “Yukawa’ coupling to H .
tional to mass of each fermion (c) associated (d) ttH
propor production ] .
A beautiful theory from the 1960s a9, W i
Precision studies e.g. from LEP indirectly felt the .. i
influence of the Higgs, suggested m,~100 GeV K s e T

27 June 2013 Richard Hawkings 17



Searching for the Higgs

What are we looking for?

Higgs boson has a very short lifetime 1
— look for its decay products

Relation of Higgs to mass — likes to
decay to the heaviest objects
possible

bb quark/antiquark pair for low m,,,
then WW, ZZ if heavy enough

H—yy in ~0.2% of cases if light

Where to look
-2
In Standard Model, Higgs mass m,, is 10
a free parameter

But must be <=700 GeV for the
theory to make sense -

Searches at LEP and Tevatron 10° : . N
m,;>114 GeV, not around 160 GeV 100 200300 400 500 M Ge1\%00
Look everywhere: 114<m,<700 GeV

In many different decay modes _
27 June 2013 Richard Hawkings 18
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The H—yy decay mode

y+jet and jet+jet events with a jet misidentified asy 5, —+ Toy sample (1t}

H_appe_ns rar_e!y, but y (photons) can be identified é mf ggiﬂgngiéulation l .Lji;ﬁogv;ned t|
with high efficiency and good precision S o oy e
Isolated narrow shower in the calorimeter Z 0.08] my= 125GeV owp, ]
No associated inner detector track 2 ooon "0 E
Select events with pairs of photons M E
Calculate m,,=V(E;E,(1-cosa)) " - E
Energies of two photons and their opening angle PoB™ 16" 715™ 20 25~ 150 Ta5 140 145
Need precise energy and angular resolution o |
Well-measured events give narrower peak %3505ATﬂg; uFI’;:?{l)i;r;inary : fﬁf:'::?zoeevé
m,, for Higgs signal shows a peak at my, 8200 110 \s =7 TeV %mgggmm);
Unfortunately a lot of background from 2250 t [ v-jet E
‘Continuum’ yy production EZOO = E’;T‘Yan _

Fortunately this background is smooth and can be 4
fitted directly from the data

Need a lot of events, see if a peak emerges ... B e
0 105 110 115 120 125 130 135 14&‘(14[138\1,?0

27 June 2013 Richard Hawkings 19




H—vyy candidate event in ATLAS

Separation of y and 11¢

%ATLAS 0 from jet decays to two

EXPERIMENT closely separated y
s | Can be resolved thanks to
finely-segmented calorimeter
0

)4 JU

N

Also gives photon direction
to locate primary vertex and
measure opening angle

27 June 2013 Richard Hawkings 20



H—yy candidate event in CMS

CMS Experiment at the LHC, CERN
Data recorded: 2012.May. 123 20:08:14 621490 GMT

RunEvet. 194108 / 564224000

27 June 2013 Richard Hawkings




Just collect the data: H—yy accumulation

Plot of evolving m,, in ATLAS

= — -

G 4500 Vs =7 TeV _[Ldt=0.02 o' Apr18,2011

£ 4000 — _

L%" B = Upper plot - all events in 2011
3500 3 . ATLAS Preliminary I and 2012 data, as they arrive..
3000 — H—yy channel —

— = Back d-onl -
2500 - e = Lower plot - difference between
) = E data and smooth fit function
000 = = representing continuum
1500 |=— — background
1000 £ =
5005_ E Combined 2011+2012 data:
- B N s 7.40 significance peak

& =200~ = m,=126.8+0.2+0.7 GeV

S Similar H—yy from CMS

O 0 . -

3.20 significance peak
=000~ 0 ] m,=125.4+0.5*+0.6 GeV
100 110 120 130 140 150 160
M,, [GeV]
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Decay of Z—ee or Z—upu easy to see

Electrons and muons reconstructed with
high efficiency, good mass resolution

Combine 2 Z in the same event, and look
for H->ZZ—4e, 4, or 2e2y

Hope to see a narrow peak ...
For m,>2m,, most powerful channel

For lower my,, one Z is ‘off mass shell’ (*),
so decay is highly suppressed

Combined with fraction of Z—ee or —pup of
7%, only 1 in 104 H gives a 4l final state
Only a handful of events expected

Emphasis on high reconstruction efficiency
for e and p down to low energies

Make every event count
Expected backgrounds also low
Continuum ZZ(*) small below 2m,
Some contribution from Z+'fake’ leptons

The H—->ZZ(*)—4-leptons decay mode

o
-
N

a.u./ 0.5 GeV
=

0.08

0.06

0.04

0.02

0

27 June 2013 Richard Hawkings
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— ATLAS Preliminary

L Simulation

e m,=125GeV

— Gaussian fit

H—ZZ*—4p (\'s = 8 TeV)

m = (124.51+ 0.02) GeV
6 = (2.01+ 0.02) GeV

fraction outside + 26: 13%
without Z mass constraint
@ e
80 90 100 110 120 130 140
m,, [GeV]
23



@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST

27 June 2013 | Richard Hawkings 24




CMS Experiment at the LHC, CERN
Data recorded 2012-May-27 2335472 ':"QFH', GMT

RundEvent: 195099 1 137440354

27 June 2013 Richard Hawkings
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Data - Background

Just collect the data: H—>ZZ(*)—4l in ATLAS

Vs =7 TeV J Ldt=0.05f" Apr24, 2011

ATLAS Preliminary
H—>ZZ( )—>4I channel

[ ] Signal (mH=125tGeV)
I Background zz"

I Background Z+jets, tt
—4— Data

!!—*!!!!!,!!:: o o e T Y T R S Y A

50 100 150 200 250 300 350 400 450 _ 500

M, [GeV]
27 June 2013 Richard Hawkings

Plot of evolving m, in ATLAS

Upper plot - all events in
2011 and 2012 data, as they
arrive

Expectation from
backgrounds superimposed,
including single Z—4l

Lower plot — excess of data
over background expectation

With all 2011+2012 data
6.60 significance peak
m,=124.3+0.6%+0.4 GeV

26



Just collect the data: H—>ZZ(*)—4l in CMS

CMS Preliminary Plot of evolving m,, in CMS
% 30 :_ o ¢+ Data | | Dec 0I5 20‘;2 S —: All events from 2011 and
O [ ¢ [(m=126Gev Vs=7TeV:L=5.1f" 2012 as they arrive
™ o5l [zy*,2Z Ns=8TeV:L=19.6fb" 7 Expectation from
w 0 Z+X . backgrounds
< F - superimposed, including
© 20 | E single Z—4l
w :
15 —
10 - t 4 With all 2011+2012 data
n ] 6.70 significance peak
5E } ‘ E m,=125.8+0.5+0.2 GeV
e R || -
80 100 200 300 400 600 800
m,, [GeV]
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@J The H->WW(*)—2I2v decay mode

H—-WW!(*) similar sensitivity to H—ZZ(*), but with lower threshold of 160 GeV
But W—ev or W—pv, one detectable lepton and one undetectable neutrino

Two neutrinos in Higgs decay — not enough information to determine the mass
Use a ‘transverse mass’ which has a lower, broad peak

Backgrounds (WW continuum, top-pair) peak in same reglon — need preC|se
understanding from control measurements

c:jgh 140 _I 1 1 | I 1 I I | 1 1 | I ) I 1 I 1 1 1 I_
= U D . % - = data — m,=125 GeV CMS Preliminary -
)] B . % _ | H™ _
0 - ATLAS Preliminary : o ﬁ oy St O ool M HI25 W Waiets (S-8TeV. L=195 b
o 300 1 i s e = Top (5=7TeV,L=491" _
— C \s=8TeV,| Ldt=207f" [Jd [ Single Top . g - . Zv* WW s=rlen k=4 :
— N e - I Z+jets  [] Wiets ] :‘; [ A\ stat@syst ' -
% 250 H->WW' ‘—evuv/uvev + 0 jets BB H[125Gey] £ 100+ . . 1-jeten —
2 - . 2 i )
L 200_— ] o 80 |- N ]

- E - N i
100F- = N *@ ]
— _ 40 — . * ]
50 — i T . i
: : 20f - . .
L e f— ) ** 7
50 100 150 200 . 250 300 - m b
0 50 100 150 200 250

my[GeV] v
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Results on 4th July 2012 —
Higgs independence day

7
By late June 2012, both experiments had accumulated enough evidence to

announce the discovery of a new particle at ~125 GeV

Quantified by p, — probability that a ‘background-only’ experiment would look at
least this signal-like (i.e. if you repeated the whole LHC program lots of times)

Evaluate as a function of hypothesised my, nothing except at ~125 GeV

] ] I I I I I q) 1 T LI T TT T T T } T T I 1T | LI } 1T
ATLAS Preliminary 2011 + 2012 Data = e /o
— Obs. Vs=7TeV: [Ldt=4.6-4.8 fo" g =\ NSN—"7 2
-- Exp. \s=8TeV: ILdt =5.8-59fb" (_'3.:: 8‘3 E_ ~ \\ %30
g 107 F el ]
8 10_45 n"u‘ \\\7/ 340
10° o\
10°® )\ — 50
107 e
10-8 = Combined obs. "._
10 """ Exp.-forSMH L cMS Preliminary 6o
10-10 — H—=vyy H— ZZ + WW +yy
HE|—H-2z \s=7TeV.L=5.11fb"
T | | T 100 | — s ww \s=8TeV,L=53f" I
1‘12:—\i|||i\||i1|\7|||5\\||||\{|||—:
200 300400 mf;o[%g\f}]o 0516 118 120 122 124 126 128 130

Higas boson mass (GeV)
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Higgs independence day
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Results now - consolidation and consistency

With full 2011-12 data, Higgs is established in yy, ZZ and WW decay modes
Measure the signal strength y, the ratio of signal rate to that expected in SM
Generally good agreement, though ATLAS a bit high in H—yy

\s=7TeV,L=5.1fb" \s=8TeV,L=19.6fb"’

| | | | .

ATLAS Preliminary ' m, = 125.5 GeV Combined CMS Preliminary m,, =125.7 GeV
u=0.80+0.14 Pay = 0.65

W.,ZH — bb

\s=7TeV: [Ldt= 4.7 fb" ° :

\s=8TeV: [Ldt=13 o™ ; H— bb -

Ho 1t ' nu=115=+0.62

\s=7TeV: Lt =46 ..

\s =8 TeV: det 13fb‘ ; H > c

H—)WW —>|VIV i =110+ 041 =
' u=110=+0.

\s=7TeV: [Ldt = 4.6 fb” —e—

\s = 8 TeV: |Ldt = 20.7 b :

H— vy i H— vy

\s=7TeV: [Ldt - 4.8 fb” o _e— W =077+ 0.27 iy

\s=8TeV: det 207 " :

H— ZZ — 4] :

\s=7TeV: [Ldt- 461" e H— WW = }J=080i014

\s=8TeV: [Ldt =207 b 5 w=0.68=+0.20

Combi?ed u=130+0.20 ; Hes 77

\s=7TeV: |Ldt=46-481" : g - —

\s =8 TeV: [Lot = 13-20.7 i A u=0.92=+0.28

| | | I | | | | 1 1 1 | 1 1 1 I 1 1 I 1 1 1 | | 1

-1 0 +1 0 0.5 1 2 2 5

) Best fit o/og,
27 June 2013 Signal strengtidkbrd Hawkings 31



Signal strength (u)

The Higgs mass

ad

b {

Mass is measured with high precision in H—yy and H—-ZZ(*)—4l channels
Results are consistent between channels and between experiments

4 CMS Preliminary s = 7TeV L<5.1 fb \s 8TeV, L= 196fb
- ATLAS Preliminary —— Combined = I L T 1
- Vs=7TeV:|Ldt = 4.6-4.8 fb" —H-oyy OUJ H —yy +H— ZZ 'l' Comblned |
3.5 Is=8TeV:|Ldt=20.7 fb" — Ho 770 LW ?5 i + H-oyy |
i _ 2.0+ i
N R X Best fit - + H-ZZ H
3 ' — 68% CL - 68%CL |
- SN e 95% CL - -
2.5 1.5 N
2 - 1
- 10 N
1.5 ; _
1= - ]
- 0.5+ —
0.5 - iy
- m,=125.5+0.205, . GeV - m=125.7+0.3+0.3GeV |
_l I | | I | | | 1 1 1 | I | | I | | I | | | | 0_0 I : | . : I . | I : I : ‘ : : : : | :
% 123 124 125 126 127 128 G \1/]29 124 125 126 127
m e
o | m, (GeV)
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The Higgs spin in H—-yy

Prediction: Higgs is a scalar particle — spin-0, no intrinsic angular momentum
All other fundamental particles are spin %z (e, v, q...) or spin-1 (y, g, W,Z)

Spin-0 particle decays isotropically in its rest frame — no spin axis
Spin-1 particle cannot decay to yy, various possibilities for spin-2

Large background and angular distribution distorted by acceptance effects

Nevertheless, spin 2+ produced by gluon-gluon fusion excluded at 99% CL
2500

1_' o I Y I o I o b el LI | LI | T LI LI LI LI LI LI I LI
e e tha 2012 Nominal analysis | <  200— H_,IW | C r e (Sl\lll) pdf Py (mol% g9) pldf —]
2 N J" = 0" (SM) H—=vy 1 @ - Nominalanalysis ¢ y?=0"(sM)fit @ J°=2"(100%gg) fit
c - Background —— ] = B . ) f
o 2000 —— % — Backgroung systematic uncertainty =
o . I 1 > 150 —
., 1 F - 1
15000 TRtm . : - -
= - 100 — ] — == ]
C ] i = =mun S & ]
1000~ — sol 1T —— -
" ATLAS Preliminary N [ e ST -

500 - 0 I

- Data 2012, JL dt =20.7 fb'1, Vs=8TeV —o— . Data 2012, J-L dt = 20_*} fb'1, \s =8 TeV N
I | I L1 1 1 ‘ L1 1 1 I | | | 11 1 1 | L1 1 | | | I | 111 I L1 11 ‘ L1 1 1 L1 11 I L1 11 ‘ L1 1| I L1 1 | | - | 111 I 111 | ‘ 111 | I 111 | | 1 1 | ‘7
0O 01 02 03 04 05 06 O 0.8 09 1 0 01 02 3 ) 0. 0. 0.7 08 09 1

I_J{COSB*I _ |cos®*|
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Higgs spin in H—ZZ(*)—4-leptons

7
H—ZZ—4l decay also offers opportunity to test spin-1 hypotheses

Complex final state — 2 production and 3 decay angles

Combine all information into a discriminant D to test between hypotheses
Which origin is more likely, given the particle directions and energies in each event

Construct distributions of expected D for both hypotheses, compare to data
In this case, alternative spin /parityl+ hypothesis excluded at > 99% CL

CMS preliminary \s=7TeV,L=511"\s=8TeV,L=19.6fb"

VA R R RN R R RN RN CMS preliminary {s=7TeV,L=5.115" \s=8TeV,L=19.61"
| m T ‘ L ‘ L ‘ T 1T ‘ L ‘ L I_J_
® data 1 € 014f 2 g ]
6 —— 0%, m =126 GeV 14 g r _
e J=1", m =126 GeV 15 012p 1 .
5[ ] zz/zy 1 £ B — CMS data
- [ z+X 18 o1f B
- 4 O
B 4 3
4r -1 8 o008 -
- e . , :
3:_ _: 0'06} -‘I-"': N
- ] 0.02- ::"--_ _
LI I O U £ g _ 1 ]
: e | o= =y e : 0 L 11 l L1l 'I;--T'-\--J 1
O N T o e -30 -20 = 10 20 30
0 0.10.20.30.4050.6070809 1 2xIn(L/Ly)
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Higgs decay to b-quarks?

b {

L L L L L
~ CMS Preliminary

Consistent picture emerged with rare S gool ¢ y ama VTG ]
. 8 -~ Is= 7TeV,L=5.0fb EVV 5 |
Higgs decays to W, Zand y E [ fe-gmeki-tsot = Zuleg -
But ~60% of Higgs at LHC decay to b- B 400 E&:u:f% -
. . < - —— VH (125 GeV) i
quark/antiquark pairs (bb) 2 - —— MCEuncert. (stat) ]
Cannot be isolated due to much larger ’ 00 B
rate of bb from QCD processes - .
. . ; 200— —
Look for associated production of H in - .
conjunction with W or Z 1001 -
WH—lvbb, ZH—IIbb or vvbb N N
Background much reduced, but still Wbb = ) e e e e
| Zbb or WZ/ZZ with Z—bb > —— Visible MC stat. uncert.]
Z mass is 91 GeV, close to H at 125 =
GeV — a ‘shoulder’ on Z-peak
Limited mass resolution for bb states
Crucial to control backgrounds precisely
CMS has 2.10 with full 2011+2012 data
| | T RS B

ATLAS still analysing the data... 0 B0 100 150 200 250
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Higgs decays to tau-leptons and more

Expect 6% Higgs decays to tau leptons (T1)

Taus decay to e/u+2v (missing energy) or a
narrow jet of hadrons

Again, difficult to separate from background,

ut, 4 H+1-jet

especially Z—11 2500 —¢ Data
Need signatures with extra jets, improve S/B 2000 ; ;ii(lgss)zg

Results nearing sensitivity to expected SM
rate, but not yet conclusive

I Others (OS-SS)
I Same Sign Data
72 BKg. uncert.

Events / 10 GeV

Next steps for Higgs studies — what is the 1500 [Lat- 130"
nature of this particle, are there more? 's < 8 TeV
Try to confirm decays to bb or 11 1000 ATLAS Preliminary
Measure properties of as many decays as 500

possible, check ‘couplings’ vs. prediction
Rule out other spin hypotheses

Look for more Higgs bosons!
The SM is only the simplest Higgs theory

Need more LHC data — wait for 2015
27 June 2013 Richard Hawkings 36

100 150 200 250

MMC mass m_. [GeV]



But we are not satisfied ...

ad

Higgs mass is very sensitive to ‘loop corrections’ involving other particles
Should ‘naturally’ push its mass towards the Planck scale (101° GeV) where all
forces are expected to unify
But it is light — suggests huge cancellations in contributions from different particles

Many theorists find this unnatural and unsatisfactory — the ‘hierarchy problem’

Supersymmetry
 Partner for each particle
* Spin differing by %2 unit

SUSY particles

Standard particles

Higgsino

"\, - sto 3
t 4 }t p T
H H
N\ 7/
———————— s - -
Quarks ° Leptons o Force particles Squarks . Sleptons SUSY force particles

Opposite-sign contribution exactly cancels the contribution of each SM particle
Some versions also predicts a stable ‘lightest supersymmetric particle’ = dark matter

But all these extra particles have not been found — heavier than SM partners?
27 June 2013 Richard Hawkings 37



SUSY searches |,

Squarks/gluinos expected in pairs

Decay to jets (from quarks) +
‘missing’ energy from escaping LSP

Look for excess of events with large

> E L T 1T 17T | T T T | T 17 177 | L | [N | L T T T I T E
. @ - ATLAS Preliminary A -
missing energy and m 0] i . La-z031 .
g gy _eff | - - . SRC - 4 jets e Data 2012 (js=8TeV) i
M=Sum(jet pT)+missing E; — 10°L —— SMTotal B
‘ ] , - g - - - CMSSM m;=1000,m, =700 E
So far, no ‘'smoking guns’ —canonly £ : - 1=+ 55 m()=700.m(g")-550 -
; : o B Multijet i
exclude regions in parameter space s S
MSUGRA/CMSSM: tanB = 30, A = -2m;, p>0 10 = [0 Wijets =
; I T T T -'-'I T Il- I T I T T T | T T T I T T T I T T T | T ] E tt- & Single top E
[ _ ; H o I
(5 6000 - ; : ATLAS Preliminary - C B Diboson ]
a - E jL&:msmhkskv - i h
< 5000 - v O-lepton combined - 1 0 E 3
@ - ¥ - C -
% C \ —— Observed limit (+1c5oo7) | - Ct :
4000 — 5‘ L - - Expected limit (+15,,,) | o -
- ¢ [ JstauLsp . 1k .
3000 — ) -] = =
- S | : —. :
2000 __ e ] o 25 == = =
C ] = 2 E_ _E
C ] = 15F -~
1000 [— — |<E P | E
C I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 — ( 0_5; z
800 1000 1200 1400 1600 1800 2000 2200 o oE E

. 0 500 1000 1500 2000 2500 3000 3500 4000
gluino mass [Gel\g, . .
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=i

SUSY particles expected below 1 TeV if
relevant to hierarchy problem

Less ambitious — only 3 generation (stop,
stbottom) light, rest very heavy?

Dedicated searches for stop, sbottom
b

Fight against top-pair bacbkground, e.g.
requiring b-jets, large transverse mass M,
No sign yet, but analysis ongoing ...

Other SUSY searches

Look for gauginos instead of squark/gluino

LSP may not be stable (R-parity violation)

Particles decaying far from collision point
27 June 2013

SUSY searches I

CMS Preliminary

\s=8TeV, [Ldt=19.5 fb’

2
0,2 ]
8 I '
& 05 ' =
o o0
> _I LI l) T 1T T T I T E T T | L | L [ L I_
L 1B t—1t BDT4 | —*— Data |
=Sl . B e
© o0 O t-u ]
» 102 C ] WHets -
@ - : =
= - [ rare E
S P i SM +1— 3 (650/50)
1
10™
0 50 100 150 200 250 300
M. [GeV]
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ATLAS SUSY Searches* - 95% CL Lower Limits

Desperately seeking SUSY — in ATLAS

ATLAS Preliminary

Status: LP 2013 [Ldt=(44-229)fb" s=7,8TeV
miss = P
Model e T,y Jets ET™ [Ldtlb™'] Mass limit Reference

MSUGRA/CMSSM lep 3-6jets Yes 203 £ 1.2 TeV any m(g) ATLAS-CONF-2013-062
MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1 TeV any m(@) ATLAS-CONF-2013-054
0 2-6jets  Yes 203 |& 740 GeV m(F})=0GeV ATLAS-CONF-2013-047
BE E— qqx" 0 26jets  Yes 203 |& 1.3 TeV miF})=0 GeV ATLAS-CONF-2013-047
&8, §—q9t1 -4 W*Xl Ten 3-6jets Yes 203 |& 1.18 TeV miZkzDO GeV, m(i*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
EE— qqqqflf(r.:’)x,x, 2e,u(S8) 3jets Yes 20.7 g 1.1 TeV m(¥})<650 GeV ATLAS-CONF-2013-007

GMSB ({ NLSP) 2ep 2-4jels  Yes 4.7 tang<15 1208.4688
GMSB (7 NLSP) 1271 0-2jets  Yes  20.7 tang >18 ATLAS-CONF-2013-026

GGM (bino NLSP) 2y 0 Yes 4.8 miF})>50 Gev 1208.0753
GGM (wino NLSP) Teu+y ] Yes 4.8 m(i})>50 GeV ATLAS-CONF-2012-144

GGM (higgsino-bino NLSP) k4 1b Yes 4.8 m(t})>220 Gev 1211.1167
GGM (higgsino NLSP) 2eu(Z) 03jets Yes 5.8 m(H)>200GeV ATLAS-CONF-2012-152
Gravitino LSP 1] mono-jet  Yes 10.5 m(g)=10"" eV ATLAS-CONF-2012-147
c -S E— bE)?Q‘l’ 0 3b Yes 20.1 g 1.2 TeV mE])<600 GeV ATLAS-CONF-2013-061
g g & tE’Fé 0 7-10jets  Yes 203 |& 1.14 TeV m(¥}) <200GeV ATLAS-CONF-2013-054
R & 5241 0-1epu 3b Yes 201 |& 1.34 TeV m(F})<400 GeV ATLAS-CONF-2013-061
O bty 0-1ep 3b Yes 201 |& 1.3 TeV mi¥?)<300 GeV ATLAS-CONF-2013-061
biby, by —»bh 0 2b Yes 201 by 100-630 GeV m(F?)<100 GeV ATLAS-CONF-2013-053
by by, by—t¥] 2eu(SS) 03b Yes  20.7 By 430 GeV miF;)=2 miE]) ATLAS-CONF-2013-007
Ty (light), 7, —biT 12eu  12b  Yes 47 [HOsrGev! miF})=55GeV 1208.4305, 1209.2102
Hii(light), & th 2e.p O-2jets  Yes 203 |& 220 GeV m{ET) =m(E,)-m(W)-50 GeV, m(f)<<m(Fi) | ATLAS-CONF-2013-048
# Ty (medium), tl—»bh 2ep 0-2jets Yes 203 |h 150-440 GeV m(/\":.;)=u GeV., m(?;:-m(fﬁ=;UGeV ATLAS-CONF-2013-048
1 (medi b7 0 2b Yes  20.1 2 150-580 GeV 7)<200 GeV, m(¥})-m(¥?)=5 GeV ATLAS-CONF-2013-053
ri t:E:egavI:)m)rlE:rb ! Tlen 1b Yes  20.7 ii 200-610 GeV :t;‘:’;:a GeVB nmeae ATLAS-CONF-2013-037
# t(heavy), f—ti] 0 26 Yes 205 |h 320-660 GeV m(F})=0 GeV ATLAS-CONF-2013-024
# 1 (natural GMSB) 2e,u(Z) 1b Yes 20.7 f 500 GeV m(f‘f)>1sosev ATLAS-CONF-2013-025
B, ot 4+ 2 3eu(Z) 1b Yes 207 |& 520 GeV mif1)=m(¥)+180 GeV ATLAS-CONF-2013-025
furfLr, (_.m 2ep 0 Yes 203 (7 85-315 GeV miF7)=0 GeV ATLAS-CONF-2013-049
= X1X1 ) =) 2ep 0 Yes 203 |i; 125-450 GeV m(F})=0 GeV, m(7, $)=0.5(m(F)+m(F])) ATLAS-CONF-2013-049
s A‘q Xy, otv() 2r 0 Yes 207 | &y 180-330 GeV m(P1)=0 GeV, m(, 7)=0.5(m(¥3 )+m(?)) ATLAS-CONF-2013-028
= xle—amef(w) 7€) 3ep 0 Yes  20.7 )g:.§ 600 GeV m{F7)=m(3), mﬁ’?}:u, mi(f, 7)=0.5(m(F; jsm{F1)) ATLAS-CONF-2013-035
Binowilzid eqp 0 Yes  20.7 =0 315 GeV mi¥1)=m(i3), m(i1)=0, sleptons decoupled | ATLAS-CONF-2013-035

Direct ¥1 ¥1 prod., long-lived ¥{ 0 1jet Yes 4.7 1<r(¥i)<10ns 1210.2852
Stable, stopped g R-hadron 0 1-5jets  Yes 229 |& 857 GeV m(¥7})=100 GeV, 10 us<r(§)<100 s ATLAS-CONF-2013-057
GMSB, stable 7 1-2u 0 - 15.9 S<tang<50 ATLAS-CONF-2013-058
Direct 77 grod , stable 7 or t’ 1-2u 0 - 15.9 m(F)=m(f) ATLAS-CONF-2013-058

GMSB ¥1—yE, long-iived 71 2y 0 Yes 4.7 0.4<r(¥])<2 ns 1304.6310

xlaqq_u (RPV) 1u o] Yes 4.4 1 mm<er<1m, & decoupled 1210.7451

LFV pp—¥; + X, ¥r—e+p 2ep 0 - 4.6 A3;,=0.10, 4,3,=0.05 1212.1272

LFV pp—¥, + X, #r—e(u) + 1 Tep+t 0 - 4.6 A313=0.10, dy12)33=0.05 1212.1272
> anear HPV CMSSM len 7 jets Yes 4.7 m(g)=m(g), crrsp<1 mm ATLAS-CONF-2012-140
& x1 Xl,X W B e, euv,  4ep 0 Yes  20.7 m(P)>300 GeV, Ay >0 ATLAS-CONF-2013-036
x1 R, BT WES B rrie, er?, B p+T 0 Yes  20.7 miF})>80GeV, diz>0 ATLAS-CONF-2013-036

£—qqq 0 6 jets - 4.6 12104813
g—ht, h—bs 2eu(SS) 08b Yes  20.7 ATLAS-CONF-2013-007

Scalar gluon ] 4 jets - 4.6 sgluon ~ 100-287 GeV incl. limit from 1110.2693 1210.4826
WIMP interaction (D5, Dirac x) ] mono-jet  Yes 10.5 m{y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147

\5=8TeV 107! 1 M | v
full data ass scale [TeV]

irg a selection of the available mass limits on new states or phenomena aslf\g
27 June 20

L Al hra P»f{ed arg ebse rv§d minus 1o theoretical signal cross section uncertainty.
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Desperately seeking SUSY —in CMS

Summary of CMS SUSY Results* in SMS framework LHCP 2013

CMS Preliminary

For decays with intermediate mass,

*228% _
M termediate = X mmolher_(1 -X) m|Sp

0 200 400 600 800 1000 1200

*Observed limits, theory uncertainties not included Mass scales [GeV]
Only a selection of available mass limits
Probe *up to* the quoted mass limit

27 June 2013
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Decays of B-mesons (bound state of a b . SM
and another quark) can ‘feel’ effect of SUSY

In SM, fraction of B;—up is 3.5 109 — tiny! BS {w1

In SUSY or other theories, can be
significantly enhanced due to extra diagrams

Long experimental effort to probe this decay B.{ |
Need to study tens of billions of B mesons >

LHCb detector specifically built to focus on
b-decays, many of which go ‘forward’ 250 mrad

March 2012 Collision point

b

-
-
-
-
-
-
-
-
-
-
-

ECAL HCAL
SPD/PS M3
RICH2 M1
™

D06 fb™'

PLE 693 (2010) 539

CDF 7 fb™
PRL 107 (2011) 191801 : ) ’ | }
CDF 10 fb™" ad LG = 10 mrad
mcdf.m.gwlphrshﬂnawmtmrﬂizozsﬂ.hmummw Logap 1 g - T | y
ATLAS 2,4 fb- : _"v'_- 3 is T ; i SN oY
Phys.Lett. B713 (2012) 387 ST A ) , ' e
CMS 4.9 fb™ P HITETTH BEERREE. . . P
JHEP 1204, 033 (2012). . -] P | j

LHCb 1 fb™

. Phys. Rev. Lett. 108, 231801 (2012)
SM Prediction

_{EB%Ctmglon] . )
0 20 0 -
27 June 2013 Br(Bs—pu)x10 Richard Hawkings 42




B.—u*y candidate in LHCDb detector

13.5. 2012 8:24:38

Run 115275 Event 1941832142 bld 1447
Select events with 2 muons from
‘displaced’ vertex

B-meson decays a few cm from

collision point
27 June 2013




Measurement of B,.—pu*u- decay

— ; ; ; ; ———
25F LHCb

- 107 (TTeV) +1.1 fb (8TeV)
BDT>0.5 _]

Huge data reduction online and offline to select two-
muon candidate events

Remaining background from muons from 2 different
B—u+X decays in same event

Candidates / (50 MeV/c?)

LHCb
10 fo ' (7TeV) +1.1 b '(8Tev)
BDT=>07 J

Ly

LHCb 3
10/ (7TeV) +1.1 o '(8TeV) 7
BDT>08 —

Candidates / (50 MeV/c?)

[ T U O - e T - = S R A =
L L TTTTPT LT T T vrTrprreT LB II’S.I LI LA LS

Reconstruct invariant mass of yu, look for peak

Cut on kinematic and particle ID quantities (BDT) to
reduce background...

Significant peak (3.50), Br(Bs—pp)=(3.2*%°,,) X 10°
Triumph of experimental work, and SM prediction
Significant constraint on SUSY and other theories

Candidates / (50 MeV/c?)

.
TTTT[FLT
i
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Is SUSY dead?

SUSY remains ‘an attractive theory
supported by a great mass of no

evidence’ o
Unlikely evidence will be found in =~ =su.,, o e o Ay T )
: {1 L DUTR P L S 'r.-‘:‘r'-i‘,E;f;.'-"':':-"F Af 1 _'J'"".I,'r-'|I Il:l‘l’
the 2011-2012 dataset now %Fﬁﬁ&“w%?:}“%ﬁ:‘u;_fuﬁx J,i” ‘ '*ff-*?j{g{ :{& Hiif'i
- . . oM R ey g s R o RAW Py HF i
But unwilling to give it up ... e ﬁg*;ﬂ,-“i'r“{";{“f{fij {% '-’é,&f %‘AJ*@{’ A AR
Focus on 3" generation (stop etc) e {*‘é%}{?ﬁf; ‘ ’ﬁf f‘gf : ‘f,'f%fﬁ;gf%j;}i%
‘ ’ ’ ’ . "'3‘ I.‘l‘:? ) F--“'..-’ JH&J& rf-\ fﬁ',";'tj .
Compressed’ or 'stealth’ scenarios ) 4% A j A ESSY 4 F";ﬂ,’]" H-éﬂga
itti h :,-,I' 'Ij::. 11 =) - l} 1 "_:Il' I -
where mass splittings are very small ?Jﬁ ):ﬁf,lf’l’k‘g_}lﬁ t A I AL A2

— hard to pick out from background

More unusual signatures SLTRIESRLSPUS TR
oo F s LT

SUSY is a general class of theories
— moving away from ‘minimal’
models

Good ‘benchmark’ for other theories
Hope for surprises in 2015

Mass reach will be almost doubled
27 June 2013 Richard Hawkings 45

‘One day all these trees will be
SUSY phenomenology papers’



Extra dimensions / dark matter

) C q
Perhaps gravity appears weak ) '@

because it acts in 4+n dimensions \ \
The n extra dimensions (ED) are D

‘rolled up’, and we only see gravity’'s
weaker ‘echo’ in our 4 dim world

LY

'L, graviton
G (G) q

%

= E""I""I""I""I""I"'E";""l""l"'l"'
Brings unification scale down to ~TeV & [ ATLAS Preliminary icziaugé’éz) | j
. ..'-":_." 103 = _ 4 [ ) Z(—vv)+jets il
ADD model — gravitons (G) could be & " £, | - 1°'5bev B (1Y) ¢t =
e I — [ =7 . s=8 I Dibosons =
produced and ‘disappear’ into ED ... = ¢ 1 R —— Egsin%p_ﬂ oo -
Look for unbalanced events with one W B g T B EGEY MEOG )
jet recoiling against nothing g 1° W e ) E
Also sensitive to pair production of p-=E e e
‘WIMPS' (X) in the GeV-TeV range = HEEES | = | 5
-1
Weakly interacting massive particle — 10 . E
candidate for dark matter J
0 e T ey
Nothing found so far; LHC R DR S S i
experiments Can Constrain these éﬂ 05 s I ............. e S e e e e e e ]
mOdels 200 300 400 500 600 700 800 900 1000 1_100 120C
EmISS G V
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Run Number: 206962, Event Number: 55091306
Date: 2012-07-14 10:42:26 CEST
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Other possibilities ...

Many other exciting possibilities for things we might find
New quarks, leptons or heavy neutrinos, new heavy gauge bosons: W/Z-prime
Models where Higgs is a bound state, e.g. Technicolour

More Higgs bosons — Higgs doublet, triplet, Little Higgs models
Something in the top quark sector — production or decay?

Mini black holes?

49 ) heonoy L

.LSA Lon

Murayama LP03
aWwen q.'
<
f L)

43 n.. > * Need more energy, more luminosity
z;‘b“t - \ f“& ‘.
Q[A \iQ’DO { el 7': W, 1

' 3 « = LHC upgrades
13 F ‘hdh’h&Wkll pg
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Conclusions

LHC has been a long time coming, but a fantastic machine for particle physics
Machine and detector performance have exceeded our expectations
We can do physics with 35 pileup events per collision
Standard Model works remarkably well at LHC energies

We have found a Higgs boson
Looks Standard Model-like so far, but it is early days
We are only at the start of Higgs boson physics studies

We haven'’t found anything beyond the SM yet, but there is no shortage of ideas

Looking forward to the 13-14 TeV run starting in 2015

We have a lot of new territory to explore
And a physics case and program of detector upgrades for the next 10-20 years

LHC performance is the key to all this — please help us!
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