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Is the top quark a normal fermion? UNIVERSITAT

WUPPERTAL

Weak t coupling (V- L *
CKM - elements
Electric charge - v
g t b
- b
t
gtt couplings
. I ° i
spin correlations W— q

tt - resonances

Q|
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How to measure tt cross section UNIVERSITAT

WUPPERTAL
(Why should we?):
Sensitive to gluon —tt couplings
Test of QCD with massive quarks

r.f
Select events: ' ’ f’\j
- 4 jets with p;> 25 GeV v -
- isolated electron,muon p;>20 GeV
- missing transverse energy > 20 GeV d 1‘-< d ‘\iabbx
Nmeasured _ Nbackground
Ott —
eL
—7 Luminosity:
What fraction of tt How many proton-
events are retained collisions?

after selection
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Cross section determination UNIVERSITAT

WUPPERTAL

Experimental precision depends on how well
- background, efficiency, luminosity can be controlled

Key issue determine efficiency

Largest uncertainties:
—_—
Selected p, range - Jet energy scale
Observed p - bottom identification

wrong energy scale - Background yield
- Jets from QCD

Jet pt - selection efficiency

Trge jet pr NN _.--

Experimental uncertainty ~ 9%
Luminosity uncertainty ~ 4.4 %
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Cross section measuremnt UNIVERSITAT
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CMS Preliminary

o

= L eCMS combined 7 TeV (1.1 b’ Theoretical

= . ® CMS combined 8 TeV (2.8 fb .

E ° COF uncertainty 7-10%
102 partly NNLO

Theory & experiment
uncertainty about

Approx. NNLO QCD (pp)

Scale uncertainty

Scale ® PDF uncertainty e I

——————— Approx. NNLO QCD (pp) q L a
Scale uncertainty

I Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

10

I':IIIIII|IIII|IIII|IIII|IIII|IIII|IIII

1 2 3 4 5 6 7 8 9
Vs (TeV)

Very good agreement between data and expectation
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Mass of the top quark

A fundamental parameter of the Standard Model

80.46

M,, (GeV)
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A broad spectrum of decays and methods

Note: first time a quark mass can be

measured directly

(Lighter quarks to be inferred indirectly

from hadron masses)
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Top mass from l+jet decays UNIVERSITAT

WUPPERTAL

Favoured topology: tt = 4 Jets (2 b —jets) + e/u +v

>400?‘I""I‘"'I""l""J""I"“t
[0] r ATLAS ® \s=7TeV2011 Dat ]
O] 350 i B G, - 1725GeV 1
o E e + jets B s gl tp 1725GV
> E J.Ldt=1.04fb' I 7+ et ]
= 300 WW, Wz, 72 7
q>) C W + jets
w . I QCD multijets -
250’ Y///, Uncertainty ]
200 g

150

100~ e
50+ 4

0:

100 150 200 250 300 350400
Migp ° [GeV]

ZEJet1+E1‘|‘E ijet1+pl+pv)
jet i Jeti

The problems:

- How to get the z — component of v

- Out of 4 (or more) jets: which jet belongs to which top?
- What is the energy scale of jets (and electrons)
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Problem 1: pz(v) UNIVERSITAT

WUPPERTAL

Constraint from W - mass

Miy = (Ei1 +Ey)? — (Px() + px(¥))* — (Py(1) + Py ())* — (P2(1) + P2(v))*

E, =/p2(v) +P2(v) + P2(v)

Note: v — mass completely negligible

Quadratic equation = 2 solutions
physics: in 70% the solution with smaller p, correct
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Problem 2: which jets? UNIVERSITAT

WUPPERTAL

Er=44GeV/c,p = 1.8

pe= 61 GeV/c, N = 0.4, @ = 1.1

Two facettes:

if more than 4 jets (initial state rad.)
mostly jets with highest p;

if exactly 4 jets: which belongs to
which top quark?

‘.I pe=73 GeV/c,n=-1.3, @ = -0.2

Electron p:= 41 GeV/c
n=04,¢=-22

b-tagged Jet
pe= 109 GeV/c, n = -0.6, @ = - 1.7

Mt =77 GeV

4 jets =» 4 possible assigments
(iaigdc/ios  Jalginlic, )
Note: if b — jets identified, reduced to 2 possibilities

Important constraints
- mass (jjj) = mass(jlv) (= M,)
- mass (jj) = M,,
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Problem 3: jet energy scale UNIVERSITAT

WUPPERTAL

Measure signals in calorimeter = derive jet energy
Implies uncertainty!
= relates directly to top mass

= (Y Ejet i T E1 +E)2 = (Y Bjeti + b1+ o)’

jet i je
CDF Run 11 5.6 fb™

0.8 i—
Top — quarks offer ,self calibration’ 04 T
M(jj) has to be equal M,, < 02 %

< 0fF ........ ,
: 02F —AMNL)=-05 T, T
= change JES such that fulfilled AL -20 T
T F e AnL) =-4.5
-0.6 = | 1 I T | |

1 1 1 l 1 1 1 1 1 1 1 1 1 1
170 171 172 173 174 175
m, (GeV/c?)

Still the (slightly) dominant uncertainty of M,
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Use all information UNIVERSITAT

WUPPERTAL

Convolute with

. . experimental effects
Theoretical pred with

M, (top) \

Theoretical pred with
M,(top)

Er=44GeV/c,p = 1.8

pe=61 GeV/e,n =-04,0=1.1

! pe=73GeV/en=-13,0=-02

Electron pe= 41 GeV/c
n=04,¢=-22

b-tagged Jet
pe=109 GeV/c,n = -0.6, p =-1.7

Mt =77 GeV

Sum over all events and find combine weights
D@ Runllb Preliminary, L=4.3 fb™

~-160
W (M;j(top)) = wa - WB - WG - ...... = Ilw; — E(Ml(top));{
W (Mz(top)) = wWa - WB - WC * ...... = IIw; — L£(Mgz(top)) 199
------ -170_
Find M(top) with maximum weight 1751
160 170 180
m, (GeV)
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Measurements of M,

LHC m

top combination - June 2012, L =35 pb'-4.9 b

ATLAS 2010, |+jets
Ly =35pb”, (® CR, UE syst.)

ATLAS 2011, l+jets

ATLAS + CMS PreliminaryNs = 7 TeV

n —1 '
L 2 g |

169.3+ 4.0+ 4.9

. —_ = 1745+ 0.6 £ 2.3
ATLAS 12.01]‘ all jets —e 1749+ 21+ 3.9
L, =2fb", (& CR, UE syst)
oS 2010, drepien s 1 1755+ 4.6 £ 4.6
oS 2010, e ° 1731421427
—e—  1733%12527
CMS 2011, u+jets
Ly = 4.9 b, (& CR, UE syst,) < 1726+ 0.4+£1.5
LHC June 2012 0 173.3+ 0.5+ 1.3
Tevatron July 2011 oA 173.2+£ 0.6+ 0.8
| | | | + (stalt.) + (syst.)
150 160 170 180 190
Migp [GeV]
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Measuring high tt - Masses

S ———
Y/ *\ SATLAS
// / PN 2 EXPERIMENT

Ny
> Run Number: 180400, Event Number: 54251178
Date: 2011-04-28 03:33:58 CEST

Leptonic top

candidate g”,‘

| Hadronic|top
candidate #2\
i€

\ : = Hadronic top
et /*«’, ‘ candidate

| Leptonic top
Se===tandidate
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tt = 3 partons
at low p;
=>three

distinct jets
tt = 3 partons
at high p;
=» Reconstructed
as one jet

High p; top quarks: jets merge! ,Boosted Top Quarks’
Separate from ,normal‘ QCD: new algorithms required
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Search for a high mass tt - resonance

% =
o) N ATLAS
> i
[= 1
RN 4
® - 2
10'15— A
2
0%
103

2

JLdt=2.05 b’ \s=7TeV

zrrs

é’//i///;ff

TSIy

IIIIIIIII

Forbidden in Standard Model
Postulated in many BSM scenarios

=>» As yet no new particle observed: M > 1.4 TeV
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Adapting analysis
procedure for
boosted tops

This is how a
tt — resonance
would look like
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Single top production UNIVERSITAT
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top pairs due to strong coupling,
weak coupling = single top quarks

Dominant
o(7 TeV) = 65 pb

(half of tt — Xsection)

Remember: Ve Yy t
W? couples to fermion doublets e” ) \u— ) b
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Single top production UNIVERSITAT

WUPPERTAL

Allows detailed studies of the weak coupling of top quarks

» How often does W=>tb (and not ts, td, or something else?)
i.e. measuring CKM element |V,, |

> Does the top couple completely left handed to the W?
(as all other fermions do)

Example: W — ud

Spin direction — —
Momentum <€ > m—
u d u d

Forbidden in weak interactions

» new particles, additional couplings ........
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Fighting substantial background UNIVERSITAT

WUPPERTAL

After selection (in 1 fb-! LHC data)
Expect~ 175 signal events
~ 250 background events

Require:
2 jets, 1 isolated lepton
missing energy

L EXPERIMENT

g -A'II'L/I\SIPrleIirIninéryl Slinglle tloplprc|>dulctioln ]
©  []Ldt=(0.70-2.05)fb" o ]
10%E .
Wit-channel E
=Theory (approx. NNLO) | o o
I sat, uncertainty Individual components measured

10E s-channel 3

precise measurements to follow

§ t-channel, arXiv:1205.3130
§ Wt-channel, arXiv:1205.5764
I s-channel, ATLAS-CONF-2011-118 ]

V95% CL limit
I 1 1 | I | 1 | 1 | I ] I | [
5 6 7 8 9 10 11 12 13 14

CM energy [TeV]
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Top Quarks @ hadron colliders UNIVERSITAT

WUPPERTAL

» Top quark heaviest known particle

» LHC will be a ,top — factory’

> Top mass known to~ 1% =» input to SM fits

» (Differential) cross section: search for new resonance
» Decay properties tested

» Single top a window to weak top couplings
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Standard Model @ Hadron Colliders
IV. Higgs Boson: the exclusion range

P.Mattig
Bergische Universitat Wuppertal

Peter Mattig, CERN Summer Students 2012



BERGISCHE

Electroweak symmetry breaking UNIVERSITAT
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Masses of bosons and fermions break basics ingredients:
- fermion masses break local gauge invariance
- boson masses violate unitarity

partial wave analysis of weak W W, scattering suggests

1/2
2
My < (8”\/_> ~ 1 TeV

3GF

Alternatively: strongly coupled theory = many W', .....

At least around the TeV scale
> either generation of masses (W, scattering) is solved
» or new phenomena
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The solution ,Higgs mechanism UNIVERSITAT

WUPPERTAL
¢, The Standard Model answer:

V(9)

¢,

V = %' + Ao')?

oV

Higgs fields
»gives mass to bosons
» provides means for fermion mass

7 »implies elementary physical particle

> gives mass to Higgs Boson

Introduce potential (by hand)

Two unknowns: A,
2

1
[
99 A Mass of W 2
v: ,vacuum expectation value’ Mass of Higgs Mp=Vv2-\-v

M,, = v = 246 GeV

) 1
Mass of fermions Mg = —2Gf v

7
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A few notes on mass

Persistenly basic problem of physics Newton,

BERGISCHE_
UNIVERSITAT
WUPPERTAL

Einstein

What makes the mass of a proton to be 939 MeV

If (2m,+m,~ 10 MeV)

Derek Leinweber

1000000

9 100000
10000

‘2 1000

E — 111 - C 100
10

1

A dynamical generation of hadron masses =

B.Miiller

O QCD mass

B Higgs mass

ilill
S C b

99% of visible matter due to strong interaction
This principle does not work if particles are elementary!

Peter Mattig, CERN Summer Students 2012
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The Higgs Boson: well known! UNIVERSITAT

WUPPERTAL
..... except its mass!

What is to be known to search for the Higgs boson:

» how is it produced?
» how strongly is it produced?
» how does it decay?

Devise search strategy along this line

Peter Mattig, CERN Summer Students 2012
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How does the Higgs decay? UNIVERSITAT

WUPPERTAL

i.e. to which particle does it preferentially couple?
1

= T T3

10k 4

S :

T b -

10 °E E

10_3 | I T R B
50 200 500 1000
MH|GeV|

Preference: fermions Preference: weak bosons

(especially bottom quark) (especially W*W)
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How strong is the coupling? UNIVERSITAT

WUPPERTAL

Visualised by width of higgs boson

10

['(H) [GeV]

Very small coupling!

I'(H) ~ M(H)

High coupling
Initial W/Z: hi

100 200 500 1000
MH [GeV]
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LEP: first serious go at the Higgs UNIVERSITAT

WUPPERTAL

Colliders have electrons or u, d quarks in initial state
= too small X — section, i.e. e*te” and pp — collisions need catalyst

Jlots’ of Z° (or W?) required to produce Higgs bosons
CERN's e*e" collider LEP the first machine to produce these

1989-1995 1995 1999 —
I ——TT — T

=

= +

; '\_ €'¢’ > hadrons e * h
e Z

Predominantly decaying
into bb - pairs

\s (GeV)
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The excitement of 2000 UNIVERSITAT

WUPPERTAL

a) Run # 933204 Event# 4704 Total Energy : 112 GeV

Close before LEP shutdown: experiments Described

observed excess of ,Higgs — like’ events in recent Ve

2.3 standard deviations book on /o
‘ Higgs

,Should | stay or should | go?

Peter Mattig, CERN Summer Students 2012



The LEP legacy

BERGISCHE_
UNIVERSITAT
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More detailed study: some excess of 1.7 standard deviations
Nothing to claim evidence

w 1

—
O

10

10

10

10

10

10

;I T 1T T T T T T I TTT I T TT | T TT T l‘l-—li
Al LEP ]
_2: i
'3:_ —— Observed _:

E -------- Expected for §

B background -
Wig 7
-5: 1i4.4 :

= 5115.3 =
-6_||1|||||1|1|1|1|||||||:|'|1|/\|‘ir'|||||1|1_
100 102 104 106 108 110 112 114 116 118 120

2
m(GeV/c")

Combination of four
LEP experiments:

m, > 114.4 GeV

BTW: note
,expected’ > ,observed’
limit
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+ limits from quantum fluctuations

6 March 2012

M,y = 152 GeV

Aocf’)d =
5- — 0.02750+0.00033
- 0.02749+0.00010
4 - -« incl. low Q® data
3 ]
2 ]
1 _
{LEP LHC
0 excluded -y excluded
' ' T
40 100 200
m, [GeV]

BERGISCHE.
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Electroweak fits
My = 9275:GeV

My < 185GeV Q95%CL

Preferred value below
excluded range

=» Light Higgs preferred
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Theory constraints

600 —

500

400

300 |

200 |

Higgs-boson Mass (GeV)

100

0 1

quantum
| corrections
disfavor

Higgs interactions vanish 1

excluded by direct searches

electroweak symmetry not hidden

103

10° 107 1092 10" 1073 1015 1017 1019

energy to which electroweak theory holds (GeV)

BERGISCHE_
UNIVERSITAT
WUPPERTAL

Theoretical
calculations:
m, < 800 GeV

If <134 or >177 GeV
extension of Standard
Model required
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Higgs searches at Hadron Colliders UNIVERSITAT

WUPPERTAL

g t Ho .IllllllllllllllllllIllllllllllllllllllllllIllllll
: ' o H+X
g g fusion 3 Jg =14 TeV
10F m, = 175 GeV 106

Ko CTEQ4M 5
3 1 '..::;"\:\\ .................. 105 0
8 B, O
b _1 . \.\\‘:\ .................. 4 -
q - 7 10 "'w R s\(!a'_, HW 10 HQ
3D
a HO 10'2 ....... ::"-n\ 10 qc)
W, Zbremsstrahlung ~F T (]>J
10'3 MSpractal.  quaiesHEE e, Tt "'--. 102
noaeeo
HO 10-4lllllllllllllllllllIlllllIlllllllllllllll‘;";"l"nllll
0 200 400 600 800 1000
: q
WW, ZZ fusion MH (Ge\/)
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Favoured signatures @ LHC UNIVERSITAT

WUPPERTAL
> No decays in jets! Background formidable=» leptons

> Special properties: mass peaks
» High branching ratios

1

BR(H)

I IIIIIII| \I IIII| AL

-
@)
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Approaching the 125 GeV signal

Today: discuss results in high mass region

/
\

BERGISCHE_
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]| ||||.
1§
NN

N
U

AR
5

1 —
10 |
- —
= —
1 0_2 =
10 3

T s — — — — — —
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BERGISCHE

The easiest channel: H=> 22 UNIVERSITAT
WUPPERTAL
Higgs masses > 200 GeV: CMS\

H=>» ZZ = four charged leptons most sensitive ‘

a. 4 high energy leptons little background
b. Frequent H=» ZZ decays, but only
0.4% decay into lepton pairs!
c. Pairs of (e*e’), (u*,u) to have Z° mass
d. M(Z°Z°) = M(H)
very good mass resolution!

CMS Preliminary {s=7TeV,L=505f";ys=8TeV,L=5.26 o'

CMS Preliminary Ys=7TeV,L=5.05f";{s=8TeV,L=526f"
> :1 TTT ] TTTT I TTTT { IIIIIIII { TTTT | TTTT [ TTT r: %) 30 _l | T T T ‘ T T T | T T T | T T T | T T T
8 80 E e Data B 10} [ e Data 1
I 70 [@zex E < 250 [lzex E
2 gof : ] 2 Doz ]
g o0 Ozr22 E S 20 -
1w E m, =126 GeV b | L m, =126 GeV
sof- L™ = - L
40F 15F
30 10F
20F .
- 5
10
910 50 60 70 80 90 100 110 120 0 20 40 60 80 100 120
m, [GeV] my, [GeV]
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Decay channel ZZ = (I*I’) (I*I")

=40

G

o35

30

Events/

25
20
15
10

ATLAS Preliminary
e Data )
B Background zZ"
B Background Z+jets, tt
[ Signal (mH=125 GeV)
mm Signal (m =190 GeV)
I Signal (m =360 GeV)
y Syst.unc.
H—zZ") 4l
\s =7 TeV: |Ldt = 4.8 fb”

\s=8TeV: [Ldt = 5.8 fo

VS

200 400 600 800
m,, [GeV]
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For masses > 200 GeV:

- yield and shape agree

- well with continuum
ZZ production

- NO resonance
observed

=>» proceed to set
limits
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95% CL Limits ZZ > (|+|') (|+|') UNIVERSITAT
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105 Guig psiiminay [ —— Observed Asym.CLs |
[T Ho ZZ - Al2l2r e Expected Asym. CLs |-
I (s=7TeV,L=5.05f" | M¥==% Expected+1c [ ]
S, N— \s=8TeV,L=5.26 fb‘1 T Expected 20 ..... =

95% CL limit on o/og,,

'1 | ||||||||i|||||||||i|||||||||i||||i||||
10700 200 300 400 500 600

my, [GeV]
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Test if data EXCLUDE hypothesis WUPPERTAL
Step 1: X-section at mass m,, that

can be excluded @ 95% CL  § o[ T
Step 2: Plot ratio S oo | ety |

ofexclusion)/ R iE

o (Xsec of SM expectation) 1
> 1f below 1: N
Higgs excluded in mass range - i Al
=>If above 1: W ey
Higgs cannot excluded since 0 TR OV TV O
either: ,hint’, ..... ,signal’ 100 SR A

or: no sensitivity for exclusion

Sensitivity of exclusion (not discovery): expected, dotted line
IF data line above dotted line: more observed than expected
IF data line below : less observed than expected
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95% CL Limits 2z = (I) (I*l")

WUPPERTAL
Simulation with NO signal, but
\ luminosity, detector effects, ....
o sensitivity
4 > EXPECTED limit Oscillations around
Small c*BR \ .
— T eXpectation:
PR 105 i, | Observed Asym Gl |
= N e peeeatame 1 more or less events
10O 8Tev,|__5.26fb 12X xpecte z ]
Iz o ‘ Expected =20 than background
e expectation
L
& 4

............. oo
VR 3 Deizz
INTERESTING! L —— . ]
Data can exclude ' 20 %0 O Gev]
less than expected Regions of ratio < 1 ,
by large margin EXCLUSION! A
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p - value probability of stat. fluctuation WUPPERTAL

,p —value’ : how likely is it that at a certain mass M,
- the expected background fluctuates upward
- to produce at least the number of observed events

Q_O [T T T T T T T T I T T T T | T T T T ] T T T T ] (%5)405_ ATLAS Prellmlnary
— 10%°E ATLAS Preliminary = o35 + Data .
8 = ) 3 5 f I Background ZZf ) .
2 - —— Observed H— 277> 4l B 530° Sl o358
10 ------ Expected s=7 TeV:|Ldt =4.8 b - e o
- \s=8 TeV:det =5.8 b ] ook 7 Systunc.
1L _ : H-zZ" -4l
s 150 \s=7TeV:|Ldt = 4.8 fb
1o : \s=8TeV:JLdt= 5.8 fb”
107" 3 o
2: 126 5
"< Eb = ‘ |
10 g ] 200 400 600 800
B ] m,, [GeV]
10°¢ E
3 = Observed dearth or excess
-4 __:: _: . °
107 = reflected in wiggles

46

105ilih....llllllflllmlll Convention:
110 200 300 400 500 600 . .
m,[Gev]  Signal observed if p > 50
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Decay channel ZZ - livv UNIVERSITAT

WUPPERTAL

Decays into e*e’, u*u  die out because of statistics for high masses
Increase statistics by using one Z = vv: 6x as large

Note: advantage of mass resolution dissolves at high M, ;...

> 7OF AFLaS Prefmmagns=7Tov T T3 ® 107 b ATLAS PreliminayNs=7TeV | paa [ Lat-231"
Q) E H—ZZ > livy 4 E O 6 H— Z.Z — livy Total Background
o 60 High pile-up data . Dataj Ldat=24f" 5 w 10 Low pile-up data ... Top
0 pTgn plietp Total BG 1 o 10°F % e 72 WZ,WW
—~ - 1 = +— e 7
-'g 50 - == ;%pwz WW E GC) 1 04 Other Backgrounds
) C L W ] L|>J 10° S g!gna: (m,, = 200 2%)
Lﬁ 40 - B Signal (m, =400 GeV) 7 102 : —— Signal (m, = 400 GeV)
305_ ------- _E 1 0 [
20 | — =
- 1 o
10 ooy 4 = 1
- — 1 @
O#II:'I' ................. m e e ree ST TR R TR 80_|||||_
200 300 400 500 600 700 0 50 100 150 200 250 300
m: [GeV] ET [GeV]

Key ingredient: excessive missing transverse energy
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95% CL Limits ZZ = (I*'l)) (nunu)

GQS%IGSM

CMS preliminary, \'s=7/8 TeV, j L= 10.0fb"

10

T T T ' T T T T T T T T T | T T T T |
ee and uu channels _

median expected
expected = 1o
expected = 20

—e— observed

\

1014

300 400 500 600
M, [GeV/c?]

Peter Mattig, CERN Summer Students 2012

BERGISCHE.
UNIVERSITAT
WUPPERTAL

Standard Model
Higgs excluded for

masses
280 - 600 GeV

i.e. higher limits than
four lepton channel

(Note EXPECTED
sensitivity about
equal)
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Combining all searches * UNIVERSITAT

=" WUPPERTAL

E 1 1 I T T
B ATLAS Preliminary 2011 + 2012 Data
© 10 —oObs. \s=7TeV: |Ldt=4.64.81" =
S - - Exp. Vs=8TeV: [Ldt=5.859f" ]
= N ES T .
% B [ J+20 -
- : _
@)
X 1 By -
{9) — _
(0)) - s
107 n =
El CLs Limits a
100 200 300 400 500 600

m, [GeV]

Higgs EXCLUDED 2-M,, < M, < 558 GeV (CMS: 600GeV)
High mass Standard Model Higgs boson (almost) excluded
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