Standard Model Physics
at theLHC

Joachim Mnich
RWTH Aachen

July 16th, 2004 J. Mnich: SM Physicsat the LHC 1



Standard Modd Physicsat the LHC

Outline:

Per spectives on

» Parton distribution functions

» QCD + jet physics

» Electroweak physics (Z/W bosons)
» Top physics

Will not cover other SM physicstopics, e.g.
» Higgs

» B-physics

» Tau physics

» Diffraction, luminosity, ...
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Standard Model Physicsat theLHC
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Cross Section of Various SM Processes

proton - (anti)proton cross sections

The LHC uniquely combinesthe S R S I
two most important virtues of o
HEP eXperimentS: 10’ TC\-"EI?LI‘O]] LI:[(."
10° 5
1. Highenergy 14 TeV = '
2. and high luminosity o
1033 —10%%/cm?/s ¢

0 o(E;" > Vs/20)
= Low luminosity phase

1033/cm?/s = 1/nb/s

o (nb)
<C-]

6,,(E;" > 100 GeV)

approximately ¥

> 200 W-bosons ’

> 50 Z-bosons N .
_ ) 1o* ojet(El > s/4)

> 1tt-pair 6% [ OugeeM,, = 150 GeV)

will be produced per second!

107 F 6,1056(M,, = 500 GeV)

events/sec for L=10"cm s
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Parton Distribution Functions (PDF)

LHC isa proton-proton collider

But fundamental processesare
the scattering of

e Quark — Antiquark
e Quark —Gluon
e Gluon —Gluon

Examples:

>'vvv< qg> W Iv
o

= need precise pdf(x,Q?)
+ QCD corrections (scale)
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PDF from W/Z production

* p; and rapidity distributions are very sensitive to pdf
 particularly sensitive variable:
ratio of W+*/W~-cross section measur es u(x)/d(x)

Example: study for 0.1fb,i.e. 2:106 W - pv produced

LHC qq =W —I'v

= 1.5H 100 pb™
? I'? ] [ e e
*; ? L R T i
Sle BF o MRS el
o|o 12 Accepted
e W= events
11
_IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|III
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Sensitiveto small differencesin sea quark distribution
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PDF of s, cand b quarks

c.b gluor

OGOy ——>—— "GOOy ——>—— Generator level study:
i - E Accepted Photon + jet(+u) events
iy AR : AR AT & after b-tagging
> 0 10 b
Isolated high p; y Isolated highp; e/ p £ | Pythia 5.7 +CTEQAL
+jet withincl.p  +jet withincl. p i b events
é 10 %k
Estimate 5-10% accuracy on pdf 2 | S
Limited by fragmentation functions "
10 = -
Analysesonly suited for TR T .. T

|OW |Umin05ity phase D . Iﬂ]l - IED I 30 40 ﬁﬂ 60 70
Muon Pt (GeV)
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Parton Distribution Functions (PDF)

Recipe for measurements of
PDFsfrom SM processes:

Pr ocess. Constraning PDF of:

Di-jets Quarksand Gluons

Jet + photon(s) | Quarksand Gluons

Jet + W Quarksand Gluons
W and Z Quarks
Drell-Yan Quarks
July 16th, 2004 J. Mnich
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Jet Physics

* Measurejet E; spectrum, rate variesover 11 ordersof magnitude
e Test QCD at themulti-TeV scale

L Inclusivejet ratesfor 300 fbL:

10
; 3 Eof jet Events
Q 10
O >1TeV 41106
~
0 -5 -1
10 - = 300 fb >2TeV 3007
~— Integrated

- —

(o T >3 TeV 400
) IC
“~
O g
P07 -
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E; jet (GeV)
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QCD

M easurement of a_at LHC limited by
> PDF (3%)

0.125

» Renormalisation & factorisation scale (790) 413 | « mmsap,a=seamev

» Parametrisaton (A,B) Fo.115
do 3 011

dE = O‘sz (HR)A (ET)+ 0‘ss(MR )B(ET) 0.105

' 0.1

 10% accuracy am,) from incl. jets 0.095
 Improvement from 3-jet to 2-jet rate? 0.09
0.085

Verification of running of a, and 0.08
test of QCD at the smallest distance scale 0.075

» a,=0.118 at m,
» 0,=0.082at 4 TeV (QCD expectation)
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Electroweak Physics. Properties of W and Z bosons

M easurement of theW massat the LHC
m,, iIsimportant parameter in precision tests of the SM

2004: m,, =80425+ 34 MeV LEP & Tevatron Run |
2007: m,, =80 ... £20MeV (25-:10%) incl. Tevatron Run ||

| mprovement at the LHC requires control of systematic error to 104 level

Source CDF Run Ib| ATLAS or CMS|W— /v, one lepton species &
30K evts, 84 pbl| 60M evts, 10fb!
Statistics 65 MeV < 2 MeV
Lepton scale 75 MeV 15 MeV | most serious challenge
Energy resolution 25 MeV 5 MeV | known to 1.5% from Z peak
Recoil model 33 MeV 5 MeV | scales with Z statistics
W width 10 MeV 7 MeV | AT,,#30 MeV (Run II) e Take advantage from
PDF 15 MeV 10 MeV lar ge statistics
Radiative 20 MeV <10 MeV | (improved Theory calc) Z - €€, W)
decays _
Po(W) 25 Mev 5 MeV | Pr(2) from data, « Combine channels &
PT(W)/ PT(Z) from Theor‘y exper I mer]ts
Background 5 MeV 5 MeV
TOTAL 113 MeV < 25MeV | Per expt, per lepton species | = AmM, < 15 MeV
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Drell-Yan Lepton-Pair Production
q e, U NS p-+ > 6 GeV
ViZ H = R N <25
E 102 |
— e+, + - Z pole
q H o
Inversion of e'e” - qg at LEP 0
e Total cross section ) Y E—
10
pdf
parton lumi s
search for Z', extradim. , ... -
Much higher massreach as
compared to Tevatron Lic 100 fs”
“*F SLHC1fb
o E_ \" TEV—20C0
e ?be.L4l..'—
Di]cplﬁn l\x’[a-s;.s; - Gev
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Drell-Yan Lepton-Pair

» Forward-backward asymmetry
estimate quark direction
assuming x, > X,

» Measurement of sin%,, effective

«2004: LEP & SLD
sin4d,, = 0.23150 £ 0.00016
»A g around Z-pole
o large cross section at the LHC

o(Z - ete)=15nb

e stat. error in 100 fb!

Incl. forward electron tagging
(per channel & expt.)

Asin?9,, = 0.00014

» Systematics (probably larger)
* PDF
L gpton acceptance
* Radiative corrections

A

Production

6

" ly,[ <25, |y,|<4.9

A y1'2|<2.5

—T

rapidity y(e'e)
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Di-Boson Production

Measuring Triple Gauge Couplings (TGC)
& testing the gauge boson self couplings of the SM

» WWyand WWZ verticesdo exist in the SM

Requiring C,P and K,z |1 D?m4, < Vs w
elm. gauge invariance A, |0 |DIm6, =s

= 5 coupling parameters

» ZZyand ZZZ verticesdo NOT exist in the SM

RequiringLorentz& elm. | h; |dim6, O0s¥2 |CF o
gauge invariance Deviations from SM

h dim8, O s°2 -
& Bose symmetry 2 !m oF amplified by
h3 d|m6, D§/2 CP hlgh energIeS|
h, |dimg, O2 |CP
Y, i (V=v.2) f, |dim6, Os? |cP

fe |dime, Os¥2 |CP

= 12 coupling parameters
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events

WWyYy Couplings

Test CP conserving anomalous
couplings at the WWYy vertex
AK and A

« Wy final states

W - evand pv
* p; spectrum of bosons

P+ (y) spectrum for SM couplings
& current limitsAK, A at 1.5 TeV

Sengitivity to anomalous couplings from
high end of the p; spectrum :

Signal + Background Expectation

--------- Ax = 0.200 Expectation

------------------ A= 0.010 Expectation
Background Expectation

+ Simulated ATLAS Data

S -:_'.f,-__-_:_._:_._.____:_____:"_:- i ATLAS

10°

doreBIR/EPHY) (b fDaV}

10°

[

300 400 500 600 700 800 900 1000 O 200 4x 600 BID 1000 1200 1400
Pl [GeV] Rilr) B
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Sensitivity to WWYy Couplings

4.006 I <] 95% 2D Confidence Limit
A=2 TeV - 90% 2D Confidence Limi
0.004 | 95% CL 0'155 30 fb'l 68% 2D Confidence Limif
' 0.1F
0.002 0.05:—
i -o.osf—
-0.002 [
[ 0.1f
-0.004 _0_15:_
DD':H'{ 0.6 '0_'3 ;1
AK '
M}-— 0.2 . .
Rl e e e o
e At LHC limitsdepend on energy scale A o1 - LEP.2004
e Largeimprovement wrt LEP 0.05 f SR S
In particular on A dueto higher O E T
energy 0.05 | - -~~~
DRENSEERE 00 A
-0.15 ; e
-0.2 ' ] | T N B | L1
-0.1 0 0.1
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ZZy Couplings

Example: Couplings at the ZZy vertex h,Y

q

« Zyfinal states
e Z > e'ecand utu-
* p; Spectrum of photons and m-(lly)

q

Spectrafor SM couplings compared to current limitson
anomalous couplings (A = 1.5 TeV):

s :
& Loy L2
e h: =
it A=TH0GaY =
= z
# B lE
1 -
-1
10 E
-1
110
-2
10 E
- -
110 L - —L 1 10 ] ] ]
200 404 &00 800 10040 0 200 400 B0

I}T['I':I
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Triple-Boson Production

Sensitive to quartic gauge boson couplings (QGC)

Eventsfor 100 fb! Produced Selected
(my =200 GeV) (no cuts,no BR) | (leptons, p;>20 GeV, |n| < 3)
pp - WWW (3v'S) 31925 180 . )
pp - WWZ (2V'9) 20915 32 y
pp —» ZZW 6378 2.7 N ls w /!
pp - ZZZ 4883 0.6 <
pp —» Wyy best channel for analysis 7 g
30 Wyy signal eventsin 30 fb!
i w1 T Eﬂ: hoe | IOI ‘DanR ez-l ‘arcial
< 10 n 3 E?etii:::hys Tt DA
2 N — Total signal + backer g R R
Z1s5 L : 3 ]
g C e 'ﬂ,q{-{, ﬁig"’dl o orsH — ‘i;:gdard Model 1
5;: 5 W + 2jet background - ]
= W+ jet background anomalous |
2.5 QGC
0 e e
125 150 175 200 SRR VN Wi
pTﬂ o] 1040 200 300 400 500 (=]

P'r.l,l[GEV]
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Top Physics
« tt production
87% gluon fusion 13% quark annihilation

g(py)

g(p1) ¢ X
(P«,) ! A
F 3
X, . E—

o(p,) t(p,) @g{@ "By a(p,) 7 2 «p,)

g(py)

| nver seratio of production mechanism as compared to Tevatron

» Approx. 1 tt-pair per second at 10%3/cm?/s
LHC isatop factory!
‘k W, W, A‘

e Top decay: =100% t - bW . & &4
e Other rare SM decays. |
e CKM suppressed t > sW, dW: 103 -10*leve
o t2>bWZ: 0O(10°)
difficult, but since m, = my+m,,+m, sensitivetom,
* & non-SM decays, e.g.t > bH*

bj
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M easurement of the Top Mass. Motivation

06T T 7T Gy _ Ta 1 1 |
| —LEP1, SLD Data !\E— 2 m4a ‘oy 1-Ar)
80.51 8% CL /1-Ar=
= (1- Aon)(1-Ar )
o
(2 80.4 W+ t W+
E; ‘V\< )V\/
b
80.3 -
Ary, O (M2-m?)
m, [Ge ]
80.2 1— 1 .14. 5,30. 10007 Plrelllmllnalry
130 150 170 190 210
H
m, [GeV] WZ,™ N
Top massfrom Tevatron: o\A/W
m, =@ +8 GeV
t Ar,, Olog m,,
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Top Mass from Semi-L eptonic Events

Easiest channel tt = bb gq lv
e Largebranchingratio
» Easy to select

tt = bb gqg pv events
from CMS& ATLAS

July 16th, 2004 J. Mnich: SM Physicsat the LHC
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Top Mass from Semi-L eptonic Events

Reconstruct m, from hadronic W decay
Constrain two light quark jetsto m,,

events/4GeV

I [ top,,q+bg
| - tophad (Wlep_)wr)

I background
I fi-2°
i>z°2°
r—z'w*
fi>W'W
fi-w*
gq-tb(+q’)
gb—tW

200

100

0 100
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200
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2
b-jet
T T —— 2000 [
| %
MS &
10fb " | I
N &
81500 | 06=10.6 GeV
>
m e
1000 —
500 —
0
prem ST ) 100 200 300 400
M,y ,(GeV) M, (GeV)
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Top Mass from Semi-L eptonic Events

3.5 million semileptonic eventsin 10 fb?
(first year of LHC operation)

= Erroronm,=+1-2GeV
Dominated by

o Jet energy scale (b-jets)
 Final stateradiation

July 16th, 2004

M (GeV)

f—

920

top

180

170

160

o/ ndf
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Top Massfrom Other Channels

§ j: ;correlation between M, and M,,,
Di-lepton events: PR 5
S 74| 2EMop * 2
e BR = 5% = w
8§72 %
* low background § 70|
« but two neutrinosin final state & f o~
64 — =
= Am, =+ 1.7 GeV N e
168 170 172 174 176 178 180 182
M, .(GeV)
- .
Fully hadronic events: 21000 | f o= 101 Gev
* BR = 45% =

o difficult jet enviroment

500

= Am, =+ 3 GeV

100 200 300 400
m, (GeV)
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Top Mass from J/W channé

J Y

Q\\\ \\-‘1’,4 LI{C}

- = :k f r -
: \b&
,u% Ty pp)

1000 eventsly @ 103

* Method:
Partial reconstruction of top
J/W + lepton

 independent of jet energy scale
o [imited by b fragmentation
& needs high luminosity

 Estimated ultimate precision:
Am, =1 GeV

July 16th, 2004

60

mex = 0.51 My, — 23

Py > 15 GeV, Inl < 2.4

Py > 4 GeV

M7= 0.37 M,,, — 16

PO
—————— e-—ﬂ'—
& P> 15 GeV, Inl < 2.4
pY > 10 GeV
40 | | | | | | | | | | | | | | | | | | |
170 175 180 185
Mip (GeV)
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W Polarization

M assive gauge bosons have three polarization states

AtLEPIinefe - W*W

determine W hélicity from lepton (quark) decay anglein W rest frame 65
" (1+cosB9? transverse

= Sin2QX longitudinal
0.2 7 . . .
¢ Data, 183-209 GeV ; * Fraction of longitudinal W
' KoralW MC, 183-209 GeV +// > ine'e - WHW-
. M1 — FitHelicity (-141,0) 7 0.218 + 0.031
2 - Fit Helicity (-1,+1) [A SM: 0.24
2 01 ' _
Z e Tevatron:
S | = Longitudinal W in top decays
o 0.91+0.52 CDF
(@) Wolv L3 0.56+0.31 DO
%5 o 05 1 SM: 0.7
cos 97
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1/N dN/dcos(0)

W Polarization in Top Decays

Standard Mode prediction:

L partonic final state

T T T T [ T T T T
- LHC 14 TeV

" obootz ' T ' '

— PYTHIA |
M.E.giesen |

detector
simulation

>

1 & acceptance
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N(events)/0.05

750 | [;
s00 [
!

250 |

0

W boson rest frame

3 |>\'\.
|"5 | |)v:\,'|
B S 1. T A I P v I R
2 CMS 10fb™ | Mean -0.3305E-01
RMS 0.5116 1
P1 0.3058 + 0.1471E-01 -
P2 0.6828 L 0.2329E-D1—_
P3 0.1133E-01 + 0.1471E-01

A 08 -06 -0.4

Detector response -
of PYTHIA 5.7

LA LA = s
02 0 02 04 06 08 1

cos(@)

= precision on fraction of long. pol. W:

+ 0.023 (stat) + 0.022 (sys)
J. Mnich: SM Physicsat the LHC
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tt Spin Correéation

Very short lifetime,
no top bound states

= Spin info not diluted
by hadron formation

N(trty + tgrtgr) — N(tptg + trtr)
E\T(tLEL -+ tR{R) -+ iNT(thR + tREL)

Distinguishes between

qtpy) 8 p;)
e quark annihilation >-m-m<
A =-0.469 ap,) 7 2 ip,)

g(py)

 and gluon fusion Uy,

F 3

A =+0.431 P
&

t(m)

2(py)

Use double leptonic decays
tt>bblviv

t quark rest frame i pair rest frame quark rest frame

1

d’N 1

Ndcostl, dcost;_ 4

N(events)/ (0.4 < 0.4)

-

4]

o

o
|

1400 3

1300
1200

1100

1000

PYTHIA 5.7 + M.E. Flesch
87%gg+13%qq
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= —(1 — Acost;, cos ;)

A=0.311+ 0.035 + 0.028 (using 30fb1)
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Single Top Production
Production mechanisms and cross sections:

g L, uﬁ t

b4

i ~245pb§"’y

e direct measurement of V,,
 observable by Tevatron in Run ||
«LHCo,=150;

=k Y
L1

kT

=

=60 pb =10 pb

» Selection:
t > bW 2> bev(uv) _
b-jet + high p; lepton el
reconstruction of top mass voa |

» Background from tt w WMH ! ,.ﬂ

S'gnal to bkgd. 3.5: 1 IOD 150 200 280 300 350 400 4—50

Top mass (Gev)

Events /6.0 GeV/pb™

experimental determination of V,

to percent level (with 30 fb1)
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Determination of Top Charge

Top charge:

*Q,=+2/3not yet established t - W*b
* Q, = -4/3 not yet excluded t - Wb
LHC:

Determine charge from rate of radiative tty events
pr spectrum of photonsfor 10 fb-L:

L, Q=23
" Q, = -4/3

evert (104071

L
18 F

il

L FEPERER EETET T AU TR S Y PR P |
=20 D¢ 130 30 257 M B0 Hd 45D

Pr7) [Gav]
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M easur ement of tt cross section

Total cross section:
» At 14 TeV interesting in itsalf
» Senditiveto top mass o, [0 1/m,?

Differential cross sections:
» da/dp; checks pdf
» do/dn  checks pdf
» da/dm,, sensitiveto production of heavy object
decaying to top-pairs X >tt

> i N
; - 16TeV ? i
£ [ reonance el oxBR required for adiscovery
[=] I Q B
(0 Qo |
: IE Jo* \ 30 fb-l g\\/\
n m - 1 f
200 | X 10 300 fb
i e
| M 1 1 1 1 ] | | | | ‘ | | | 1 ‘ 1 1 1 1 I 1 | |
B tt
0 —_— mtt [GeV/CZ]
1000 2000

Reconstructed m,, (GeV)
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Summary & Conclusions

SM physicsat the LHC

e Very important in initial phase
» to check detector
» to check generators (pdf)
» to preparediscoveries

 Largepotential for precison measurements
» large cross sections
» precision limited by systematics
» use as many different strategies as possible

Credits:
Marina Cobal, Matt Dobbs, Fabiola Gianotti, Alexander Oh,
Dominique Pallin, Sergey Slabospitsky

July 16th, 2004 J. Mnich: SM Physicsat the LHC

32



