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Standard Model Physics at LHC

How much precision can we achieve at LHC?

i.e. How well can we describe “known” SM processes?

¢ |mprovement of measurements of SM parameters.
= Couplings (@, TGC), ...
= Any deviation from SM?

¢ |mprovement of QCD description.
= LO, NLO and higher order corrections...
= Non-perturbative effects

¢ |mprovement of understanding of proton structure.
= Parton distribution functions (PDFs)



Contents

¢ Diboson production

¢ Inclusive W and Z production

¢ \W and Z production in association with jets
¢ Jet production

¢ Photon production

Will not cover soft QCD.



Diboson production

¢ Check of the gauge structure in the EW sector of the SM.
= Production cross section
o Triple gauge coupling
If any non-SM physics exists, these would be affected.
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¢ SHERPA and normalised ALPGEN reproduce the data.
o MC with Multi-leg LO Matrix Element.
¢ MCFM, NLO generator, deviates from data at higher E; for

inclusive

Cross section.

= lack of additional multiple quark/gluon emission.



Events / 5GeV
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Normalised differential fiducial
cross section:

¢ Reasonable description by

MC@NLO (+Herwig/Jimmy)
prediction.

<

T T T @ . ‘ T T \
—+ Bati y E § 450E- ATLAS —+— Data =

rell-Yan - G 00k _+_ CJwwoevev
™ top-quark E = [ Drell-Yan E
Hl W+ijets . < 350 [ top-quark E
[ non-WW diboson 3 300F — Bl \V+jets =
[ Jww-—evev 4 250; T ™ non-WW diboson
] 200F — E
ook JLdt=261" E
E Vs=7TeV
100F- —+— E
50F E
A T . ! . ! ——— ! !
80 100 120 140 160 180 200 0 0 | 1 ) 3 5 6 7 8 9

Jet Multiplicity

e 2 isolated opposite sign
leptons with
p>25 GeV, p;> 20 GeV.
e / mass veto
e Jet Veto
* missing E; > 45GeV
(25 GeV fore w)
e p(Il') >30 GeV

% C ALI'LAS T _ Nion‘te ‘Cal‘rlo‘(l\/‘IC@l\‘lL(S) =
o, 0.03[— Data 2011 (Vs=7 TeV) @ Data ]
o E . +  Stat. Uncertainty E
Q% 0.025[— J- Ldt=4.6fb Full Uncertainty —]
5 - .
x 0.02F -
5 7
23 - ]
= = .
= 0.015— ]
0.01— —
0.005/— —
) - =
2 1.5 5 +
3 I e e f
8 o5& e | =
25 40 60 100 120 140 " 350

Leading lepton p_ [GeV]




o5 [pb]

ZZ (24l) and WZ (=2 [V |I)

Cross section vs center-of-mass energy
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¢ Good agreement with SM.
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Anomalous Triple Gauge Coupling limits
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¢ No deviation from SM.
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W and Z production

¢ Theoretically well understood.

¢ (Clear experimental signature in the leptonic decay.

¢ Test of QCD at large scale.

¢ Feedback to understanding of
proton PDFs.
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W and Z production
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Theory/Data

Differential cross sections @ 7TeV
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¢ They are sensitive to quark
flavour separation and
strangeness in the proton.

- Useful in PDF determination.
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Events

D

¢ Agreement in shape with normalised
Pythia, MC@NLO and SHERPA.

¢ Agreement in shape with NNLO pQCD =,
prediction with NLO EW correction.

High mass Drell Yan

Expe ctation
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¢ Data is systematically above.
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/ forward-backward asymmetry

App =

Necos . =0 + Neos . <0

CC: central-central
CF: central-forward

Raw A.; distributions are
fitted to extract sin2 @ ¢,

based on shape
dependence onit.

¢ Good precision is achieved.
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W and Z production in association with jets

¢ Test of perturbative QCD (pQCD)

= Comparison of calculation and generators.
¢ (Can probe the heavier parton distribution in the proton.

¢ Dominant background for other processes.
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MC@NLO fails to
describe the data.

BlackHat+SHERPA
gives reasonable
description.

ALPGEN gives
harder Z bosons.
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¢ Leading jet p; is well described by BlackHat+SHERPA, though
it fails to describe scalar sum of all final-state objects (H-).

= Need more jets
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W + c-jet

¢ Sensitive to strange quark
in the proton

JC
tc
; W
¢ Compared with several PDFs.
= NNPDF2.3coll uses HERA,
Tevatron and LHC only.
¢ Similar shape of

dependence on p;°, but
some discrepancy seen.
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W + b-jet

¢ Flavour Number Scheme (FNS) £  —
= 4FNS: no b-quark in the proton § o T e Jessan
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: Gosss 1 B 7721 222/4 i .
ke - / ]
- e+p Nlet=1 1 ° L e+uNlet=2 .
10° =
: % - -
C 4'74 [ .
Q 4% Data/ MCFM ‘ / 2 Q  4F %% Data/ MCFM 1 -
3 _  p—
E 21; theor. uncertamW 7 § 21 — iheor uncertalntles %@%ﬁ%
g 4 %% Data / ALPGEN ) 7 % 3f 24/ Data /| ALPGEN E
3 g: 2 3 2 - . 4
© . WA A 7 < - - 4 w
[a} 1F ] Ja} r w ]
25-30 30-40 40-60 ~ 60-140 25-30 30-40 40-60 ~ 60-140
b-jet P, [GeV] b-jet p_[GeV]
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Jet production

¢ QCD process

O Hard process Hadronization

e Scattering of quarks, gluons jet

Underlying event
P

e Described by perturbative
QCD (pQCD). 7S
) . ] o~ Hard process
o Underlying event, Hadronization N ~

i

e Non-perturbative effects
=» Test of QCD

¢ Reflects proton structure

- Determination of PDFs in pQCD
framework
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Inclusive jet measurement

Covering large
kinematic region.
=20 GeV <p;<1.5TeV 21012
o |y|<4.4 b 10°
'D 106
Compared to predictior  10°
from NLO pQCD 1

calculation with non- 10°
perturbative correction 10
107

— | I | I | 11 | | I | | | | L J —
_ anti-k, jets, A=0.4 ® |y <0.3(x10" i
- O 03<|y|<08(><10)_:
_ILdt 37pb \s=7 TeV B 08<|y<12(x1 )__
g O 12<|y|<21(><10)j
= . ce o PO A 1<|y|<28(><10) _
B —e— A 28<|y|<36(><10)—_
= —— —— ¥V 36<|y|<4.4(x 10)_-
— _e-_e_ - —
= — —0— ® .- —
= —— —0O— KB —
[ —— —E— == ]
= = —e—_e- — =
e . -O- —e-
—_ == = _.._._ == =
e — —— —.- i =
== —O— -m- o
il S s -m- == _|
= —a gy == ]
[ b = == =li= _
— + * p—
_ EE# e %EE_ e
— == e . = —
— — =i - S=e —
= == = = S —
| Systematic =7 = =] &
- | uncertainties =~ =v— e ' i
::%\%g PCL%EHM) == =
il ) Non-pert. corr. ATLAS ]
[ 1 Lo 1 L1 1 1| ]
2 2 3

20 30 10 2x10 1% v

[GeV]

P,
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Inclusive jet @ 2.76 TeV

g E Iyl <0.3 g 2;—2.1S|y|<2.8 ' ATLAS
q - 9 N JLm=ozopbl
g E o4 \s = 2.76 TeV
o) E o) £ , anti-k, R = 0.4
2 B = 2 2830 Data with
g é 158 —e— statistical
2 - = Behanwweeaad AN uncertainty
g T ——"=="5 _
o 4 0.5:—/_.—.:1:% Systematic
E - |:| uncertainties
B 2;_ 36<ly|<44 NLO pQCD ®
] 1.5F non-pert. corr.
E MM (CT10, pu=p™)
y ;ﬁ% POWHEG® PYTHIA
- 0.5E | —A—  tune AUET2B
= : CT10, p=pBo
3 30 40 102 2x10? (CT0. =P,
] p [GeV] POWHEG® FYTHIA
i T —B—  tune Perugia 2011
] (CT1o0, p:p$°'”)

30 40 162 2x102
p, [GeV]

¢ Good agreement between data and predictions of:
= NLO pQCD prediction with non-perturbative correction.

o MC prediction from NLO Matrix Element with matched parton shower
(POWHEG+Pythia).

e Following input from ATLAS, a new version of POWHEG was released.
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p (Y, pT) ratio wrt NLO pQCD (CT10)

Cross section ratio 2.76 TeV / 7TeV

60—
r det:O.ZO pb” anti-k R=0.6
40 5-276Tev  |y|<0.3

; ;
ATLA F

S [ | Ldt=0.20 pb*
E 5,72.76 TeV /\s,=7 TeV
10 C anti—k( R=0.6
[ lyl<0.3

Same jet calibration is used.

20

Relative uncertainty [%)]

oF

- Can be cancelled in a
ratio of the two

-20
[ I Total

Relative uncertainty on p(y,pT) [%]

'10? I Total é

-40[- ... JER —— Unfolding F JER foldi 1
[ —— JES ---- Others ] -15(- — Unfolding .
measu rementl -60 I L | | | [ —=— JES ---- Others
30 40 10> 2x10? 20— ‘2 —
P, [GeV] 30 40 10 2x10

p, [GeV]

ATLAS

I L dt=0.20 pb™

1-4__|y|<03

21<ly|<28

— ~2.76TeV 7TeV
p= Gjet / Giet

0.8

anti-k, R =0.4

L e By considering

uncertainty

— Sysemaie correlation of the

uncertainties

0.3<|y|<08 2.8<|y|<3.6

1.2

0.6
1.2

T
= o
) [63]
IR L
M

3.6<|y|<4.4

p (Y, p_) ratio wrt NLO pQCD (CT10)

NLO pQCD ®

non-pert. corrections tWO m e a S u re m e n t’

CT10

v

30 40 10 2x10° —__ MSTw 2008 more SenSItIVIty to
PrIGVT 2t weor s PDFs is obtained.

. HERAPDF 1.5

...... ABM 11 NLO

p. [GeV] 22




Dijet measurement

% 15 y*<05  ATLAS Preiiminary 3 jL dt=4.8fb?
T B = E s 2011 Data
. o sEesas ‘TL-Y‘;‘:"':" TS = vv I - f; Vs =7 TeV
¢ |nvariant mass < 5TeV. = PEPMIAE I i jesR=04
= leading jet p; > 100GeV
o Systematic
. E uncertainties
= subleading p; > 50 GeV _
;:% e NLOJET o4
o | y | <3.0 (4=, exp(0.3y")) x
Non-pert. corr.
CT10
X | 1
. 2 ] = NNPDF21
= £ e t‘f?é?tf?*
¢ Well described NLO pQCD s <o oris
prediction with NP 121 wsTwaoos
. my, ?TeV]
correction. o : ;
E s 1.5<y*<2.0 3
¢ C d with |
ompared with severa ! Emmwes
14 E -0~ el
0.5 =
PDFs. = :
810t 1 2 3
m,, [TeV]

<D

190999 %9509

[X KKK RKKL
196776 %% %609 0.0, 0%
PRI
oo o]

QLR

N0 00909

Ratio wrt CT10




3 jets to 2 jets ratio

¢ Cross section ratio of 3 jets to 2 jets reflects & ..

¢ ATLAS uses the variable

. ﬂrr’" ‘-.. 1'?I'T
T aﬂlJuLE e =3 Nie
WY (P;- . / Z

i dﬁ?e !}I!

Smaller dependence on

factrization and renormalization
scales than ratio taken as a
function of leading jet p;.

Kﬂ‘s
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S
o | | | | | - 6\ 0.24 __I T T T T T TTT | T T T T TTT __
) 08l ATLAS Preliminary ] 0 B ~— ¢ ATLAS 2010Ng, ]
. [ Is=7Tev ] S 0220 —+— D@ inclusive jet .
2 [ antik, jets,R=0.6 % \ DO R J ]
g 06 __ ] - AR 1
< - H‘F_Tﬁf_fdf ] 0.2 ?m.‘ —a4— H1 inclusive jet i
0.4— - [&] Data 2010 ] - \ —¥»— ZEUS inclusive jet ]
N - o e and 0.18 - * -------- PDG 2012 world average
YR o e, cotetons 0.16 % : 0,(M,)= 0.1184 0.0007 -
. 0 (M2)=0.130 ] - N + .
g 12f 0.14F ’m { =
(@] - .
2 0.12F ¥ -
= : B ; &ﬁ&iﬁ& i
70 100 200 300 | 1000 0.1 %ﬁ ..... —
p -(rall jets) [GeV] B : +$ ..... .
0.08 ATLAS Preliminary -
B || | | | | | I | | | | | | I | | ]
10 10° 10°
Q [GeV]

ag (Mz) = 0.111 £ 0.006(exp.) "o o oa(theory)

¢ . running is well reproduced by Renormalization group
equation upto 1 TeV.



Dijet flavour composition

Three mechanisms of heavy flavour production in a dijet system:
1. Heavy flavour quark pair creation

Two heavy quarks
in hard interaction >m<
- pQCD

T L I
9 Gluon splitting

ATLAS
Simulation
Truth jets, (s= 7 TeV

Production fraction

- Heavy flavour
0-5; quark excitation

2. Heavy flavour quark excitation 02 s |
Single heavy quark  E e Nt
in hard interaction Ta w0 0 100
9 b-jet P, [GeV]
PDFs Pythia MC prediction

3. Gluon splitting
No heavy quark in hard interaction—=> non-perturbative QCD

¢ Using kinematics of secondary vertex in a jet, dijet flavour
composition is extracted.

26



Measured flavour composition

= = 45— : S A ‘
= 1.2 \ ‘ St ‘ 1 S f eD [
2 [ e Data stat. uncert. only = e Datastat. uncert. only ] c 92F ata stat, Lncert. only =
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B: b_Jet £ 1 O Herwig++2.4.2 ] £ L O Herwigt+ 242 ] g oo O Hewigi+242
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20 ATLAS F ATLAS J~ ]

] 0.5 = 745 _ _ -1
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. - Loy | | | C v | I L7 R L L
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Jet (u d S g) Jetp_[GeV] Jetp_[GeV] Jetp_[GeV]
) Yy 9
'\g‘ [ T T T T T ‘ T T . 2 ‘ ‘ ‘ - ‘
£ [ @ Data stat. uncert. only e S ‘ S F \
s 10 [ pythia 6.423 S 20" e Data stat. uncert. only ] S g © Datastat uncert. only
= [ O Herwig++2.4.2 il c O Pythia 6.423 S 1-°C 0O Pythia 6.423 ]
& | Vv Powheg + Pythia 6.423 ] 2 180 O Herwig++ 2.4.2 - B . O Herwig++2.4.2 ]
BU £ gl Total error o 8 15 Y Powheg + Pythia 6.423 BC g 1.6F v Powheg + Pythia 6.423 E
3 | 1 C U “; - Total error ] o 14F Total error E
ol . ————¢— o 14- 3 ® 125 ATLAS ]
B - . L = ‘4t Data 201 =7TeV B
i ——y—V—F— 12¢ tﬁ$ - Data 2010, (s=7Te ]
Exr— ] 10— v— 1 JLdt:39 pbt =
4= - [ ] F g
F 1 8r E 0.8¢ B
61 E 0.61 =
r ATLAS N 4 E 0.4 -
[ Data 2010, {s=7 TeV,JLdt=39 pb™] F ATLAS ] B = ﬁ -~ 4% ?
0! —— 2/ Data 2010, Ez?TeV,ij:39 pb™ 028 T 7 E
50 100 200 300 ob ] P b N
Jet p. [GeV] >0 100 200 300 50 100 200 300
Jet P, [GeV] Jet p. (GeV]

¢ Generally reproduced by NLO or LO predictions, except tor BU
fraction.

* Measured BU fraction is higher than predictions at p;>100 GeV. ,



Photon measurements

¢ High-p; prompt photons can be produced via two mechanism
= Fragmentation process sDirect photon process

-\.Ill r;'
q q.l \ ~ o
L q LR |

¢ Test of pQCD
¢ Constraint on the gluon PDF.
¢ Check contribution from photon fragmentation processes.
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Inclusive isolated prompt photon

¢ Measureduptol1TeV, n<2.4

S‘ L I L I L I L I L I L I L I L I T 7T Ig B‘ 400 T I T T T T I T T T T I T T T T I T T I
» 10 = =2 C E75100 GeV —e— Data 2011 (s=7 TeV N
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o 1 = ( ) E ° 200l NLO (CT10) _|
© - NLO (CT10) _ . © L J. Ldt= 47" == Total uncertainty -
o 100 = TOtE’I" uncertal'nty — - —— Scale uncertainty .
o S —— Scale uncertainty 3 - NLO (MSTW2008nl0) —
i N T NLO (MSTW2008nlo) n B 1
102 Le- — 200 —
10_3 _? ............ ?_ T TP T T T T TN T T L L L L L] —
= ATLAS Preliminary 3 1001— _
10% - - i
- |<1.37 i i
-5 - _

10 S T T D D D D D |
g Ll4g % s 12F -
T 1.2F #I#' o C ]
g 0.0 080t bf 6 ¢ : Q L .
> ettt i S A M S E S Ittt ¢ttt T e
D 0B = S oo T Ty T -
S oeE = 2D g gluenmn W 2 e E —
= = ) ) ) ) ) ) ) ) E — C ]
100 200 300 400 500 600 700 800 _ 900 _ 1000 0 05 T TE 5 5’

Y

E! [GeV] 'l

¢ NLO prediction describes the measurement in the central
region.

¢ Lower in the forward region.



photon + jet

¢ Fragmentation process and direct process has different
cos 8 i dependence due to spin of boson.

do/d|cos 6] [pb]

ratio to data

3000 | | ;
C e Data 2010 (Vs = 7 TeV) -
2500~  — NLO (PDF: CTEQ6.6) R
" === NLO (PDF: MSTW2008nlo0) .
2000 NLO (PDF: CT10) —
1500  ATLAS Preliminary —
1000F j Ldt=37pb"’ Y T =
w E
500 == =
0: L L 1 | 1 1 1 | :
1.4 theoretical uncertainty E
0.6f | | | =

0 0.2 0.4 0.6 0.8
|cos 8"

do/d|cos 6" [pb]

N
a1
o
o

0NL6(\EZ7TeV) ‘ ‘ ‘
W LO (scaled to NLO)
[ &= LO: Direct photon .
C [Z2 LO: Fragmentation ol

N
o
o
o

1500/~

A NSO X

O3E_e ° ° ° ° ° E
0 0.2 0.4 0.6 0.8
|cos 6"

¢ NLO describe the

measurement well.

¢ LO probably needs more

fragmentation process.
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Diphoton cross section

¢ Measured form , ., p;, A, cosf@”

¢ Compared to

[m]

LO+PS: Pythia, Sherpa
NLO: DIPHOX

NNLO: 2 ¥ NNLO,
but no fragmentation
process.

NNLO improves the

description but not
pefrect due to lack
of fragmentation
contribution.
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Summary

¢ Many precise measurements are done and also ongoing.

o Comparison with calculation and simulation to give
feedback and improve them.

e Especially in QCD.
= Many input to PDF determination.

- Important in order to have best precision at LHC
experiment.

¢ Not all the results are shown.
o Please see
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Standard

ModelPublicResults
http://cms.web.cern.ch/org/cms-papers-and-results
for more.
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[+

¥ W production with charm quarks: direct handle on strangeness

¢ W and Z production at high py: medinm and small-x gluon

¥ Off resonance Drell-Yan and W production at high mass: quarks at large-x
¥ Low mass Drell-Yan production: small-x gluon

¢ Top quark cross-sections and differential distributions: large-x gluon

# Single top production: gluon and bottom PDFs
¥ Charmonium production: small-x gluon

¥ Open heavy quark production: glnon and intrinsic heavy flavor
Juan Rojo PDF4LHC workshop, CERM, 17/04/2013
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* Wy lvwy aﬁd Zy > lly
* W/Z + isolated photon, E{(y) > 15 GeV

* AR(Ly)=0.7 (suppress FSR)
* Background: W/Z/y+jets
2y > vy
* Missing transverse energy + isolated photon
* Ey) = 100 GeV (ATLAS)
* Edy) = 145 GeV (CMS)
* Background: W, Wy, y+jets



W charge asymmetry

do/dn(Wt — £Tv) —do/dn(W™ — £7 D)
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Lepton charge asymmetry
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