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* In order to have precise predictions working at LO
might not be enough
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* In order to have precise predictions working at LO
might not be enough

K. Ellis
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Total B cross section at VS=7 TeV -
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. QCD corrections

(Total Cross Section)

Can we use pQCD despite confinement? “YES”

* The y/Z virtuality is Q = /s
Y, £ * Production occurs at a dis-
tance ~~ %
+ @Qislarge = pQCD appli-

cable

q

Hadronization changes quarks and gluons to hadrons.

Hadronization takes place at a scale %

The change in the outgoing state occurs too late to modify the

probability of the event to happen!

= Details of the final state certainly are changed.




Lowest Order Result (a?)

< For simplicity, we neglect the Z contribution (i.e. v/s << M)

4o
(1+cos’f) = og= 2 N, Q?t

doo _ 77052Q?f N
dcost 28 ¢

leading to

_ o(eTe” — hadrons) o
= e spru) Zq:Qq

<> At the Z pole (i.e. neglecting y), we have

g (A3 + V)
Az + V2
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Next Order Correction (a;)

< We should evaluate

= Writing MY = M{ + M7, the o, contribution has the form

_ T _
/ d®, |2 Re (M?)—’?) M2 + / dd3 |IM5 2|2

< After adding all contributions the UV divergences cancel out (Ward
identity). The same happens for the IR ones!

R=R (1 : O‘S(“))—>RO (1 : as(\/g))

(s T




<> Unlike UV divergences, there is no renormalization for the IR ones.
They indicate sensitivity to long range physics like masses,

hadronization process, etc.

<> The singularities are not physical; they indicate the breakdown of

the perturbative approach. Quarks and gluons are never on

mass—shell-particles and we can not 1ignore the effects of confinement

at a scale ~ 1 GeV.

General form of the IR divergences for p, — 0

_ 200 db 4
999 5+ _ d 0 g
7 3 qu/ R Vag E; (1 —cosfy,)(1+cosby,)




NLO in hadron colliders

<> The parton model expression for cross sections is

0= %: 1 —I—l5z'j /dftl dxo {fz-(xl, Q%‘)fj(m’ QF) +ie j} <

6ij(as(QR), Qn, QF; T1T25)

= Expanding the pdf’s and 6 (X = X (@ + X1 4 ...) the lowest
order term 18

o = Z 1+5 /d:z:l dzo {f(o)(asl)f(o)(mg) + 1 <—>]} "(O)(a:l.’z:zs)
i




<> The NLO contribution is obtained through

049 4 O 410 160 6 [FOF0 14 o5 x 50

(

= The red term contains collinear divergences that are canceled by the

divergences in the blue term.




e Scales:

* The evaluation of & contains a UV divergence => renormalization
=> remnant of the process is the renormalization scale ugr

* Full calculation should not depend ontr=> we can estimate the
higher order corrections by the ;,, dependence

* At each order, the subprocess cross section and the PDF’s have a
residual factorization scale dependence on uF

* The residual scale dependence should improve with higher order
calculations




e Scales:

* The evaluation of & contains a UV divergence => renormalization
=> remnant of the process is the renormalization scale ugr

* Full calculation should not depend ontr=> we can estimate the
higher order corrections by the ;,, dependence

* At each order, the subprocess cross section and the PDF’s have a
residual factorization scale dependence on i F
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. proton - (anti)proton cross sections
* many available .

e automatic NLO o — p ——
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. Jets

< (Can we obtain more information on the hadron production besides

the total cross section?

< We expect that soft process
don’t change completely the high
energy features ——> a spray of
hadrons follows the direction of
the original quarks and gluons.




Three jet event:

Runiewent 13243 53868 Date 300805 Time 134422 CtrkiM= ¥8 Sump= 56,63 Ecaltl= 3 SumE= B5,d Hcoal Ch=23% SumE= 11,52
Eb=ar 45,137 Eviz 104,4 Eniss -14,1 Ve ¢ -0,03, 0,08, -0,43) Huoni{k= 1) Sec Wtai{M= 83 Fdet(h= 0 SumE= 0,03
Bz=4,350 Thrust=0,738]1 Apla=0,0517 Obl st=0-A89E Spher=i, 4732 i

* why not 4!

* Which particles
belong to a jet!

* how to get

Pparton = Pjet !

‘"l """""" LU P || G10 20 B GeV
Centre of soreen iz 6 QL0000 (1, W0 01, QN |




Not an easy task:

Proper “size” of jets.

\ ISR (beam) clustered

jet
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Overlapping jets.




Criteria for a good jet recipe:

|. Simple to implement in an experimental analysis
2. Simple to implement in a theoretical calculation
3. Defined at any order of perturbation theory
4.Yields finite cross sections at any order of PT

5.Yields a cross section rather insensitive to hadronization




A few jet algorithms

* Three popular jet algorithms are kT, anti-kT, and Cambridge/Aachen

* The distance and rule to join objets is

o o ARy’ o
d;; = min[p1:, pis] ( R"> and dip = pT;

with ARjj = \/An?j + Api

repeatedly combine objets untild;gis the smaller distance.
Then call it a jet, remove from the list and start again

*The choices are: kT (o = 1); anti-kT (o = —1);
C/A (o = 0)




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.153968




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.155556




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.249206




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.292063




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.410317




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.538969




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.571429




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.856353




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR_{ij} = 0.895475




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR {ij} > 1




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

DeltaR {ij} > 1




e Example with C/A algorithm [borrow from G.Salam] R = 1




e Example with C/A algorithm [borrow from G.Salam] R = 1

p,/GeV
40 4 DeltaR_{ij} > 1




e Example with C/A algorithm [borrow from G.Salam] R = 1




> This expression also describes well the y dependence
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Jet production

* The basic expression for 2 to 2 processes is

. Ji(@1,Q3) (@2, Q%)
2 . o

“+ In the jet—-jet CMS — dyldygdp?r = %sda:ldxgd cos 0*

d30' o 1 Z fz xlaQF)f](anQF

. S M (i — kl))?
dy1 dyadp7 16752 (1 + 6;5)z172 X Zl (2] — ki)

with




-+ The LO processes leading to jets are

Process at 90 degrees

99" — qq' 2.2
qq — qq | 3.3

qqd — ¢'q 0.2

qq — qq 2.0
qq — gg . 1.0

gg — qq 0.1
99 — qq 0.1

gg — gg A 30.4

witht = —3 (1 — cos)/2and & = —3 (1 + cos @) /2




Tevatron results

the inclusive jet cross section does agree with NLO QCD
over 8 orders of magnitude!
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eLet’s look the results without the dirt trick of log plots

PHYSICAL REVIEW LETTERS 101,062001 (2008)
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Jets at the LHC

the inclusive jet cross section is nicely described by NLO QCD
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a more serious comparison
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V. Hunting the SM Higgs
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V. Hunting the SM Higgs

* Higgs production mechanisms and cross sections

XS WG 2010

\s=7TeV

~ 20 x Tevatron
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* We must take into account the H decays
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H—-WT™W~™ - {0 Fr + 0,1,2 jets

e Cuts used in the analyses

My pr™> | pp™® My Apy | my T
[GeV/c?] | [GeV/c] | [GeV/c] | [GeV/c?] | [dg.] | [GeV/c?]

> > < < ]
120 20 10(15) 40 115 | [80,120]
130 25 10(15) 45 90 | [80,125]
160 30 25 50 60 | [90,160]
200 40 25 90 100 | [120,200]
250 55 25 150 140 | [120,250]
300 70 25 200 175 | [120,300]
400 90 25 300 175 | [120,400]




N .~ A ™ A N

entries / 5 GeV
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H—-WT™W~™ - {0 Fr + 0,1,2 jets

e Cuts used in the analyses

My pr™> | pp™® My Apy | my T
[GeV/c?] | [GeV/c] | [GeV/c] | [GeV/c?] | [dg.] | [GeV/c?]

> > < < ]
120 20 10(15) 40 115 | [80,120]
130 25 10(15) 45 90 | [80,125]
160 30 25 50 60 | [90,160]
200 40 25 90 100 | [120,200]
250 55 25 150 140 | [120,250]
300 70 25 200 175 | [120,300]
400 90 25 300 175 | [120,400]
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H—-WT™W~™ - {0 Fr + 0,1,2 jets

e Cuts used in the analyses

My pr™> | pp™® My Apy | my T
[GeV/c?] | [GeV/c] | [GeV/c] | [GeV/c?] | [dg.] | [GeV/c?]

> > < < ]
120 20 10(15) 40 115 | [80,120]
130 25 10(15) 45 90 | [80,125]
160 30 25 50 60 | [90,160]
200 40 25 90 100 | [120,200]
250 55 25 150 140 | [120,250]
300 70 25 200 175 | [120,300]
400 90 25 300 175 | [120,400]
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CMSNs=7TeV.l, =46fh"

int

CMS preliminary -

H— WW {cut based)
. expected= 1o L=46 "

expected = 26

median expected
*

ata
OH(130) -» WW
T WHjets
B di-boson
top
m Z+jets
WW

—+— observed

n

95% CL limit on c/og,,

0 4_ | I | | S I | I | I I | | I I B I N S I | _I'
100 200 300 400 500 600

|
WW selection 1 e HIggS Mass [GeV]

IBBS

O O Y oy
s o Voo ety MM 7 Sur 7 St ey "rcun ™ cugg Yy Expected range: 129 <M, < 236 GeV

r "25; Curg
o Observed range: 132< M, < 238 GeV
Data describes predicted background well.




H — vy

* Low branching ratio but great mass resolution (similar to 4 leptons)
e Useful in the range 110 < My < 150 GeV

* requirement: two energetic photons
* signal is an excess over a “smooth” falling background

e Main backgrounds: pp — vy ; pp— et ; ;pp— jJet + jet

* Tight photon requirements
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Observed limits

Observed CLs Limit éCMS prefliminaryé
Median Expected CLs Limit

[ = 10 Expected CLs

+ 20 Expected CLs
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1X0’SM
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Observed limits

- Trials Factor of ~20 Not Included ~ CMS preliminary

Local Significance: 2.30 Vs=7TeVL=4.76 fb"
Global Significance: 0.8c

Observed Asymptotic

Observed Ensemble

1xSM Higgs Median Expected

1xSM Higgs Single Mass 123.5 GeV

s s r s - - s 30
10-3 L1 1 | I | I I | l | I I | I I I L1 1 | L1 1 1 | I | I L1 1 |
110 115 120 125 130 135 140 145 150

my, (GeV/c?)




Combining all search channels

i I I l. l. | I l:l'llll A ———————————————————————
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Combining all channels
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[ Light Higgs production via WBF ](good for 14 TeV)

** We can tag the final state jets in qq — Hqq — Hjj
% Let's focuson H — 777— — eTu~g,
#* The main backgrounds are

e tt + n jets withn =0, 1, 2. The extra jet is a tagging jet.
e bbjj with b — vfc

e QCD 77jj that are higher order of DY Z — 77

e EW 77jj: WBF of Z’s

e QCD and EW WWjj production




* The main cuts are:

o Rapidity gap and acceptance cuts

rbitragy unitso
2 8

A
o
a

ij Z 20 GeV, |77]| S 5.0, AR]] 2 0.7,

PTy > 10 GeV, |yl <€ 2.5, ARjg > 0.7.
ARey > 0.4.

Njmin + 0.7 < 2y 2 < Mj,maz — 0.7,

My " Mg <O
ANtags = |77j1 - 77j2| > 4.4,

e b—veto:
PTy > 20 GeV, Mj,min < 7b < 7)j,max -

1/0 do/dgy (GeV™')

e Missing transverse momentum g > 30 GeV

——— -~ 1
—

75 100 125 150

o ij > 800 GeV By (GeV)




e 77 reconstruction: M, = mey/ /X7 X1y

cos ey > —0.9.

Tryy Ty > 0,

m3.1+:1:32 <l1l.

e Lepton correlations: ARey < 2.6

e minijet veto:

veto ta
Prj > PT,veto } ﬂj,,ﬁin

o
a4

Forward jets

(=
w

do/dM,, (fb/GeV)

(=]

Higgs Decay n




* Effect of the cuts for My = 120 GeV and a bins +10 GeV

H—7r1 QCD EW
cuts signal TTj] TT5j tt + jets bbjj

QCD
WWijj

forward tags 1.34 4.7 0.18 45 8.2
+ b veto 2.6

+ P 1.17 2.3 0.12 2.0 0.28
+ M;; 0.92 0.67 0.10 0.53 0.13
+ non-T reject. 0.87 0.58 0.10 0.09 0.10
+ ARepy 0.84 0.52 0.086 0.087 0.028
+ ID effic. ( X 0.67) 0.56 0.34 0.058 0.058 0.019
Pgyrv,20 X 0.89 X 0.29 X0.75 X 0.29 X0.29
+ minijet veto 0.50 0.100 0.043 0.017 0.006

* Contamination from H - WW

My | 115 120 125 130 135

0.18

0.12
0.049
0.009
0.009
0.006
X 0.29
0.002

145 150

B(H — 77)-0 (i) 093 084 074 062 051
B(H — WW)-o (b) | 0.015 0.024 0.034 0.045 0.057

0.27 0.19
0.072 0.076




*# Even after full simulation the Higgs signal is nice
* WW channel
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IV.Top mass measurement

[Top mass measurement in tt — jjb (e/ u)ub] at 14 TeV

% Main background and their size

Process
signal
bb — /v + jets

W + jets — fv + jets
Z + jets — (T4 + jets

WW — fv + jets

WZ — lv + jets

Z7Z — {10~ + jets

% S/B ~ 10~* This is not as bad as it looks.




% Event selection
» 1 isolated e~ or = with pr > 20 GeV and || < 2.5

o Fr >20GeV.
e 2 tagged b quarks with pr > 40 GeV and |n| < 2.5

e 2 light jets with pr > 40 GeV and |n| < 2.5

Process Cross-section  Total efficiency

(Pb) ()
* After cuts % signal 250 35

S/B~T78 bb — lv + jets 2.2 x 10° 3 x 10
/ J

* 87K events W + jets — lv + jets 7.8 x 103 2 % 10~
Z + jets — 1717 + jets 1.2 x 103 6 x 10~

_1 '

for 10 fb WW — lv 4 jets 17 .1 7x 10
WZ — lv + jets 3.4 1 x 10~

ZZ — 1Tl + jets 9.2 3 x 107"




% Top quark mass from t — bjj

e The event present > 4 jets (ISR and
FSR)

Evepts/3 GeV

e Recontruct the W:

IM; — MPE| < 20 GeV
(purity 66%)

e choose the b—tagged jet leading to
highest p? (81%)

M i (GeV)




% Possible to measure M; with a precision ~ 1.3 GeV (systematic) for 10 fb—?!
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backup: top mass




* The different algorithms lead to distinct
jets shapes when they overlap

kT (1) starts around softer objects

C/A (0) cares only about distances

anti-kt (-1) clusters around hard objects

anti—kr

pp > pr




[JHEPO4 (2008) 063]

Cam/Aachen, 801

SISCone, R=1, f=0.75




IV.Anomalous couplings

[Triple gauge-boson vertices]

v« SM gauge fixes TGV

v We have already observed
W W™ yand WW~Z
7 Hypothesis: C and P _gifrom——

 AAARS L o~ -
_Nno 2WW vertex (Gerte

conservation | g =7 b aion )

180 200
vs (GeV)

vr Deviations from SM in terms of 5 new parameters

L;}frwv = —IgWWV QY(W[LW—"‘ - W“_,,W*“)V" + nijw;vﬂu - —




2 smoking gun: & grows with v/§

v¢ We must introduce form factors
(1+Q?%/A%)™™

v« NLO available;
uncertainties PDFs

% pp — W (Z): limits fitting py.

analogous to ee->ww

Signal + Background Expectation|
Ax= 0.200 Expectation
+= 0.010 Expectation
Background Expectation
Simulated ATLAS Data

>—otd—o

e

»

B

'.“ - -
—‘-]_‘ -
i |

-t
00

[00 1000
P, [GeV]




vr Attainable 95% CL limits

anomalous coupling direct LEP limits indirect limits pair production limits at the LHC
(—0.105, 0.069] [—0.044 , 0.059] [—0.034 , 0.034]
(—0.059, 0.026] [—0.061 , 0.10] —0.0014, 0.0014]

(—0.051, 0.034] [—0.051, 0.0092] —0.0038 , 0.0038]
(—0.040, 0.046] [—0.050, 0.0039] [—0.040, 0.040]
—0.059, 0.026] [—0.061, 0.10] —0.0028 , 0.0028]

v¢ The statistics will be enough to measure the form factors:

b = 0.04046 + 0.005731
Ay [GeV] = 1387 + 183.

s A ' J
1000 1500 2000 2500 3000
M™(W7y)  [GeV)




* Presently not enough data have been analyzed at LHC

e ATLAS analyzed 1 fb~! of WZ — 00fF+ (71 events)

e basic cuts: p2°(Z) > 15 GeV; p® (W) > 20 GeV;

‘nu,e‘ < 2.9; ‘mgg — Mz‘ < 10 GeV;
T > 25 GeV; mp > 20 GeV
e Main backgrounds: ZZ, W/Z+ jets, tt, W/Z + ~

Final State

cee + E’T’“i’"S

eep + Efss

e + B

LLLLL e E{x;uu

Combined

Observed

11

9

22

29

71

ZZ
W/Z+jets
Top

W/Z + ~

0.4x0.0
2.0x0.5
0.2x0.1
0.5x0.3

1.0x0.1
0.7x0.3
0.8x0.6

0.8=0.1
1.7£0.5
0.9x0.7
0.6x0.4

1.7x0.1
0.4=0.3
0.4=0.5

3.920.1£0.2
4.8+0.8+40
2.3+1.0+0.5
1.10.520.1

Total Background
Expected Signal

3.1x0.6
7.7x0.2

2.5x0.7

11.6x0.2

3.9x0.9

12.4x0.2

2.60.6

18.6=0.3

12.1+1.4155
50.3+0.4+4.3
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-+ Data

ATLAS W7

j Ldt = 1.02fb" \'s=7TeV %%p

1 Z+jets

/| Z+y

[0 Ostat+syst

[TTTTTTrpT

[ Ldt = 1.02fb \s=7TeV

Events / 40 GeV
Evenis/ 10 GeV
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e |ittle statistics to do a fit => use total cross section

Coupling Observed Observed Expected
(A =2 TeV) (A = o00) (A = o0)
Ag? —0.20,0.30] [-0.16,0.24] [-0.12,0.20]
AK 7 —0.9,1.1] [—0.8,1.0] —0.6,0.8]
Az —0.17,0.17] [-0.14,0.14] [-0.11,0.11]




[EWSB «1 TeV scale]

© W, W, — W W[ violates unitarity without
EWSB

p \* p \?
w60 = () 48 () 4
Mw Mw
A = 0 without the Higgs.

2

167v2 s—MH

2 2
& Including the Higgs: ag = ——H, [z + i MHjog (1 +

M2, <s M2
© High energy limit: ag —— ——H —s My < 870 GeV

8rrv2

M2 >s

: . H
@ No Higgs limit: ag — _32:\/2 = /¢ < 1.2TeV




< In the limit p; — 0

9
. ’Yaqu : N = Pq Pga N = Pga M
(Pq + pg) 2pq - Dg Pq * Dg

<> The total amplitude for gluon emission is this limit 1s

Pqa Pga
qug:( : : )M

Pg Pg Pg-Pg

Pq * Pg )
M| =2 IM|?.
19 " (pq - pg)(Pg * Dg)

= After including the d®3 we obtain (explain!)

/dcos@ 4L !
W E; (1 —cosfyy)(1+cosbyg)

the quark and antiquark are basically back to back in this limit.




