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Collider Event Structure
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Calculating QCD Radiative Effects
® Fixed order (NLO, NNLGQO....)

% Well-controlled approximation

% Laborious, numerical problems, divergences

® Resummation
% Cures divergences, can be matched to fixed order

% Only available for small number of observables

® Parton showers (Monte Carlo event generators)

% Simple, fast approximation to all orders

N/

2 |Interfaces to hadronization models

%* Uncontrolled, bad approximation for hard emission
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® MC@NLO matches fixed order and parton shower (more later)

C Anastasiou, G Dissertori, M Grazzini, F Stockli & BW, JHEP08(2009)099 [arXiv:0905.3529]
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Resummation of pt in Higgs and Vector Boson Production

P;

hy .
® i(q, —Xpr) =»
) 2d Fourier (Bessel) transform
2 p2
dop ! ! b 2 /7.2 F
[ng qu /0 da, O d372/0 db 5 Jo(bqL) fasm (21, bo/0%) foyns (2, 05/6%) Wy (21228; Q, b)
Whis;Q Z/O le/o dzy Cog(ag(b2/b?), 21) Cap(as(b3/0%), 22) §(Q? — z1205) 0oo(Q?, as(Q?)) S.(Q, )

5.(Q.b) = exp{ //dqi [Acms( ) 1nQ—f+Bc<as<q2>>]}

q

S Catani, D de Florian & M Grazzini, NP B596 (2001) 299
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Resummation of Et in Higgs and Vector Boson Production

P;

® (LT — X|pr|) =»
o 1d Fourier transform

o +OO
[dQCi C};ET]res Z/ dxl/ dCUQ/ e ThT Jajny (@1, 1) Josng (22, 1) W, (xlxgs Q,T, 1)
Wk (s; Z/ dz1/ dzs Cca (ag(m0/7), zl) wlas(1o/7), 22) 6(Q? — 21225) 0‘(2(@7048(@)) Se(Q,T)

Se(Q,T) = exp {—2 /OQ iq [2A (as(q)) ln% + Bc(as(Q))] (1- e“‘”)}

C Davies & BW, Z Phys C24 (1984) 133
G Altarelli, G Martinelli & F Rapuano, Z Phys C32 (1986) 369
A Papaefstathiou, J Smillie & BW, in preparation
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Resummation of Et
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® Underlying event modelled by multiple parton interactions
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Parton Shower Event Generators

® HERWIG

** Angular-ordered shower, cluster hadronization

% v6 Fortran, now Herwig++

® PYTHIA

% Virtuality/kt-ordered shower, string hadronization

%* v6 Fortran, v8 C++

® SHERPA

% Virtuality-ordered shower, string/cluster hadronization
o CH++

http://www.hepforge.org/projects
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*t+ Underlying Event (MPI)

® Affects Et and jet observables

“Transverse” “Transverse”

® Extrapolation to LHC uncertain
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Monte Carlo Et in Higgs Production
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Monte Carlo Et in Higgs Production
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Monte Carlo Et in Higgs Production
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Monte Carlo Et in Higgs Production
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Monte Carlo Et in Higgs Production
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Matching fixed orders
with parton showers
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Fixed Order-Parton Shower Matching

» Two rather different objectives:

* Matching parton showers to NLO matrix
elements, without double counting
—~ MC@NLO
— POWHEG

* Matching parton showers to LO n-jet matrix
elements, minimizing jet resolution dependence

— CKKW
— Dipole
— MLM Matching
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MC@NLO

lllustrate with simple one-dim. example:

X = gluon energy or two-parton invariant mass.

Divergences regularized by ¢ = 4 — 2edimensions.

‘M%ne—loop‘Q — EV
€

Cross section in d dimensions is:

1 d.’lﬁ J 1 J
0 LE]'_I_GM(:L‘) Fl(x)_l_ZVFO

Infrared safety: F/(0) = FJ
KLN cancellation theorem: A1(0) =V

0 —
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Subtraction Method

Exact identity:

1 1 d
od = /o dx M(:C)Fi](a:)—/ ‘ VF@]

'/El—l—E 0O ZC]'_I_E
1 d.fC J 1 J
+ A xl—l—eVFO _I_ZVFO
1l dx
= /Ox(/\/l(a:) F{(a:)—VF({)JrO(UVF@].

=) [wo separate finite integrals.
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Modified Subtraction
o’ = /0 i (M(x) F{ (z) = VF;])+O1)VE]

L

Now add parton shower:

F()J,l —> result from showering after 0,1 emissions.
But shower adds Mwic/ to 1 emission. Must subtract
this, and add to 0 emission (so that Fgy' = 1 = o"**fixed)

o) = / (M) ~ Marc(a)} FY (2)

—{V — Munc(z)} FOJ) +O()VE;
MC good for soft and/or collinear = My (0) = M(0)
=3 0 & 1 emission contributions separately finite now!
(But some can be negative “counter-events™)
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MC@NLO Results

 WW production at LHC
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* |Interpolates between MC & NLO in p(TWW)
e Above both at ApWW) ~
S Frixione & BW, JHEP 06(2002)029

QCD Effects in Particle Searches 21 Bonn 07/12/09



H—WW: MC@NLO vs NNLO at LHC
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C Anastasiou, G Dissertori, F Stockli & BW, JHEP03(2008)017 [arXiv:0801.2682]
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H— WW at Tevatron

pp > H+X > WW+X->u'vuv+X
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C Anastasiou, G Dissertori, M Grazzini, F Stockli & BW, JHEP08(2009)099 [arXiv:0905.3529]
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Theoretical Uncertainties

® CDF separate events into jet samples:

O-jets | -jet > -jet

A]\fimc I
N.(Sca ©) _ 66.5% - (*5%) +28.6% - (T2a) +4.9% - (F13%) =|(*145%)

® But selection cuts change jet fractions

A Ngignal (scale) 15% +24% +78% +18.5%
Nsignal = 60%- (—9%) 20% (—22%) L% (—41%) B (—16-3%)

® Also |-jetis only NLO and >1-jet only LO

A Ngional(scale
ol OCE) _ o (5% + 20% - (434%) + 1% - (+9) =[(209%)
signal
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95% CL Limit/SM

Tevatron Higgs Exclusion

March 2009
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® Extra “signal-like” events

November 2009
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® Improved theoretical uncertainty
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Dealing with QCD
initial-state radiation
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QCD Initial-State Radiation

o %;g%m%mg,

T 8 8%y oy

FAEN

® Modifies kinematics of hard process

® Irreducible source of “jet contamination”
= Misidentification of processes

= Combinatorial ambiguities
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Global Inclusive Observables

® How can jets from hard subprocess be
distinguished from ISR jets?

® In principle, there is no way! So let's look at
"global inclusive” observables

® Consider e.g. the total invariant mass M visible
in the detector:

_ 2 2 2
M =/E? — P2 3
or (Konar, Kong & Matchev, 0812.1042)

§1:fln/ii(MiﬂV) — \/]\42+ P+ \/MiQHV_I_ K7
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Inclusive Observables: MC results
St (Miny) = \/M2Jr Pz + \/Miiv_l_ 27

® PYTHIA fop production: ISR off

10~1 tt >bbjjlF, (a) 10~1 tt >bbl* 17K, (b)
—~ 7 —~ 7 E
T:> 'T:> L Hy
) ) 1/2
T3 T 3
= = M #‘k L 1/2
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Z, 2 Z, 2 . . L
F.U T B E . -"'.
Z. Z 1} R
~ ™~ i i h E 1,
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Konar, Kong, Matchey, 0812.1042
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ISR Effects on Inclusive Observables

—TImax Thmax
b
FASSI
dMQ dx—ajlldw—x;dxl dza f(ZT1, Qc) f(Z2, Qc) K (%3@&@) K (%3@&@) &($1$2S)5<M2 — X1%295)

® ISR at 6 > 6. ~ exp(—nmax) enters detector
® Hard scale QZ ~ 8§ = 51313325 but M2 — :73@25

® PDFs sampled at Q). ~ 6.Q)
A Papaefstathiou & BW, 0903.2013
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ISR Effects: MC & Resummed Results

32 (Miny) = \/ M2+ B3 + | M2, + B2

M =./E? - P2— F2 Hr = Er+ Pt

101
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Dependence on M ax

104 N I I I I I I I I I I I I I I I
i | |

1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1
0 500 1000 1500 2000 2500

® E, M, Smin Strongly dependent; I+, Et, Hr not
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Dependence on M ax
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® E, M, Smin Strongly dependent; I+, Et, Hr not
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Dependence on M ax
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® E, M, Smin Strongly dependent; I+, Et, Hr not
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Mass determination
with M1 and McT,
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MT> variable

Lester & Summers, hep-ph/9906349
b,
® pp—=>YYX, Y= aN, Y= bN

® a,b visible, N invisible

700 L B L BN

F e W—>ev data ] N
" Simulation
2/dof=31/28 -
My = 80.49+0.23 GeV/c?] P
8049 Entries 1

® Transverse mass:

600 -

ms (P, Py IN) = pay +m2 -
+2 (E7EY — pr - PS)

Events/(2 GeV/c?)

200 -
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07\\\ TN TS T T N Y A N N N S RN R raiaial
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mio(pn) = min  [max{m7(py, P} pn), mr (P, P )}
pL+pi=p..
< m% when uny = my
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CDF Top Mass from M
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® 3.4 fb! => mi = 168.0 +5.6/-5.0 GeV (M72 alone)
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Top Mass from M, at LHC?

Cho, Choi, Kim & Park, 0804.2185

21.33/ 14
171.1% 1.1
4.998 = 0.731
558.5 + 55.4
142915

(%)
=l
=)

Events /3 GeV /10 fb™

L
A
R L

O:I.ﬂ:F.|||i|||i|||i|||i|||i||| :IF.F.|.:.
60

11
80 100 120 140 160 180 200 220 240
m,, (min =0 GeV) [GeV]

® Input mass 170.9 GeV; PYTHIA+PGS; b-tagging 50%

® 10 fb! @ LHC (14 TeV) => m; = 171.1 +/- 1.1 GeV
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Jet contamination in tt

® Fully leptonic tt: 2 jets (+2 leptons + MET)
® Matched = top decay parton within AR=0.5 and AE/E=0.3
® Generated with MC@NLO (no underlying event)

Jet Et Number of jets

0.125 T T _I T T T T T | T T T T | T T T T O~25 i T T T T i T T T T | T T T T | T T T T

_ All ] I All i
0.100 — Matched —] 0.20 [— Matched —

- Unmatched i . Unmatched i
0.075 |— 0.15 — _
0.050 — 0.10 — _
0.025 |— 0.05 |— _]
0.000 i 1 1 1 1 1 1 1 1 1 1 1 1 0.00 I 1 1 1 L | |_|_|_|T\_I_I_ll 71 | | |

0 50 100 150 200 0 2 4 6 8

=P Half of events have an extra jet
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ET ordering of jets

Jet rank order

0.5 T T
0.4:
0.3:
0.2:
0.1:

OO i ] ] ] ]

® P(1 or both leading jets

QCD Effects in Particle Searches

All i
Matched —
Unmatched ]
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unmatched) > 50%
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Reducing jet contamination in tt

® Idea: demand more jets, select lowest Mr2
As long as one is correct, this cannot raise edge

Alwall, Hiramatsu, Nojiri & Shimizu, PRL103(2009)151802

0.025 T T T T | T T T T T T T T T T T | T T T T

® 7 fb! MC@NLO, no b-tagging

0.020 —

® > 50% events have extra jets

0.015 —

® Hardest 2 jets (red) =>
ISR contaminates edge

0.010 —

® Smallest M1z from 3 hardest 0.005 -
(blue) => less contamination I

0.000 ——
0 50
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Reducing jet contamination in SUSY

Alwall, Hiramatsu, Nojiri & Shimizu, PRL103(2009)151802
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® Consider gg — §g, G — qqx; at LHC (PYTHIA, 40 fb)
mg = 685 GeV, mg = 1426 GeV , mgo = 102 GeV
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® Again, endpoint is clearer for lowest Mr; with extra jet
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McT. Variable

Matchev & Park, 0910.1584

Upstream transverse momentum (ISR):
Pup = — (P17 + P27 + PTmiss)
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McT. Variable

Matchev & Park, 0910.1584

Neglecting visible masses:

Mery = 27/ piripari O(piripars)
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Meri = 2v/pir1por1 ©(piripor1)

® Phase-space distribution is universal:

2 2
dP Mop, . Meor, v Mp - MZ
— 5 In max — Vi
dMoT | Mz M ihax P
o L : = M,=200, M.=150 - B \/g
7=10,20,30,40,50 - Y 2MP

0.010 [— —

0.005

0 OOO | | | | | | | | | | | | | | | | | | | |
0 20 40 60 80 100

MCTJ_

® Fraction of events with pi7 per; > 0 decreases~ 1/~

QCD Effects in Particle Searches 45 Bonn 07/12/09



McT1 in Top Production (I)

® Dilepton endpoint gives VW mass

® Not phase space, but still close in shape

1

8 —
@
2 86—
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e
: 4
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: Lepton angular distribution in top decay.
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McT1 in Top Production (2)

® Quark jets endpoint M.,

Parton level

0.012
0.010 :
0.008 :
0.006 :

0.004 —

0.002 H+ ]
OOOO | | | | | | | | | | | | | | | | | | | | | | | | |
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® Alwall et al. idea: demand more jets, select lowest Mct.
As long as one is correct, this cannot raise endpoint

2 hardest jets Lowest of 3 hardest

0.0100 [ —] 0.0100 [

0.0050 r 0.0050 r

0.0010 — 0.0010

0.0005 0.0005

0.0001 0.0001

| | | | | | | | | | | | | | | | | | | | | | | | | | |
0 o0 100 150 200 0 o0 100 150 200

® High-mass tail removed but shape deviates more

® Only a few percent of events have piri1par > 0
for all 3 combinations
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Conclusions

® QCD effects unavoidable at hadron colliders

® Fixed-order, resummation & parton showers

® Matching fixed orders with parton showers
m QCD effects in Higgs search

® Dealing with QCD initial-state radiation

® Only transverse observables are robust

® New ideas on reducing ISR jet contamination
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