REACHING BEYOND THE ELECTROWEAK SCALE:

Glant K-factors, FAN T jets and Jich
Gavin Salam
CERN, Princeton & LPTHE/CNRS (Paris)

based on work with Matteo Cacciari, Mathieu Rubin, Sebastian Sapeta & Gregory Soyez

CMS Week
CERN, 30 March 2011



REACHING BEYOND THE ELECTROWEAK SCALE:

p'leup
pileu

pileu p
pileup
p Ieup

Glan K factors, FANT  jets and Jich

Gavin Salam
CERN, Princeton & LPTHE/CNRS (Paris)

based on work with Matteo Cacciari, Mathieu Rubin, Sebastian Sapeta & Gregory Soyez

CMS Week
CERN, 30 March 2011



e L s B B s B By B
0* —e— CMS Data (2.9 pb™)
— Fit
[] 10% JES Uncertainty
rrrrr QCD Pythia + CMS Simulation
=== Excited Quark
— - String \s=7TeV

nf<25&lan|<13

CMS has so far probed strongly-
interacting physics far beyond the
electroweak scale. For example di-
jet resonance and supersymmetry
searches. 1

do/dm (pb/GeV)
= S =

/

trd il ol ol ol d ol A

500 1000 1500 2000
Dijet Mass (GeV)

Giant K factors, fat jets & PU (CMS week 2011-03-30 2 /28



CMS has so far probed strongly-
interacting physics far beyond the
electroweak scale. For example di-
jet resonance and supersymmetry
searches.

With the forthcoming few fb—1
strongly interacting physics will be
taken to the multi-TeV scale and
electroweak physics close to the
TeV scale.
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Z-boson p, spectrum
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Z-boson p, spectrum

4
CMS has so far probed strongly- 10 \ 7 oo
interacting physics far beyond the 10° Herwiy 65
electroweak scale. For example di-  _ 10
jet resonance and supersymmetry E 10
searches. g visible with 40 pb™*
With the forthcoming few fb™1, 'é%!lo’1
strongly interacting physics will be ~ © 2 viible with 5 fb
taken to the multi-TeV scale and 103
electroweak physics close to the “
TeV scale. Y 0 200 400 600 800 1000

Piz

What's characteristically new as we approach the TeV scale with
EW-scale objects? J
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W's, Z's, Higges and even top-quarks all become light

Giving p; ~ 1 TeV to a Z-boson is analogous to
giving p; ~ 50 GeV to a B-hadron.

This can have implications for:

1. the convergence of perturbative QCD
2. the methods used for reconstruction

And as a side effect of the high luminosities, you need to deal with
large amounts of pileup
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Giant K factors
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[Giant K factors]

How accurate is perturbative QCD?

U:CO—I—Clas—i-CQO(g—i-...
as ~ 0.1

That implies LO QCD (just cp)
should be accurate to within 10%
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[Giant K factors]

How accurate is perturbative QCD?
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U:CO—I—Clas—i-Cgag—i-...
as ~ 0.1

That implies LO QCD (just cp)
should be accurate to within 10%

It isn’t
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[Giant K factors]

How accurate is perturbative QCD?

ppoH+X->WW+X->everv+X
— T

300~ MRST2001 LO, MRSTZ004 NLO/NNLO

U:CO—I—Clas—i-CQO(g—i-...
[ My/2Sug=pps2M,

[ NNLO Qg =~ 0.1
[ My = 165 Cev

That implies LO QCD (just cp)
should be accurate to within 10%
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It isn’t

S R EP
pr [GeV]

Anastasiou, Melnikov & Petriello '04 L
Anastasiou, Dissertori & Stockli '07 NLO good to V_Vlthm scale
uncertainty

L Rules of thumb:

LO good to within factor of 2

This drives our understanding of accuracy of QCD predictions;
e.g. when combining QCD with data-driven background estimates
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[Giant K factors]

QCD convergence can fail badly — eg. Z+jet
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“Giant K-factors”
They're not just large; they often depend on py;
and they can even have kinks

Butterworth et al '08; Bauer & Lange '09; Denner et al '09; Rubin, GPS & Sapeta '10
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[Giant K factors] Why the large K-factor?

Leading Order Next-to-Leading Order
z Z
LEREER] LR R R
g 1 g 1
asaew aZapw
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[Giant K factors]

Why the large K-factor?

Leading Order

p4

LE R R

Qs EW
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Next-to-Leading Order
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[Giant K factors] Why the large K-factor?

Leading Order Next-to-Leading Order
Zz
z
LEREER]
g 1 g 1
QO EW agaEW In? /\’;—tz

New logarithmically enhanced topologies appear because EW
bosons are light; M; < /s

Also: new partonic channels at NLO, gq scattering with large PDF lumi
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[Giant K factors] Why the large K-factor?

Leading Order Next-to-Leading Order

p4

LE R R q L]

2 In2 Pt
Qs EW Qg 1IN M—
V4

New logarithmically enhanced topologies appear because EW
bosons are light; M; < /s

Also: new partonic channels at NLO, gq scattering with large PDF lumi
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[Giant K factors]

Testing Alpgen 4+ Herwig + MLM Matching

p: of Z-boson
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[Giant K factors]
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[Giant K factors]

Testing Alpgen + Herwig + MLM Matching

p: of Z-boson
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[Giant K factors]

Testing Alpgen 4+ Herwig + MLM Matching

p: of jet 1

104 T T T T T

3 pp, 14 TeV
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[Giant K factors]

Testing Alpgen 4+ Herwig + MLM Matching

p: of jet 1

104 T T T T T T T
\\\ pp, 14 TeV

=

o
w
T

=

o
N
T

Showered Z+j ~ LO

[
T

do/dp, j; [fb / 100 GeV]
H
o

[N
S
[uN
T
Il

-2 1 1 1 1 1 1 1
10
200 300 400 500 600 700 800 900 1000

Giant K factors, fat jets & PU (CMS week 2011-03-30 8/ 28



[Giant K factors]

Testing Alpgen + Herwig + MLM Matching

p: of jet 1
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[Giant K factors]

Testing Alpgen 4+ Herwig + MLM Matching

HT, jets = 3 jets Pt.j
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pp, 14 TeV
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[Giant K factors]

Testing Alpgen 4+ Herwig + MLM Matching

HT, jets = Zjets Ptj
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[Giant K factors]

Testing Alpgen + Herwig + MLM Matching

HT, jets = Zjets Ptj
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1st lesson:

If you figure out the “leading” process
[Z + jet @ LO]

and add in process with one extra jet through
MLM /CKKW matching.
[i.e. include Z + 2 jets @ LO]

impact of new large topologies will often show up
This might be called “Pauper’'s NLO"

2011-03-30
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1st lesson:

If you figure out the “leading” process
[Z + jet @ LO]

and add in process with one extra jet through
MLM /CKKW matching.
[i.e. include Z + 2 jets @ LO]

impact of new large topologies will often show up
This might be called “Pauper’'s NLO"

It's reassuring that suitable use of Alpgen/Madgraph/... catches this.
[cf. also de Aquino et al '11]

Is it always being used “suitably” (i.e. with extra jets)?
How do you get NLO normalisation for these samples?

Giant K factors, fat jets & PU (CMS week 2011-03-30 9 /28



[Giant K factors] Beyond N LO

LO
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[Giant K factors] Beyond N LO

Giant K factors, fat jets & PU (CMS week 2011-03-30 10 / 28



[Giant K factors] Beyond N LO

| | MLM matching keeps
the tree-level parts of

| /\ NLO, but approximates
the loops.

We denote this ALO
Can be a good approx. to NLO

Il Exact
B Approximate
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[Giant K factors] Beyond N LO

NNLO

‘ ‘ MLM matching keeps

\/ the tree-level parts of
NLO, but approximates
the loops.

We denote this ALO
i Can be a good approx. to NLO
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MLM matching keeps
the tree-level parts of

[Giant K factors] Beyond N LO
/\ NLO, but approximates

the loops.

We denote this nLO
Can be a good approx. to NLO
To approximate NNLO, take tree-level

nNLO

and 1-loop pieces (from NLO Z+j &
Z+2j) and approximate 2-loop part.
nNLO, using “LoopSim”
B Exact NB: pure partonic; no shower MC
B Approximate Rubin, GPS & Sapeta '10
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St ™ Validation: Drell-Yan lepton p;, ANLO v. NNLO

nLO v. NLO
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2 g€ .
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Pt max [GeV]

Z (i.e. DY) with Z+j from MCFM & LoopSim



[Giant K factors]
L [Drell-Yan]

Validation: Drell-Yan lepton p;, ANLO v. NNLO

nLO v. NLO

do/dp, pax [D/GEV]
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K factor wrt NLO
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. DY) with Z+j from MCFM & LoopSim



[Giant K factors]

Validation: Drell-Yan lepton p;, ANLO v. NNLO

L [Drell-Yan]
nLO v. NLO nNLO v. NNLO
105 | LI B B l ILOI_ 2 T T NII_O T T T T T
E NLO [ 18 ANLO (1t dep) b

do/dp, pax [D/GEV]

[ pp, 14 TeV

66 < m?+e < 116 GeV .

0 10 20 30 40 50 60 70 80 90 100

Pt max [GeV]

NNLO from DYNNLO, Z (i.e

For pr 2
For pre <

K factor wrt NLO

16

0.6

0.4

1Mz +T 7 (giant K-factor!) it had to work
5Mz + Iz it's remarkable that it still works

NNLO (R g dep)

pp, 14 TeV-]
66 <M. < 116 GeV

1 1 1 1 e F

10 20 30 40 50 60 70 80 90 100
Pt,max [GeV]

. DY) with Z+j from MCFM & LoopSim




[Giant K factors]

nNLO for Z+j observables

L[Z+iet]
p: of Z-boson
3 D:[[ij LO ‘ MCFM 5.7, CTEQSM
NLO anttk, R=0.7
25 [ VZZZ27) INLO (u dep) ™ 2006V TR
o fANLO (R, s dep) > Pz distribution didn't have
T 2 giant K-factors.
s —_— .
Ny m’gz[{/ | » ANLO brings no benefit
. Y/ To get improvement you would
n I need exact 2-loop terms
ISERERRREENRERRNREREAND
05 : ‘ : :
250 500 750 1000 1250

p;z (GeV)
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[Giant K factors]

nNLO for Z+j observables

L [Z+jet]
p: of jet 1
1T LO MCFM 5.7, CTEQ6M
0 pp, 14 TeV
U0 NLO s
(/777774 ANLO (u dep) Pyj1 > 200 GeV
8 r _
o NNLO (R dep)
-
2 6t
S
5
v AT
2 L
S S e S
0 ‘ ‘ ‘ ‘

250 500 750 1000 1250

Pj1 (GeV)
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» py; distribution seems to
converge at nNLO

» scale uncertainties reduced by
~ factor 2
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[Giant K factors]

nNLO for Z+j observables

L [Z+jet]
HT, jets = 3 jets Pt.j
MéFM 5.7, C';'EQGM ‘ ‘
pp, 14 TeV
1000 | anti-k, R=0.7 <
Pyj1 > 200 GeV S
o » Signficiant further
g 1007 o 1 enhancement for Hr jets
S
5 /555 NLO S _ . _
765 » ANLO brings clear message:
"E w0l NNLO (p dep) VZZZ777) | & g
NNLO (R dep) Hr jets is not a good
observable!
e AR O SRS S oy R

500 1000 1500 2000 2500

Hr jets (GeV)
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[Giant K factors]

L fijets] Hr » in (di)jet events

Hr2 Hr3 Ht o
3 T T T T 3 T T T 3 T T
pp, 7 TeV, anti-k R=0.7 pp, 7 TeV, anti-k R=0.7 pp, 7 TeV, anti-k R=0.7
NLOJet++, CTEQ6M NLOJet++, CTEQ6M NLOJet++, CTEQ6M
25 R 25 R 25 MM%’W
RN NARANNS 7 A
o % L N
z 5 T z /
S 15t 4 91s > - 9 s} Jf
e e L T '
e e e
g, g g,
05 LO 1 05 LO — 05
ML = R IR <L) I I - L
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
FHrp[GeV] $HrslGev) $Hr(Ge)

A clear message:
for a process with n objects at lowest order, use Hr ,

Do you know what gets used in your experiment'’s searches?
Many writers of LHC SUSY proceedings didn't...
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[Giant K factors]

dijers] LoopSim status

LoopSim, as it stands, should work for processes with zero or one
vector bosons and any number of jets. Not yet public:

» Interfaces to MCFM and NLOJet++ required more (or less) hacking
and then very long run times

» Let us (Sebastian Sapeta, GPS) know if you need predictions

Giant K factors are present in many contexts beyond those shown
here, and may be directly relevant in searches
e.g. with V~ backgrounds

» You can check for giant K factors, by comparing LO & NLO
» Watch out for how Ht is defined in searches:

Rule of thumb(?): Hy should sum over all non-jet objects and at most
as many jets as are present in the signal
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Another “side-effect” of having /s > Mgy

Hadronically decaying boosted Z /W /H/tops
a.k.a. Fat Jets

What's new?
a number of recent papers — more than can be reviewed here
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[Fat Jets]

Boosted massive particles, e.g.: EW bosons

Hadronically decaying EW boson at high p; # two jets

-
- \
-
-

1 Vo
boosted X _— ,single o om 1
/’ Jet ~ Pt \/Z(].—Z)

—_— (_Z\\ Sl - //

Rules of thumb: m = 100 GeV, p; = 500 GeV
2m .

» R < —: always resolve two jets R <04
bt
3m . . 0 1 7

» R 2 —: resolve one jet in 75% of cases (5 < z < ) R > 0.6
bt
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[Fat Jets] Part of the news is from CMS

> L > I T T T T T T T T T
= - g = C z)
= E * Data N = £ * Data |
a9 0.06— —— Pythia Tunez2 — 5 0.09— —— Pythia Tunez2 =
g C —— Pythia TuneD6T ] g E —— Pythia TuneD6T |
o) = Herwig++ Tune23 1 o 0.08— Herwig++ Tune23 4
E 0.05 ; = Jet Pruning Algorithm — 6: F Jet Pruning Algorithm |
I . uly L‘ CMS Preliminary ] 0.07— CMS Preliminary —

gl =% ¥ D 34.7pb'atVs=7TeV = 34.7pblatVs=7TeV |

0.04- [ . 0.06 — =
bt : 0.0 E

0.03— — E 3
L ] 0.04— =
0.02 g . J 0.03 e
£ 1]e a1 E 3
r LTI;F 1 0.021~ =
0.011- : - E E
E 1 0.01— 2|
P P N AN IV AN AP AR M P =R N I EURE NN ARt O IRRE RO
0 20 40 60 80 100 120 140 0 01 02 03 04 05 06 0.7 0.8 O.9m 1

1

m,, (GeV/c?) M

Important: confirms general MC reliability for background predictions
in this hitherto relatively untested region.
Interesting Herwig++ does remarkably well
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[Fat Jets]

Part of the news is from CDF / Eshel et al.

Looking for 2 “top” jets:
» each with 130 < m < 210 GeV
» leading one with p; > 400 GeV

Expected tt 34+0.8

Expected background 11+4.6

Observed 30

CDF also sees an excess
in tri-jet mass for 6-jet events

Giant K factors, fat jets & PU (CMS week 2011-03-30 18 / 28



[Fat Jets]

Part of the news is from CDF / Eshel et al.

Looking for 2 “top” jets:
» each with 130 < m < 210 GeV
» leading one with p; > 400 GeV

Expected tt

34+0.8
Expected background 11+4.6
Observed 30

CDF also sees an excess
in tri-jet mass for 6-jet events

Diagnostic: a jet shape variable,
planar flow

Giant K factors, fat jets & PU (CMS week

. Planar flow data v. QCD

© CDF data  —Herwig

- -Pythia MC/Pythia

0 o1 02 03

0.4 05 06
Planar flow

07 08 09 1

Planar flow data v. gluino

§ - CDF data — Herwig-particle — - MG-particle
25 W

% - -Herwig-partonic - MG-partonic
q

04 0.5 0.6 0.7
Planar flow
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[Fat Jets]

Other work — improving the methods

» Using matrix-element methods for Cui et al BDT v. BRDS
the substructure  Done analytically
Soper & Spannowsky '11

R=12; Fi

L

tering + [kt Substructur

£/ \[Eg

o

Most “physically interesting”

~

» Using jet shapes. E.g. subjettiness:
break a jet into subjets 1,2,... N

R=12 Filtering  massdrop
(wide mass window)

Filtering + mass dro
L]

4 mas!

w

7)) :
)

\YA&A\\\\\\\\MN\\\\
\

1
SN — p_ Zpti min(5R,-1, .. -5RIN)
t

J-H Kim "10; Thaler & Van Tilburg '10

7

P

iR=1.2mass

» Using boosted decision trees TP A B -, -
Cui, Han & Schwartz '10; seems powerful 5

Biggest improvements are to be had at moderate signal efficiencies J

Conclusion from Boost 2010 comparison study of top taggers
The method to be adopted depends on the signal efficiency you want



Pileup

high p; — requires high lumi — high pileup

28/03/2011

LHC &:30 meeting
2011 Records

Ttems n red are records set in the past week

[Peak stabe Luminosity Delivered [24zo® i 1645 [ro322, 1712
|Mawmum Peak Events per Bunch Crossing l 13.08 l Fill 1644 |11/DE!22, 02:20
[Maximum Average Events per Bunch Crossing | 1CEEI | Fill 1644 110322, 02:20

2 10 events per bunch crossing
O (10 GeV) of extra p; per jet, with large fluctuations
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[Pileup]

Subtracting noise from jets

subtracted

P; jet = Prjet — P X Ajet J

Cacciari, GPS & Soyez '08

Ajet = jet area

p = p; per unit area from pileup
(or "background")

This procedure is intended to be common to pp (p ~ 1—2 GeV), pp with
pileup (p ~ 2 — 15 GeV) and Heavy-lon collisions (p ~ 100 — 300 GeV)

As proposed so far: jet-by-jet area determination,
event-by-event p determination
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[Pileup]

Event-by-event p (background) estimation

IN A SINGLE EVENT Most jets in event are “back-
80 ground”

median (ﬁt/area) ‘
o Their p; is correlated with their
60 | o ] area.
- dijet event .
o= 40 +10minbias ] Estimate p:
(Kt-alg, R=1) b
¢ - Pt jet
20 . ] p =~ median Ad
ets ;
...as {J } jet
% o‘
0 : : Median limits bias
0 1 2 3 4 5

from hard jets

jet area
Cacciari & GPS '07
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[Pileup]

Comparing pileup estimation methods

Compare FastJet median p to
Monte Carlo truth (ppjrect)

12 T T T -
minbias: PY6 + <5>*PY8 /
R,=0.5 e
10 Y
/ ++
P
> AL
[} VG ik
O 6t P 1
K
& TR
il
4 + gﬁg N R
Lot
2 G .
0 R . . . .
0 2 4 6 8 10 12
Ppirect [GeV]
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[Pileup]

Comparing pileup estimation methods

Compare FastJet median p to Works much better than
Monte Carlo truth (ppjrect) counting primary vertices
12 ; ‘ ‘ 12 ; ‘ ‘
minbias: PY6 + <5>*PY8 g minbias: PY6 + <5>*PY8
R, =05 / R,=05 .,
10 ¢ S 10t ) |
8t e 8 .
> wfﬂ@ - % “ ;{ s
© 6f [ {8 e} T ]
& Gt & CEoye ot oo
G FoAdom oy
4+ /&iﬁ& + 1 4 r .o E # :; q
Wﬁjﬁ* + If: ; Iit P
20 1 2t PR R T .
4 5 D
0 R . . . . 0 N S L L .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Ppirect [GEV] n vertex seen (2 central tracks pt>0.1GeV)
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[Pileup]

A non-trivial issue: rapidity dependence

The original method assumed dijets50, 15 PU

1di 14 T T T T T T T T T
rapidity dependence was small o s ubracton

10 ]

residual offset [GeV]
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[Pileup]

A non-trivial issue: rapidity dependence

The original method assumed dijets50, 15 PU
1di 14 T T T T T T T T T
rapidity dependence was small o ubracton
L. 12 FJglobal p -~ 4
» In some sense it is, < 1.5 GeV
s 10F ]
e S
© gt E
@
0
5 6f ]
T
p=}
S af ]
%]
o
2 - —~
e T
0 * X
=
1 1 1 1 1 1 1 1 1
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[Pileup]

A non-trivial issue: rapidity dependence

The original method assumed dijets50, 15 PU
rapidity dependence was small W T T
no subtraction +——+—
oo 12 F FJglobalp = < 4
» In some sense it is, < 1.5 GeV FJ global p (y-rescaled) : %
: 10 | ]
» Measure p globally, and include >
.. . Qo —
a rapidity-dependent rescaling = 8F E
2
sub __ f A % 5F E
pi” = pe — f(y)p g
S af ]
. . . %]
determine f(y) from min-bias e
2 - -
e T
0 Y VA T S s VS VAR 3
=
1 1 1 1 1 1 1 1 1
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[Pileup]

A non-trivial issue: rapidity dependence

The original method assumed dijets50, 15 PU
rapidity dependence was small W T T
no subtraction +——+—
L. 12 FJglobal p ~-—~ -
» In some sense it is, < 1.5 GeV FJ global p (y-rescaled) : %
10 | FJstrip1.5 & ]

» Measure p globally, and include
a rapidity-dependent rescaling

P = pe — F(y)pA

residual offset [GeV]
[} oo
T T
\
+
/
1 1

af ]
determine f(y) from min-bias
2 | E
» Measure p “locally” in strips of R .
TV RO S .
|Ay| < 1.5 0 W

5 4 3 -2 -1 0 1 2 3 4 5
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[Pileup]

A non-trivial issue: rapidity dependence

The original method assumed ttbar, 15 PU
rapidity dependence was small W T T
no subtraction +——+—
oo 12 F FJ globalp <~ o]
» In some sense it is, < 1.5 GeV FJ global p (y-rescaled) : %
. 10 F FJ strip 1.5 - ]
» Measure p globally, and include 3 s :
.. . Qo
a rapidity-dependent rescaling = 8 B
2
sub __ _f A o &f E
pi” =pe—f(y)p g
S 4 ]
. . . %]
determine f(y) from min-bias e
2 - -
» Measure p “locally” in strips of PEEE .
|Ay| < 1.5 O P rmgrr xR
| 1 Logo o] | [
But lower number of total jets 5 4 3 2 1 0 1 2 3 4 5
more biased by hard jets (e.g. tt) y
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[Pileup]

A non-trivial issue: rapidity dependence

The original method assumed ttbar, 15 PU
rapidity dependence was small W T T
no subtraction +——+—
L. 12 FJ global p <~ B
» In some sense it is, < 1.5 GeV FJ global p (y-rescaled) : %
. 10 F FJ strip 1.5 - ]
» Measure p globally, and include 3 s :
a rapidity-dependent rescaling % 8r - 7
£
sub __ f A ° 6 E
pi” =pe—f(y)p g
S 4 ]
. . . %]
determine f(y) from min-bias e
2 - -
» Measure p “locally” in strips of PEEE .
|Ay| < 1.5 O P rmgrr xR
| 1 Logo o] | [
But lower number of total jets 5 4 3 2 1 0 1 2 3 4 5
more biased by hard jets (e.g. tt) y

Conclusion: global p determination with fixed rapidity-dependent
rescaling is probably the most effective choice J
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[Pileup]

Hints from charged tracks

dijets50, 15 PU
. . . 8 T T T T T T | T T
Dispersion of offset gives another no subtraction ~——

measure of the subtraction “quality”

» several GeV without subtraction

residual fluctuations [GeV]

L
5 4 -3 -2 -1 0 1 2 3 4 5
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[Pileup]

Hints from charged tracks

dijets50, 15 PU

8 T T T T T T T T T
Dispersion of offset gives another no subtraction ~——
. m s 7r FJ global p (y-rescaled) -~ -4
measure of the subtraction “quality global p &y )
6F g

» several GeV without subtraction

» only partially reduced with FJ
subtraction

residual fluctuations [GeV]
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[Pileup]

Hints from charged tracks

Dispersion of offset gives another
measure of the subtraction “quality”

>

>

several GeV without subtraction

only partially reduced with FJ
subtraction

alternative: use PF to remove
PU charged tracks in each jet
if PU is in-time

» scaling PU charged track in the
jet to correct also for neutrals

Giant K factors, fat jets & PU (CMS week

residual fluctuations [GeV]

dijets50, 15 PU

T T T T T T T
no subtraction +——+—

FJ global p (y-rescaled) -
PUcng in jeﬂfchg P
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[Pileup]

Hints from charged t

racks

Dispersion of offset gives another
measure of the subtraction “quality”

>

>

several GeV without subtraction

only partially reduced with FJ
subtraction

alternative: use PF to remove

PU charged tracks in each jet
if PU is in-time
» scaling PU charged track in the

jet to correct also for neutrals

» or supplementing with FJ
subtraction for the neutrals
better still

Giant K factors, fat jets & PU (CMS week

residual fluctuations [GeV]

dijets50, 15 PU

8 T T T T T T T T T
no subtraction ——+—
7r FJ global p (y-rescaled) -+ L J
PUgpg in jet/fopg =%
6 FPUgpg + foi*(FJ global [y-rscid]) =
5 -
4 F 3¢
s | x
8 S K X
2F wE P é’é* 3
o CRE™
22}
1 r -
0 1 1 1 1 1 1 |
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[Pileup]

Hints from charged tracks

Dispersion of offset gives another
measure of the subtraction “quality”

» several GeV without subtraction

» only partially reduced with FJ
subtraction

» alternative: use PF to remove
PU charged tracks in each jet
if PU is in-time

» scaling PU charged track in the
jet to correct also for neutrals

» or supplementing with FJ
subtraction for the neutrals
better still

Giant K factors, fat jets & PU (CMS week

dijets50, 15 PU

8 T T T T T T T T T
no subtraction ——+—
7r FJ global p (y-rescaled) -+ L J
= PUchg in jeﬂfchg [
$ 6 [ PUgng * fiyg*(FJ global [y-rscld]) - o
2 s
K]
©
2 4f )
3]
=] X
s 3
= . *--- X
@ 2k é"'ﬁ:ﬁ“ XH é’é* E
= o R4
ﬁ 22}
1 r -
0 L L 1 1 1 1 1

Direct knowledge of PU from tracks
can be beneficial J

Detector impact harder to judge
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[Pileup]

Jet masses etc.?

Fat-jet studies need more than just
the jet p;. E.g. jet mass

There are methods to limit PU sen-
sitivity of jet masses.

Filtering: Butterworth et al '08

Pruning: Ellis et al '09

Trimming: Thaler et al '09

4-vector subtraction can also help

P = pu— f(¥)pA,

“Automatically” corrects mass
as long as hadron masses set to zero
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[Pileup]

Jet masses etc.?

Fat-jet studies need more than just
the jet p;. E.g. jet mass

mean jet mass

o 100  ~——— hard event only 1
There are methods to limit PU sen- ol |
sitivity of jet masses.
Filtering: Butterworth et al '08 = 80 ¢ i
Pruning: Elliset al '09 & 70 ¢ 1
Trimming: Thaler et al '09 B 60 p=+"*"" =f=r" "=r =1
. % anti-k;, R=0.7
4-vector subtraction can also help 50 | areaimedian PU sub [k, R=0.4, Voronai] |
hadron masses - 0
40 + FastJet 3.0a
hia 6.4 dij
p,L(I,SUb) = pu— f ( y) p AM 30| xe;afs‘(‘)oIgésY?JnEtsswitched off |
Pileup from Pythia 8.145, tune 4C
“Automatically” corrects mass 0 5 10 15 20
n .
as long as hadron masses set to zero pileup
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[Pileup]

Jet masses etc.?

Fat-jet studies need more than just
the jet p;. E.g. jet mass

mean jet mass

o 100 | ——+— hard event only T
There are methods to limit PU sen- o | with pileup |
sitivity of jet masses. R
Filtering: Butterworth et al '08 ' 80 r I 1
Pruning: Elliset al '09 & 0 1
Trimming: Thaler et al '09 & 60 P& sfes  =r==s_1
. % anti-k;, R=0.7
4-vector subtraction can also help 50 [ areaimedian PU sub [k, R=0.4, Voronoi] |
hadron masses - 0
40 + FastJet 3.0a -
hia 6.4 dij
pLSUb) = p//' — f(_y) pAN 30 gz,;e,:a>65‘(1)0Igé\e/Y?JnEtsswitched off )
Pileup from Pythia 8.145, tune 4C
“Automatically” corrects mass 0 5 10 15 20
n .
as long as hadron masses set to zero pileup
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[Pileup]

Jet masses etc.?

Fat-jet studies need more than just

the jet p;. E.g. jet mass

There are methods to limit PU sen-

sitivity of jet masses.

Filtering: Butterworth et al '08
Pruning: Ellis et al '09
Trimming: Thaler et al '09

4-vector subtraction can also help
Pl = pu — F(y)pA,

“Automatically” corrects mass
as long as hadron masses set to zero

Giant K factors, fat jets & PU (CMS week

Omje; GeV]

100
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80
70
60

50

40
30

mean jet mass

——+— hard event only 1
< with pileup
—— PU subtracted . . ==

area/median PU sub [k, R=0.4, Voronoi]

Pythia 6.4 dijet events
Pygen > 500 GeV, UE switched off

Pileup from Pythia 8.145, tune 4C

x—x b
=X

anti-k, R=0.7

hadron masses - 0
FastJet 3.0a

5

10 15 20
r]pileup
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[Pileup]

Jet masses etc.?

Fat-jet studies need more than just
the jet p;. E.g. jet mass

There are methods to limit PU sen-

sitivity of jet masses.
Filtering: Butterworth et al '08
Pruning: Ellis et al '09

Omje; GeV]

100
90
80
70

mean jet mass

——+— hard event only 1

< with pileup
—— PU subtracted . -

X

=

Trimming: Thaler et al '09 60 oy
) anti-k, R=0.7
4-vector subtraction can also help 50 | areaimedian PU sub [k, R=0.4, Vorono]
hadron masses - 0
40 + FastJet 3.0a
Pythia 6.4 dijet t
p,L(I,SUb) = pu— f ( }/) p AN p‘)gef; 5oolge\3Y%nEsswitched off
30 T pileup from Pythia 8.145, tune 4C ]
“Automatically” corrects mass 0 5 10 15 20
n .
as long as hadron masses set to zero pileup
Many more things can be corrected for PU beyond jet p;
Tests are still in v. early stages / drawing board
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Conclusions
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As we (you!) explore beyond the electroweak scale, our way of
thinking about W/Z/H /top needs to evolve

Particles that used to be heavy suddenly become light — EW
symmetry is almost restored

As a result W/Z/H/top are easier to produce
And their decays look almost like QCD jets

Yet even at the TeV scale, GeV-scale pileup physics matters,
but can be corrected for
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[Extras]

giant K-factor at /s =7 TeV

do/dpt,jet [fb/GeV]
ey
o»'—\ = SN '50.) S-h
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Z-boson p, spectrum

LO ——
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Py jet [GeV]

1000

2011-03-30

30 / 28



[Extras] The LoopSim idea: nLO

P1

P3

P
Z + 2 partons

|M?(p1, pa, p3)|
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[Extras] The LoopSim idea: nLO

softest P1

P3

P
Z + 2 partons

|M?(p1, pa, p3)|

» Identify softest or most collinear parton [with help of a jet algorithm]
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(Exiras] The LoopSim idea: nLO

softest P1 looped P1
Ps3
+
pz 52
Z + 2 partons Z + 1 parton + 1 sim. loop
|M2(p1, P2, p3)| —|M?(p1, p2, p3)|
» Identify softest or most collinear parton [with help of a jet algorithm]

» “Loop” it = remove it from event, reshuffle other momenta;
weight of looped event is (—1)x weight of tree-level event
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(Exiras] The LoopSim idea: nLO

softest P1 looped P1
Ps3
+
pz 52
Z + 2 partons Z + 1 parton + 1 sim. loop
|M2(p1, P2, p3)| —|M?(p1, p2, p3)|
» Identify softest or most collinear parton [with help of a jet algorithm]

» “Loop” it = remove it from event, reshuffle other momenta;
weight of looped event is (—1)x weight of tree-level event

This cancels all the “single-unresolved” divergences in the Z42 events J
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[Extras]

nLO results (K-factors, normalised to LO)

pt of Z-boson pt of jet 1 HT, jets = 3 jets Pt

3 . . ‘ ‘
IIT1 LO MCFM 5.7, CTEQSM [T LO MCFM 5.7, CTEQSM MCFM 5.7, CTEQSM
phgred 10} oo tatey | 1000 b o nay P
0 NLO anitk, R-0.7 0 NLO aniik, R0 anivk, Re0.7 7
251 LO (wdep) P Z0CeY | ALO (udep) ~ Pu”20%V P> 200 5oV %
° fiLO (R,s dep) o 8T ALO (R, dep) I o L
S S S 100 s 1
v 27 1 = € %
: e z s Lo
S S S 7z
g S ey 8 g V2 NLO =)
T P I 1of ALO (1 dep) L2274 4
A ravavas NLO (Rys dep)
NV
1 mﬁT
05 ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
250 500 750 1000 1250 250 500 750 1000 1250 500 1000 1500 2000 2500
Pz (GeV) Pj1 (GeV) Hr jets (GeV)

When the K-factors are large, nLO agrees well with NLO J

MLM matching also does a similar job
cf. de Aquino, Hagiwara, Li & Maltoni '11
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[Extras] LoopSim at nnLO and ANLO

add tree-level Z+3,
cancel divergences in single + doubly unresolved limits: AnLO

Py

P2

|M?(p1, p2, 3, pa)|
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[Extras] LoopSim at nnLO and ANLO

add tree-level Z+3,
cancel divergences in single + doubly unresolved limits: AnLO

§ Tryyy § Tryyy —+
P, [ [
|M?(p1, p2, p3, pa)l - —|M?(p1, P2, p3, pa)|  —IM?(p1, p2, ps, pa)|

Separately loop either of the 2 softest emissions: provides approx of 1-loop
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[Extras] LoopSim at nnLO and ANLO

add tree-level Z+3,
cancel divergences in single + doubly unresolved limits: AnLO

IM?(p1, p2, p3, pa)|  —IM?(p1, p2, 3, pa)|  —IM?(p1, P2, p3,pa)l  +IM?(p1, p2, p3, pa)|

Simultaneously loop each of the 2 softest emissions: provides approx of 2-loop
Total of tree plus approx 1- and 2-loop pieces gives zero
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[Extras] LoopSim at nnLO and ANLO

add tree-level Z+3,
cancel divergences in single + doubly unresolved limits: AnLO J

IM?(p1, p2, p3, pa)|  —IM?(p1, p2, 3, pa)|  —IM?(p1, P2, p3,pa)l  +IM?(p1, p2, p3, pa)|

Simultaneously loop each of the 2 softest emissions: provides approx of 2-loop
Total of tree plus approx 1- and 2-loop pieces gives zero

add in (exact Z+2 @ 1-loop) — (approximate Z+2 @ 1-loop)
+ extra simulated 2-loop piece to cancel new Z+42@1-loop divergences
This is ANLO
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[Extras]

Expected accuracy of ANLO

The 2-loop piece has the topology of the LO diagram.

The “mistake” we make in approximating it should therefore be a

“pure” O (a?) correction, without any large enhancements from new
NLO type topologies.

2
oanLo = onneo + O (ZoLo)

Oé2
o110 (¢2)

Knnto = 20 ~ Kyo > 1

The relative contribution of the neglected piece is suppressed by the
large K-factor.

nANLO should be a good approximation to NNLO when the
K-factor is large and due to new higher-order topologies. J
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