Geo

Two hot topics in top physics

Marcel Vos (IFIC, CSIC/UV, Valencia, Spain)

Particle Physics Seminar
University of Vienna

18 November 2014 CAVEATS: not an overview talk, discarding a

lot of interesting (top) physics, not
respecting any ATLAS/CMS balance

Marcel Vos, Topics in top physics 1 marcel.vos@ific.uv.es



Two hot topics in top phyiscs

This is not a review, find good top quark physics reviews here:
Bernreuther on LHC top quark theory (before the start of the LHC):
http://arxiv.org/abs/arXiv:0805.1333

An experimentalist's review of the first two years,

Int. J. Mod. Phys. A27 (2012) 1230016

Top quark mass: how can we make further progress?

Determination of the top quark mass circa 2013: methods, subtleties, perspective,
arXiv:1310.0799

A new observable to measure the top quark mass at hadron colliders,

EPJC 73 (2013) 2438

ATLAS top quark pole mass measurement

ATLAS-CONF-2014-053

Boosted top quark production: a new window
Boosted objects: a probe of new physics,
EPJC71 (2011) 1661

Boosted top quarks and jet structure,
arXiv:1403.5176

ATLAS differential cross-section measurement
ATLAS-CONF-2014-057
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http://arxiv.org/abs/arXiv:0805.1333
http://dx.doi.org/10.1142/S0217751X12300165
http://arxiv.org/abs/arXiv:1310.0799
http://link.springer.com/article/10.1140/epjc/s10052-013-2438-2
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-053/
http://dx.doi.org/10.1140/epjc/s10052-011-1661-y
http://arxiv.org/pdf/1403.5176.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-057/

What do we really know about the top quark?

quantity CDF /D@ ATLAS/CMS
Aoyg/og 11% with 1 fb ™! [554] 6% -10% luminosity svstematics dominated (286, 288]
A gingle-topi Taingle-bon 26% with 1 b1 [554] 10% (< 2% stat. error with 10 fb~1 [288])
B(t — Wb) 3.3% with 1 fb ™ [554]
Vip, from cuingle-top 14% with 1fb ! [554] 6.5% [528]
Vi from B — W) > 0.22 with 1 fb™! [554] 0.2% (stat. only) |286]
single-top polarisation - 1.6% with 10 fb~? [288]
Amitop,/ Miap < 2GeV/c? Sect, T =1 GeV/c? [286, 288]
spin correlation & 40% (2~ 1) [538] 7% (€65 £+ jets) for 10 b1 |538]
spin correlation ¢ - 4% (££ep £ + jets) for 10 b~} |538]
W-helicity Fg 6.5% with 1 fb ! [554] 2%-5% with 10 fb ™! (527,537, 538
W-helicity F 2.6% with 1 fb~! [554] 1% with 10 fb~! [538]
electric charge gy distinguish é and % Sect. 7.2 distinguish -é and % [536]
cases with 1 fb™! cases with 10 fb~ 1
Yukawa coupling - 4.8, 16% (12%) with 30(100) fb—* [548, 549]
FCNC B(t — gq) <1.9%x10" % with 2fb~!  [288, 555 <1 x107%-<14x1073 (10m~1) [288, 556
FCNC B(t — Zq) <15x10 2 with1fb~ !  [554] <6.5%107%- 1.3 %1072 with 10 fb 1 [286, 288, 556]
FCNC B(t — ~vq) < 3.0x107% with 1fb~! [554] < 8.6x107°- 1.9 10" % with 10 /b~ [286, 288, 556
FCNC B(t — WbZ) = <1077 with 100 fb ! [553]
AgMz=1TeV/c? 100 fb with 1 b1 [554) 700 fb with 30 fb ! [286, 288]
B(Z' = ti)
anom. coupling AL gaa [553] Far 2t oea [553]
PrZ105 [553] FrZtols [553]
AFE, 4 - [542) 15%-85% (300 1) [542]
AFY A et ek TR e [542] 15%-50% (30 1), 4%-T7% (300 b1} [542]
AFJy, o - [542) 35% (30 fb~ 1), 20% (300 b~ 1) [542]
AFf; 4 = 542 55% (300 b~ 1) [542)

A. Quadt, Top quark physics at hadron collilders, Springer Verlag, 2007
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The top quark: production

Pair production at hadron colliders (primarily) through QCD
processes

92 E owoor— ¢

g t g t __ f

Ium|

Tevatron pp (1.96 TeV) | ~85% ~15%

Tevatron pp N N
(run II 1.96 TeV) 7pb | 12/10 fb't 70 K
LHC pp (7 TeV) ~20% | ~80%
LHC pp (7 Tev) tt ~165pb | 5.7/5fbl | ~800K
LHC pp (8 Tev) tf | ~235pb| 23/22fb! | ~5M Complementary sensitivity to gluon

and quark-initiated processes

100.000 (Tevatron) + 5 million (LHC — phase I) + 2 million single top
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How well can we predict top quark production?

Theo (scales +,bdﬂ —
heory (scales)
0|y GeEE eh
an y e [ — - i
ATLAS, 7TeV —e—s Theory milestone:
s Ea sl full NNLO and NNLL result
8 for top quark pair production
& at hadron colliders
200 | .
PP — tt+X @ NNLO+NNLL
150 ¢ Miop=173.3 GeV d
| MSTW2008NNLO(68ci)
6.5 7 7.5 8 8.5
Vs [TeV]
Collider  |otot [pb]| scales [pb] | pdf [pb]
.259(3.7% 0.169(2.4%
K-factor (NLO — NNLO) ~ 10% Tevatron | 7.009 | 103702500 | Looraron
ilitv ~ 5 0 +6.7(4.0%) +4.6(2.8%)
ggﬁleesézglrlrlg toSCo/:}verge O TV L OO L otereany | —araam
+9.2(3.9%) +6.1(2.5%)
LHC 8 TeV | 239.1 —14.8(6.2%) | —6.2(2.6%)
+31.8(3.4%) | +16.1(1.7%)
LHC 14 TeV| 933.0 —51.0(5.5%) | —17.6(1.9%)
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How good are the predictions beyond the inclusive rate?

pp >t at LHC 8"°=7TeV m=173 GeV

Differential In m
I:)T’ n’ tt L2r PAISN — NLOpu=m ]
; . - /2 U P NLO p=m/2, 2m ’
Kidonakis - pi " .
1k 1 ——— NNLO approx p=m -
PR D82 (2010) 114030 _ ___ NNLO approx p=m/2. 2m| 1
- - > B

Now also differential NNLO! S O08p ]
Czakon, Fiedler, Mitov, , arXiv:1411.3007 g ok ]
. —~ . -
focus on Tevatron, but LHC is expected soon & | :
< 04 fi .
Including top decay 21 ;
Dittmaier, Czakon ol Lo L L b e L 1 T3S

See, eg. Heinrich et al. 0 50 100 150 200 250 300 350

arXiv:1312.6659 py (GeV)

In fiducial region?
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Compare to top quark production at lepton colliders

Pair production ~0.6 pb above threshold
300.000 pairs after 4 years at 500 GeV

Monochromatic boosted top quark
samples from CLIC/u—Collider

For precision there is nothing like e*e’

QCD corrections calculated to N3LO, scale
variations ~ 0.3%. Electroweak corrections are
sizable, though.

Calibrate center-of-mass-energy to 1 in 10*
and luminosity to 0.1%
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Careful with single top
arXiv:1411.2355

Key for mass determination and
study of ttZ and tty vertices
arXiv:1307.8102

Variation in x-section due to scale variations
2

o
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8
' NLO
g 12 P. Ruiz Femenia,
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5 arXiv:1307.8102
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~

Mass in GeV/c?
1 GeV/c2=1.8- 10727 kg

The top quark mass

. L charm
The heaviest particle in the up

Standard Model ¢ 0.005 ‘ 1.5

° 0.01 o 0.15

down strange o 5.0

\_ bottom  /

We don't know why the SM fermions have the masses they have. The top
guark has a mass of ~173 GeV. What does that number come from? In the SM
it's the result of the Yukawa coupling of the top quark to the Higgs boson. But
what does the number come from? We have been worrying about this for 45
years and we haven't made any progress!

Steve Weinberg, public lecture UTA, 24/10/2012
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Top quark mass

Precision test of the SM

Enter in all loop corrections

Reduce parametric uncertainty

SM relation H, W, t mass — EW fit

Currently limited by m,, must improve o, Sin2 6, m,

Driving the Higgs potential negative
But universe not likely to decay any time soon

A particle and parameter we can
(and must) characterize well

Top escaped scrutiny at LEP
Produced by the millions at the LHC

Charge, polarization accessible

Marcel Vos, Topics in top physics 9
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Top quark mass Top quark mass measurements

ATLAS

Historical result, first ever
LHC/Tevatron Combination CDF . |
arXiv:1403.4427 CMS

A quark mass measurement
DZERO N
to better than 0.5%
Combined result A 173.34 = 0.76 GeV/c?
March 2014
| | | |
165 170 175 180

Mass [in units of GeV/c?]

Tevatron+LHC m,, combination - March 2014, L= 3.5f"-8.7f0"
ATLAS + CDF + CMS + DO Preliminary

Consistent result in different experiments, e = masee

173.93£1.8501.2

continents, initial and final states and kinematic ...~ g i

regimes (in fact, agreement was a bit too good s
at this point; tension has increased a bit since) B osenoman
[l - Nl
‘IéS 1"10 1'.:"5 :;30 - - 185
My [GeV]
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Fractional JES uncertainty

MG

b | RRESPONSE

Response

Perspective for improvement — systematics on combination

e
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— Total in situ uncertainty

— Statistical component

25107 10°
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1]
o

Break-down of uncertainties on
March '14 world average:

Jet energy scale:
in situ JES (240 MeV),
standardJES (200 MeV),
flavourJES (120 MeV)
and b-JES (250 MeV)

Statistics:
already < 300 MeV

Modelling:

(strongly correlated even between experiments):
Monte Carlo (380 MeV)

radiation (210 MeV)

colour reconnection (310 MeV)



Top quark mass - alternatives

Endpoint measurement
CMS, arXiv:1304.5783, currently 2 GeV uncertainty)

CMS estimate 600 MeV precision after the complete LHC programme

Move away from jets

(reduced dependence on shower modelling and JES)
- Extraction from m,

- Extraction from J/psi spectrat - Wb - Ivb—- IvJ/¢ - IVl

Marcel Vos, Topics in top physics 12



== Std. meth. ==Endpoints

CMS preliminary projection _ oy —L,

Prospects for precision

30 fb 3000 30007

jo - Prosent 13 TeV 14TeV 14TeV o

For a long time we claimed an LHC
precision of 1 GeV

w
w A

N
(3

Prospect studies for top quark mass
precision at Snowmass reported in
arXiv:1310.0799, that | sign,

concluded: “We estimate that [...] might
lead to a top mass extraction with
uncertainty as low as 500-600 MeV”

Total my, uncertainty [GeV]

CMS-FTR-13-017-PAS claims the ultimate reach of the “conventional method is 200 MeV,
based on “assumptions [that] are optimistic but not unrealistic.”
Clearly, the 200 MeV require a lot of work on JES and generators. Time will tell...

The relation between the pole mass and the MC top-quark mass as “not an experimental
problem, but a theoretical (or phenomenological) issue.”

Serious attempts to discover the relation (provided there is one) between MC
mass and pole mass are encouraged! (see for instance: A. Hoang, LCWS14)

Marcel Vos, Topics in top physics 13



The top quark mass combination, small print

all measurements considered in the present combination, .
‘top-quark mass definition. It is expected that the difference between the MC mass definition and the formal
pole mass of the top quark is up to the order of 1 GeV (see Refs. [19,20] and references therein).

to jet calibration and modelling of the #f events.
the relation between the top quark mass implemented in the MC and the formal top quark pole mass demands
further theoretical investigations| The dependence of the result on the correlatibn assumptions between mea-

[19] General-purpose generators for particle physics

mele: mltwc"' QO[aS(QO)Cl-l-"']

With Q ~ 1 GeV (Parton Shower infra-red cut-off)
And C1 a constant of order 1 (and positive)

At least partially accounted for in current modelling
uncertainty

Marcel Vos, Topics in top physics 14



Scheme dependence - an old debate

Even if it decays (rather than hadronizes) the
top is a quark, a coloured object. Mass is not
an observable, but must be inferred from
measurements.

The scheme makes a difference:
For a top pole mass of 173 GeV,
the MS mass is ~167 GeV

Quantify the difference between pole and MC mass
Hoang & Stewart, Nucl.Phys.Proc.Suppl. 185 (2008) 220-226

mpOle:mt(R ’M>+Rzkznank[ -

t

R is the scale chosen the scheme
(dial m for MS, O for pole mass)

MC mass: R~Ft~ PS cut-off and:

pole:mMC(R)_l_ROLSM

m
: : 4m

15
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Alternative: top mass from cross-section

350 ——— MSTW 2008 NNLO ]
ATLAS —— — MSTW 2008 NNLO uncertainty |
AmP =25 GeV ——— CT10 NNLO _
L T~ N L L LD CT10 NNLO uncertainty
NNPDF2.3 NNLO

300

+ NNPDF2.3 NNLO uncertainty
\‘LS:7TeV, 4.6fb _1} vs m
\s=8TeV, 2031 !

Cross-section [pb]
T 1T 1 | I// i '/I

250

|’IIII|IIII|III

200
15 e —
L | | | | | hT\|\|‘m
164 166 168 170 172 174 176 178 180 182
m f°'e (GeV]

Nearly flat, negligible residual MC mass dependence
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Top quark mass

Extraction from cross section - revisited
Well-defined mass scheme (pole mass, MS mass)

Limited by poor sensitivity: Am/m ~ 0.2 Ac/c
tt threshold has better sensitivity, but requires theory progress (bound states)
currently ~4 GeV uncertainty, PLB728 (2014) 496-517

Now consider the ttg cross-section

Alioli, Moch, Uwer, Fuster, Irles, Vos, EPJC73 (2013) 2438, arXiv:1303.6415

Marcel Vos, Topics in top physics
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Top quark mass

Measure the normalized
differential tt+1jet production
Cross-section vs. Invariant mass
of the tt+1jet system.

.J"_"l\m
Q.

ole
mﬂ

—

R(

Extract the mass in any (well-
defined) scheme. Currently: pole
mass

Theory uncertainty (due to scale
and PDF) <1 GeV

ratio

Experimental uncertainties can
be controlled to same level

Marcel Vos, Topics in top physics

0.5

2 RS R S LU G S R L T AU O P DR M SR L P RN SN
== mP*-160 GeV — mf**=170 GeV Nominal
— mP¥°=180 GeV B °°=170 GeV JES £ 3%

!llllllllillllllJIII!illIlJIIJ-

f11

T i'I'IIITTI
*

|
/

[ ™ T < B

p_ 1 1/m(ttj)
— 1 at threshold
— 0 for boosted production
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Top quark mass from tt + 1 jet events

A(/J 45_ I T T T I T T T T

Q - o .
§ 4 ATLAS Preliminary ¢ Data 3
€ _F fi+1-jet, M°=170 GeV ]
E’é 3.5 \S=7 TeV, 46 fb-1 - ) tpole =
C tt+1-jet, m =180 GeV I
3 —
25 - L —
o b — =
1.5 —
"= -9 =
0.5F —
- iEEEE e ."""""'_

o e L L
0 0.2 0.4 0.6 0.8 1

P [pérton level]

Correct normalized differential cross-
section to parton-level

Fit with tt+jet NLO+PS theory

Is this the pole mass? Yes!
Scheme fixed in NLO calculation
(difference NLO vs. NLO+PS ~ 300 MeV)

Marcel Vos, Topics in top physics 19

ATLAS-CONF-2014-053
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Top quark mass

Don't you run into a MC
mass dependence in
the correction of the
normalized differential
Cross-section?

No, compatible results
are obtained for a large
range of MC mass
values.

Marcel Vos, Topics in top physics
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Top quark pole mass

Mtp°1€=173.7 +2.3 -2.1 GeV

— currently the most precise top quark pole mass
1.5 (stat.), 1.4 (syst.), +1.0/-0.5 (theo.)
— room for improvement, even with 2012 data set (ongoing)

—

ATLIAS Preliminlary Top q:Jark pole r.nassldetermina’[ionsI
compared to direct measurement

DO approx NNLO: MSTWO08, 1.96 TeV 2009 169.1 fj

DO approx NNLO: MSTW08, 1.96 TeV 2011 167.5_+j'j

CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 176.7_“2'2

ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 + 2.6

ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 174.1 £ 2.6

ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9_+Z':

ATLAS NLO: fi+1 jet, 7 TeV 2014* 173.7?2'?

Direct reconstruction LHC+Tevatron 2014 173.3 i. 0.8

A B R E N BN S SR

140 150 160 170 180 190

m " [GeV]
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cross section [pb]

Top quark mass at an LC

1.2 T T T T T T T . . . .
L ' ' ‘ Seidel, Simon, Tesar, Poss |l Martinez, Miquel, EP) C27, 49 (2003)
tt threshold - 1s mass 174 GeV
1_ —TOPPIK NNLO ] n — T P 0.12715 I B
—1SR only %
| —ILC350 BS only B o6 | g o121 - -
0.8 | —ILC350 BS+ISR 01 20 8
i 2 o0.1205 |- -
0.6|- _ ] =
0.1181- eV;0.1179] | § 4355 | i
o
045 S o119 |- =
)
02| 0.116 N 0.119 | =
| | l l l l l ‘ | ‘ ‘ N ‘ | | N . | | | | 0’1185 1 | 1 1 1 ‘ 1 1 1 E 1 1 1
0 342 344 346 348 350 352 354 356 173.95 174.00 174.05 17498 17499 175 17501 175.02

nominal cms energy [GeV]

top mass [GeV]

Top mass (GeV)

IS top mass and o, combined 2D fit

No dependence on location of scan energy

0 . m, stat. error 34 MeV
5% uncertainty non-tt bkg ~ 18 MeV my theory syst. (1%/3%) | 5 MeV /8 MeV
10 precision on Vs -~ 30 MeV 0 stat. error 0.0009

. . - 707 i
uncertainty on lumi-spectrum - ~10 MeV Siticoninys fies) | BN (T
A precise measurement (A m < 100 MeV) can be achieved
+Aas <0.001 (+ AT, <30 MeV) (+Ay/ly, ~35% *)

2
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Tevatron: discovery (1995) and first characterization
— Legacyom, <1 GeV

LHC: new methods based on kinematical observables
— B hadron decay length
— lepton p,
— J/Y+lepton from W
— Endpoints

LHC: extract top mass from measured cross-section
— Achieved 3% precision, with a rigorous interpretation
— Increase sensitivity: differential tt+jet x-section yields ~GeV precision

Future LC: threshold scan + ...
— 100 MeV precision!*

23 marcel.vos@ific.uv.es



The top quark

Measurement of top quark differential cross-sections

Lepton + many jets background important for searches
Search for new physics decaying to top quarks
Charge asymmetry (sort out the Tevatron puzzle)

Boosted top quark production probes the internal structure of the top
qguark (Englert et al., PLB 721)

Marcel Vos, Topics in top physics



Parton luminosity!

WJS 2010

1000: T T T v rrrrg v ' ' i ': 08 L B N A N | T T LI B AL N |

ratios of parton luminosities
at 7 TeV LHC and 14 TeV LHC

ratios of parton luminosities
at 7 TeV LHC and Tevatron

0.6 F
o 100 ¢ _8 X
g | ©
> =
a2 ‘» 0.4
Q o]
f= S
> -
B S
- 0.2
xqq _
MSTW2008NLO L MSTW2008NLO
1 v — ool o i
10" 10° 10° 102 10°
M, (GeV) M (GeV)

For 1-2 TeV states, the luminosity increase wrt Tevatron is spectacular
Prepare to leap well into the multi-TeV regime in the next runs!
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Tevatron rll
(1994-2012)
10 fb-1
@ 1.96 TeV

Boosted: Mtt > 1 TeV 25
Highly so: M > 2 TeV -
Extreme: Mtt > 5 TeV -

LHC fase |
(2012)
20 fb-1
@ 8 TeV

30.000
300
0

LHC design
(2015 -..))
300 fb-1
@ 13 TeV

3.000.000
47.000
30

Indicative numbers based on MCFM NLO calculation.

Enormous increase in available data:

Tevatron harvest of top quark pairs: 100.000

LHC top quark factory: 5 M/year in run |
— can we (ever) control the systematics to match the statistical error?

First useful sample of boosted top quark has been collected

Be ready to handle millions in next phase of operation

— not just for searches in extreme corners of phase space

VLHC
(>2030)
3000 fb-1
@ 33 TeV

46.000.000
23.000.000
150.000

VHE-LHC
(>2030)
3000 fb-1
@ 100 TeV

820.000.000
450.000.000
9.500.000

— be ready to repeat bread and butter SM measurements with boosted objects
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- fit neutrino jet #3  jet #1
e + 4 jet event jet#a N
40758_44414 Z :
24-September, 1992

TWO jets tagged by SVX

fit top massis 170 +- 10 GeV
e, Missing E;, jet #4 from top
jets 1,2,3 from top ( 2&3 from W )

An old «+—\5 centimeters —————»

Tevatron
exam ple beam pipe
from CDF

( note scales )

P

4 3Imeters —  »

Tracking View Primary

Vertex Secondary
Vertex

—
\ Ellipses

44— 5mm-—-»
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Top quark pairs: reconstruction

B-tagging distinguishes b-
jets from W-decay jets and
gluon radiation

The neutrino: p_= - p. ™,
p, from W-mass constraint,

resolve 2-fold ambiguity in
some ad hoc way

Pick the two with highest p_
among the remaining jets

Marcel Vos, Topics in top physics

3 jets p> 40 GeV
1 jets p;> 20 GeV

1 lepton p;> 20 GeV

E, miss > 20 GeV ‘

tt -> Wb Wb -> evb qqgb

28



Try to apply that to this event!
LHC data

Likely tt (purity ~70%)

But, m ~ 2.5 TeV
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Boosted objects

Let's define “boosted object” by comparing the standard approach
(reconstruct components and combine) to Mike Seymour's alternative (find

composite object and decompose).
Rules of thumb for maximum jet radius parameter for 2-body decay:
R <2m/p. (always resolve two jets)

R >3m/p. (capture full decay in a single jet 75% of cases)
Y

1.7 _
,.rf

boosted X

— = /7“:?} f
W boson atrest - use resolved approach
p, ~ 240 GeV — coexisting algorithms,
can resolve with R=0.4, or contain in R=1
p, ~ 400 GeV — boosted regime
cannot (always) resolve even with R=0.4

BOOST2010 report: Boosted objects: A Probe of beyond the Standard Model physics.
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http://inspirehep.net/record/882523

Jet mass

Pythia: 500 < p_ < 600 GeV
Anti k (R=1.0) particle-level

Top jet -~ m, ~m,
Background - mu o, p; R

Jet grooming improves
performance:

- Resolution
- Background rejection
- Pile-up resilience
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fraction of jets

fraction of jets

o
no

e 2= K jets, B=1
........ trimming R =0.351  =0.08xp, é:
............... filtering, R, =0.35,N_, =3 i
........ pruning.z_ =0.1,D_ = m/p, E
H
by
au
SM tt

] I TR N T | R 1 TR ik LS
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B (e timming R__=035,1, =003xp_| ]
0.16 filtering, R =035, N_, =3 —
0 14:_ ..... pruning,z =0.1,D_, =m/p_ ]
0.12[ . . —
oib QCD incl. jets E
0.08[ E
008" . =
0.04f & gty e =
0.02}%.: . =
::;‘I 1 1 1 1 1 1 1 1 II‘i.F“I ) 1 1 1 - | :
00 50 100 150 200 250

jet mass [GeV]
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Tools and Techniques: grooming & area subtraction

Initial jet . p"T / pJ;t < feut Trimmed jet

Jet substructure is often hidden:
v Soft emissions inside the jet

v Underlying event

v’ Pile-up

Jet grooming techniques to remove the “softest” parts of the jet:
v" Trimming: construct subjets on scale Ry, retain those with prq,, > €.mPrjee Krohn, Thaler & Wang '09

v" Pruning: during clustering discard softer subjet if R > R, and min(ptl, pt2) < €, (Pry + Prp)- Ellis, Vermilion &
Walsh '09

v" Filtering: construct subjets on scale Ry, , take ng, hardest subjets Butterworth, Davison, Rubin & Salam '08

Area subtraction, determine the event-by-event pile-up activity and subtract a contribution proportional to jet
area, Cacciari, Salam, PLB659 (2008!)
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Jet mass

Pythia: 500 < p_ < 600 GeV
Anti k (R=1.0) particle-level

Top jet -~ m, ~m,
Background - mu o, p; R

Jet grooming improves
performance:

— resolution
— background rejection
— Pile-up resilience
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Detector response

Can we measure jet substructure
precisely and reliably?

Under these conditions?
JEXPERIMENT

Run Number: 167576, Event Number: 69725215 SEgji N
Date: 2010-10-24 15:42:22 CEST
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Measuring jet mass

— B I ! ! ! | I I I ! | I I I ! ! I I I ! |

% 1200 | e Ungroomed _

BOOST2012 report, ) " O Ungroomed, PU sub. ’

EPJC74 (2014) N . .

51 000 - Trlrmmed -

E’H - O Trimmed, PU sub. ]

Vo gook 4 Filtered _

- A Filtered, PU sub. e |

Simulation: jet mass scale for 6001 i

boosted top quarks verus - ® i

number of pile-up vertices 400~ . -

. e |

Combination of grooming and 200, = -

pile-up subtraction restores !‘Eﬁéﬁ%% ]

the Scale 0 i 1 | | | | 1 1 1 | | 1 1 1 | | | 1 1 1 | | |
0 50 100 150 200

Number of pileup vertices

OK! This works for foreseeable future
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Large-R jet and substructure performance

[o)]

- ATLAS

[ anti-k, LCW jets with R=1.0
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[ Data 2011
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I Events containing W — uv f i
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| Trimmedf =0.05 R =0.3 W—1tv+ijets |
- p,>200GeV EEW—uv+jets |
— Multijet —
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] ++
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1L
\
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> 01
-% - ATLAS .
g 0.1 | anti-k, LCW jets with R=1.0 N
8 - Trlmmed (f t_O 05, R_,=0.3) .
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2 008~ | Ldt=47fo'\Ns=7Tev. =~ 777 ]
= i ]
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() B ]
T 0.04 -
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Jet P, [GeV]

Use in-situ methods to constrain response for large jets, JHEPO09 (2013) 076

Initially MC-based + track/calo ratio

Energy response: use y+jets for energy response

Jet mass scale uncertainty is harder to constrain: use W-peak, top-peak...
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Boosted top quark tagging

o ) ) ¥ HTT (tight)
~ATLAS Preliminary Simulation ® HTT (default)
/s =8 TeV & HTT (loose)
| |----sD

] vd_u & N-subjettiness tagger VI

tagging rejection

v m™ &Yd,, & {{d,, tight tagger V
2om*&yd,& Vd_za tagger IV

= m™ &Yd,, tagger Il

& m™ tagger Il

PN

\[d_u tagger |

— tagger VI 1., scan
v tagger V:|fd,; scan

||||||'1 125(:3_”
o Jd,, scan

trimmed mass scan
e T4, SCan

| | A R _

0 0.2 0.4 0.6 0.8 1
tagging efficiency

From ATLAS-CONF-2014-003
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JHEP1209 demonstrated feasibility of boosted selection for lepton+jets

JHEP1310 showed the same for fully hadronic final state
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Resonance searches
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Charge asymmetry

A, of the Top Quark
"""" V. Ahrens et. al., July 2011
arXiv:1106.6051v1 (2011) 3 A
(** submitted to a journal)
W. Hollik and D. Pagani, L.
arXiv:1107.2606 (2011) (* preliminary)
CDF LJ —— 0.158 + 0.074 (+0.072+0.017)
(53107
CDF DIL* —_—
0.420 £ 0.158 (+0.150 +0.050)
(511"
CDF combined* —@— 0.201+0.067 (:0.0650.018)
(+stat + syst)
DO LJ** —e— 0.196+ 0.060 *0U18
(5417
| | | | \
-0.4 -0.2 -0 0.2 0.4 0.6 0.8
Afb

It all started with one paper... (CDF, PRD83)

But, then again, it did have “evidence” in the title and a 3

o effect inside...

This triggered a lot of experimental scrutiny
And a zoo of new physics models
Better calculations (EW corrections, NNLO)

are bridging the gap

First LHC results not very encouraging
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A, DO 0.9fh
DO 43fb
DO 54 b7
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AL CMS4.7 b’
¥ 1
An ATLAS 0.7 fb

1

“a
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Charge asymmetry

Let's analyze possible LHC measurements in terms of their Impact on model zoo

M_ > 800 GeV (LHC only)

I >
Inclusive, good, m,_ > 450 GeV (Tev & LHC) Best! Forces most models to
Z' mostly dead Better! (look at y-scale) make wild predictions
O11|||9,,>' O15A';'LASIII'<' |\||\
] ; a JA Aguilar
0.05_
o | Oy
< | _
0
-0.05 Do~
III‘IHOISHO|4H0‘.5I 0.6

Arg FB

1 o bands!

A charge asymmetry measurement for boosted top quark pair production with 5%
precision may be worth more than a 1% measurement of the inclusive charge
asymmetry — ongoing (V. Sanchez)
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One step further: differential x-section

ATLAS Simulation Preliminary 1s=8Tev ATLAS Simulation Preliminary 1s=8TeVv
;l UL I I B I ;‘1200_|||||||||||l||||||l||| 90
() - 80 @ -

O, 1100 O, 1100 80
a . F 70 o
© - n
B 900 8 g0 60
© C . o -
% 800 50 ¢ :
O - T 8001 —150
[ - 4 40 = - 1
2 700F 6 - 2. 700F 1 — 40
49 600:_ 12 _: _30 8- - -
= h ] p 600K 1 1 2 8 14 — —130
u 1054 18 2 ] Q@ - ]
C 4 720 — ]
S00F 18825 5 1 . % 5001 ; ;ﬁg 1 = —20
400 J0B827 6 2 POWHEG +PYTHIA 5 <10 & b 47501 1 -
ﬁ.zs 6 3 1 . 400F; &5y, POWHEG + PYTHIA 3 —{10
?9|§| 11 | | | L 111 | 1111 | L1111 | 1111 | 111 | 111 _.. :
3000400 500 600 700 8009001000110012000 30 21l b b b b b Lol o
part|c|e top_Jet candidate P [GeV] 00 400 500 600 700 800 900 100011001200
T

top quark P, [GeV]

A differential cross-section based on the novel selection for boosted top
guarks with a lepton+jets final state.

Better acceptance at very high transverse momentum: now beyond 1 TeV!
Good mapping of reconstructed top quarks on MC candidates.
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10 i Data > 102 & Data
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Result is presented as cross-section versus p_ of the:

- top quark (parton-level)
— comparison to NLO (and soon NNLO)

- particle-level top-jet candidate (~pseudo-top).
— smaller modelling uncertainties, more precise comparison in future

Don't assume blindly that extreme phase-space corners of this “bread-and-butter”
physics is modelled flawlessly by (envelope of) MC - SUSY & Exotics
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Missing electroweak corrections?
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Electroweak corrections known to be sizable. And with the right sign!
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Reconsidering the choice of the PDF and MC parameters helps!
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Bringing it all together

Can we extract the top quark mass from boosted top quark jets?

SCET to maintain rigorous interpretation, Hoang, Mantry and others...

-1 TeV e*e- collider
- theory picture complete since several years

see Hoang, Mantry et al., PRD77 (2008) 074010 & 114003

- experimental studies largely lacking so far, but...

ILC /CLIC top jet mass resolution,
including realistic background

— particle flow response is excellent

— background mitigated by jet algorithm
arXiv:1404.4294

- Hadron collider
— data already in hand, to grow strongly in next years
- important experimental challenges (pile-up)
- calculations much more complex, but tractable...
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Two interesting topics in top physics

Discussed two interesting challenges on offer at the LHC:

New ideas needed to make progress on top quark mass

Rigorous interpretation, including theory uncertainty, less dependence on jet-related
systematics

Standard method based on extraction using MC templates from invariant mass distribution of top decay products can go
well below a GeV. Interpretation must be made more precise. Alternative methods are being developed, with (partly)
orthogonal systematic uncertainties. Extraction from cross-section can attain GeV-level precision.

How can we extract the maximum information from boosted top quark production?

Techniques for boosted object tagging and reconstruction are mature; after deployment
and proof-of-principle in tt resonance searches they are finding their way to:

Exotics (highlight: WIMP dark matter limits from boosted mono-W/Z analysis)

SUSY (highlight: multi-jet analysis with 'accidental’ jet substructure)

Top (differential x-section, charge asymmetry at high mass)

Standard Model (boosted W cross-section, other measurements in preparation)

Higgs (H - bb in WH and ttH production)
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