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TOP HITS BOTTOM?
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STILL, TOP IS A MATTER OF LIFE AND DEATH FOR

THE HI1GGS

Higgs production e Higgs decay to photons
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Thanks/blame to Eric Laenen for graphics/puns
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WHY TOP?
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Top is special because of large mass m; ~ 173 GeV
@ plays special role in many BSM models

@ decays before hadronizing and losing spin information: “free quark”
[Bigi, Dokshitzer, V.A. Khoze, Kuhn, Zerwas '86]

@ as(m;) < 1: can use perturbation theory
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WHY TOP NOW?

1) Tevatron: Top is relatively unstudied (o.zx ~ 7pb)

@ discovered 20 years ago at Tevatron but limited statistics on many
measurements

@ 1 pair per day produced

2) LHC: Top is everywhere (o:zx ~ 160pb at LHC7, ~ 900pb at LHC14)
@ top sample at LHC already surpassed Tevatron!
@ 1 pair per second at LHC14

@ top-related processes significant background for new physics searches

The LHC is a top factory
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TwO YEARS OF LHC: THE TOTAL CROSS SECTION

Winter 2010 Winter 2012
ATLAS: 37 top candidates in ATLAS: combined channels with integrated
semi-leptonic/di-lepton channels luminosity 0.7-1.0 fb !
o = 145+ 3175 pb o = 177 + 3(stat.) + 8(syst.) + 7(lum.)pb
CMS: 11 top candidates in di-lepton CMS: combined channels with integrated
channel luminosity 0.8-1.1 fb~?
o =194 £72 4+ 24 4+ 21pb o = 166 £ 2(stat.) £ 11(syst.) £ 8(lum.)pb

@ Progress happens fast for bread and butter measurements, and
quickly extending beyond...!!

e Goal for talk: give snapshot of selected topics, shaped by my
interests/knowledge /IPPP colleagues
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THE ASSEMBLY LINE OF TOP PROPERTIES

W helicity
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OUTLINE

1) Top-quark pair production: some basics and the total cross section
2) Boosted top production: exploring a new regime at LHC

3) FB and charge asymmetries at the Tevatron and LHC
@ observables and SM calculations

@ new physics
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FACTORIZATION FOR INCLUSIVE PRODUCTION

Factorization for hihy — ttX:

ddf,?fhz = Z /dX1dX2f,-hl(X1,MF)GhZ(Xz,MF)d@j(§, mt7'~~7a5(HR)rNF7HR)+O<

AQcp )
i,j=4,4,8

m¢

s= (pm + Pry)° s 8= x1xas

Strategy:
e take PDFs from data (PDF set collaborations)
e calculate partonic cross sections dgjj in QCD (Feynman diagrams)

gy = a2d6) + aldst) + ...
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FEYNMAN DIAGRAMS FOR d&j;

@ ¢g dominant at Tevatron (~ 90% of cross section)

@ gg dominant at LHC (~ 75% of cross section at 7 TeV)

Higher-order corrections:
@ virtual corrections and real emission

@ (qg,gg) — ttX (numerically small)

NLO known for 20 years, has been much recent progress in higher-orders.
Relevant framework and status (fixed-order, parton showers, analytic

resummation, etc.) depends on observable.
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TOP PAIRS (PLUS STUFF) IN 3D [scuurz]

Loops

A

NNLO Ve

resummation
NNLO,;pr0x /
NLO v v v Legs
parton shower t tt+4,V,.H t+353, bb
effects v v
top decays in
narrow-width approx. v v
finite width
effects /
beyond # stable tops 3126
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FI1XED ORDER AT LO, NLO, NNLO
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TOTAL CROSS SECTION AT NNLO IN FIXED ORDER:
STEPS FORWARD

~NNLO

_ A RR
Owtrx — O

VV + RV_+

o o

Many partial results in fixed order

e 5VV: Czakon, Mitov, Moch; Bonciani, Ferroglia, Gehrmann, Maitre,
Manteuffel, Studerus; Kniehl, Korner, Merebashvili, Rogal ...

(4] 6RV>(1400p tf%—j) Dittmaier, Uwer, Weinzierl ’07;
Bevilacqua,Czakon, Papadolpoulos, Worek ’10; Melnikov, Schulze ’10;
Gehrmann-De Ridder, Glover, Pires ’11

@ &BR: Czakon ’11; Abelof, Gehrmann-De Ridder ’11
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TOTAL CROSS SECTION AT NNLO

Total cross inclusive cross section now known at NNLO!!!
[Baernreuther, Fiedler, Mitov, Czakon '13]
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LHC 8 TeV: m,,,=173.3 GeV; A=0
MSTW2008 LO; NLO: NNLO

Concurrent uncertainties:
Scales ~3%
pdf (at 68%cl) ~2-3%
O (parametric) ~1.5%
m,,, (parametric) ~3%

Soft gluon resummation makes a difference:

5% -> 3%

@ first ever NNLO calculation for 2—2 process

@ allows full use of impressive precision on experimental cross section

@ many applications possible: m; extraction, as extraction, PDFs, etc...

@ expect NNLO differential cross sections and Arg sometime in near future...
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OUTLINE

1) Top-quark pair production: some basics and the total cross section
2) Boosted top production: exploring a new regime at LHC

3) FB and charge asymmetries at the Tevatron and LHC
@ observables and SM calculations

@ new physics
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TEVATRON VS. LHC: DIFFERENTIAL CROSS SECTIONS

Tevatron /s ~ 2 TeV LHC: /s =17 TeV
100 _
™ 3 10 g_._ — data 3
= = L _._ I NLO(MCFM) ]
S \\\/E HOTY = [0 NLO+NNLL
3 " N § 10'| amas
& 8 5det=2‘051b" E
£ =102k -]
= g% ]
1+ L 7
3 10°
< S oy !
s ™ S [
© CDF data ij 0.5 =
B NLo s NNLL @ 1.5F =
SR SRS - I
003 200 400 600 800 1000 1200 (Q) 0.55 ] 1
Mz [GeV] 2 7 300 1000 2000
z m, [GeV]

e LHC has data in "boosted regime” M,z > my, p}- > my, etc

@ not just "corner of phase space”: important for new physics searches
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BOOSTED TOP PRODUCTION: THE COMPLICATIONS

Two problems arise for boosted production

1) how to find the boosted tops in the first place

2) how to calculate the production cross sections reliably
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FINDING BOOSTED TOPS: JET SUBSTRUCTURE AND
TAGGING

* In high pr regime, decay products of top are collimated
(overlapped objects, reduced combinatorics, large-area jets wi

* New techniques of identifying/reconstructing top are needed

— -

~ TAR<1 if top pr>350 GeV
fully resolved partially merged fully boosted

@ To the observer, a high-pt top is a fat jet

@ Inside, we can see substructure specific to top decays, use as tagger

e Many methods available, some of which are now being used/studied
at LHC
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RESULTS FROM TAGGERS (THEY WORK)

HTT (tight)

-

HTT (default)
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@ signal is top jet created from Z’ decay, background is QCD jets

@ methods work to varying degrees of efficiency
(in this plot top-right is "good”, so in this example HTT = HEP tagger [Plehn,
Spannowsky, Takeuchi, D. Zerwas] is best )
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WHEN FIXED ORDER FAILS: BOOSTED TOPS AND
LARGE LOGARITHMS

Consider very large pair invariant mass where 7 = Mtzf/s —1

do déj;
Fve (s, me, Myz) = Z/ fi(7/z, 1r) I\/I:;(Z’ my, M, fir)

Ldx
ﬁj(yvﬂf): 7ﬂ'/h1(x7uf) 6’//12()//)(7#7()
y

Two kinds of large logarithms appear:
o soft logs: In(1—2z) (z= M%/3)

@ small-mass (collinear) logs: In m;/ M

Fixed-order perturbation theory fails if, e.g. asIn(m:/M;z) ~ 1

Can use effective field theory to factorize scales and resum large logarithms
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QCD MADE SIMPLE

Interplay of soft and collinear emissions is characteristic for high-
energy processes. In both limits interactions simplify:

e Collinear limit, where multiple particles move in a similar
directions

w N e @

e Soft limit, in which particles with small energy and momentum
are emitted. Eikonal interactions.

= %
At the same time the cross sections are enhanced in these regions.

All resummations rely in one way or another on these simplifications
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FACTORIZATION FOR BOOSTED TOP PRODUCTION
[FERROGLIA, BP, YANG ’12]

When m; < M and (1 -2) <1

o~ T{H(M.1)S(M(1 — 2). 1] & Ch(me b1~ 2).) + 01~ 2) +0 (i)
o

cross section completely factorized into one-scale functions
@ starting point for NNLL resummation of both types of logs

@ all functions are known to NNLO: most complete approximation to date

@ factorization and resummation for pr >> m; has also been worked out [Ferroglia,
Marzani, BP, Yang '13]
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FIXED ORDER VS. SOFT GLUON RESUMMATION

S 10 {s=7TeV NLO leading
g r IYNNLO approx.
8 1 ZINNLL
g
S 10t
= 10
'8 107 ¢

10°F

-4 b
10 1 ) 3

o fixed order converges well at smaller M
o fixed order does not converge at higher M and resummation is mandatory

@ NNLL is soft-gluon resummation only, resummation of In m;/M terms can
be included using results of [Ferroglia, BP, Yang '12]
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ELECTROWEAK CORRECTIONS

o electroweak corrections to total cross section are small; ~ 1 — 2%.
@ but can have sizable effect on boosted production [Kuhn,Sharf,Uwer '06]

o T T T T
LHC
M, = 1000 GeV
5 i
M, = 120 GeV
10 | i
doy o doo o
dMm,, / dM, %]
-1 5 L 1 1 1 1 ]
1000 2000 3000 4000 5000
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NLO MC EVENT GENERATORS

[Frederix Top2013]

# The most important development is that NLO
computations, matched to parton showers, are now
completely automated:

# Sherpa + external tools and
# aMC@NLO (based on madgraphb)
# (In POWHEL many ttbar+X (X=W,Z,j,bb~)
implemented by hand)
Comments

@ obviously an invaluable tool for experiment

@ an important element of generators is parton shower resummation
(LL). would be interesting to compare in more detail with the NNLL
analytic resummations for boosted top production.
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OUTLINE

1) Top-quark pair production: some basics and the total cross section
2) Boosted top production: exploring a new regime at LHC

3) FB and charge asymmetries at the Tevatron and LHC
@ observables and SM calculations

@ new physics
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FB AND CHARGE ASYMMETRIES

Born level QCD graphs for pp(p) — ttX

q t g t g t q\:izP<f
q t g t g t q t

doBomn doBomn
ﬁ:et = fq{,(COS2 Qt), ﬁiet = fgg(COSZ 91—)

QCD amplitudes are forward-backward symmetric at LO in ag

@ FB asymmetries are small in SM, so the Tevatron measurements are a legitimate
hint at new physics

@ quantifying “small in SM" is challenging but important

BEN PECJAK (DURHAM) Topr THEORY 14.11.13 26 / 47



FB ASYMMETRY DEFINITIONS FOR TEVATRON

1) Top-quark asymmetry in frame i

Al — Nt()’ti > 0) — Nt(yti <0
"B Ne(yi > 0) + Ne(yi < 0

~—

~

@ frame-dependent quantity, usually measured in pp frame

@ at Tevatron N;(y) = Ni(—y) so FB asymmetry = charge asymmetry

2) Pair asymmetry (observe tt pair with Ay = y; — yr)

N(Ay > 0) — N(Ay < 0)
N(Ay > 0) + N(Ay < 0)

tt
App =
@ Boost invariant, but same as top-quark asymmetry in tt frame
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COMPONENTS OF Apg CALCULATIONS WITHIN SM

1) leading QCD contributions calculated in [Kuhn,Rodrigo 1998]

2) (mixed QCD)-electroweak corrections dealt with in [Kuhn, Rodrigo 1998],

[Bernreuther, Si 2010], [Hollik, Pagani 2011], [Bernreuther, Si 2012], [Kuhn, Rodrigo
2011]

3) higher-order QCD contributions estimated with soft-gluon resummation
@ [Almeida, Sterman, Vogelsang 2008] at NLL for A%EB
@ [Ahrens, Ferroglia, Neubert, BP, Yang 2010, 2011] at NNLL for AIE“EB' Ag’%
@ [Kidonakis 2011] at NNLL for AP%,
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SM RESULTS FOR TOTAL FB ASYMMETRIES

Theory: (NLO and NLO+NNLL use = m, =

173.1 GeV, MSTW2008 90% CL)

Ats [%]

AZZ (%)

NLO 7.32755 5 | 4.8170557%
NLO-+NNLL [Ahrens et. al.'11] 7.24759140.20 | 4,8879201017
NNLOapprox [Kidonakis '11] 5.2499
EW’'/NLO’ (x = m:) [Bernreuther, Si '10] 0.05 0.04
EW/NLO (u = m;) [Hollik, Pagani '10] 0.22 0.22

@ soft-gluon resummation moderate effect for puf = m;

o EW corrections turned out to be quite large!!

@ NNLO will be interesting...
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LEPTONIC OBSERVABLES

In real life, the top quarks decay (take dilepton as an example)

pp — tEX — (T4 4 jp + jp + - - 4 EISS
Can also define lepton asymmetries

A,- . Ng+ (}/gi+ > 0) — Ng+ (yé.Jr < 0)
FB — i i
N+ (y£+ > O) + N+ (y£+ < O)

The asymmetries (with acceptances) can be obtained with NLO4+EW
calculations [Bernreuther, Si '12] (in on-shell approx.)

Alp =3.8(3)%, Aty =4.8(4)%
@ full NLO calculation with off-shell top-quarks shows corrections to on-shell

approx. are small [Bevilacqua et. al. 2010]

@ measurement of leptonic asymmetries with acceptances is a good
consistency check on tt-level results
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CURRENT STATUS: THEORY VS. EXPERIMENT

tt Inclusive Asymmetry

CDF 9.4 fb™

" 164:47%
Lepton+jets
L

D0 5.4 fb™

19.6 £ 6.5 %
Lepton gqn Asymmetry

CDF 9.4 fb™
—— 9.47)7 % (extr.)

Lepton+jets D0 9.7 fb™

—— 4.7+ 2.6 % (n|<1.5)
Dileptons =———#—— 44+ 3.9 % (extr.)

Lepton dn Asymmetry

Dileptons ® 12.3 + 5.6 % (extr.)

Bl‘lnwulhqr & Si, Pllyx Rev., PBG (201{) 034026l
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DIFFERENTIAL ASYMMETRIES

o Definition of forward-backward asymmetry of an observable O

dO’t{- . thf
i dO do
A't:tB(O) _ Ay>0 Ay<0
dgtf + dO’tf
do Ay<0 do Ay<0

@ Arg is ratio of expectation values
— conventional scale variations by factor 2 will largely cancel for
uncertainty on Arg
= use different functional forms of the scale definition that behave
differently in Ay > 0 and Ay < 0 for a realistic estimate of
uncertainty
@ applies to other ratio observables, e.g. normalized observables, as well
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MEPSQNLO VvS. DATA FOR DIFFERENTIAL
ASYMMETRIES [Hoecur, HUANG, LUISONI, SCHOENHERR, WINTER 2013]

Transverse momentum:

Transverse momentum dependent forward-backward asymmetry

= o3[ R R RS e
£ [ Reconstructed top ]
= [ —e— CDF data
< o2l Phys. Rev. D87 (2013) 092002 |
01
°
0.1
—— MErs@NLO Heore = HQCD
[ perturbative uncertainty
b = MEPS@NLO Heore = My
o2 perturbative uncertainty
Y S I [

o 10 20 30 40 50

60 70
Pr [GeV]

[nvariant mass:

Mass dependent forward-backward asymmetry

< o7 R RRRERERRS i
E " Parton level
B +
6 -
S %0 —— CDFdat
[ Phys. Rev. D87 (2013) 092002
055 |-~ MEPS@NLO pcore = Mocp

perturbative uncertainty

T

—— MEPS@NLO jicore = My
04— perturbative uncertainty

—— *f

G50 400 450 500 550 600 650 700 750
[Héche et al, PRD8S (2013) 014040] iy [GeVl

@ longstanding 2 — 30 discrepancy at high M,z remains

@ note importance of estimating scale variations with different

functional forms
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CHARGE ASYMMETRY AT LHC

At LHC pp initial state is symmetric so Apg = 0

But N:(y) # Nz(—y), so charge asymmetry is not Agg, and even though

pp _ Nf(yt > 0) - Nf()’f > O) _
charge " Ny(yr > 0) + Ne(yz > 0)

rapidity-distributions of t and t not the same locally, due to same partonic
graphs which generate App at Tevatron

@ simplest way to study LHC charge asymmetries is with rapidity cuts
(intuitive picture in next two slides)
@ optimal way to study LHC charge asymmetry depends on theory

model, integrated luminosity and/or +/s, and systematic errors in
different regions of phase space
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RAPIDITY DISTRIBUTIONS AT TEVATRON AND LHC
(SCHEMATIC)

Tevatron

/

d(f/dyg//
/

/
/

/

/,

do do

dy: d_y;

do do

o dyt dyz

@ total charge asymmetry vanishes at LHC, but asymmetry with cuts doesn't
because t-quarks are more forward than t quarks [Kuhn, Rodrigo '98]
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CENTRAL AND FORWARD CHARGE ASYMMETRIES AT
LHC

Central charge asymmetry

Nf(|y| < ycut) - Nf(|y| < ycut)
Nt(lyl < )/cut) + Nf(lyl < )/cut)

AC(YCut) -

Forward charge asymmetry

Nf(|y| > )/Cut) B Nf(|y| > )/Cut)
Nf(|Y| > )/cut) + Nf(|Y| > YCut)

AF(ycut) =
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REDUCING gg BACKGROUND

Can enhance charge asymmetries by making cuts which probe large x, where qg

luminosity is higher compared to gg (high Mz, pr, etc)
Two examples

@ central charge asymmetry (y < yc) with cut Mz > M2n
[Ferrario and Rodrigo 2008]

Vs —14TeV o ialey

my > B00GeY. -2

A
S (10f

o forward asymmetry (yc < y < y™2*) with large yc [Xiao et. al. 2011]
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QCD CORRECTIONS TO THE FORWARD ASYMMETRY

Ne(ly| > Yeur) = Ne(ly| > Yeut)

AF(}/Cut) = £
Nt(|y| > ycut) + Nl:(|.y| > .ycut)

@ QCD corrections can become important in corners of phase space

08

=7TeV -
1y NLo+NNLL [ Vs =7Te 1 Vs =7TeV NLO+NNLL [
° )
T NLO [ 2 °F No-
—~~
+ 8 N
8 = 04
S g 2
&-/ —
4 Q
niu Q< 02
2 S}
%o 15 20 25 005 15 20 25
Yeut Yeut

@ NLO very sensitive to whether 0/ expanded in a5, NLO+NNLL
more stable [Ahrens et. al. 2011]

BEN PECJAK (DURHAM) Top THEORY 14.11.13 38 / 47



THE ATLAS/CMS CHARGE ASYMMETRY

ATLAS/CMS definition

_ NQyel > lyzl) = Nye| < lyel)
N(lye|l > lyel) + N(yel < lyel)

_l X/}/max d| |/|yt d| _| d2o - d2c
o Jo TP e TP diyidlyel T dlyeldlye]

el |yl

@ probes antisymmetric part of cross section under |y;| <> |ys]

@ asymmetry is diluted by the gluon channel
= AM ~ 1%

e can enhance Ac with cuts to reduce gg background (high Mz, etc..)
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V. Shary | Charge Asymmetry Summary: LHC I

CMS 5.0 b, 7 Tev |

57+28%

CMS 5.0 fb™, 7 Tev
1.0+1.6%
Dileptons ATLAS 4.7 tb?, 7 TeVv
——23114%

Bernreuther & Si, Phys.Rev., D86 (2012) 034026: 8 TeV,
1 1 1

0 5 10
Asymmetry, %

1
15 ‘

LHC: no deviation from the SM prediction is
seen up to now, but precision is start to be
limited by the systematic uncertainties
(could be improved with more statistics?).

Further progress may be seen in measuring
asymmetries in the specific regions of ~
phase space (high velocity, high invariant tt
mass, ...).
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CHARGE ASYMMETRIES AND NEW PHYSICS

Two routes:
1) Focus on particular contributions/models: axigluons, Z’, etc.
2) Model independent EFT approach
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AXIGLUONS [WESTHOFF, TOP2013]

NEW PHYSICS IN S-CHANNEL AXIGLUONS

Constructive interference for
B Mg <2m:: ¢%-g4>0

[Tavares, Schmaltz, PRD84 (201 I) 054008]
B Mg >2m:: ¢%-94<0

[Frampton, Shu,Wang, PLB83 (2010) 294]

Towards UV _completion:

Chiral color breaking SU(3)r x SU(3)r 15./N SU(3)c

[Frampton, Glashow, PLBIO (1987) 157)

Anomaly cancellation and coupling textures imply new fermions.

) : [Bai et al, JHEP1 103 (201 1) 003)
Axi Q' uon constraints: [Haisch, Westhoff, JHEP| 108 (201 1) 088]

[Gresham, Shefton, Zurek, JHEP1303 (2013) 008]
- Dijet and top pair production BlIE, dijet pair production l
- LHC charge asymmetry Il
- Electroweak precision observables (EWP) ll
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AXIGLUON SURVIVORS

Heavy, flavor-sensitive:

g% =-g4~10g,

-

==t & dijet res.

05 10 15 20 25
Mg [TeV]

[Haisch, Westhoff, JHEP 108 (201 1) 088 updated]
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Light, broad, flavor-universal:

200 < Mg < 450 GeV
gl — gy UG

Flavor Universal, ['=0.2mg
08

Tey
Urop o

\TLag -

ATLAS AC

00

100 200 300 400
mg (GeV)
3 [Gresham, Shetton, Zurek, JHEP1303 (2013) 008]
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EFT APPROACH TO ASYMMETRIES

[Thanks to Celine Degrande]
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Odd (even) under q<q

No asymmetry from top-
gluon interaction

C.D., J.-M. Gerard, C. Grojean, F. Maltoni, G. Servant, JHEP 1103 (011) 125
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EFT APPROACH TO ASYMMETRIES

FB asymmetry
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PROSPECTS

[Westhoff, Top2013]

O CHARGE ASYMMETRY GOING FORWAIRE!
-- Asymmetry in QCD at NNLO

cross section complete  (czakon, Fieder Mitov, PRL 110 2013) 252004]

-- Rule out new-physics explanations
axigluons: dijet angular distributions, Z": semi-inclusive top observables

-- Measure charge asymmetry at LHC
need higher luminosity or/and new observables  (serge,westof: jHep1307 2013) 179)

-- Top charge asymmetry at LHCb

probe asymmetry in forward region (s etal.prLI07 @01 1) 082003)

-- Asymmetries of leptons from top pair production
exp. clean and sensitive 10 NP fxon et al, PRO84 (201 1) 074034 Falkowski et al, PRO87 (2013) 034039]

-- Bottom-quark charge asymmetry

probe flavor structure of NP models  (Grinstein, Murphy, PRLI 11 (2013) 0620031
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SUMMARY
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Top physics is multifaceted, look forward to new results from LHC14
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