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CP-Violation in the Renormalizable Theory

of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are

also discussed.
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Standard Model in 1978

» b-quark discovered (77) and its iso-spin is
measured.

» To complete the third generation = the weak
isospin partner of the b-quark.

Three Genera tions
of Matter (Fermions)
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Gauge Bosons

Leptons




(right handed b-quark)

Weak Isospin of b Quark and its Partner

Schaile, Zerwas 1992, PRD 45, 3262

V> vector coupling

A = Axial coupling

['(Z—bb)

If V., A, known

—> Extract couplings of the b-quark using A,
and I measurements.

\ Az (b)= 2 2VeA_ 2VA,

L0 0.5
3

(left handed b-quark)

|

All measurements meet at:
[I3Lr |3R] = ['1/210]

G.M,
2

_ZVe2+Af V:+ A
\F

(z—bb)= (v +4;)

2

- Isospin partner with
[I54 15R] = [+1/2,0] should exist.




Quantum Fluctuations Seeing Invisible
Particles

 Heisenberg uncertainty principle implies

— Particles can be created from nothing (for a short period of time) w/o
the necessary energy supply (virtual or off-mass-shell particle).

* Tree level SM processes modified by radiative corrections.

* |Indirect effect of the top quark (and Higgs) observable
— even if the collider energy is not sufficient to create the real particle.

f W
v,ZIW ~ v,Z/W Y.Z/W Y.Z/W
f/f

W/y,Z
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H ,,’ ‘\‘
W Z/W Z/W
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Top Quark’s Effect at /s =100 GeV < m,

A
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100_4 L T T
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Al(:)é One of the most critical tests of the

standard model!
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" |ndirect measurements showed the existence of the top
qguark and predicted its mass precisely before it was
discovered.



The Discovery of the Top Quark at the Tevatron

with O(10) events.

CDF, PRL 74, 2626 (1995)

=

2 7 3 + Decay lifetime of secondary vertex tags
TN o N .
s 7 oo i " for W+>=3 jet events.
1 " R —> Consistent with the prediction for b
5 hmes decays from ttbar simulation.
E_ o a202020 020202020 %%4 > B
oL N == Signal consistent withff — W bW ™b
1 2 e —— . . . .
Number of Jes and inconsistent w/ the background prediction.
Circles:
Before b-tagging ° 3.F
| W 0" (Vs =18 TeV)= 6874 pb
. R
;: 3 [ [W+>=4 jet CDF
3 m,~ =176+8(stat.)x10(syst.) GeV
SR Rl e, ot _ Dashed:
080700 120 140 160 180 300 T30 20360 5%0 BaCkground+ ttbar S|mU|at|0n 8

Reconstructed Mass (GeV/cz)



The Discovery of the Top Quark at the Tevatron

DO, PRL 74, 2632 (1995)

with O(10) events.

N§ (a) Standard || (®) Loose Signal consistent with
8 4- selection T N | selection rt =W bW b
\

S o and inconsistent w/ the
@ \ 2N background prediction.
I= AN SN

2 N ’ NN

=0 T e S

100 200 100 200

Fitted Mass (GeV/cZ)

o> (ﬁ ~1.8 Tev) —6422pb

1t

m’° =199" ) (stat.) = 22(syst.) GeV



The Top Quark

* The most massive particle known to date (m,~173 GeV).

LEPTONS

0 Electron Neutrino Muon Neutrino Tau Neutrino
Mass ~0 ~0 ~0
-1 Eleciron Muon Tau
Sl 105.7 1777
+2/3
-1/3

Quadt, EPJC 48, 835 (2006)
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Quantum Fluctuations =2 Higgs Boson

t H
e.g. ° :
W P W W : g W HW: Read the
‘ \ Nobel lectures of
FVVA VYV 20090020  tHooft and
f Veltman (1999)
2
Ap=(p-1)xm, Ap «<1In(m,)
Propagator for fermions a 1/q Propagator for boson a. 1/g?
(Dirac equation) (Klein-Gordon equation)

Mé/ =p(Mé‘1;ee—level)2 w/ p=1+Apt+ApH Veltman,

2
2 m
Apt ~ GFmt AIOH ~ GFmVZV log_lzi

My
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M,, [GeV]

Precision Measurements of Top and W = Higgs

Electroweak fit before

Higgs discovery:

mH = 9433 GeV consistent with measured m, within 1.30.

The Gfitter Group, M. Baak et al., EPJC 72, 2205 (2012)

http://project-gfitter.web.cern.ch/project-gfitter/History/
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Quantum fluctuations showed the existence of the Higgs boson and predicted its
mass precisely before it was discovered.

The most critical test of the standard model!
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Top Quark Yukawa Coupling

The largest among the fermions — special role in electroweak
symmetry breaking?

- Top-Higgs boson coupling hasn’t been directly
measured yet.

13



Top — Higgs Coupling
Test fermion mass generation

9
LU L N
: > ..... H.. rtH
vt
g
Y (} {
T AW . j
ekl <~r I_[< Four-top
¢ t
- TWWWW 9
{

Indirect direct
14



Top Quark Properties

" Top quark has a very short lifetime

o DT e TP 7, ~107"5s

t 2
Ft AQCD AQCD

7, < T(hadronization) < T (spin - decorrelation) << T,

- N\

Spin effects propagate

No hadronic bound states
to decay products.

- Behaves like a bare quark
—>Top quark properties “directly” accessible (mass, V,,, spin,
charge, vy,, ...)

15



Top Properties

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

t 1(JP) =0(37)

Charge = % e Top = +1

Mass (direct measurements) m = 173.21 + 0.51 + 0.71 GeV [2.8]
Mass (MS from cross-section measurements) m = 160:2 GeV [3]
Mass (Pole from cross-section measurements) m = 174.6 = 1.9 GeV
my — m; =—02+05GeV (S=11)

Full width [ = 1.417012 Gev (S = 1.4)

r(wb)/r(Wgq(qg =b,s, d)) =0.957 +£0.034 (S=15)

t-quark EW Couplings
Fo = 0.690 = 0.030
F_ = 0.314 + 0.025
F. = 0.008 + 0.016
Fv_,_A < 0.29, CL = 95%

[WIYS9[qe1 SyuaIu0d/59]qe3/S10¢/A0S

p
t DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
t— Wq(g =0, s, d) -
t— Wb -
t — fyganything [cd] (9.4+2.4)% -
t — vq(g=u.c) [e] < 5.9 x 10—3 95% -
AT = 1 weak neutral current (T1) modes
t— Zq(g=u.c) 1 [fl<5 x10~% 95% - + Cross sections, asymmetries,
t— Hg <56 x 10—3 95% - . .
t - £+gq (g=d.s.b; ¢=u.c) <16 x 10—3 95% - spin correlation, ...
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Top pair production through QCD interactions.

9 oo—>— t 9 t g t q t
9 000 —— t g t g t q t

o(ff)~830 ppb @ 13TeV 0, ~3x0;"

Powheg+Pythia8 {s=13 TeV
8 = Sensitive to PDFs, a,, m,

S
7% = Backgrounds to Higgs and
many new physics searches

17



Top pair production through QCD interactions.

9 oooooy—— ¢ 9 t
S N . SR
9 00— g t 9 t q t

)

U(t?) ~830 pb @ 13 TeV o2 ~3x 0"

tt
Top Pair Branching Fractions

"alljets™ 46% m

l+
tHets 15% ’

ctiets 15% ) b
"dileptons” "lepton+jets™

18



Electroweak single top production

-u((i) d(i) b t u t
w+ Wtb b W+
b t g W d b
t-channel tW-channel s-channel
~220 pb ~72 pb ~10 pb

CT137%¥’ ~422ufi><43787bv7

t—chan t—chan

= Sensitive to Wtb vertex (V-A coupling), b- and u/d-PDFs.

+ V-A coupling: cross sections, W boson and top quark
polarizations.

= Backgrounds to Higgs and many searches

19



Top Quark Signatures and Backgrounds

A " Lepton+jets channel
+ A high p; lepton

¢ 2 4 high p; jets (2 of which
are jets from b-decays)

+ Missing transverse energy

" Main backgrounds:
o tt other, Single top, W+jets

20



Top Quark Signatures and Backgrounds

= Dilepton channel
+ Two high p; leptons

¢ 2 2 high p; jets (2 of which
p are from b-decays)

‘@ W— —_
~.~<) v
g_

" Main backgrounds:
o tt other
+ Single top
o W/Z+jets

+ Missing transverse energy

- Fever number of events
— But purer
— Best channel: ep

21



Top Quark Signatures and Backgrounds

" Main backgrounds:
+ QCD multijets

= All-hadronic channel

¢ 2 6 high p; jets (2 of which
are from b-decays)

- Possible to fully reconstruct
the event (i.e. no neutrinos)
— But larger uncertainties
compared to other channels
due to multiple jets
— Jet energy scale and b-

tagging.

22



~Plan for the Lectures

= Top quark production and Event Modelling
= Boosted top

=  Questions & Break

= Top quark mass measurements

= Asymmetry measurements

= ttbar spin Correlation

= Top quark couplings

= Questions

Example results/plots taken from top quark public pages of Tevatron and
LHC experiments (experimental view and most examples from CMS):

ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
CDF: http://www-cdf.fnal.gov/physics/new/top/top.html
DO: http://www-d0.fnal.gov/Run2Physics/top/top public web pages/

23



Cross section Extraction

Total Inclusive cross section
— count signal events:

Nobs - kag

0= (Axg)xBxL

A: Acceptance (depends on PDF, and other modeling
uncertainties, e.g. renormalization and factorization
scales)

€: Selection efficiency for events in acceptance
(affected by the errors in triggers and reconstruction)
L: Integrated luminosity

B: Branching ratio

24



Cross section Extraction

Total Inclusive cross section
— count signal events:

/

N ops = Ny

0= (Axg)xBxL

A: Acceptance (depends on PDF, and other modeling
uncertainties, e.g. renormalization and factorization

scales)

€: Selection efficiency for events in acceptance
(affected by the errors in triggers and reconstruction)

L: Integrated luminosity
B: Branching ratio

Differential cross sections:

“Unfolded” to correct for detector
effects (bin-to-bin migration) and
acceptance

= To particle or parton level

= In full or fiducial phase space

Response matrix

-

ld(f 1 E ij ObSJ bkg,j]
odX o Al. (Axe).

Bin width

25



Top Pair Cross Section at Vs = 13 TeV in the en Channel

° 2.2b" (13 TeV) w 2.21b" (13 TeV)
= CMS e’ . Data = ' CMS e"u” + =2 jets .+ Data

<]>)1 0000 Preliminary [ tt c|>J1 0000_ Preliminary [ ] it

2 B Non W/Z o B Non W/Z

© VW +ttv | © VV + ttV

2 W g W

g 5000 [ ] Z/’Y* — etux :E) 5000 [ ] Zly* — eiuf
Z Z

_.
- »O

!

Data/MC

o
=)

(I) “I é 3 >4 >3
Number of jets Number of b jets

= Cutand count
+ Select eu pair with >= 2 jets and >=1 b-tag

TOP-16-005

o (mt =172.5 GeV) =793 = 8(stat) = 38(syst) = 21(lumi) pb

- Consistent with NNLO+NNLL prediction and other measurements from ATLAS and CMS.

- Already dominated by systematic uncertainties:
- Luminosity, efficiencies, jet energy scale
— Effect of generator choice on acceptance (POWHEG vs MG5_aMC@NLO)

26



Production Cross Sections from Vs =2 to 13 TeV

E | I I I | I I I | I I 1 I | I I I | I I I | I I I
- Tevatron combined 1.96 TeV (L < 8.8 fb" .. _|
= o COMS 61502 TeV (L = 26 pb” () ' cms Preliminary June 2016
cC m CMSeu7TeV(L=51f"
(@) 3| 0O CMSl+ets 7 TeV (L=2.31b")
- 1 O — v CMSalljets7TeV (L =3. 54 fb™)
Q — o CMSeu8TeV(L=19.7")
O ~ 4 CMSl+jets8TeV (L=19.61b")
n 0 CMSallets 8 TeV (L=18410")
7] I~ A CMSeui13TeV (L=43 pb 50 ns)
2 ~ & CMSen13TeV(L=221b",25ns) e e e
e x CMS I+jets 13 TeV (L = 42 pb ) I Effect of the beam energy
(&) ~ % CMS all-jets 13 TeV (L=2.53 fb™) - uncertainty: 12pb 1 7
Yo 1 OOO— (not included in the Figure) —
o 2 - | 4
O 10°F - —
> — . pmTTm = -
= — B LR * . —
g . — 800_ o | ]
e - PP b R s B i
< = 600'_|:| NNPDF3.0 .MMHT14__ -
B B NNLO+NNLL (pp) [WlcTia [Jaemizr ]
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV]
— NNPDF3.0, m _=172.5 GeV, a(M,) = 0.118 x 0.001 [*c: (M,)=0.113] —
B | | | | | | | | | | | | | | | | | | | | ]
2 4 6 8 10 12 14
Vs [TeV]
eu channel

o 13 TeV top pair cross section measurements: already at NNLO + NNLL

precision.
¢ Run | legacy measurement precision: ~3.5%.

arXiv:1603.02303
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LSP mass [GeV]

Top Squark Pair Production

(X1 ) + M, —— O (and ttbar spin correlations)

more sensitive than standard SUSY searches
for low m()?lo) and m(t) ~ m

t
Tt production, T t 5‘(0 /c 5’(0 Simplified model with two parameters:
700||||||||||||||||||||||||||||||||||| ~ ~O
_CMS —— Observed m(t)am(Xl )
s00L\Vs = 8 TeV - - - Expected

—— SUS-13-023 0-lep (2 body decays) 18.9 fb™'
e SUS-14-001 O-lep (2 body decays) 19.4 fb™'
SUS-13-011 1-lep (2 and 3 body decays) 19.5 fb™'
= SUS-14-015 1,2-lep (2 and 3 body decays) 19.5 fb™
- = SUS-14-011 O-lep (Razor) + 1-lep (MVA) 19.5 fb™
—— SUS-14-0110,1,2-lep (Razor) 19.3 fb
SUS-14-001 Monojet (t— ¢ % ) 19.7 b
e SUS-14-021 1-lep (4 body decays) 19.7 fb™'
m— SUS-14-021 2-lep (4 body decays) 19.7 fb™'

500

arXiv:1603.02303

400

m(i;%) =1 GeV)>189 GeV

300

m(f; %)) €185-189 GeV

200

100 ¢

y |IIII|IIII|IIII
?OO 2000 300 400 500 600 700 800
stop mass [GeV] 28



Single Top Cross Sections — Current Status

3‘ E T . T T T T T . | | E
2 E Single top-quark production = .
> . | 1 = All single top
_Inclusive cross sections § - Kk ducti
S E modes measured
_ s-channel (pp) - at Run I.
10 = —
= s-channel (pp) 3
1 =
= NLO+NNLL, PRD 82, 054018 (2010) =
L NLO+NNLL, PRD 83, 091503 (2011) 4  CMS, PRL 110, 022003 (2013) ]
1 B v Tevatron, arXiv:1503.05027 [hep-ex] ®  CMS, PRL 112, 231802 (2014) ]
10 = 4 CMS, JHEP 12, 035 (2012) ~— NLO+NNLL, PRD 81, 054028 (2010) 5
- = CMS, JHEP 06, 090 (2014) v Tevatron, PRL 112, 231803 (2014)
~ ® CMS, TOP-16-003 (prel.) B CMS, arXiv:1603.02555 [hep-ex] 7]
-2 | | | | | | | | | | |
0% "3 4 5 6 7 8 9 10 11 12 13 14
(s [TeV]

= Single top t-channel cross section at NNLO precision
+ Theory uncertainty ~1%

¢ Measurement uncertainty
e ~10% at 8 TeV (with 20 fb)
 ~15% at 13 TeV (with 2.3 fb?) 29



Single Top Cross Section at Vs =13 TeV  [forisos

= Eventselection: 1y, 2 or3jets, 1or 2 b-

jets.
= Signal from binned likelihood fits to MVA
discriminators with n;, m,,, m;,, m¢(W), ...
in different categories.

2.3 1" (13 TeV)

(\! TT T T TTT T TTT] [Hw“bya%ayyw”‘
. .

© 5000 CMS Preliminary el -
2} 2j1t region oti, tw
< J EW/Z+ets T
2 4000 JQCD (DD)
w \ \ S Post-fit unc. 1

1 -08-06-04-02 0 02 04 06 08 1
MVA output

© c
T 5% ST
a

" u

O, (14+7)=22789.1(stat) 14 O(e‘,)(p)+287 (theo)%6.2(lumi) pb=227.8"; pb

Vil

‘fV tb

O

N,

M. Aliev et al. arXiv:1007.1327

Zech _1 02 +0.07 (exp) = 0.02(heo)
O'

7+8 TeV 2 6y, =4%

Result dominated by signal
modelling and QCD scale
uncertainties.
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(Top Quark) Event Modeling

o2 *. decay (of unstable
o » 1
o ""partlcles)
- Y 1.1.1..( ."
RSP |
L8 0\0) y Hadrbqlzatl Ofe

Proton

Gleisberg et al. JHEPO2 (2004) 056
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(Top Quark) Event Modeling

Proton/ Colliding Stable Measured
(anti-)proton partons Final state particles event
Lepton Lepton
Processes . .
neutrino Hadronizats Neutrino
—_ adronization detector
t b A Gen-J.et
b showering Gen-jet
u Gen-Jet
d Gen-jet
AN ——
| |
— pdf 2 pdf 2\ A A
O'pp—>t7 (S’mt) - 2 fdxl def; (xl’luf)f‘j ('XZ’Auf)O'ij%tT (S’mt’luf’lur’as (lur))
i,j=partons
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Top Quark Event Modeling

Oyt ()= Y [ o, 77 (3007 ) 7Y (30003 ) Gy (801,00, (1)

i,j=partons

i
i
i
Non-perturbat'ivei

showering/
D & hadronization

Perturbative in a,

factorization=>» PDFS(x,M;) ® 5(§,mt,,uf,‘ur,as (,ur ))

prarton < IJ'F

prarton > lJ'F

u, ~ O~ \/7 ~ /X, x,s (Q:energy scale of the hard process)

a(Q)

03

- inputs: m,, a,

and PDFs "

0.1

Sept. 2013
v T decays (N3LO)
® Lattice QCD (NNLO)
a DIS jets (NLO)

\ o Heavy Quarkonia (NLO) i
o e*e jets & shapes (res. NNLO)
® 7 pole fit (N3LO)

v pp—> jets (NLO)

— QCD ag(M,) = 0.1185 + 0.0006

10 Q [GeV] 100 10I00 33



Nucleon Structure

=  Hadron collider = parton collider

= f.(x,Q?) probability to find a parton to carry the fraction x of
the longitudinal hadron momentum at the energy scale Q2.

+ Intrinsic property of the nucleon = process independent.
o Parametrized by PDF sets.

Q?=10000 GeV? |

xf

| S0
PDF sets. @

- MSTWO08 68% CL

0.8

The quark sea: ,
~ Valence quarks emit gluon: 0.6 -
that in turn split into quark- 7
antiquark pairs.

B creossmesucL  xu,

determine the quantum

g (x 0.01) | numbers of the hadron.

04
N L

gl// & 0.2

10" 1

Valence quarks
> dominate.

sea quarks
dominate.

o
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Hard Process

= Calculation in perturbative QCD
+ LO - LO ME + Radiation from parton shower.

+ Multi-leg LO = LO + Additional partons in the hard process but
no loops + radiation from parton shower.

+ NLO = LO + Additional partons in the hard process including
loops (+ parton shower).

NLO and multi-leg LO neex matching/merging to the
parton shower.

35



Unfolding

e e & &
¢ & 4 4
% % o

Parton
Proton / Colliding Final Transfer  Measured
Antiproton Distribution Partons PTIOCaSSes State y Function Event x
Function
- lepton lepton
t neutrino PT
P f’ q W+jits b W(:, y) jet
= P:F - multijet b jet
P q -
u jet
d jet
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Unfolding

Proton)/ Colliding e.g. semileptonic ttbar Stable Measured

(anti-)proton partons Final state particles event

Lepton Lepton
neutrino Neutrino
b Gen-Jet detector

Processes

Hadronization

> .
showering Gen-jet

b
u Gen-Jet
d

PDF
——

E——

0.08 CMSSlm‘uIatlon \

The goal is to compare to
theory predictions (at the
particle/parton level).

selection efficiency
o
o
()]
T T T T T | T T T

bin of reconstructed Aly|

ANWA OO N®©

Commonly used L BN e ——
unfolding methods: bin of generated Al
iterative D’Agostini, SVD selection efficiency (non-diagonal)

— diagonal matrix bin migration matrix
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Top Pair Differential Cross Sections

= Test QCD description of the top quark (both as signal and background)
= Test and tune new MCs (NLO ME + LO PS MC)

107

14 F
12 F
1 F

Theory
Data

0.8
0.6

CMS Preliminary 2.2t (13 TeV)
_I TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTT I_
[ Dilepton ]
® Data
5:’1—#* —— Powheg v2+Pythia8 _§
. + NNLO 2016 prelim., arXiv:1511.00549 :
=5

L . |
| ! L1l ! L1l I - ! IIIIIIIIIIII I - ! - I |
£ B Stat. =
- Stat. ® Syst. =

+

1 + [ T

+ I 1 I ]

0 50 100 150 200 250 300 350 400 450 500
ptTt [GeV]
TOP-16-011

2.3 b7 (13 TeV)
CMS l+jets parton —+— data
Preliminary [ ] sys®stat
[ ] stat.
=F'=F=‘ — - Powheg P8
== ---- MG5_aMC@NLO P8
B —— —  — NLO+NNLL" arxiv: 1601.07020
= == NNLO Phys. Rev. Lett. 116, 082003
- —
E1 1 ! | M | | | ! | | |
400 600 800 1000 1200 1400 1600 1800 2000
M(tt) [GeV]
TOP-16-008

= Differential distributions described reasonably well.
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The Top Quark p;

= LHC Run 1 “discovery”: harder spectrum in LO/NLO+PS
predictions than in data.
= NNLO+NNLL - significantly better description of top p-.

= First results at 13 TeV: similar behavior.

L | CIIMISI P(elllimirzalr.l}/l TTTT TTITT TTITT TTTT T |1|9|.7 lf?-l1 l(8 I-II-eIY) CMS Pre/iminary 2'2 fb-1 (1 3 Tev)
1'_> E I I I I I I I I I : |1__| 1 0-1 E_ T T T T | T T T T | T T T T | T T T T | T T T T | T J—E
D 0.007]— CMS Dat - ' - Dilepton ;
Q) C == e MADGRAPH+PYTHIAG I-HMLM ] % C P * gatah — ]
o aoak N MGS aMG®NLOYPYTHIAS [FxFx 0 TOP-16-011 owneg 2w yinas T
~~"0.006]— -k Po‘?v:EG v2+PY;HIA8 8 [Fx x]_ e 10_2 B ~dble m  Approx. NL\JLO JHEP 01 (2015) 082 _
O C —r— :ﬁg’gﬁfgﬂgg&v‘{\giﬂf ] Bl =~ A Approx. N°LO PRD 91 (2015) 031501 J
-8 0.005— —+— NNLO prediction - S _8- v NLO-+NNLL' arxiv:1601.07020 .
B C ] + NNLO 2016 prelim., arXiv:1511.00549 |
~ I n
- ] —|0
— 0.004=%__ = 100k 1
0.0031~ TOP-15-011 - ]
- : - 10% £ E
0.002~ Lepton+jets -k :
E E | | | :’E | ]
0-001 __ __ B | | IStI t' | | | | | | | | | | | | | | | | | IT | ] | I_
C ] C at. ]
m :I 111 | 1111 | 1111 | 1111 ! Ii 1 ! 1111 ! 11 || + t = { " ': a (U 1 -5 __ Stat. @ SySt. . __
| N . 3| - [
D. s 21 -y 4 A+ + v 1 el (@) - |
) a 0_—‘47* L Ay L * * x —~ 1 |
oo + o X - _
§ _2 _- B 1 1 1 1 1 3
A . . . . . . . .
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500

pl. [GeV] pt [GeV]
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Theory
Data

Jet Multiplicity at Vs =13 TeV

Low jet multiplicities = Sensitive to Matrix element and matching to
parton shower.

High jet multiplicities = parton shower

tt+jets important background to ttH. arXiv:1510.03072;
Rivet: CMS_2015_11397174

CMS Preliminary 22" (13 TeV)

» I I I I I @2 T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T ‘ T =
E kR :
g o | . = S f
= - Dilepton P> 30 GeV, hf*1 <2.4 T i h y
S ol - Data . £ e a" =0.115] -
E —— Powheg v2+Pythia8 ,_g | s |
i -.-.- Powheg v2+Herwig++ 1 2
1k - - - MG5_aMC@NLO+Pythia8 [FxFx] | 5 o1l ST _
: -+ MG5_aMC@NLO+Pythia [MLM] 3 - B CMS data 19.7b (8 TeV) dile ptO n -
L - arXiv:1510.03072 _
10_1 L : ..... SRR :
e E POWHEG+PYTHIA8 CUETP8M1 ——— 1 —— —
i 1 i alR = o0.11 ]
- | TOP-16-011 | 0 @ hesesae s oo ]
102%F = 1072 [ 77 & =0.096 t——
F E F ---- af® =o0.137 b-—————3
| | | R RN R R
- 1 1 t - t t = 1.4 — —
1.4 [ I Stat. | = o - -
1o B Stat.® Syst. = g2 N -3
E E o 7
E D 1 = = =
= = 08 - D P— —
06 ) ) ) ) . = 0-6 EL oo b e b by B
2 3 4 5 =6 2 3 4 5 6
N Nies pr > 30 GeV

jets

New ME generator + PS codes in Run |l

Predictions overshoot the data for jet large multiplicities when out
of the box parameters are used (in Monash-based tunes).

First ﬁX: aSShower Monash Tune: Skands, Carrazza, Rojo, EPJ C 74 (2014) 1
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Boosted Top Pair Production [

High top p; or high my, ..

Resolved topology: ; W
Each parton matched —— Boosted topology:
to a single jet. W —> Decay products collimated
“fat jet”, R=0.8
~S
= Measurements at d icle level Miet ~ Miop
parton and particle levels.
19.7 b (8 TeV) 19.7 fb” (8 TeV)
S\ 105- L I I I I 3900:"'|""|""|""|""|""|""|""|""|"'
3 CMS ¢ Date o . < 8oop- CMS A :
Fo---- —— Powheg+Pythia 7 = ' !
3 — - - - - MadGraph+Pythia6 i % 700F- — |
= | — - MC@NLO+Herwig6 g n ___*__
o 1 —* Stat. uncertainty — © 600E %—
o E == Stat. ® syst. uncertainties J 500 1====- F----=
o} - - —— ] E
N R . 400F- B S —
B —T— N E ¢ Data
101 b | 300 — Powheg+Pythia6
= 3 200:_ - - - MadGraph+Pythia6
- ] = — = MC@NLO+Herwig6
C 7 CR— Stat. uncertaint
L T 100: Stat.ngyst. Iun)éer'tainties
e by by by by M B O_nnnln.nnl....I....I....I....I....I....I....I...
S 15F T e 2L g - - ] & 15—
o T e S P © C SR E L ]
o :_I_'_:___I ] [ o :----- T
R e —————— : S = :
o) ] B C 7
o r (0] r ]
Q2 os5E . .. . . . . . e = osb o
~ 400 500 600 700 800 900 1000 1100 1200 = 2 15 1 05 0 05 1 15 2
Particle-level t jet P, (GeV) Top quark y
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Top Mass Measurements

» Basic methods &y

o Full invariant mass \/

reconstruction =2 The most f
powerful and standard \Q\
t

. . . b
+ Partial reconstruction using 4

D

variable correlated to top mass p ,*f
- less powerful but different t
systematic uncertainties

+ Indirect measurement through b
tt and tt+jet cross sections, ...
— top quark pole mass

JIWT

L 4

., aq

q
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estimator

Full Mass Reconstruction

General features:

+ Assign each jet to a top decay product
(constrained kinematic fits)

+ Fitto templates

+ Calibration of the method based on mM¢

—_ meas
_mt

o Determination of mM¢ (and JES
simultaneously) from data.

Main challenge: Jet reconstruction, Jet energy

scale uncertainties, modeling.

mm, =160 GeV
mmMc=170 GeV
mMc=180 GeV

y

mean m,

a-my+b

my

my

MC

-2AIn(L)

=>» JES calibration with dijet
and y/Z+jet events 2>
~1-3%

= <1% when complemented
with in-situ JES calibration.
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E.g. Full Mass reconstruction: The Ideogram Method

= Template method with multiple permutations (correct, wrong, unmatched) per event.
= All different permutations taken into account.
= Kinematic fit 2 improve mass reconstruction.

arXiv: 1509.04044

L 19.7 fl TeV . }
- 450009MS epton-+ets, 2 Ib (8 TeV) CMS Lepton+jets, 19.7 o (8 TeV)
(o)) £ -“ correct -V\;ng et ] L F T T I T T T T I T T ™
(5 40000F %tt wrong = Z++§tss 3 175) 1008 . 42D :
E tt tched QCD multij 3 . - -
2 35000: . Dautg:na one % Dibosn;ﬁ et i - * Hybrid .
g ZggggW y Before kinematic fit 1 1.007F ®1D E
5 20000, 1,006 -
g 15000F 1.005F =
D 10000k - ]
o E 1 . 4 L ]
5000¢ 00 s ]
©) E E E
g 1 5 L B e B e 0 T S s s B B e 1 003E E
© 1 1.0021 =
i - S S SRR SS S - ;
o 0 50 100 150 200 250 300 1.001E B
l, miee° [GeV] TOE ] CMS Lepton+1ets 19.7 fb" (8 TeV)
1? = %_) 12000 itt correct B Single't ]
CMS _Leptonsjets, 19.7 fb” (8 TeV) E FECYS 0 . Elttwrong =Pl ]
> 25000 p J — 172 1725 To) 10000? [ It unmatched 1 QCD multijet
@ - B correct =\?\;:|%Ites t 1 [ GeV] -~ I e Data 1 Diboson
r [ tt wrong ] » 8000 p . -
o 20000 [t unmatched 5%{ %t?nultiiet . rnt g [ After P, selection
g |+ Data I Diboson 1 = 6000}
2 15000k f After P_, selection | =
2 L £ 40001
© i 5 »
‘210000' . O 2000Ff
& 5000} ] S 150
o : s 1 ,
L ‘ © ‘ R R B
= 1"? | T o %o 200 300 400
© )
© 0.5 A m{"[GeV]
o 0 200 250 300 .

m(e° [GeV] 45



Summary of Top Mass Measurements using full Mass
reconstruction

ATLAS+CMS Preliminary LHCIOpWG  my,, summary,is = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]
stat ; : ' !
total uncertainty total stat
Migp = 173.34 £ 0.76 (0.36 = 0.67) GeV e, = total (stats syst) 5 Ref
ATLAS, l+jets (*) |—|—-—+—| 172.31+1.55 (0.75+ 1.35) 7 TeV [1]
ATLAS, dilepton (*) e 173.09+ 1.63 (0.64+ 1.50) 7 TeV [2]
CMS, l+jets ———— 173.49=+ 1.06 (0.43+ 0.97) 7 TeV [3]
CMS, dilepton I—|—°—|—-—| 172.50+1.52 (0.43+ 1.46) 7 TeV [4]
CMS, all jets —i—— 173.49+1.41 (0.69+ 1.23) 7 TeV [5]
LHC comb. (Sep 2013) - 173.29= 0.95 (0.35: 0.88) 7 TeV [6]
World comb. (Mar 2014) -+ 173.34 0.76 (0.36= 0.67) 1,967 TeV [7]
ATLAS, l+jets ——s—tH 172.3321.27 (0.75+ 1.02) 7 TeV [8]
ATLAS, dilepton - —— 173.79+1.41 (0.54= 1.30) 7TeV (8]
ATLAS, all jets ———— 175.1:1.8 (1.421.2) 7 TeV [9]
ATLAS, single top [ ] 172.2+2.1 (0.7+2.0) 8 TeV [10]
ATLAS comb.(:‘f;’;éf’;ﬁ. = 172.99- 0.91 (0.48= 0.78) 7TeV [8]
CMS, |+jets ot 172.35+0.51 (0.16= 0.48) 8 TeV [11]
CMS, dilepton ot 172.82+1.23 (0.19+ 1.22) 8 TeV [11]
CMS, all jets e 172.32+0.64 (0.25x 0.59) 8 TeV [11]
CMS comb. (Sep 2015) R 172.44+0.48 (0.13= 0.47) 748 TeV [11]
: [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded by results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
shown below the line H [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
T I R TN T NN TR SN - N N M Y N N NN N NN N
165 170 175 180 185

m,, [GeV]

= Precision 0.3% ~ 2y

= Dominant systematic
uncertainties: flavor-
dependent JECand b

jet modeling.
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(non-)perturbative effects that have different
kinematic dependences?

arXiv:1509.04044

= Study observables sensitive to color reconnections, ISR/FSR, b-quark kinematics.

CMS Lepton+jets, 19.7 b (8 TeV)

Measurement calibrated in each bin —

---- Color connection
Color reconnection

| o | _I T T T T T T | T T T T T T T T T | T T T T T T T T T l
. . > = e Data ¢ Powheg, Pythia Z2* -
Average from the inclusive measurement. 8 3F . MGsMS Pythiazz*  © Powheg, Herwig 6 —
S —_— B o MG, Pythia P11 * MC@NLO, Herwig 6]
Mo A 5 L A MG, Pythia P11noCR Sherpa

N o) —

M 2. T

\\\ E K

—— Color flow VY 1= =
I C
s

1
—

hyb

mt,cal
II|IIII|I |o

—%o—
II|IIII|IIII|IIII|IIII|I

o

’ | T I N A | | N I NN N N I N | | N T I S Y B |

2 4

0000

SN

(0))

AR

o)
el

- No indication of a kinematic bias.
N —> Statistics not yet enough to constrain
further some of the alternate ttbar models.
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Top Quark Mass - Definitions

= Free quarks not observable (confining property of QCD)

= All quarks except the top quark hadronize = Top quark
mass theoretical framework dependent.

= Two common definitions:

¢ Pole mass (See e.g. arXiv:9612329) /p2 =m, —il,/2

* Perturbatively defined

e Position of the pole in the renormalized quark propagator

* “intuitive mass” (directly related to the production rate of ttbar pairs)
 Suffers from ambiguities due to non-perturbative corrections.

* Ambiguity of ~Ayp
+ “Running (or short distance mass) mass” (m,Msbar)
* Renormalization scale dependent.

The two definitions can be related analytically with an uncertainty <~\q,

e.g. see Marquard et al. PRL 114 (2015) 142002
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Top Quark Mass Definitions

+ Monte Carlo Mass
* No straightforward definition in standard top mass measurements

* Direct top quark measurements rely on the complicated relation
between the experimental observable and m..

* MEs at fixed order (LO or NLO) QCD + higher orders by parton
showers Y

mY ¢ = mP" = m™ = m™*
t t t t
Top-quark pole mass measurements May 2016
DO o(tt), 1.96 TeV .
PLB(;get,)(zzn 1) 42ez —_— 167.50 *520 _, 7 GeV

MSTWO08 approx. NNLO
DO o(tt), 1.96 TeV

DO A TEY ey e 1805050 0o = With the current precision,

MSTWO08 NNLO

e e gy top-quark pole mass

MSTWO08 NNLO

ATLAS o), 748 ToV e 172507250 v measurements consistent
ATLAS tis] shape, 7 TV e 1727012 ;. oy with the standard
OIS olt) T48 ToV —e— 17330170, o measurements.

CMS tt+j shape, 8 TeV — @ 169.90 *452 , . Gev
TOP-13-006 (2016) ’

World combination
ATLAS, CDF, CMS, DO @
arXiv:1403.4427, standard measurements

| Il Il Il Il | Il Il
150 160

173.34 ¥0-76  _ GeV

L L |
170

1 1 180 1 1 1 1
m, [GeV]
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Recent Alternative Top Quark Mass Measurements

Invariant mass of the secondary
vertex w/ >= 3 tracks + lepton.

PRD 93 (2016) 092005 y
- 4
I )/
L [ 2
- "?
N
Sy
V a do
CMs 19.7 b (8 TeV)
© 18000F- e Data
3 oo m, = 166.5 GeV
© 16000 . m, =172.5 GeV
; 14000 ® o —m,=178.5 GeV
& 12000 3 aa
= .
& 10000 o
2 8000 " m, = 1‘%3 68
o
5 ’
8 =

Ratio wrt
172.5 GeV

g0 608000 150 40 ied 186500
m, [GeV]

Minimal experimental uncertainties.

Large dependence on fragmentation modeling.

M., mass:

b fragmentation
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Recent Alternative Top Quark Mass Measurements

Invariant mass of the secondary

vertex w/ >= 3 tracks + lepton. J/W+lepton mass

PRD 93 (2016) 092005 b TOP-15-014 7
~ ‘
| /'//
. ,// /// v
\ (
L,
v
s
o .
V a4 d, i/v

CMS 1 97 fb-1 (8 Tev) _ CTM§ ’:JreTI,n’{lnTar}/T T T { T T T T { T T T ;‘9{7 fTb-1T (BY TeYV)
) 18000; o Data E 100 j e/w/ee/up/eu + Jets channel "é T i
= Ciat m, = 166.5 GeV o L S 1
(o)} 16000E . 0‘ m,=172.5 GeV A L J o i

~ 140007 u b — m=1785 GeV < , 2
2 E | =] b2} 80— [‘ N
o 12000 | % = i
T j0000= 3 i i i
£F 4 Im, =1%3.68 - ‘ 4
8000[— o 60 — 170 180 —
§ - +158 L M (GeV)
O 6000 10.20(5‘?@)_0 v (syst) GeV L e ]
4000 = 3 10§ M, =(173.53 = 3.04) GeV |

C %o, 40 B

n
o
o
o O
L]
T T
T |

£3
(;Do 205 \ + N
ER oo 7. . +
30408080100 120140 60189 00 oL L L e BT
My, [GeV] M, (GeV)
Minimal experimental uncertainties.
Large dependence on fragmentation modeling.
M.,., mass: J/W+lepton mass:

b fragmentation Result statistically limited



Recent Alternative Top Quark Mass Measurements

Invariant mass of the secondary
vertex w/ >= 3 tracks + lepton.

: iO.ZO(safaJI;:Zj(syst) GeV,
"0,

PRD 93 (2016) 092005 b
- pd
1 ~ 4
o~
\\ /.
\\ /) S
N b
4
V & do
CMS 19.7 167 (8 TeV)
© 18000 e Data
3 oo m, = 166.5 GeV
o 16000E . . m, =172.5 GeV
; 14000 j o im‘:178.5GeV
& 12000 3 a;
= = o
T 10000F- . “
2 8000 d m, =193 68
8 6000

Events /(10 GeV )

100

80

60

40

20

0

J/W+lepton mass

TOP-15-014

i’

CMS Preliminary
T T T T

19.7 fo' (8 TeV)
T T T T T T

T { T T T { T T
— e/u/ee/unw/eu + Jets channel

T

] 5 ]
L ! 3 i
L + [‘+ k3 i
- 170 0 |
L + M, (GeV) |
- i N M =(173.53 = 3.04) GeV |
- Y |
E --r"‘x T B R 1 T‘"‘r. I B |
0 50 100 200

Minimal experimental uncertainties.
Large dependence on fragmentation modeling.

.
2000E" M
0 ol b b b b b by Ly O
t:%1.2r
EYO] ¢+
S 1 o%e000,0%° ¢
T F
™ o8F
vt v b b b b b b by by
20 40 60 80 100 120 140 160 180 200
m, [GeV]
M., mass:

b fragmentation

J/W+lepton mass:

250
My (GEV)

Result statistically limited

M, in single top topology

TOP-15-001

19.7 b (8 TeV)

> T T T T T -] @ data
8600 - c MS —| [l cnannel
2500l Preliminary H"'
~ tW-channel
” |
Ea00}- 0
o m, =172.60 | e
w | |

300 +0.77(stat)">" | .

200 *U. (S a )—0493 i .dlboson

- DQCD
100
250 300 350 400

m,,, (GeV)
O 2
S 1. ]
E b ° *e0°%0 . . est T [§T
§ tfppeeereteeetenta sty ot
0.5 ¢
900 150 200 250 300 350

Alternative event topology
Partially uncorrelated systematics
Different color flow—> check for

“unknown” syst.



o, [pb]

Top Quark Pole Mass from ttbar Production Cross

Section:

Opp—>t7 (S’mt) -

Fix o ,(m,) and PDF = Determine m ro'e

S [dn du, £ (x0) 77 (026 (St (1))

i,j=partons

Full phase space cross sections at parton level with full Run-l data at 7 and 8 TeV
in the most precise channel (ep).
Minimize theory x experimental likelihoods.
arXiv:1603.02303 Dependence due to efficiency and
280 acceptance depending weakly on m.,.
- N
~ Recall: 0= —2—"%
260____’";":' ____ (Axg)xBxL
240 - """""
- 19.7 b7 (8 TeV)
220
200E —0.4 It is harder to produce heavier particles.
O —— ) m; [GeV ]
160 5.0 (7 TeV) NNPDF3.0  173.8%]7
T P S U B WP B o o MMHT2014 1741737
170 171 172 173 174 175 176 177 178 CT14 1743421

m, [GeV]
Dominant uncertainties:
Luminosity, beam energy 53



The Top Quark Mass and the Electroweak Vacuum

1
eff 2 (2 4 4
VE & —5m ()67 (1) + ()™ (1) ~ AMp)d™ (1)
tI’L.Je fal.se ; When ¢(M) > v
0.10 ———T—TT 180
008 | M, = 125 GeV v: electroweak
) 30 bands in 178_‘ m|n|mum
_ M, =173.1 £ 0.7 GeV
S 0067 a,(My) = 0.1184 + 0.0007 >
& g
S 004- s
8 ‘ 2
‘g 0.02 - E
2 o0 5
T [ s
~0.02 - _
’ Stability
- M, = 175.3 GeV : ]
-0.04 o R . 168

L PR IS T TR S S S S IS S TN SO R SO W'
120 122 124 126 128 130 132

102 10 10° 108 10 10" 10" 10" 10'® 10%°

Higgs pole mass M;, in GeV
RGE scale z in GeV !

Planck scale

" The measured values of the top quark and the higgs boson mass
¢ SMis consistent and could be valid up to Planck scale.
+ Vacuum may be Meta-stable.

Degrassi et al. JHEP 08 (2012) 098,
arXiv:1405.6852
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% =

Fermilab

Tevatron

PP collider

Parity = changes the direction of
proton and anti-proton

Charge = changes the direction of
proton and anti-proton

CP symmetric 0,,, =0, .,

not C and P symmetric separately

Asymmetries at Hadron Colliders

PP collider

Parity = changes nothing

Charge - Makes LHC an anti-proton

collider.

Not CP symmetric O, , #0, .,
not C symmetric but P symmetric.
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Asymmetries at Hadron Colliders

PP collider (Tevatron)

Parity asymmetric

G- | memmme- >
1
1
1
1
—
p beam p beam

Allows the definition of a
forward (backward) hemisphere
based on the P direction.

PP collider (LHC)

Parity symmetric

B? , F?
| === =
)
1
I
1
- M >
p beam p beam

Does not allow the definition of a
forward (backward) hemisphere based
on the P direction, unless we consider
the Parton Distribution Functions (PDFs.)
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Asymmetry from Interference - tt

Interference: tree-level + box diagrams

(positive asymmetry)

t {
¢ q
g ¥ NS
t gq {

Interference: ISR+FSR
(negative asymmetry)

2

No asymmetry at LO

No asymmetry from gluon
fusion

At NLO: Interferences
between qq diagrams

g t

Q
|
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Asymmetry from Interference - tt

Kuhn & Rodrigo,
PRD 59 (1999) 054017

1o-ql 1 l l | 1 1 1 l | 1 ] 1

5 10

Only small contributions Vs (GeV)

from quark-gluon scattering

Hollik & Pagani
PRD 84 (2011) 093003

q 9 t
t
q qy 4t
qvf
qg 9 t

y q9 ~ 1 q v "

e N m q
E g 9 - "q 9 1
. ¢ 9t 4 9
E qg 7t g v !

= Significant (~25%)
contributions from

QCD-electroweak
interference terms.
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Asymmetry from Interference - tt

Tevatrond top

@ . gem anti-top
O——0
@ a
Tevatron: annihilation of >
two valence quarks (PDF Y
symmetric). Forward-backward asymmetry (Ag;)
@ @ LHC A top
@ @ > h @ anti-top
LHC: annihilation of one valence and a v
ti- k (PDF tri d
sea anti-quark ( asymmetric) an Charge asymmetry (A.)

moreover gluon fusion dominates.

> much smaller asymmetry. On average, P(valence quark) > P(sea anti-quark)

—> top quark rapidity broader than the anti-quark
rapidity
= any large asymmetry will indicate

the existence of new physics.



Asymmetry from Interference - tt

TevatronA top
anti-top

N(Ay>0)—N(Ay<0)
App = , Ay = )T
m e N(Ay>0)+N(Ay<O) ey
=

Forward-backward asymmetry (Arg)

top
anti-top

LHC A
N(abf>0)-N(ap[<0) -
/ \ Yo = N(abf o)+ N{alf<o) M7
o

y
Charge asymmetry (A.)
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tt Asymmetry at the Tevatron: Deviations from SM
First Reported in 2009 by CDF and DO

<E - —e— CDF Data, 9.4 fb" arXiv:1211.1003

- ay, = (15.5 = 4.8)x10 (GeV/c?)" PRD 87, 092002 (2013)

081" — 1 Prediction /
I oy = (3.4 = 1.2)x10™ (GeV/c?) P

0.4 ,/ Inclusive A.;: ~20 deviation
- - Ars(Mz>450 GeV): ~30

s M

| | | | | | |

%50 400 450 500 550 600 650 700 750
Parton-Level M_ (GeV/c?)

——————

= Statistical fluctuation?

. L . => If none,
+ results dominated by statistical uncertainties " hvsics?
= Missing theory effect? >_may € NEW pPhysIcs:

+ calculations were only at the lowest order
= Mistake in the measurement method? f\lb“t g ioq pa,pfrs W'tth o
.. . . ew SICS Interpretation
= Missing uncertainties? - ok g 61




tt Asymmetry at the Tevatron @ 2015

0

Inclusive Apg

.25

PRL 115 (2015) 052001

| | I I | |
| | Data =—e— ’ 5
pure QCD ¥—+—
Q CD+ EW -------------- Czakon, Fiedler, Mitov
®

................................................

PPbar —) tt+X
mt 173 3 GeV

. MSTW2008 pdf

) --€-omb-::§:ned-- :

4 6 8 10
Scenarios
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tt Asymmetry at the Tevatron and LHC

Tevatron Aga (Ars in %)
— 164:47

CDF Lepton+jets (9.4 fb™)
PRD 87, 092002 (2013)
CDF Dilepton (9.1 fb™)
CDF Public Note 11161
CDF Combination (9.4 fb™)
CDF Public Note 11161
DO Lepton+jets (9.7 fb™)
PRD 90, 072011 (2014)
DO Dileptons (9.7 fb™)
arXiv:1507.05666
DO Combination (9.7 fb™)
arXiv:1507.05666
NLO SM, W. Bermreuther and Z.-G. Si, PRD 86, 034026 (2012)
NNLO SM, M. Czakon, P. Fiedler and A. Mntolv. arXiv:1411.3007

12+ 13

_— 16.0 + 4.5
— 10.6 £ 3.0
175 +6.3

ATLAS+CMS Preliminary LHCfOpWG \s=8TeV Sept 2015

tt asymmetry

ATLAS l+jets H—=— 0.009 + 0.004 £ 0.005
arXiv:1509.02358
CMS l+jets template H-eH 0.003 = 0.003 £ 0.003
arXiv:1508.03862
CMS l+jets H—e— 0.001+ 0.007 + 0.004

arXiv:1507.03119

11.8+28

-20 0 20
Asymmetry (%)

ATLAS l+jets boosted ) .
(M >0.75 TeV && A ly|| < 2) - ' .

1t
ATLAS-CONF-2015-048

0.043 £ 0'0.19 + 0.026

-0.05 0 0.05

= bb asymmetry measurements consistent with
LO predictions (LHCb arXiv:1406.4789).
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tt Asymmetry at the LHC

19.7 fb™ (8 TeV)
o O0lp——F——— T
< - CMS ¢ Data
- l+jets, full PS —— EAG (1.5 TeV)
[ — EAG (20TeV) ]
0.05 —— QCD (NLO), K&R |
- — QCD(NLO).B&S | 4 1xiv:1507.03119
B I
O— t ]
_ _. | | ! | | . |
0-05%00 600

800 _

m; (GeV)

= M >~450 GeV, A_~20 below predictions from
EFT with new physics scale of 1.5 TeV.



ttbar production: Tops are unpolarized but heavy
quark spins are correlated

Angles with or without top quark reconstruction:

Helicity angle
\O/ \Q/ i W
ttbar rest frame Lab frame Top rest frame  antitop rest frame

Or a multivariate method using more information from
the events; e.g. Matrix Element Method:

oaY M (v.H)
P(xi|H)=LffPDF(ql)fPDF(qz)dqldqz( JT) | (y )|

W(x,y)dCI)6
Gobs Q1QZS
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Top Quark Spin Correlations - Dilepton Channel

A 2

oy

PRD 93 (2016) 052007

Ad distribution becomes flatter when tops are correlated.

N(Ag,, |>7/2)-N(Ag, |<72) N, _
Ap = f= N N ’ fSM =
Lab frame N(‘Aqu_‘> Jt/2)+N(‘A¢M_‘< JZ’/Z) W N o
19517 (8 TeV) 19.5 b (8 TeV)
oS T o Sm ebad
s [oMs 7 NLO, " McenLo ] ¢ [ CMS -—NLO,SM  eData |
§ 0.45— no spin corr. w7 < llllllllll NLO, . --MC@NLO |
3 - w5 no spin corr.
2 o4f o 0.4 .
T : —'—i—'—i_, SRRy
0.35:— + ) . i
: . 0.2 """""""" =
o 4 L ()
é 105; ‘ i 1 { 1 ‘ 1 1 1 E O— |
E 1} f by ; -3
S 0.95) | | | | | i ol
& 0 aB w3 w2 23 5al6 A T 400 600 800 1000 1200
I*i-

M, (GeV)

ey (from Ay, VS Mn) =1.12« 0.06(Stat) 10.08(syst)ig:?? (theor)
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tt Spin Correlations — Lepton+Jets Channel

Leading order ME method to calculate event likelihoods for SM and uncorrelated
hypotheses (H) using MadWeight | JHEP 12 (2010) 068

P(x|H)= Gif Foor (@) fror (4:) dendg,

(27)" M (v.H)|

19.7 o' (8 TeV)

W
o

N .
= i u+jets
5 | CMS — CMS Data
25 — Corr. (SM) (stat + syst)
S ---- Uncorr. (stat + syst)
Qo0 72% SM + 28% uncorr.
< ~ (stat + syst)
15F
10
S
0 1
9000

PLB 758 (2016) 321

W(x,y)dCI)6
99,8

s 2nam 210 P Hunes)

P(Hy,)

+0.15

=072+ 0.08(stat)_0'13 (syst)

Most precise result in
|+jets to-date

Dominated by:
JES, QCD scale, top quark mass
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tt Spin Correlation Measurements Summary May 2016

CMS, dilepton

PRL 112 (2014) 182001,
\s=7 TeV, L_=5 b

ATLAS, e/u+tjets

PRD 90 (2014) 112016,
s=7TeV,L =46 fb”

ATLAS, dilepton

PRD 90 (2014) 112018,
(s=7 TeV, L =4.6 fo

ATLAS, dilepton

PRL 114 (2015) 142001,
fs=8 TeV, L _=20.31b"

CMS, utjets

PLB 758 (2016) 321,
fs=8 TeV, L _=19.6 fb”

CMS, dilepton

PRD 93 (2016) 052007,
fs=8 TeV,L =19.5 fb”

Standard Model :===----
fou =(stat) =(syst)

1.02 = 0.10 = 0.22

1.12 + 0.11 = 0.22
-— I

1119 +0.09 + 0.18
I . I 1

120 + 0.05 + 0.13
—o

0.72 £ 0.08 = 0.15

| 1.12 +:[0.06¢O.‘I1

0

0.2 0.4

0.8 1 1.2 1.4 1.6
SM Spin Correlation Fraction fsm
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Top Quark Couplings

" ttZ and tty = Direct access to top-electroweak couplings.

= ttW and ttZ: important backgrounds for top-Higgs coupling
measurements.

= ttZ/W and tty measured and limits on anomalous couplings, four-top
production and ttH have been placed at 8 TeV.

Constraints o the axial and vector
components of the top-Z coupling
using effective field theory.

+ SM
% Dbest fit

ttZ cross section [fb]
w
o
o

0 100 200 300 400 500
ttW cross section [fb]

b9



Top Quark Couplings

= Run ll:
o O(ttZ)@13 TeV =2 ~4 x o(ttZ) @8 TeV

Events

o ttZ cross section from 3-lepton and 4-lepton final states.

TOP-16-009

+ Exploit jet and b-jet multiplicities to enhance the signal.

2.7 b7 (13 TeV)

CMS Preliminary
90

|z E
g

////////
/////////

F /.
7%
/////

3-lepton

D rare B

. data-driven g

+ Data E

o
////////

i
///////////////

/////////////////

2j(=0b) 2j(=1b) 3j(=0Db) 3j(=1b) 3j(=2b) 4j(=0b) 4j(=1b) 4j(=2b)

o0 — 839 3

ttZ

Expected significance: 3.1 SD
Observed significance: 3.6 SD

o, =1065"" (stat)jji (syst) fb

(scale)=25(pdf)=25(a,) fb

Frixione et al. arXiv:1504.03446; Alwall et al. arXiv:1405.0301
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W Boson Polarization

= Wtb vertex =2 electroweak V-A structure.
= W helicity fractions (F,) sensitive to the Wtb vertex structure.

Left-handed
(negative helicity)

longitudinal
(zero helicity)

Massless b-quark always left-
handed and top quark left or right
handed = Angular momentum
conservation: Top quark decay to

a right-handed W boson is
forbidden. 71

Right-handed
(positive helicity)




W Boson Polarization My el

*

96 t

W rest frame

do 3 £)2 3/, 2 3 )2
- z—(l—cosﬁ ) FL+—(sm¢9 ) F0+—(1+cos(9 ) F,
dcosf 8 4 8
F.~0.3 F,~0.7 Fa~0
Left-handed longitudinal Right-handed
(negative helicity) (zero helicity)  (positive helicity)
e

Top quark prefers to couple more to
longitudinally polarized W bosons.

Higher orders (at NNLO QCD) with m_#0 modify the helicity
fractions by ~2%.
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W Boson Polarization

19.8 fb™' (8TeV)
B e o R BN I e
- CMS Bt uets
i bkg
B W+ets
Single top
.DY+jets
B Multijet

Entries/bin

T
1 ‘ LI ‘ [ ‘ LI ‘ LI ‘ [ ‘ T ‘ LI ‘ [ ‘ L=
V-, ¥

E =
ir\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\é
-1 1

-0.8 -06 -04 -02 0 02 04 06 0.8
Leptonic cos(6%)

LR R -y

vvvvvv

vvvvvv

111
04 05 06 07 08 09 1
Hadronic Icos(6)!

CMS-PAPER-TOP-13-008, submitted to PLB

e/u+ 4 jets (2 b-tagged)

19.8 b (8TeV)

-l
L 0.38

— CMS 0 e+tjets
B O utjets
0.36— ® Il+jets combined
I N S * SM
0.34— N\ N el
0.32—
0.30—
T —95%CL
- e 68% CL
0.28—
i Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il

0.60 0.62 0.64 0.66 0.68

0.70 0.72 0.74 0.76

F, =0.681x0.012(star) =0.023(syst)
F, =0.323+x0.008(star)=0.014(syst)
F, =-0.004 =£0.005(star) =0.014(syst)

Dominant uncertainties: Top quark mass and QCD scales.

Most precise measurement of helicity fractions to date.
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W Boson Polarization

=  Wtb: magnitude determined by |V,,|.
= BSM contributions to Wtb vertex modify helicity fractions.
" |n the effective operative framework:

_ 97 -
Lww = — \/Qb'r" (VLPr + VrPr)t W, SM: V, =V, =1
—_ o HY = = =
_9 bZO’ L (gLPL—i—gRPR)t W#"—Fh.c. Ve=8.=8=0

\/5 Myy

19.8 fb' (8TeV)

0.10

Soost CMS PoscL
Fon v Toc | s
0'04? Combined p+jets and e+jets * SM
0.02]—
o.oof— e
-0.04;
0.06]-
-0.08i
-o.1o£ww‘HH\HH\HH\HH\HH
-0 -0.2 -0.1 0.0 0.1 0.2 0.3

Re(g,)



Summary

Top quark plays an important role in precision
measurements and new particles searches.

" Top re-discovered at the LHC.

Most LHC Run | measurements dominated by
systematic uncertainties.

¢ O, < 4% better than NNLO accuracy
+ m.with ~“500 MeV precision.

+ Precise properties measurements and constraints on
anomalous couplings.

= So far, all results in agreement with SM predictions.
+ And no evidence of any invisible particles.
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LHC Run Il

Inclusive ttbar cross section already at NNLO
precision.

Single top t-channel precisely established.

In both cases starting to probe differential spectra
to understand new MCs

Establish couplings to all bosons in Run II.
Direct or indirect indications of new physics?
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QUESTIONS
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BONUS
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LSP mass [GeV]

Top Squark Pair Production [

~0
) =~ m()(1 ) + M, ——— O (and ttbar spin correlations)

more sensitive than standard SUSY searches
for low m()?lo) and m(t) ~ m

t
~r~ . ~ ~0 ~0 . . e . .
t-t production, t—t X, /c X, Simplified model with two parameters:

700 B T T T | T 17T | T T 17T | T 17T | T T | T 17T | T T T I_ ~ O

- CMS — Observed | m(t)’m(X1 )

- - - - - Expected n
600\S = 8 TeV — c 45 19.7 fo (8 TeV)

— 1 . L T 11 T T T L L

- == SUS-13-023 O-lep (2 body decays) 18.9 fb™ n S - CcMS | il ObserveL +1o,, ]

| e SUS-14-001 O-lep (2 body decays) 19.4 b 7 % 4 --- Expected B
500 C SUS-13-011 1-lep (2 and 3 body decays) 19.5 fb™ _ 2 F I Expected =1o,, :

| = SUS-14-015 1,2-lep (2 and 3 body decays) 19.5 fb™ - = 3.5 E Expected :20: =

| == SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.5 fb" . c * .

- = SUS-14-0110,1,2-lep (Razor) 19.3 fb! - % 3k =

B SUS-14-001 Monojet (t— ¢ % ) 19.7 b ] - s .
400 - _ suS-14-021 1-lep (4 body detays) 19.7 fb™ ] S 2:5f E

| e SUS-14-021 2-lep (4 body decays) 19.7 fb™ _ *§ of E
300~ - o 15} :

o 1 O\O N ]

- - P :

- — [e)) N E
200 — — 0.5 T t%?, m()”(:’) =1GeV

I~ ] d v v b v v b by by

B N q 50 160 170 180 190 200

N i m; [GeV]
100 ¢ ] - 0

: m(i; %) =1 GeV)>189 GeV
| | | | | | | | | 1

00 200 300 400 500 600 700 800 m(f’f{o)$185—189 GeV
> A1

stop mass [GeV]
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Asymmetry from Interference - tt

= First calculation of asymmetry by Halzen et al. 1987 (PLB 195, 74) for m, = 45 GeV!
= Making analogy to QED.

L LI I L L LR RN B LR R LA B

u i icqi [ ]
But considered only real gluon emission. oo | LLLLLLLLI 1
[ Neutrino Limits
g 1] @m0
_ 175 | % %¢- 2 g
a —> & : 0 112
qq QQg §1 50 — o P—Pbar measurements — § 0%’
(05’ [ ONeutral current determinations | 1 = a
Nt [ RN 1 © =
e M g))125 %- 2
Y 100 F | ] @ )
L b >
+ L e ;_8.- : W Br. Ratio w@“\ ] ~|—\ =
75 4w 1 w>s
€ T : <— P=Pbar Limits] | X
H 50 Py . 1 5
Ee e~ Limits Jf | \\\\\\ §
(O) 25 _\L _ —
Y 5578287 86 B8 90 92 94 96
Year
e T 3 . iy Example predictions of m,:
: > 5:65GeV 1984 UAI
measurement
9"“’"'""5“‘< + + (1. Ellis, et. al. NPB 131 (1977) 285) _ 40+/-10 GeV.
Q > 16-19 GeV m, = 4U+/-10GeV.
n (T. Yanagida, PRD 20 (1979) 2986)
(b) > ~148 GeV

qg — QQq (H. Terazawa, PRD 22 (1980) 2921) 30



—— SM expectations [PRD 81 (2010) 111503]
Uncertainty: +— total, === stat. only

o D@, 5.4fb~L tt — £(0) + jets
: [PRD 83 (2011) 032009]
o+ CDF, 2.7fb= !, tt — £ + jets
: [PRL 105 (2010) 042002]
- CDF, 5.1fb~ !, tt — £0 + jets
: [PRB 722 (2013) 48-54]
> Tevatron combination
[PRD 85 (2012) 071106]
CDF, 8.7fb~ !, tt — £ + jets
[PRD 87 (2013) 031104]
- ATLAS, 35pb~1 (7TeV), tt — £ + jets
: [ATLAS CONF-2011-037]
 ATLAS, 1.04fb™1 (7TeV), tt — £(£) + jets
: [JHEP 06 (2012) 088]
- CMS, 2.2fb~1 (7TTeV), tt — u + jets
: [CMS PAS TOP-11-020]
> LHC combination, 7 TeV
[ATLAS CONF-2013-033]
CMS, 5.0fb=1 (7TeV), tt — £ + jets
[JHEP 10 (2013) 167]
CMS, 4.6th~1 (7TeV), tt — €0 + jets
[CMS PAS TOP-12-015]
CMS, 19.7fb~1 (8 TeV), single top
[JHEP 01 (2015) 053]
CMS, 19.7fb=1 (8 TeV), tt — £/ + jets
[CMS PAS TOP-14-017]
CMS, 19.6fb~1 (8 TeV), tt — £ + jets
[submitted to PLB]

Andreas Meyer

-0.2

0.1
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Top Quark Polarization in ttbar
Dllepton Channel PRD 93 (2016) 052007

Helicity angle 19.5 16 (8 TeV)
o s N STy THASAA
0, g 0F CMS --MC@NLO |
S _
o)

ttbar rest frame = 0.55~ . ]
lpi=A =N(cosﬁgt>0)—N(cosﬁgi<O) 0_5:__. ______ - $ I | |_:
2 P* N(cosHZi>O)+N(cos0;<O) - 1 # F -
0.45- -

pSH(Choconsening) _ (A1 A, ) ==0.0220.058 -
CP-violatin ]
P ¢ = (A, —A,)=0.00020.016 5 105t ¥ -
A I SR S i
d | 1 ! ! 1 ]
_'c\g 0.95:— | | =
8 4 05 0o 05 1
cos6;



Top Quark Spin Correlation in Dilepton
ChannEI PRD 93 (2016) 052007

Helicity angle
f+ « T 2
6, do o
dcosf dcosf 4

(1 +a,P cosf, +a_P cosO +Aa,a_cost, cos H_)

ttbar rest frame

19.5fb™ (8 TeV)

o oF T T~ T T T T T =
=) - CM —— NLO, SM e Data
8 i cms - — NLO, --MC@NLO
]V(CIC2 > O) - N(C102 < O) o+ i no spin corr.
Aclcz - o 1.5 N
N(c¢c,>0)+N(cc, <0) g
¢, =cosO 3 i
1= + - o} 1 _|
i Chel - 4Aclc2 -g i
c, =cosb (spin correlation - A = T e

coefficient) 0-5} | *
e e

i =0.87+0.27 A

o b1 T _

SM ; fSM=1 -1 -0.5 0 0.5 1
Ny, +N,,. ou cos 67, cos 6,*

Data/Simulation

f
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Top Quark Spin Correlation in Dilepton

Channel ey —

- 19.5b" (8 TeV

r ¢ 4 5 T o b
hre " CMS —— NLO, SM e Data i

\ S o7 NLO, --MC@NLO _]
= L no spin corr. 4

O B _

o) - i

Top rest frame  antitop rest frame > ol * B
0_5} ...................................................... ; .................... i ...................................................... .E

_ N(cosg>0)-N(cosp<0)
o N(cosg>0)+N(cosp <0) 0.4+ -

D=-2A___ (spin correlation coefficient)

cosQ

-5105— 11;;‘_
R
fCi]S\/; =090=0.15 §°-9;‘ Voo ‘ i ¥ E
8 a1 w05 0 05 1
Cos o
N
fE SM fSM—l



Anomalous Top-Gluon Interaction

PRD 93 (2016) 052007

= SM: dipole moments generated radiatively and are very small.
= BSM: dipole moment couplings can occur at tree level.

Anomalous interaction from a heavy-particle exchange (M >m,) :

['eff = —'@t(ﬂwTatG;v

3
3
3
.

2

Chromo magnetic dipole moment
CP conserving

D=Dy, +Re<]’/\tt)DNP
A

~0.053<Re(j,)<0.026 @95% C.L.

-0.068<1m(d,) <0.067 @95% C.L

Chromo electric dipole moment
CP violating

CP-violating

PCP—violating _ Im (&t ) P

NP
o

Bernreuther & Si,
PLB 725 (2013) 115
PLB 744 (2015) 413
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Flavor Changing Neutral Currents

SM: Forbidden at tree level

Suppressed at higher orders due
to GIM mechanism.

aaaaaaaaaaa
up charm top photon t';“%g
4.8 MeV/c? 104 MeV/c? 4.2 GeV/c? 0
DI OO P
down strange bottom gluon
Occurs only at the level of loop -
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
L . -1 -1 -1 0
corrections with . 010 ®| @
%(t ; X )~10-15_10-106y electron muon tau Z boson
q 0 <2.2eV/c? <0.17 MeV/c? <15.5 MeV/c?

BBBBBBBBBB

w Ve L D L e 7 W
BSM %(texq)~10_7‘10_1% electron

neutrino n&%ﬁﬂo neLtJatHno W boson
Measurements~102-1%




FCNC vs Data in Some Particular Models

10—7 ;l—llélllllll+llll

Andreas Meyer

t—-gu t—gc

t—=yu t—=yc t—=Hu t—Hc

t — Zq

= No sign of FCNC in ttbar and single top
= Measurements statistics dominated.

B ATLAS

m CMS

mm S|\

Warped
Extra Dimensions

s 2HDM (FV)

mem 2HDM (FC)
MSSM
(1 TeV Squarks)

R Parity
violating MSSM
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