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Introduction: Top quark

* The heaviest fundamental particle, so far withm,__ ~ 173 GeV

— Yukawa coupling to the Higgs field is close to 1
— Most interesting object to test the Standard Model (SM) and beyond

e Strongly interacting with the electroweak sector and the Higgs

Miop =Y V/V2 2y~ 1
* Direct top-Higgs coupling in ttH observed by both CMS and ATLAS!

* The only bare quark, decays weakly before hadronizing: t~ 5*10%° s
* Allows to probe quark properties directly: mass, couplings, spin, charge

top

* CPV can also be studied in top sector:
* Top pair production
* Single top production
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Introduction: CP violation in top sector

* CPVin SM is not large enough to describe the matter-antimatter
asymmetry of the universe

* LHC is a top factory that has high statistics to probe CPV in top events

* Top-quark pair production and decay provide a unique opportunity to
study CPV

* alarge chain of linearly independent four momentum vectors that are
correlated by spin

* The new observables that can be studied are simple kinematic correlations of
the form v, . (v, x v3) where v; are spin/four momentum of top decay products

* Sources of CP violation in top sector:
 Anomalous top-quark couplings
* Extended Scalar sectors

17th July 2018



Introduction: CP violation in top sector

* One of the hypothesis of new physics can enhance CPV in top sector: Top quark
anomalous coupling

* For CPV at production vertex (ttg) Include chromo-electric dipole moment (CEDM) of top
quark in top pair production

* At the decay vertex (tbW) several anomalous couplings are possible, only one coupling
contributes

~100% l+ q
+
gwr ST q>m<r t v V. q
g t 97000 +——1t g t
b
FD — e(ptaplﬂpf"‘ﬂst)

E(ptapfa St St_)
\ L CP violation in the
CP violation in the decay vertex
production vertex T —

€(Pts Pp> P+ St)

17th July 2018 5



Introduction: CP violation in top sector

* One of the hypothesis of new physics can enhance CPV in top sector: Top
quark anomalous coupling

e For CPV at production vertex (ttg) Include chromo-electric dipole moment (CEDM),
d,~, of top quark in top pair production
* The coupling d,~ is negligibly small in the SM

* In models in which CPV is induced by exchange of neutral scalars have contribution to CEDM of
top scales as m,,,? = a potentially large top-quark CEDM

* Gauge invariance introduces a “sea-gull” ttgg term apart from ttg

* At the decay vertex (tbW) several anomalous couplings are possible, only one
coupling contributes

Dy = —iV{Zﬂ(pb) D’u(flLPL%-ffePR)—iGHV(Pz—Pb)v(szPL‘FffPR)} u(pr)-

V2
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Introduction: CP violation in top sector

* One of the hypothesis of new physics can enhance CPV in top sector: Top quark
anomalous coupling

* For CPV at production vertex (ttg) Include chromo-electric dipole moment (CEDM) of top
quark in top pair production

* At the decay vertex (tbW) several anomalous couplings are possible, only one coupling
contributes
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Search for CP violation in top pair production
and decay at 8 TeV with CMS
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CP violation in top sector: CMS (1)

* The CP-violating asymmetries are measured using four T-odd triple-product
observables, v, . (v, x v3), where T is the time-reversal operator.

e Assume CPT conservation

* These triple-product observables, O;, are odd under the T transformation, and are thus also

odd under CP, CP(O; ) = - O, where O;are proposed observables

* The presence of CPV would be manifested by a nonzero value of asymmetry

defined by counting events in two bins of observable, O;

Acp(O;) =

Nevents(oi > 0) - Nevents (Oz < 0)

Nevents(oi > O) + Nevents (Oz < O)

* No NP model dependent dilution factor, D, for A, (O;) is considered

* A; ' (0) =D A (0)

e Corrections for SM case are considered.
* First measurement of CPV in top pair events at CMS

17th July 2018




CP violation in top sector: CMS (2)

* Event topology: top pair in lepton + jets final state
* 1 isolated muon or electron, at least 4 jets of which 2 b-jets

* Four triple-product observables:
O2 = €(P, py + pg e, Pj1) By (Po + P5) - (Fe X Bj1),
05 = Qee(poy Py Por i) 25 Qo - (B % iy ),
Oy = Qre(P, pp — Py P Pjy) LLVS Qv (Po— Py) - (Fe X Pjy),
07 = 4~ (P — p5) (P, 4, po Pg) =< (P — P ):(Po X )

e € denotes Levi-Civita symbol, P is the sum and g is the difference between four momenta of
the two initial state protons
* O; is measured in bb CM frame and O, O, & O, are in lab frame
* 0, & O, do not require distinguishing b and anti-b jets
* A~ 0.4% if anomalous couplings are involved

* O, & O, need to know both b-tagged jets from b and anti-b quark
* A~ 8% if anomalous couplings are involved
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CP violation in top sector: CMS (3)

* Good agreement of M,,

500

/ . . 19.7 b (8 TeV) 10.7 b (8 TeV)\
* My, fit - signal and 3 ssonf ows f ' ou o ‘ ou
g 3000 f_ [ Fitted signal g 3500; [ Fitted signal
b a C kg ro u n d eve n tS : 5500 i -Fritttejif.t:ackground : 30005— |:| Fitted background
o P g i | Total fit unc. P 2500;_ i
yields S S e
L g L 1500

between data and _ geeeeme = —
estimated signal & et e A it e 1 I i s oot il
0O 50 100 150 200 250 300 350 400 450 500 0O 50 100 150 200 250 300 350 400 450 500

\_ background M, [GeV] M, (GeV] )

e + jets © + jets
Data 31129 36 467
Fitted events 312804+ 170 £40 36510 + 190 4 50

Fitted tt fraction (%)  92.5+ 0.5+ 2.3 92.4 + 0.6 £ 2.8

Table 2. The observed and fitted number of events in the electron and muon channels as well
as the fitted tt fraction (purity) in percent. While the fit is performed over the full mass range,
the fitted and observed results are for My, < 200 GeV. The first uncertainty is statistical and the

second systematic.
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CP violation in top sector: CMS (4)

19.7 fb™ (8 TeV)

e Distributions of the four
CPV observables are
determined from the
combined electron and
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CP violation in top sector: CMS (5)

cp (Y0) Acp (%)

e + jets [+ jets l + jets { + jets
Oy —0.194+0.61 +0.59 +40.46+0.57+0.65 +0.16+042+044 | +0.3£1.1
O3 +0.02+0.61+0.59 —-0.59+0.574+0.65 —0.314+0.424+0.44 | —0.8+1.6
O, —-0.17+£0.61+0.59 —-0.10+0.574+0.65 —-0.134+0424+0.44 | —04+1.7
O; —0.38£0.61+0.59 +043+£0.574+0.65 +0.06+0.424+0.44 | +0.1£0.8

Table 4. The uncorrected (corrected) CP asymmetry Arp (Acp), measured in percent, for each of
the four CPV observables. Results for A-p are given for the electron and muon channels separately
and for their combination. For the Arp results, the first uncertainty is statistical and the second
systematic. The Acp values assume the dilution factors found from the SM simulation. The uncer-
tainties in the Acp results are the combined statistical and systematic terms added in quadrature.
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CP violation in top sector: CMS (6)

* Asymmetries calculated for
T-odd observables

* A (A'cp) = (un)corrected for
detector effects

* No evidence of CPV effects
in top pair events is
observed

* Measured A, values are
consistent with SM

Asymmetry [%]

e Published in:
JHEP03(2017)101
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19.7 b (8 TeV)

AAine+jets ¢ Agpinlepton + jets

VApinu +jets ® A, (SM correction)
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Measurement of CP asymmetries in b-hadron
decays using top quark events at 8 TeV with ATLAS
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CP violation in top sector: ATLAS (1)

* The CPV is expected in b-quark decays

 Same and opposite sigh charge asymmetries are measured in lepton+jet top
pair events

* Using the above charge asymmetries, four CP asymmetries (one mixing and
three direct) are deduced

* Measurement of CP asymmetries in heavy-flavour mixing and decay from top-
quark decay products at LHC cane be done as LHC is a top factory

* The unique aspect presented in this analysis is the method by which the
charge of the b-quark is determined, both at production and at decay.

* |f W-boson decays leptonically, the charge of the lepton determines the charge of the
produced b-quark

* The b-quark hadronises and when the resulting b-hadron decays semi-leptonically, the
charge of the soft lepton determines the b-quark charge at decay



CP violation in top sector: ATLAS (2)

* Strategy:

* select lepton+jets top pair events, at least 4 jets, at least 1 b-tag
* one jet being b-tagged by standard algorithm and by presence of a soft muon

* use the lepton (from W)
* the charge of this lepton gives the b-quark charge at production

 use of soft muon b-tagging (SMT muon)
* the charge of the muon in the b-jet probes the decay chain

* reconstruction of events using KLFitter, Kinematic Likelihood fitter
* unfold data to a fiducial volume

* measure charge asymmetries

* Using measured charge asymmetries deduce CPV ones

* First measurement of B properties in top quark decays
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CP violation in top sector: ATLAS (3)

/' Same- or opposite-sign 5 y . N )
muons arise if SMT w S ~ v "
muon comes from same = _
top or different top c  J

q b =7 9
q' " g
K (a) Same-top SMT muon (b) Different-top SMT muon /
* Observable same- and
opposite-sign charge Pt - ) .

asymmetries are formed A4~ =
as probabilities of
b/anti-b quark decay
either to positively or
negatively charged SMT
muon
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CP violation in top sector: ATLAS (4)
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(a) e+jets channel. (b) p+jets channel.

Figure 3. Same-top-like charge-pairings distributions. The hashed area represents all experimental
systematic uncertainties as well as the b-hadron production and hadron-to-muon branching ratio
uncertainties. The lower panel of the distributions show the ratio of the data divided by the
simulation. (a) shows the e+jets channel while (b) shows the p+jets channel.
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CP violation in top sector: ATLAS (5)
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Figure 4. Different-top-like charge-pairings distributions. The hashed area represents all experi-
mental systematic uncertainties as well as the b-hadron production and hadron-to-muon branching
ratio uncertainties. The lower panel of the distributions show the ratio of the data divided by the
simulation. (a) shows the e+jets channel while (b) shows the pu+jets channel.
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CP violation in top sector: ATLAS (6)

4 b be \)
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CP violation in top sector: ATLAS (7)

* The predictions of the MC simulation are found to be in good agreement

with the data.

Data (1072) MC (1072) |Existing limits (20) (1072?) SM prediction (102
A |07 £0.8  0.05 £0.23 - <1072 [19]
A% | 04 £05 —0.03 £0.13 - <1072 [19
Al [ —-25 4+ 2.8 0.2 + 0.7 < 0.1 95] <1073 95, 96]
A% | 0.5 £0.5 —0.03 +0.14 < 1.2 04] < 107° 19, 94]
A | 1.0 £1.0 —0.06 + 0.25 < 6.0 94] < 107Y 19, 94]
Ab |-1.0 £1.1  0.07 +0.29 - <1077 97

* Both the data and the MC simulation are compatible with zero and with
the SM prediction.

* Published in JHEP02(2017)071
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https://link.springer.com/article/10.1007/JHEP02(2017)071

Search for CP violation in the single top events
in pp collision at 7 TeV with ATLAS (4.66 fb)
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CP violation in single top sector: ATLAS (1)

g — _ g <ioqy
—b)//l (VLPL + VRPR) tW =~ — b
V2 8

V2 mw
* We want to probe the coupling of the
top quark in the Wtb vertex by to be produced
measuring the asymmetry in the hizhlv bolarized
angular distribution of the charged e & alcgm VtI::e direction
lepton from the W decay in the single / &

top quark t-channel. / of the
* spectator quark (s,)

LWtb -

(gLPL + grPR) W, +h.c.

~

Top quark expected

> ]y

A = Neyi(cos 8 > 7) — Noyi(cos b < 2) 9ftwo "e‘:". .
© 7 Nay(cos @ > 2) + Ney(cos 6 < 2) Vs rererence directions
/// -0 T NV = 5 X q 1
* For z=0 the asymmetry is called / S R
forward-backward (A;). N \ I' = gxN /

Figure 2: Definition of the two directions Nand T given the direction of polarisation of the top quark,
§;, and the momentum of the W boson, ¢ in the helicity basis. The angles which are shown are defined
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as the angles between their reference directions and the momentum direction of the charged lepton, p;.



CP violation in single top sector: ATLAS (2)

T L e I LA I
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3 1.5 — 3 1.5 — o) SASFERTIN PRI USRI SN B YSUIN EUN EN B B B
a 1= . * sttt o T e = a 1% R e S N -1 -08 -06 -04 -02 0 02 04 06 08 1
8  05F = 8 05F = \
© S R I RN B R BRI BRI BRI © N R I EAPUU I RN B R B B cos @
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cos oM cos oM
Figure 5: Reconstructed cos O angular distribution obtained at selection level for electron (left) and
muon (right) channels. ATLAS data, simulated signal and different background contributions are shown. resu ItS IS Shown on
The uncertainties shown on the prediction take into account MC statistics and the 50% systematic uncer- .
tainty on the normalization of the multijet background. th eri ght

* The measured AN has to be unfolded for the comparison with the theoretical prediction.
The efficiency of the signal selection is not flat in the bin of the angular distribution =
this leads to migration of events between bins = migration matrix computed on MC to
unfold the final distribution.
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CP violation in single top sector: ATLAS (3)

N
/1FH3

Data, before background subtraction
Data, after background subtraction

0.012 + 0.028 (stat.)
0.018 + 0.055 (stat.)

Data unfolded

0.031 + 0.065 (stat.) T9037 (syst.)

—  ATLAS Preliminary
2 jets 1b-jet combined
0.95—

N ILm=466m4

L Vs=7TeV
09 —

- e SM prediction (LO)
~ — Observed

0851 [ +10 (68% CL)

B +26 (95% CL)

08: AY. =0.03+0.07 (stat. ® s

0.75—

0'7 I B R B |

* Using the unfolded value of the
ArgNand the relation AN~ 0.64
I(g:) it is possible to constrain the
imaginary part of the g coupling.

* The first experimental limits on

1(gR):
 with P*=0.9, I(gR) is determined to be
[-0.20, 0.30] at 95% confidence level.

(*) polarization of the top quark
ATLAS-CONF-2013-032
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-032/

Summary

* First CPV measurements are done at CMS using top pair events in lepton+jets
final state at 8 TeV
e T-odd triple product correlation observables are measured

* No evidence of CPV is observed and CP asymmetry parameter values are consistent with
SM

* First measurement of B properties in top quark decays in muon+jet final state is
done at ATLAS at 8 TeV
* Same- and opposite sign charge asymmetries are used to deduce CP asymmetries

* CP asymmetries in both the data and the MC simulation are compatible with zero and
with the SM prediction.

* A measurement of a CP-violating forward-backward asymmetry A.;Nin single-
top quark decays has been presented.

* The measurement is consistent with CP invariance in top quark decays, A;zN=0

e With P*=0.9, first experimental limit on Im(gR) is determined to be [-0.20, 0.30] at 95%
confidence level

* Looking forward for updated results on CPV in top sector from LHC at 13 TeV
and with more data!

Thanks!



Backup
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 The way to distinguish b and anti-b quark in lepton+jets production.
Step 1
— The objects after event selections
* Isolated lepton ==
* N(selected jets) >= 4
* b-tagged jets ==
Step 2.
— Look for b-jet and 2 non-b jets which can
compose top and W in hadronic side.
* X2 sorting method
Step 3.
— Assign the flavor for 2 b-tagged jet
* After step 2, the rest b-tagged jet
will be considered from leptonic side.
* The sign of b-tagged jet is assigned
by isolated lepton’s charge.

beam;

Hadronic

Lab. frame
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N (b— () NTT
+\ _ _
Pb— )_N(b—>€—)+N(b—>€+) - N*+t= 4 N++
P ) N (b— (") N
NG )+NOB—et) N HNT
N N(b—07) B NT— B
PO =S NS — N TN

b ot —+

P ) = N (b— (1) N

NG )+ NOB—ot) N—+N-F

N++

A (1.7)
%, (1.8)
]]VV t, (1.9)
]jvv_j, (1.10)

where NT = NTT + Nt~ and N~ = N~ + N~ represent the total number of positively
and negatively charged W-boson leptons respectively. Observable same- and opposite-sign
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