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TOP2016

> 9" edition of the International Workshop on Top Quark Physics in Olomouc, Czech Republic:
https://indico.cern.ch /event/486433/

= 135 participants, 60 presentations, 1 poster session and 2 Q&A sessions

= Very nice balance between theory and experiments, always fruitful discussions...
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Outline

A few remarks:

" very difficult to summarize a whole conference in 15 min, the focus here is on a few
results

" many results from the LHC experiments were approved for this conference Nﬂ)
— most references linked to the talk >

" direct searches for new physics using tops are not shown

= Inclusive and differential cross-section measurements
= Mass and width measurements

= Properties: spin/polarisation, CP violation

= Single top production

= Rare processes: ttV, 4 tops
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Cross-section measurements

> Nice complete picture of inclusive cross-sections measurements for 5 values of /s

" relative precision of around 4% on the 13 TeV measurements
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Differential cross-section measurements

= Numerous results from both experiments

= ATLAS studied the top kinematics at 13 TeV in the all-hadronic, 2+jets and 28 channels
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Differential cross-section measurements

= Similar measurements at CMS
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html

Differential cross-section measurements

= CMS also looked double differential cross sections
for instance p." as a function of the number of additional jets
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Jet activity @

= Measurement of the number of additional jets and gap fraction at ATLAS /70rPQ-2015-17]

" events with ey + 2 b-jets

" unfold to stable particle level in a fiducial phase-space

" study modelling of various MC generators and parton showers
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Mass and width
= Mass measurement using decays with a J/W > Width measurement using M _at CMS
meson at CMS
* SM prediction ' = 1.35 GeV at NLO
" obtained bounds: 0.6 < I' < 2.5 GeV at 95% CL

* 1°* direct measurement at the LHC
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— precision to be compared with “traditional” measurements:
latest ATLAS result quotes an uncertainty of 0.70 GeV

= More results in the backup
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http://arxiv.org/abs/1608.03560
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-019/index.html

® ® ® I
Spin and polarization ; 6,
l" W',
= Goal is to get a full picture of the production spin density matrix  _____ — e
- t t
= Common observables used: i 3 .
q
* AO®: difference of azimuthal angle between the two leptons q

= cosB and cosB,cosO, with B the angle between the lepton and a spin
quantization axis

= CMS measurement at 8 TeV
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Data/Simulation

= asymmetries of A®, cos®, cosb and cosB cosb, distributions

= differential as a function of M, |y, and p":
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.052007

Spin and polarization @@

= New ATLAS measurement at 8 TeV with tt events
" 15 observables defined along 3 spin quantization axes

" 10 observables measured for the first time, spin correlation along the transverse axis #0 at 5.10
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= Very new and complete measurement in the single top t-channel: see backup
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-099/

CP violation @ @

= Search for CP violation in b-decays using tt events in ATLAS

" two sources of CPV: Direct:: P(b = [TX) # P(b - " X)
Mixing:: P(b > b > I*X) = P(b—>b - 1" X)

" tag sign of b at production with the isolated lepton,

and at decay with the tagged muon

" use asymmetries of same-sign or opposite sign lepton pairs
— in agreement with SM expectations of < 10*
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— See also CMS result [TOP-16-001]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-001/index.html

Single top
= The 3 channels are scrutinized:
" t-channel and Wt cross-sections measured at 7, 8 and 13 TeV (Wt combination: talk by Y. Peters)

" s-channel evidence at 8 TeV

* all results consistent with predictions
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Single top
= At 13 TeV: t-channel

" ATLAS: inclusive + ratio of tq and Eq [arxiv:1609.03920]

" CMS: inclusive and differential cross-section [CMS-PAS-TOP-16-004] [CMS-PAS-TOP-16-003]
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[0 | 1 Z,Wets []scale ® PDF + o unc. :
Lﬁ I Multijet ABM (5 flav.) : .
L pestiting ATLAS epWz12 ! o
2000‘ il CT14 : == ===
[ HERAPDF 2.0 : ==
JR14 (VF) o)
i 0 . : : : MMHT2014 = +
%g 1'21 . NNPDFG.OI | | -.T | |
Qla 0.8 - - : - 14 15 16 17 18 18 =z
0 0.2 0.4 0.6 0.8 1 R,
ONN Rt=ct/ot

[TOPQ-2015-05]

Cécile Deterre | 26/09/:

MC/Data

total and differential cross-sections

E ATLAS Preliminary
tq particle-level .

—— POWHEG-BOX+PYTHIA6

[s=8 TeV, 20.2 fo' 3
Data

- - POWHEG-BOX+HERWIG = MG5_aMC@NLO+HERWIG 3

0 100

200 300


http://arxiv.org/abs/1609.03920
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-003/index.html

Rare processes - ttV

= New results at 13 TeV for ATLAS and CMS [arxiv:1609.01599] [CMS-PAS-TOP-16-017]

E 3_| TTT | T T 1T | T TT T T 1T LI | T T 1T I T TT | LI 1T I_
o .
= - *  ATLAS best fit 1
= - ATLAS est i -
S - y —— ATLAS 68% CL ’
*8' 25— \s= 13Tev, 32" ... ATLAS 95% CL —
@ - = % NLO prediction -
o = B — . -
8 - = == tiZ theory uncertainty -
) 2~ E {&== ttW theory uncertainty —_|
N Y S .
15" & . -
E —
————
05 . 8 I
L BT §
0 B | - I.E] 11 I 1111 I L1l l L1 1] I 1111 I 1111 I | - I 11 A
0 0.5 1 1.5 2 2.5 3 3.5 4
#tW cross section [pb]
> 2015 data
= channels:

" 2 same-charge muons

“ 3 and 4 leptons

= significances of 3.90 for ttZ and 2.2 for ttW

CMS Preliminary 12.9 b (13 TeV)

3 : T T T | T | T | ¥ L IR ¢ T T T T T T T T I T T T | T T T | T T T |:
= 2200 # 2-Dbestfit
= = — 68% contour -
i E — 95% contour
1800 —1-Dbestfit —

- E=1DitZ+1c 3

16001~ E=1DfW+1c I
1400 =% tZ theory 3

o 5 tTW th &l

1200 %//_ 5% eory E
1000 é
aooBNER R R
600F \%/ =
400 =
200 / g

0 : 1 1 1 | 1 1 1 | 1 1 % i 1 I 1 1 1 I 1 1 1 I | 1 1 | | 1 1 | 1 1 1 |:

0 200 400

2]

00 800 1000 1200 1400 1600 1800
G, [fb]

= 2016 data
= channels:
" 2 same-charge leptons
* 3 and 4 leptons
= significances of 4.60 for ttZ and 3.9 for ttW
> see also new tty result [TOP-14-008]
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http://arxiv.org/abs/1609.01599
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-017/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-14-008/index.html

Rare processes — four tops

t
= Four top production is a very rare SM process: %%m<

= at 8 TeV: 0°M-.- = 1.3 fb

tttt

|

|

= at 13 TeV: o°M-- = O fb g

tttt

= Most stringent limits from new CMS results dedicated to the search at 13 TeV [CVS-PAS-TOP-16-016]

- . SM
— limit at ~10x0 o

-1
261" (13 TeV) 26" (13 TeV)
= 4 CMS Single Lepton: u 9+ Jets 3 b-tags CMS limits on G,
S L i —+— Data Eralminan —e— Observed
& Preliminary B X Y B expected + 16
9 1o tw expected +2 6
) titf (X 20) SM
D 102 ] ME Scale Uncertainty

Dilepton

—_
o
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-016/index.html

Theory

= New theory calculations:

0T
Mo=m, (NNLO+NNLL) —e——o0 /
Ko=m,

* NNLO calculations with dynamical scales [arxiv:1606.03350]

o //
) ) I >
" estimation of off-shell effects:
- L
— at NLO in QCD for tt + jets [arxiv:1609.01659] E
. . i © PP tE+ Tev
— at NLO in EW for tt production [arxiv:1607.05571] o aeo
“ NP
- - - \ \
" single-top at NNLO in QCD with NWA [arxiv:1606.08463] s /4 1/2 1 2 4 8
w/ug
= Suggestions and requests to interpret properties measurement as exclusion
i Kats .
Franceschini . _ _ Weiler
: using tt cross section measurements
mtmx+‘m)<=(200’150100) ID _ oct.t ?'O.du.(mn‘t._?k.ﬂ.fx /.tTC.X.“_‘)VYb‘X‘H_Tt?. . StlallusI Fleb2‘01‘5
T T T > I I I I I I
8 :ATLAS Preliminary — L,,=20b" s=8TeV L, =47fb" 7TV
CMS search S o0l :'.:::ﬁ: i{liﬁillii'] ?t::i:;::: b
1606.08076 = Sy e ) ilzoanod ]
'l‘lﬂtﬁ]l chnrm] [ :::;;fo gt[::z;z:::}‘m[uomsaa] ]

= «

400

- — Observed limits ===~ Expected limits fw

.'E : Al limits at 95% CL

3 up here'? -> co

©0.10

here?
; -> more energy,
1601. O2684§ 0.01 boosted
: techniques

200 300 400 500 600
m (GeV)

Hldmg here -> more precision m; [GeV]
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http://arxiv.org/abs/1607.05571
http://arxiv.org/abs/1606.08463

Conclusion

= Very successful conference with plenty of new results on top physics
= Great interaction between theorists and experimentalists

= With increased statistics, look into:

finer differential or double differential cross sections

more complex observables: spin density matrix, Wtb structure (backup), CP violation
" rare processes: tEV, four tops, FCNC, tZ (backup)..

" and more!
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Backup
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Searches for FCNC

CMS Preliminary, 8 TeV September 2016
I II\IIH‘ [ \IIIIII‘ I III\III| T T T

Phys.Rev.Lett 112 (2014) 171802

tt, Br(t—> Z q) { -

TOP-12-039
single top+tt, Br(t— Z u) -

single top+tt, Br(t— Z ¢) p -

JHEP04(2016)035
single top, Br(t— y u) :-
single top, Br(t— v c) -

TOP-13-017 (paper in preparation)

tf, Br(t— Hu), H-> WW,ZZ,1t,bb,yy -
tt, Br(t— H ¢), H— WW,ZZ,t7,bb,yy _

----- 95% CL Observed Limit [[7] +16 Exp.Limit
— 95% CL Expected Limit | |+2c Exp.Limit
vl ol ]

107 10°° 1072 107! 1

Top decay Br (%)

—_

~

BR

u,c /U/’ Is u, C
4 { v.bbwt t 7 g, q 0" v t
v i o 67 €+7 v
ATLAS Preliminary

BR(t— uH) BR(t— uy)

: HER @"_
10k LEP % 11
10-2L TEVATRON \ jx
10732_ =
10_5; . : =
107 3
10 ATLAS H 3
10—3 CMS Preliminary _é
1072 15

; -]
10 £
107" 102 10° 10™* 107 10° 10™ 10° 102 10"
BR(t— uH) BR(t— uy)
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W helicity (=)

... neg. direc-

. . . . b < " tion of top
= Extract the fraction of left-, right-handed and longitudinal
W bosons from the cosO distribution of leptons and down-type quarks
o 7000:—Leptonic analyser — Best Fit — g 018 =  ATLAS Simulation Preliminary “"':_g;fteths’ 2d2;ags ]
m = = - "+ gt hande ]
GOOOE—ILdt=20.2 fo', /s =8 Tev ! ng:ground _; g 0.16:— \s=8 TeV Leptonic analyser :Il:zfr:ghi::‘c:’iigl =
5000 e+jets (> 2 b-tags) u+iets (> 2 betags) = S 01 E
= = < oref S 3
4000 = CE :
= = 0.1 ' R Lebl -
3000 — - L
- = e e =
2000F — o ]
- - oo | e —
1000f = O R .
= - ooaf— [ L. =
= 1.05 oo | & QERTTTU-
E ﬁﬁﬁw—uﬂ# K1 1 Yl B # f7*7-7 /-N/-/ F1 b1 1 ELY P /#'_ft I o]
3 OQS? 4_% +$¢4W ,5_/#«,«/ % * B T o - S ¥ S o -
05 0 o cos 6*
cos 9*
Results (stat.+bkg. norm.)(syst.) QCD (NNLO) predictions

F, 0.299 + 0.008 + 0.013 0.311 + 0.005

F0 0.709 + 0.012 + 0.015 0.687 =+ 0.005

Fe. -0.008 + 0.006 + 0.012 0.0017 + 0.0001
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Rare processes - tZ

z
= Single-top produced in association with a Z P;“rv
" rare process sensitive to WWZ coupling : v f !
" important test of the SM W i
> New result from CMS " . t
* final states with 3 leptons + 1 jet considered ‘7'%71
zZ

= result: 0(tZq — £vbl*lq) = 10 _ fb (2.40)

" exclusion limits derived on FCNC

CMS Preliminary 19.7 fb™ (8 TeV)
= Sareee, Wi, elu, eell thannels™ ' ow
= %. B izq 3
; 20 = [ Non prompt—
+ 18F Eiwz =
cC o W Wz+hi. 7
q>_) 16 = zz B
(g 14F Wt =
121 e - =
10¢ =
8F =
6 =3 E Branching ratio | Expected | 1o range 2 o range | Observed
g; E BR(t— Zu) (%) 0.027 0.018-0.042 | 0.014-0.065 0.022
OE E BR(t— Zc) (%) 0.118 0.071-0.222 | 0.049-0.484 0.049
CED 15 ..............................................................................................
R 1 .............................................................................
I P D EOT T T Bt e

08 0604 02 0 6> 0406 081
tt BDT discriminant
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-12-039/index.html

Single top — Wtb vertex

= Probe Wtb structure at 8 TeV using the single top t-channel [ATIAS-CONF-2016-097]

" spins of tops produced in the t-channel are expected to be very correlated with the one of the spectator
quark (~0.9)

* define many angular observables, unfold their distributions and compute asymmetries

Asymmetry Angular observable Polarisation observable = SM prediction

AgB cos ¢ %a'[P 0.45
ALY cos By cos 6} 3P (Fr + FL) 0.10
1 dl’ 1 Arg cos 0 2483) = 3 (Fr - ) -0.23
T deosda) = 3 (1 + ax P cosfx) Akc cos 8} Wi =3 a-3R)  -020
AgB cos 0? %(Sl) 0.34
Agg cos 9?’ —%(Sz) 0
A;’f cos 85 cos ¢ —%(Al) -0.14
Agg"S cos 65 cos ¢, %(Az) 0
L B e e e e e B I R R
S e anag ey ATLAS Preliminary
% 10000} E:;*:,:E v'§=€.iTeV,29_2fb" | s =8TeV,20.2 fb" o AL
@ B Signal region
i | e, .-
5000 [ » PN Ag
L HoH) Als
—— o A
0 reb ¢ SM predictiorlw A:é:p
:1.05 ‘ ' ' ' ‘ ‘ ' ‘ ' — Stat. uncertainty
E%E 098 B ook /W e — — Total uncertainty  Ars
-1 -08 -06 -04 -02 0 02 04 06 08 1 ! T - T T - R
cosf* cosq;T* -0.4 -0.2 0 0.2 0.4 0.6

Angular asymmetry
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https://cds.cern.ch/record/2216165

Spin/polarisation

= Summary of existing measurements of top pair produced polarisation and spin correlations

Experiment Vs Method Bk B* C(k, k) B B"
ATLAS 8 TeV Unfolding -0.044 £ 0.038  -0.064 + 0.040 0.296 £ 0.093 -0.018 £0.034  0.023 £ 0.042
CMS [17] 8 TeV Unfolding -0.022 + 0.058 0.278 + 0.084 - -
ATLAS [12] 7 TeV Template fit -0.035 + 0.040 - - -
ATLAS [11] 7 TeV Template fit - - 0.23 £ 0.092 - -
ATLAS [13] 7 TeV Unfolding - - 0.315 + 0.078 - -
DO [18] 1.96 TeV | Template fit -0.102 + 0.061 - 0.040+ 0.034

Cécile Deterre | 26/09/16 | Highlights from TOP2016 — Precision Vietham | Page 24/18



Mass measurements

> Using the I\/Ibg,
observables at CMS

M, and M,,,

arb. units

35

30

25

20

15

10

Xj Q_a[ T T

-~ CMS

L Simulation Preliminary

—— M{f = 166.5 GeV

—— l\/lMC =172.5 GeV
M

=178.5 GeV
—— local shape sensitivity

Y [N LSS B S T

v v b v by by v by gy
o —k
o1
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o Data

500

T T I T T
ATLAS

Vs=8 TeV, 20.2 fo™

180 200
ME; [GeV]

19.7 fb™ (8 TeV)

CMS

Preliminary

1D fit

2D fit

Hybrid fit

MAQOS fit

CMS combination
PRD 93, 2016, 072004

{ ISR SN IS | | { S8 N S| |

7
7

V77

V77

1

‘ T T T T | T T T T

(value * stat + syst)

172.39 +0.17 %% Gev

-0.95

171.56 £ 0.46 *13! GeV

-1.25

+0.89
172.22£0.18 *0% Gev

17154 £0.19 %12 GeV

172.44 £0.13 135 GeV

1 ‘ | Sl SR Bl | | { ST (S |

160 165
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175 180 185
M, [GeV]

------ 1% background
— Best fit

400 Uncertainty

Events / 2 GeV

> in the 22 channel in ATLAS
300

— combination with 7 TeV £f and /jets measurements:

200 m, = 172.84 +0.34 (stat) £0.61 (syst) GeV

100

O R TR RS RS TURUE T DRV SURUR SNy SO VOO O SO VU] N
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-008/index.html

Mass measurements

® using the normalised invariant mass distribution of tt+jet

19.7 fb' (8 TeV)

—l©

Theory
Data

" from the inclusive cross section in the ljets channel at CMS

_III\lIIIIIIIII IIIIIIIII|IIII‘IIII|IIII‘IIIIIIIII;

C Preliminary ——— —e— Data ]
i S ot —mm°=166.5GeV_:
: ----m¥° =169.5 GeV ]
150 —mmc=172.5 GeV
- ----m"*° = 175.5 GeV 1
Lyt — m'® = 178.5 GeV 7
05:_ Eecrswwws seesvvey
0__III\IIIIIIIIIIIIIIIIIIIIIIIIII‘IIII!IIIII‘IIII!IIII__
e SR I Stat. ® Syst. "
C Stat. -
0_8_ _____________________________ .

0 010

203 04 05 06 0.7 0.8 0.9 1

= Result:
m, = 169.9 £1.1 (stat) *°__ (syst) *°_ _(theo) GeV

—

E', B CMS preliminary

& e 23107 (13 TeV)

o\ E

: B expected
5
B — observed
sl e e e gl
3
2
E 68% CL
1_‘ ””””””””””””””””””””””””””””””””””””””””
0_|||||||\|\‘~||_11|/’1| ==
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Top quark pole mass [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-13-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-006/index.html

Mass measurements

" using charged particles

= o ®
R . LT Ly ﬁgﬁlﬁﬂ@
ol R TR i S B
> - CMS 19.7 b (8 TeV) 2
8 3500 ¢ channel, 3 tracks g‘o'
o 3000 * e
™ -
~— 2500F
c 165 170 175 180
GC) 2000:— m, [Ge
> o
Tl 1500 e
g B Single t
1000 F Background
500F
0: i AL e L it
20 40 60 80 100120140160180200
m,,, [GeV]

CMS 19.6 1b" (8 TeV)
S'7sf : 1F 178
(o) i
G177} {177
£176¢ {176

175F 7 4175
1748 | 174
173F A173
172t . {172
171} = 13 {171
Combination T ee up e+jets w+jets 3 trk. 4trk. 5tk
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.092006

Mass from decays with J/W mesons - CMS

= Selection:
“ ljets or dilepton events, Z-veto, mll > 20 GeV, at least two jets

" ==1 J/WV candidate with 2 muons of opposite sign, pT>4 GeV, 3.0 < mll < 3.2 GeV

CMS 19.7 o' (8 TeV)
Number of events 0] - - .
Process : ] © B b .
Leading # Leading e S 200f Single t -
tt — bl Tbqq’ 228.1+4.0 195.6+3.7 Sl MEcchaionnd b
ff — bl~7b T 663+17 569+ 16 £ wof 7 Cneenaies. S
tt — bqq’bqq’ negligible negligible it : :
Single top quark 394+38 30.6+33 iy m
PW — lv +jets 18352 121 £27 ] |
Z/y* — {0 +jets 45+09 6.3xt1.0 il !
WW,WZ, Z7Z 1.1£0.3 1.2+£0.3 - |
Predicted yield 357.7£6.6 302.7+£59 I
Data 355 311 o i
il - % ---------------- + ----- :
g 15 *
0 g :
olEL Al
2 3.4

ww- mass (GeV)
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Mass measurements at the Tevatron

= Direct measurements from DO:

" matrix element method in the dilepton channel

" combination

= Pole mass extraction from the inclusive cross-section

> Extraction from differential cross section measurements

DO

*=preliminary

July 2016

Run | Dileptons B

F
i 168.4 +12.3 + 3.6 GeV

Run | Lepton+jets

Run Il Dileptons *

[ i |180.1 +3.6 £3.9 GeV
173.50 £ 1.31+ 0.84 GeV

o |
Run Il Lepton+jets 1 174.98 + 0.41+ 0.63 GeV
DO combined * (July 2016) Il 174.95 + 0.40 + 0.64 GeV
]
Run Il tt cross section 1728 + 3.3 GeV
i

* novel technique using NLO and NNLO calculations
* result: m_= 169.1 & 2.5 (tot.) [£2.2 (exp.) £ 0.8 (scale) & 1.2 (PDF)] GeV 1‘5) 'Nﬂv)

T

do/dp_(t/T) [pb/GeV]
5

o
—t
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" (a) DO Preliminary, 9.7fb™
L + DO Data (PRD 90 092006)

]

g ey
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150 160
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Top Quark Mass (GeV)

3| (b) DO Preliminary, 9.7fb™ £ - " (b) DO Preliminary, 9.7fb"
: NNLO, m?°*=155 GeV "o 100~
I NNLO, m**-165 GeV - ® Data vs. NNLO (MSTW2008)
I - nntg’ m£’e=173.3 GeV = Scale uncertainties
.- , m™*=180 GeV =
2r — NNLO, m?*®=190 GeV £ . — Fit 2 :2.39
| c\.v min e
N 50-
.U | L ]
@
: £
L -n [ ]
: E I \b\/
0|||||||||||||||||||||||| 8 0_‘||““|“|‘|“,,\
0 100 200 300 400 500 160 170 180 190
pT(t/ ) [GeV] m, [GeV]
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http://www-d0.fnal.gov/Run2Physics/WWW/results/final/TOP/T16B/
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T110/
http://arxiv.org/abs/1605.06168

MC modelling

Particle level, absolute cross-section

2l 1
=101 —e— ATLAS Data, /s = 8 TeV
o Powheg+Py6, Nyamp = Migp
2 EHG_‘ Powheg+Py8, hyamp = 1.5-myg,
T Powheg+H7, hgamp = 1.5 Mgy

3
L

|

Expected/Data
OO0 0 = = -
Nmwo s hvw

i= H|IIH|
N
o
=]
IS
o
o
@
=]
]
o]
=]
=]
-
o
=]
o

= Public note on top MC modelling

" extensive study of generator and parton shower setups
— improve Powheg+Pythia8 or Herwig7 modelling

" new method to deal with interferences in Wt production
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