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I History (1)

* By the 1960s physicists discover a lot of
resonances (hadrons) from accelerator and cosmic
ray experiments ddu du

< del s dis 115 >
/ sd Su \
(.

flss

ud u. dd.ss du dedd ddu dus

elil = el s

* To describe the zoo of particles, in 1964 Gell-Mann
and Zweig proposed idea of 3 quarks (u,d,s) with
spin 2 and electric charge 2/3 (u), -1/3 (d,s) and
masses of 300 MeV (u,d) and 500 MeV (s)



(u, d) (c,s)

I History (Il) (v.8) (V1)

* In 1970, based on the decays of K-mesons
Glashow, lliopoulos and Maiani predict the 4™
quark ¢ “charm” (u, d, s, ¢)

* In 1973, Makoto Kobayashi and Toshihide
Maskawa predict the third generation of quarks to
accommodate the observed violation of CP
invariance in K° decays

* In 1974, Sam Ting et al (BNL) and Burt Richter
et al (SLAC) discover }J/¥ and the fourth charm
quark;

* In 1975, Tt lepton was discovered by Martin Perl et al
(SLAC) providing support for a third generation of 5,4
fermions



I History (lil)

* In 1977, Leon Lederman et al
(Fermilab) discover Y(1s)-=p+,u—  5#t
interpreted as bound state of a new
quark b (beauty or bottom,

m =4.5 GeV, spin 2, el.charge -1/3)

. S I A | i
4 8 e ¥ I

* b weak isospin = -¥2, need +Y2 Mo e
partner, have to add top quark to cancel chiral
anomaly 2, =30, =0

(QtJrQb)X\ Jer,u,—(z/g 1/3)X3 1 =0
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Top Quark in the Standard Model

SU(3)  SU((2) U(l)y
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I Top Quark Mass (1)

» Top quark mass is not constrained by theory

* Mass is defined by Yukawa interaction with
Higgs boson and Yukawa constant:

2,=2"G"m=v2m,/v,,; v,,~246GeV

ew ew

(=1 form =173 GeV)

* Owing to high value of Yukawa constant top
quark gives main contribution in many loop
dlagrams e.q.

g
........ W h =--- -
©6/46



Top Quark first (false) evidence

* |n 1984 UA1 group (Carlo Rubbia et al.) claims of a
discovery of the top quark with mass 40+10 GeV

W —t+b
L, jet
— 1T 4v+Db
L jet

Physics Today 37, 8, 17 (1984);
https://doi.org/10.1063/1.2916347

* UA2 never confirmed the
evidence

* Poor modeling of W-t,v
background was the reason of
the mistake (T. Wyatt)
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INVARIANT MASS OF LEPTON, TWO JETS,

1 1 1
0 210 ) 60 B0 100 120
INVARIANT MASS OF LEPTON, JET 2,
MISSING TRANSVERSE ENERGY (GeV/c?)
Evidence for top quark from UA1 group
assumes the W decays into tb, that the b
produces jet 1, and that t decays into a
lepton, a neutrino and a b, which decays into
jet 2. The peak at 70-80 GeV suggests W
decay and the peak at 40-45 GeV suggests
top decay. From the six events shown, UA1
obtains a top mass range 30-50 GeV.



https://doi.org/10.1063/1.2916347

I Remark

* Enrico Fermi advised his colleagues never
publish any new effect unless it had a
significance of more than 3 standard deviations

(30).

* Trying to maintain his sterling reputation, Fermi
multiplied all uncertainties by a v2

* Modern agreement is to call “evidence” with 30
deviation of the signal from the background and
“observation” with 50 statistical significance.

p(u)

88
I @




l Top Quark Mass (Il)
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I Observation of top quark

F. Abe et al. [CDF Collaboration], S. Abachi et al. [DO Collaboration],
Phys. Rev. Lett. 74, 2626 (1995) Phys. Rev. Lett. 74, 2632 (19995)
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. Fermilab Tevatron Collider
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. Tevatron collider, DO and CDF detectors

Forward Mini-drift Forward Scintillator

Central Scintillator
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Shielding | | .
. 1::l .
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i, O s

| New Solenoid, Tracking System
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I Top Quark Mass (l11)

olpp — tt) = f(my)

Tevatron+LHC m,  combination - March 2014, L =35 fb"-8.7 fb"
_ ATLAS + CDF + CMS + DO Preliminary
CB:Fffi”"’ Iejets -t 172.85+ 1.12(0.52+0.49+0.86)
CEZ?EW”’ drlepton ° 170.28 £3.69(1.95  £3.13)
Cor Rontl alljets - — i - 172.47 +2.01(1.43+0.95+ 1.04)
Cff:jin”’ B siets bttt 173.93 £ 1.85(1.26+1.05+0.86)
Dfi“&”’ jets Vit @ttt 174.94 + 1.50(0.83+ 047+ 1.16)
Pofunl dtepton . 174.00 £ 2.79 (2.36 + 0.55 + 1.38)
AILAS 20T ete — e — 172,31+ 1.55(0.23+0.72+ 1.35)
AIE@?EOH' dHlepton —_— — 173.09£1.63(064  +1.50)
CME 2o jets — ot —t 173.49 £ 1.06 (0.27+ 0.33+0.97)
CIS 201, clepton —_— — 17250+ 1.52 (043  +1.46)
ﬁfji“’ alljets e 173.49+1.41(0.69 +1.23)
World comb. 2014 %1% <510 o= 173.34 £ 0.76 (0.27+0.24+0.67)
26 Tovatron March 2013 (Runlel) re—a 173.20 + 0.87 (051036 +061)
36 Lne September 2013 b— O = 173.29 £ 0.95 (0.23+0.26 £ 0.88)
& | | | total  (stat. syst)
165 170 175 180 185
My, [GEV]

']TZfE;;; Tt

Amg = my —mi = —0.15£0.19(stat) +0.09(syst)

160.0 =

- 4.8 158

40
30

L R O L R SRR

x10° CMS 35.9 fo (13 TeV)
80F EEticorrect =~ mmSinglet '
70F [ ttwrong == g-ﬂeettss
[ tt unmatched E QCD multijet
60 « Data ] Diboson
50

b b b b b b b |

Data/MC Permutations /5 GeV

0805 200300 400
mit [GeV]
ATLAS+CMS Preliminary My, summary, Is = 7-13 TeV September 2017
LHCtopWG
"""" World Comb. Mar 2014, [7]
stat total stat
total uncertainty My, + total (stat = syst) {s  Ref.
ATLAS, l+jets (*) 172.31+ 1.55 (0.75 = 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 = 1.63 (0.64 + 1.50) 7TeV 2]
CMS, l+jets 173.49 = 1.06 (0.43 = 0.97) 7TeVv [3]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7TeV [5]
LHC comb. (Sep 2013) LHctopwa 173.29 = 0.95 (0.35 = 0.88) 7TeV [6]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33 = 1.27 (0.75 = 1.02) 7TeV [8]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7TeV [8]
ATLAS, all jets 175118 (1.4+1.2) 7TeV [9]
ATLAS, single top 1722+ 2.1 (0.7 £ 2.0) 8TeV [10]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [11]
ATLAS, all jets 173.72 + 1.15 (0.55 = 1.01) 8 TeV [12]
ATLAS, l+jets 172.08 + 0.91 (0.38 + 0.82) 8 TeV [13]
ATLAS comb. (ﬁ::t:m) 172.51 = 0.50 (0.27 = 0.42) 748 TeV [13]
CMS, l+jets 172.35 + 0.51 (0.16 = 0.48) 8 TeV [14]
CMS, dilepton 172.82 +1.23 (0.19 = 1.22) 8 TeV [14]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [14]
CMS, single top 172.95 + 1.22 (0.77 + 0.95) 8TeV [15]
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 748 TeV [14]
CMS, l+jets 172.25 + 0.63 (0.08 + 0.62) 13TeV [16]
(2] ATLAS.CONF 2015077 {5 EurPrys. L7 (2015 330 [14] Prye Rew 3 016) 072004
(*) Superseded by results 4] Eur Prys.C72 2012) 202 {10] ATLAS.CONF 2014085 {16] . A TOR17.007
shown below the line {:} YL T4 201 2750 H;} Phys.Lett761 (2016) 350
1 | | | 1 ] | | 1 | | 1 ] 1 1 | 1 1 ] | 1 1
165 170 175 180 185
My, [GeV]



Mixing with other quarks,
Cabibbo-Kobayashi-Maskawa matrix

Via Vas Vi ) 1= A2/9 A AN (p—in)
V= V(-rf. I/:“.H H'h ~ —)\ 1 — /\2/2 A)\Q ‘I— O(/\4)
Vi Ve Vo ANV (1—p—in) —AN 1
T 1d : ’ L '
Verkm = (UL)" Uj A=0.225770 0000 - A= 0814775
[ T _ +0.031 _ A +0.015
Vip = 0.9989 = 0.9993, Vi =~ 0.034 = 0.046. V,y = 0.004 = 0.014.
Wrg = { — Vi7" (1 ) sin“ vy ~ 0.23
2/ 2 sin i 1 -
4™ generation is restricted by LEP precision measurements of Z decays, 14 / 46

mass of 4™ neutrino should be greater than Z boson mass



I Top Quark Decay Width

~ NLO ,
t—> ﬂ{ T—b—ﬂéﬁéﬁg , b L b + L
o “wo (@) % W (b )% II (c)
v . N\ 2 1 ¢ ¢ 2
r— C_:r P [ M % - 2‘” 12; - 2‘05'5 2?—1)
SmV2 mj; msj 3 3

["~1.6(LO),1.42(NLO)GeV hh =

T,= 1/F§°t~ 4%x10 “sec,
Thadron— 1/AQCDN 3 X 10_24 secC, hh =
(Aqep™~200 MeV)

Ao ~ 10%

Uncertainty ~ Ac




Top Quark production processes

99 — tt

tt pair production (QCD) ::::l 2{: W 90%
ONLO (I[(ﬂ

Tevatron (/s = 1.96 T5B pp) | 7.08 £ 5%

LHC (/5 =7 T3B pp) 165 + 6% L 10%
8 T5B pp) 234 + 4% e

NG
LHC { /E

Ve
LHC (/s = 14 158 pp) 020 £ 5%

t(t) single production (electroweak) q %w q >L<
b t (b)

s-channel t-channel Wt (a) q b
- t-channel s-channel
Tevatron™ (/5 = 1.96 TeV pp) 1.04 £ 4% 2.26 + 5% 0.14 = 20%
LHCS3:72 (/5 =7 TeV pp) 4.6 + 5% 64 + 4% 15.6 + 8% . g azas . t
LHC™ (/s =8 TeV pp) 555+ 4% 87.2:‘%% 111+ 7% b b %
LHC52 (/5 = 14 TeV pp) 12 £ 6% 243 + 4% 75+ 10% . b i
“ (c) w )
tEH(W Z A) associated tW production
== , ,
. tHq (tZg,tAq) ¢ 9 q g
production q (tZq,tAq) -
production . )
w
-~ 0-1 - 1 b ——— ——
P ~0.01 pb " (
>50

p < 3 @95CL o : o o !




. Final signatures of the processes

e

antiproton

« Top pair signatures:

- lepton + jets
- dilepton
- all jets

* Single Top Signatures:

antiproton

=l

I, q - jet

= MET
b — b-jet

Top Pair Branching Fractions

"alljets" 46%

tHets 15%

1%
T::p 20,%
wre 2\:"" uHets 15%
\l‘\'\;}*a rﬂ\?’fb e ’
i ExR e+jets 15% . :
"dileptons™ "lepton+jets’

proton

antiproton



IMain Background Processes

« Multi-jet . o’jet
From data:

* Orthogonal sample
with looser lepton ID
* B-tag jets randomly

es]

« Z+jets, diboson (WW,ZZ,WZ)

» Top pair is a background to single top!



Pair Top Quark production Cross
Section, Tevatron

Nobs — kag

Ott = .
Process p+jets e+jets Zi A1£1 A % roroomy
Multijet 31.1 £10.0 75.1 £ 56.3 $ [ =
W+jets 164.9 4 15.9 148.8 & 14.3 2 W 7 b
Diboson 9.1+ 0.8 105+ 0.9 g wf
Z [y +jets 11.94+ 1.2 124+ 1.5 20}
Single top 16.1 & 2.2 21.84+ 3.0 o
tt, 00 226+ 2.0 335+ 29 f R bt * ______
Z l:}gs 254'_]: j: 19°1 :302'1 j: 58'3 § 0-50E lZO 40 60 80+ 100 12(1 14i ﬁﬁo 180 200
tt, (+jets 838.7 £ 72.5 1088.7 £ 94.2 Jet B, (GeV)
S (sig + bgs) 1093.1 £ 75.0 1390.8 + 110.8 Tevatron Run i
Data, 1137 1403 CDF dilepton = o = 7.093?.3.513_ - 8.8 fb"
[ CDF ANN lepton-jets e o 7.32::(()).‘?;?_ e 46 b’
1 jet > 2 jets (HT_|_OS) CDF SVX lepton+jets  [mfjemgufu] 7.323{(}).’31_(} . 4.6 fb”
Source (Validation region) (Signal region) COF alljots e — 7215128 29m]
WwWw 0.8 +0.2 0.6 = 0.2 +0.50+1.18
Wz 0.2 £0.0 0.1 £ 0.0 CDF combined Y b 1e3E0S0
A 0.1£0.0 0.3 0.1 DO dilepton ———] 7.36 £ 0.85 5.4 b
Ly +u,d, s, g 2.1 £0.2 2.8 +0.3
th* 4 b,c 18 L0292 254+ 092 DO lepton+jets [ | 7.90+0.74 5.3fb"
Other 1.9 £ 0.7 16 = 5 DO combined — =y 7.56+0.59
Total background 6.9 = 0.9 22 £ 5 o
H (J = 709 pb} 202 1.4 294 + 15 Tevatron combined e 7601041
Total SM expectation  27.1 = 2.2 246 + 20 mezseey o SRR
Observed 29 246 6 7 9

8
pp — tt cross section (pb) at\'s=1.96 TeV




Pair Top Quark production Cross
Section, LHC

Inclusive tf cross section [pb]

—
o
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—
-
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Large Hadron Collider (LHC)

he LHC injection complex

LHC7TeV p-p
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HC e
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I LHC (11)

e Start 10.09.2008,
18.09.2008 at 10 TeV
Quench incident

« 2009-2011, 7 TeV, 5 fb*!

* 2012, 8 TeV, 20 fb™
(Higgs discovering)

- 2015-2018, 13 TeV, =100 fb™!

e 1 proton at 7 T3B = 10° Joule

e 2808 bunchs x 10" protons/bunch
x 7 TeV/proton = 360 MJoule

U




Typical LHC event

CMS Experiment at the LHC, CERN
= Date Recorded: 2009-12-14 04:46 CET
H;=1178 GeV A Run/Event: 124120/5686693
» Candidate Dimuon Event at 2.36 TeV

AKS letl N 4

E p; =472 GeV
Hadron-level jets s
pr=>52GeV
] n=05
. o s
Hadronization o mset
p; =178 GeV Pr? 18
n=12 n=-
Muon
pr =96 GeV
¢ AKS Jet n=14
AKS Jet Py =94 GeV
pr=154GeV n=05
n=16

CMS Experiment at LHC, CERN

Data recorded; Wed Jul 25 23:08:29 2012 CDT
Run/Event: 199699 / 275039437

Lumi section:

Orbit/Crossing: 56897344 / 577

Parton-level jets

3

Underlying event



September 2017

Top Quark Production Cross
section Measurments

CMS Prellmlnarv

E @ 7 TeV CMS measurement (L <5.0 fb™) }
e 103 3 m; @ 8 TeV CMS measurement (L <19.6 b} =
© o | | | | . @ 13TeV CMS measurement (L <35.9fb") ]
- : - Theory prediction L
% 102 - | §=n]et[5} o m .a. e L CMS 95%CL limits at 7, Band13TE‘J§
S| -z T
@ : B P é s s e T
N 1o} ; ; ' A T R
n : = T ' — a a a 3
O | | | -

= : : : :
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S 11 L i b5 3
= el iz -
O1n-1L | | | o
2'0F
s | R

- : 1
D102 1@ -
107°F E
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All results at: hitp://cern.ch/go/pNj7



I Top Quark Properties

* Spin ¥2. Spin 0 or 1 is excluded since t decays to W
and b. For spin 3/2 the cross sections are
completely different.

* Electric charge +2/3. ATLAS has measured
Qmp — (.64 £ 0.02(51?(11?.) T 0.08(5y5t.)
also, deviation from 2/3 violate cancelation of
chiral anomalies and interactions with other
particles

* Color triplet. Inherits color states from b-quark,
since top decays to W (colorless) and b (triplet)

 Weak Isospin Y2. Requires precise measurements

of electroweak top quark interactions and rare to
25/46

decay channels. /



Possible Beyond of Standard
Model (BSM) Contributions

* Collision energy E is above production thresholds

- New resonances decaying to top quark
- New states produced in association with top

» Collision energy E is less than production
thresholds

- New effective anomalous interactions of the top
quark with other SM particles
(modification of top decay and production
properties)

Effective Field Theory approach
[W.Buchmuller, D.Wyler 1985]

26 /46



Possible Beyond of Standard Model
interactions of top quark (1)

Fa

T oA.a . ot o a,
Lsy(tgt) = 0,000 Gy i Of = g 179
L SM (f W Q') — -’Q'fllq O‘[’[ ﬂ?f_; Oﬁ =

€
I;r. ,.}.___;_L. 1 _ ,-}5 IIT |
2v/2 sin By 17" )W

L 1 -g Iy Bl
Loy = — § 'f fq JF’“ an—; qH — g.ty"t" ILC - —\ﬁ E t~ (l;; - “;; ) QI’I’"J
q u,c,t q=d,s.b
L / g Z
—Qety"t A, — E v (vf —al~ys) g Z, + h.c.
Qtﬁ : H ZC{}S l)u vt ( fq tq ) q s
Ky — ~ Kg — -
i | 5 5) 6 7 6)
Lrrr = Lsy + hﬂ'qo( )1 A O( Jaby + Ag'.f-f’q Oy 4+ -

N\ Is a scale of “New Physics”, e.g. A=1 TeV
k are couplings constants to parameterize strength of

anomalous interactions
27/ 46



Possible Beyond of Standard Model
interactions of top quark (Il)

g )
Rt — vy .
£EFT = —Us Zq:u.c.t quu (ftq T thqr}/O) q Gw/
W
oy %
Zq d,s,b Aqto-‘u (ftq —I_ZhW )C]W:; > _|_1
1.C.
,},
Fg v
_ez:q w,c,t Ath-M (ftq—|_7’htqf}/a) QAMI/
Z
K’tq
_200379];[/ Zq:u,ct T (ftq T thq%)) Z,uz/ )
wa — a,U»G:j _a”Gi? ‘f‘Q + h‘z =1
Low, = ——=by" (fEPL+ fRPR) W, — p7 (ffPL+ f£Ps) t +1
tWb — \/j / v+ L V4R T \/j J[“ TL L TLR 1.C.

Por=0F%)/2 0 = (Ve — 77)/2
SM: fiy = Vib, fit = fr = fr =0

28 /46



Effective Field Theory interpretation of
BSM top quark interactions

Include all possible gauge invariant operators of dimension 6, e.g. arxiv:1802.07237
arxXiv:1807.02121
+ t et t b Warsaw basis
O
- - W= Ve
()1 — ﬁ nﬂq TED O, ~ = —T& LV "‘*04
wq — 22 P P'- uG = Ytds g aru €l Ly
'?" y I Fal i ') F o r e ] I
()%9@' - 71; qT'"q '“FTE’D TR Ouw = yegw Q"T Totu ep™ W, S O — ’.*,:‘3 qu ep” Qf?hif"
! . — ) - il uypy — Mt : ’
()@u — yjt UAJr”U'U Lf:".l-;ﬁj_t"ip- ()d[r = Ytgw QT a ,Llf/d' €Y *IT/ ma
22 — /
Y% —ug T o~ O, =wqgy qo™u ep*B,,,.
Opud =5 uY'd preiDyp, uB =Yt9y 9 v P

For some of the anomalous vertices there is a direct correspondence to EFT operators, e.g. Wtb:

14 W wh'aq,  w W
\/ﬁh (FY] Pp+ F{LPR) + o (Fy PL + FypPr)]
2
m 33) % W m’t (33)*
Fip = A;O(ua% : Fap =855 Caw’ -
m2 1 w oMy (33) 2
R =14 Bl lod = S(cf, - glel, - can]. =8 (O = sl Cust swewCuz
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Do we see anh experimental evidence for
a deviation in top quark interactions?

4] data
b - -
S| . N(AY >0) — N(AY < 0)
@ e App = — -
=i N(AY > 0) + N(AY <0)
120
1005- [ Yt_Yf :QE" (Yiz _th)
80— +
:_ | - —
sof- . —+- - Phys. Rev. Lett. 101, 202001
40~ ' !
o Tevatron, CDF 2006
% -2 1 0 1 2 3
AY =Y, -Y;
ﬁ"l(;!‘.)é\WSgCMS Is=8TeV .
tt asymmetry ol s ol et
Tevatron ffl ATLAS, l+jets e 0.0090 £ 0.0044 + 0.0025
- 1 EJC 76 (2016) 87
CDF Lepton+jets [E'J.fi fb™") o : 164+ 4.7 CMS, I1jels (template) e 0.0033 + 0.0026 + 0.0033
PRD 87, 092002 [2[]13)1 5 ATLASSCMS, I+jets e 0.0055 + 0.0023 + 0.0025
FUE Dilepton (9.1 fb™7) 4P 124+ 13 CMS, I+jets (unfolding) k—e—+ 0.0010 + 0.0068 + 0.0037
This work :?[Z(SZOETM A | — 0.021+0.011+0.012
CDF Combination o 160+ 4.5 o depton ' T e
This work ) : SQA% g(:!gpst(;cgn AC H——— 0.011£0.011£0.007
b0 L{th(:lrl'f'j{lth' [qT fb_ 1) ]_D 6‘ j: 3 D bQCdD N’>\<IL1OO§_§4FOVVJ|’<\!;8)2M7 071, JHEP 05 (2016) 034 OO0 ;CO%
PRD 90, 072011 [Zﬂl ) ) B e
ATLAS, I+jets boosted I : - |
o
Do Dllet(JIlh [q ri fb 17 5 :i: ﬁ 3 JféylLsio?Z)s?ﬁ” 5 TeV) 0.042 +0.019 £ 0.026
PRD 92. 052007 [inn] . ’ : JQHEPD NLO (+ EW NLO) 0.0160 + 0.0004
r, 01 (2012) 063
DO Combination 118 +28 dilepton asymmetry
PRD 92, 052007 (2015) ATLAS, dilepton Al H—m—t 0.008 + 0.005 + 0.003
. - . . PRD 94 (2016) 032006
ﬂﬂ NNLO %M?HM. (_nz.ﬂ.kﬂri? F. I'iedler and A. Mitov g_gﬂ%}gsiggtﬁgn Al H—e—tyy 0.003 + 0.006 + 0.003
FPRL llaT 052001 f?[]la). | . S&Dc [;IIIOF(? IngNLO) | 00064+ 0.0003
|10 56 (20]2) paap=6) [ I
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Three mechanisms of single top production:

t-channel s-channel

t-channel (Q%, < 0)

Tevatron Run |l single top quark summary

Measurement Cross section [pb]
s-channel: ;
; +0.37
CDF [25] o 1.36 7, 5
f +0.33
DO [22] - 1.107,5;
: +0.26
Tevatron [26] o~ 1.297 %,
t-channel: i
: +0.38
CDF [21] —0— 1.657 5
DO [22] . —e—  3.0779%
Tevatron [this paper] o 2.25 fg:g?
S+i: i
: +0.49
CDF [21] — 3.02%
DO [22] . —e—41 14089
Tevatron [this paper] o 3.30 ﬁgiig

0

1 3 4
Cross section [pb]
i Theory (NLO+NNLL) [9,12] m, = 172.5 GeV

s-channel (Q3, > 0)

)%, - W-boson virtuality

Inclusive cross-section [pb]

associated tW (QF, = M3,)

102

10

g

h—"

_—1

Wt associated production

“Observation of
Single
Top-Quark
Production”
Phys. Rev. Lett. 103,
092001 (2009)
(Tevatron)

Electroweak top quark production

LHCIOpWG

November 2017

%

I~ Single top-quark production

" ATLAS+CMS Preliminary

ATLAS t-channel

PRDS0 (2014)112006, EPIC 77 (2017)631,
JHEP 04 (2017)086
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scale uncertainty
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scale ® PDF @ a, uncertsinty

NLO nrPs208 (2010)10, CPC191(2018) 74
—p=m_.

B = My
CTY0nlo, MSTW200Bnik, NNPOFZ. 3nlo

W p® veto for if removel = B0 GeW and =65 GeW
" ¥

scale uncertainty
scale @ PDF @ o, uncertainty
M= 172.5 GeV

13

(s [TeV]



CKM

proton y ;
’ v fv V| =
w we .
oo e, _
antiproton b Hfrfd ‘ 2 + H’:‘a

CMS, 13 TeV, arXiv:1610.00678 :
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Measurment of Vtb parameter of
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I Intermediate Summary (1)

* Top quark is the heaviest in SM and point like
object with the mass close to EW scale and
comparable with mass of gold nuclear

* There are no top hadrons => clean source of

fundamental information o L et
! 50% )z) Flq?) D
Tt = 1 ~ 10_25 < Th,ﬂd = 10_24 I.‘ll!'l‘_l\‘lili-l.l’T\'-k ia L).'.r;';f_/‘.ql';.
I'tot ' f o
" - A 11:';’ .MQ;‘

ty

 Mostly one decay channel => simplify analysis
t - Wh; Br(t — other) < 1073

* Wide range of New Physics to search with top
quark
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Intermediate Summary (ll)
possible measurements

» Top quark mass (Am~0.3%) and other parameters
» Total and fiducial cross sections
« Differential cross sections

» Parameters of interactions with other particles,
coupling constants, structure of interactions
(gtt, Wib, FCNC, ...)

» Search for new states (resonances) decaying to
top quarks (M>m), in the decays of top (M<m) or

produced in association with top
(W, H*, T, ...)
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Simulation issues, t-channel
Single top f1/0>§gf:‘:°r(!agu,aev—l

L)

1O E e, - PYTHIA

S
i

", ey

e

1072 3
E L L ! L L I 1 L
0 10 20 30 40 50
Py(b5) (bin = 1.00 GeV)

(1/o)dcldn(b,)

0.16+ e
0.14 ; i,
0.12
0.10
0.08
006 = .
0.04 37
002 ..

-6 -4 =2 0 2 4 6
N(b,) (bin = 0.30)

Ty L

T LT 1 T 1

b-quark in the initial state comes Phys.Atom.Nucl.69(2006)1317
from gluon splitting and direct sum ;.. ;) cov- e i)
of the above diagrams comes to 22t L
double counting. - 0]
1.4
Consider 5FS (left top diag.) or 4FS N,

(right bottom diag.), or match oof L
different orders (5FS LO+NLO) to  ozp i ™ AT

7

| | | L
: - 0 10 20 30 40 50 -6 -4 -2 0 2 4 6
avoid double counting
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Simulation Issues, tW and tt production

........ —>—¢ oo b W Leading order (LO)

~

LA /—’—\ 2->2 process
b > <=/~ ) t tW production

Next to leading order (NLO), O(1/log(mt/mb)), 2->3 processes, tWb

- t 9~ _ b W t
) > ﬂ;(u ) > ,f;; EH g-- _f}:\\f_ g-- -f-J” t thbar
g- A W g- Y oW , h . - W .
g--- g---1e—< production
b t t b

gm====e- t b g-mmmn-- b l -W
t g--- b /-
- -V l ~-W i l t
b Et g--cLb =7V ! W=, .’Q gluon gluon
'q ------- h‘ f lq """" f .')

processes

q t q
e S
q ty oW~ 4 b e
_ 37 /46
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Simulation Issues, tW and tt production (Il)

Diagram removal scheme S. Frixione et al., arXiv:0805.3067.

9---1

| ’ t t-b
uction
g-=-=-====- ——1 b g-=-===-=-- v

Diagram subtraction

Scheme

T. M. P. Tait, arXiv:hep-
ph/9909352

Kinematic separation
A.Belyaev, E. Boos,
arXiv:hep-ph/0003260
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How to simulate associative tWb production
correctly?
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T ' e et o A\
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Simulation of tWbh, additional plots
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Figure 5: Transverse momentum of top
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Figure 7: Transverse momentum of W
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Simulation of tWb, angular
variables

—Full CompHEP

/o doldn(B), pb/GeV

10°?

— Full
—tT

-DR
—DS
--Con

Figure 10: Pseudorapidity of b quark.

EPJ Web Conf. 158 (2017) 04003

Figure 14: Cosine between W boson
and top quark in rest frame of W and b



Practical details and examples
from real CMS analysis to search
For deviations from SM In Wtb interactions
JHEP 02 (2017) 028
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Computations and simulations for LHC

A. SM processes (Backgrounds) as accurate as possible
B. Computation and simulation of large variety of BSM processes

In many cases LO is not enough
NLO, NNLO computations of rates and distributions are needed but also not enough

One needs to have effective LO/NLO (in some cases NNLO) event generators
which include (depending on physics case)

spin correlations, finite particle masses, finite resonance widths,

interferences, proper matching between parton production and hadronization

Two main approaches

1. Programs with implemented list or library of processes

PYTHIA, HERWIG, ALPGEN, ARIADNE, WPHACT and PHASE, TAUOLA, TopREX,
MC@NLO, MCFM, SANC .....

2. Automatic programs with implemented Lagrangians (Feynman rules)

CompHEP, Calchep, GRACE, MadGRAPH/MadEvent, WHIZARD/O’MEGA,
SHERPA, HELAC .....

Various interfaces, standards (LHE, SLHA.....), data bases (MCDB....)



Simulation steps
« Hard process - Matrix Element

Cuormeterlevelien mmmmrmmmmmnae  2->2+7 (ME generator, parton
| levelsevents, LHEF)
e TP - Showering, ISR, FSR,
N T T fragmentation, Hadronisation

7 ¥ (SH generators, particle level
Hadron-level jets = g events 1008, HepMC)

Hadronization

» Detector response (GEANT,
digital signals)

Parton-level jets

v
X
L
¥ M .
,
-
- i
- R R

Underlying event

» Reconstruction programs
(physics objects: e,mu, jets, b-
jets, photon, MET)

- Analysis software (correctiof)s,
selection, high level analysis



BSM in CompHEP
Why useful?

Simple structure of Feynman rules,
easy to extend, LanHEP helps a lot

Symbolic and numerical computations
and event simulation including BSM
2->2,3,...6 (1->2,3,...7) and even more
using batch modes, new options

for cascades, FORM based version

Symbolic ansewrs for ME squared

specially useful to get formulas for simple
2->2 and 1->2,1->3 processes including
BSM contributions and parameters

Needed Interfaces, all LHA, LHEF,
link to MCDB




To be continued
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