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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ñòàíäàðòíàÿ Ìîäåëü

Òðè ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé îïèñûâàþò íàø ìèð

• Ñòàíäàðòíàÿ ìîäåëü
Ñèëüíîå âçàèìîäåéñòâèå - êâàíòîâàÿ õðîìîäèíàìèêà - ÊÕÄ
Ýëåêòðî-ñëàáîå âçàèìîäåéñòâèå - EW

• Ãðàâèòàöèÿ

ÑÌ: ïîëÿ ìàòåðèè - êâàðêè è ëåïòîíû (è ñîîòâåòñòâóþùèå àíòè÷àñòèöû)
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âåêòîðíûå áîçîíû (ïåðåíîñ÷èêè âçàèìîäåéñòâèé)

γ,W +,W−,Z , g

áîçîí Õèããñà H

âñåãî N = 30 ôóíäàìåíòàëüíûõ ÷àñòèö + ãðàâèòîí (?)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Àäðîíû
Âñÿ íàáëþäàåìàÿ ìàòåðèÿ ïîñòðîåíà èç êâàðêîâ

Êâàðêè íå ìîãóò áûòü ñâîáîäíûìè (íàáëþäàåìûìè â óñòàíîâêàõ) ÷àñòèöàìè. Ðîæäåííûå
êâàðêè (è ãëþîíû) çà î÷åíü êîðîòêîå âðåìÿ

τhadr ∼
1

ΛQCD
∼ 10−25 ñåê

ïåðåõîäÿò â àäðîíû (�àäðîðèçàöèÿ�)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ðîæäåíèå àäðîíîâ â ïàðòîíîé ìîäåëè

Íàëåòàþùèé àäðîí äëÿ íàáëþäàòåëÿ âûãëÿäèò êàê ïó÷îê ñâîáîäíûõ ïàðòîíîâ. Ïðè
ñòîëêíîâåíèè äâóõ àäðîíîâ �æåñòêîå� âçàèìîäåéñòâèå êâàðêîâ è ãëþíîâ îïèñûâàåòñÿ â
ðàìêàõ ò.â. ÑÌ

h2

h1

g

g

t

t̄

�æåñòêèé� ïîäïðîöåññ

1

îñíîâíàÿ ôîðìóëà ïàðòîííîé ìîäåëè

σ(h1h2 → R X ) =
∑
i,j

∫
σ̂(ij → R)f h1

i (x1)f h2
j (x2) dx1dx2 (1)

ãäå f h1
i (x1) è f h2

j (x2) - ôóíêöèè ðàñïðåäåëåíèÿ ïàðòîíîâ â àäðîíàõ
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

ÒÎÏ-êâàðê - óíèêàëüíûé îáúåêò ÑÌ

Ïî÷åìó ìû ëþáèì t-êâàðê ?
Òîï-êâàðê - óíèêàëüíûé îáúåì Ñòàíäàðòíîé ìîäåëè (ÑÌ)

• ñàìûé òÿæåëûé îáúåêò ÑÌ (êâàðê)

• mt ' 172.5 ÃýÂ è |Vtb| ≤ 1 =⇒ ðàñïàäàåòñÿ äî àäðîíèçàöèè =⇒ íåò �òîï�-àäðîíîâ !

• ñîõðàíÿåò èíôîðìàöèþ î ñïèíå (è ïîëÿðèçàöèè)

• óíèêàëüíàÿ òî÷íîñòü òåîðåòè÷åñêèõ ïðåäñêàçàíèé CM (dσ, dΓ, BR ∼ O(1%))

• ñâÿçü ñ äðóãèìè ïîêîëåíèÿìè î÷åíü ìàëà |Vtd | ' 0.008, |Vts | ' 0.04

• ñàìàÿ áîëüøàÿ þêàâîâñêàÿ êîíñòàíòà ñâÿçè â ÑÌ:

yt =
√

2mt
v
' 1
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Âçàèìîäåéñòâèÿ t-êâàðêîâ â ÑÌ

Ëàãðàíæèàí âçàèìîäåéñòâèÿ t-êâàðêîâ â ÑÌ

LSM = − yt√
2

t̄ t H − gs tγµta t G a
µ −

g√
2

∑
q=d,s,b

Vtq

2
tγµ (1− γ5) q W +

µ

−Qt etγµ t Aµ −
g

2 cosϑW
t̄γµ

[(
1

2
− 2Qt sin2 ϑW

)
− 1

2
γ5

]
t Zµ + h.c.

yt =
√

2
mt

vew
≈ 1, vew ≈ 246 ÃýÂ

ãäå vew - ýëåêòðîñëàáûé ìàñøòàá - âàêóóìíîå ñðåäíåå ïîëÿ Õèããñà.
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Îñíîâíûå ìåõàíèçìû îáðàçîâàíèÿ t-êâàðêîâ â ÑÌ

• ðîæäåíèå t-êâàðêîâ â ÊÕÄ

g g → t t̄ q q̄ → t t̄

• ðîæäåíèå t-êâàðêîâ â ýëåêòðîñëàáîé òåðèè (EW)

p2W < 0 p2W > 0 p2W = 0
q q′

b
b

t
W W

q

q̄′

b

b̄

tW

W

g

b

bt
t

W

W

t-êàíàë s-êàíàë tW -êàíàë

• îñîáåííîñòè îïèñàíèÿ ðîæäåíèÿ â àäðîííûõ ñòîëêíîâåíèÿ (ïàðòîííàÿ ìîäåëü)

• ÁÀÊ - ôàáðèêà t-êâàðêîâ
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ðàñïàäû t-êâàðêîâ â ÑÌ

Îñíîâíàÿ ìîäà ðàñïàäà t-êâàðêà t → b W +; W + → q q̄′, ` ν
øèðèíà ðàñïàäà (ïðåíåáðåãàÿ m2

b/m2
t )

Γtot = Γt =
GF m3

t

8
√

2π

(
1− M2

W

m2
t

)2(
1 + 2

M2
W

m2
t

)[
1− 2αs

3π

(
2π2

3
− 5

2

)]
GF = 1.16637× 10−5 ÃýÂ−2, mt = 172.5 ÃýÂ, αs (mt ) = 0.118

⇒ Γt ' 1.35 ÃýÂ � ΛQCD ' 200ÌýÂ

t-êâàðê ðàñïàäàåòñÿ äî òîãî, êàê óñïååò îáðàçîâàòü àäðîíû (tt̄), (tq̄), (tqq′)
ðàñïàäû t-êâàðêà íà êîíå÷íûå ñîñòîÿíèÿ îïðåäåëÿþòÿ W -áîçîíîì

BR(t → b `+(e, µ, τ) ν) ' 33 % BR(t → b q q′) ' 67 %

Äëÿ ïàðû tt̄ âåðîÿòíîñòè ðàñïàäà íà ðàçëè÷íûå êîíå÷íûå ñîñòîÿíèÿ ðàâíû
tt̄ → b b̄q q̄′ q′′ q̄′′′ ' 46.2%
tt̄ → b b̄q q̄′ `+ ν + b b̄q q̄′ `− ν̄ ' 43.5%
tt̄ → b b̄`+ `− ν n̄u ' 10.3%

êîíå÷íûå ñîñòîÿíèÿ õàðàêòåðèçóþòñÿ íàëè÷èåì: 2-õ b-ñòðóé; 0, 1, 2 �èçîëèðîâàííûõ�
çàðÿæåííûõ ëåïòîíîâ; �ïîòåðÿííîé� ýíåðãèåé (íåéòðèíî) è íåñêîëüêèìè àäðîííûìè
ñòðóÿìè (íå îò b êâàðêîâ)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Èçìåðåíèÿ ìàññû t-êâàðêîâ
• mt ⇐ Minv (jb

′′W ′′(jj))
• mt ⇐ Minv (jb MT (`E miss

T ))
• mt ⇐ Minv (jb `

±),Minv (`+`−)
• mt ⇐ Minv (`± J/ψ)
• mt ⇐ σ(pp → tt̄) = f (mt )
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Èçìåðåíèÿ ìàññû t-êâàðêîâ

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
LHCtopWG

shown below the line
(*) Superseded by results

September 2017

World Comb. Mar 2014, [7]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 

CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHCtop WGLHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [11] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [13] 0.82)± 0.91 (0.38 ±172.08 
)

l+jets, dil.
Sep 2017(ATLAS comb.  7+8 TeV  [13] 0.42)± 0.50 (0.27 ±172.51 

CMS, l+jets 8 TeV  [14] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [14] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [14] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [15] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [14] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [16] 0.62)± 0.63 (0.08 ±172.25 
[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077
[3] JHEP 12 (2012) 105
[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758
[6] ATLAS-CONF-2013-102

[7] arXiv:1403.4427
[8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] Phys.Lett.B761 (2016) 350
[12] arXiv:1702.07546

[13] ATLAS-CONF-2017-071
[14] Phys.Rev.D93 (2016) 072004
[15] EPJC 77 (2017) 354
[16] CMS-PAS-TOP-17-007

mtop(CDF,D∅,ATLAS,CMS) = 173.34± 0.76(0.27± 0.24± 0.67) ÃýÂ

CMS⇒ ∆mt = mt −mt̄ = −0.15± 0.19(stat)± 0.09(syst)

Ñëàáîñïèöêèé Ñ.Ð. 10 / 53



XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Èçìåðåíèÿ Γtot - ïîëíîé øèðèíû t-êâàðêà

• ΓSM
tot = 1.39 ÃýÂ

• òðàäèöèîííûå ìåòîäû (øèíèíà ïèêà â Minv (bW ))
íå äàþò ïðèåìëèìîé òî÷íîñòè

• ATLAS - Mexp
inv (jb `

±) ñðàâíåíèå ñ ìîäåëèðîâàíèåì
ñîáûòèÿìè ïðè ðàçëè÷íûõ Γtot

Γtot = 0.1, 0.2, 0.3, ...5.0 ÃýÂ,∆Γ = 0.1 ÃýÂ

• CMS - êîñâåííîå èçìåðåíèå

Γtot =
σ

exp
t−ch

B(t→Wb)
× Γth(t→bW )

σth
t−ch

 [GeV]tΓ

1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

ln
(L

)
∆

­2

0

0.2

0.4

0.6

0.8

1

1.2

Data

Quadratic Fit

ATLAS
­1

 = 8 TeV, 20.2 fbs

ýêñïåðèìåíò Γexp
t , ÃýÂ ΓSM

tot

ATLAS Γt = 1.76± 0.33(stat.)+0.79
−0.68 (syst.) 1.39 ÃýÂ

CMS Γt = 1.36± 0.02(stat.)+0.14
−0.11 (syst.)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Áîçîí Õèããñà è t-êâàðê

Óíèêàëüíîñòü áîçîíà Õèããñà
� â ðàìêàõ ÑÌ âñå êîíñòàíòû âçàèìîäåéñòâèÿ Õèããñà âû÷èñëÿþòñÿ (g , v ,mt ,mW/Z )

f f̄ H ⇔ yf =
√

2
mf

v
; yt (mt = 172.5 ÃýÂ) = 0.99, yb(mb = 4.5 ÃýÂ) = 0.02

� âçàèìîäåéñòâèå - òî÷åíîå è ÷åðåç ïåòëè

H

f

f̄
H

W/Z

W/Z
H

g/γ

g/γ

t/W/Z

1

g

g

t

t

b

b

H

t

t

b

b

H

q

q
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Áîçîí Õèããñà è t-êâàðê

ìîäà H → bb̄ H →WW /ZZ H → gg H → γγ
BR ∼ 58 % ∼ 24 % ∼ 8 % ∼ 0.2 %

ÍÎ ! Îñíîâíîé âêëàä â èíêëþçèâíîå ñå÷åíèå ðîæäåíèÿ Õèããñà âíîñèò àííèãèëÿöèÿ
ãëþíîâ - gg → H (ïåòëåâîé âêëàä) !
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Áîçîí Õèããñà è t-êâàðê

Ïàðàìåòð yt ìîæíî èçìåðÿòü â ðåàêöèÿõ ïàðíîãî è îäèíî÷íîãî ðîæäåíèÿ t-êâàðêîâ

pp → t t̄ HX , pp → t HX

H → bb̄, WW ∗, ZZ∗, τ+τ−, γγ

Ðåêîíñòðóèðîâàííûå ñèãíàëüíûå ñîáûòèÿ - âûñîêàÿ ñòàòèñòè÷åñêàÿ çíà÷èìîñòü (σ > 5(6))

6 8 10 12 14 16

 [TeV] s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

H
) 

[p
b
]

t
 t

→
(p

p
σ 

ATLAS

  Theory (NLO QCD + NLO EW)

 

  Combined data
Stat. only

Total

­1
 = 13 TeV, 36.1 ­ 79.8 fbs

­1
 =  8 TeV, 20.3 fbs

ATLAS CMS

yt 1.15± 0.12 1.26+0.31
−0.26
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Âçàèìîäåéñòâèå áîçîíà Õèããñà ñ b-êâàðêîì

ATLAS è CMS ïðîâåëè èçìåðåíèÿ âçàèìîäåéñòâèÿ Õèããñà ñ b-êâàðêîì â ðåàêöèÿõ

pp → H X , H → bb̄

pp → H V X , H → bb̄, V = W±,Z

Ðåçóëüòàòû â âèäå îòíîøåíèÿ:

µb =
σexp(pp → H X )× BR(H → bb̄)

σtheor (pp → H X )× BR(H → bb̄)
=

y exp
b

ySM
b

pp → H W /Z X pp → H X

CMS 1.01± 0.22 1.04± 0.20

ATLAS 0.98+0.22
−0.21 1.01± 0.20

• ïðÿìîå íàáëþäåíèå/èçìåðåíèå ïåòëåâîãî âêëàäà â ðîæäåíèè Õèããñà

• þêàâîâñêàÿ êîíñòàíòà ñâÿçè Õèããñà ñ ôåðìèîíàìè ñîãëàñóåòñÿ ñ ïðåäñêàçàíèÿìè ÑÌ

µb ' 1.025± 0.2, yt ' 1.20± 0.25
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Àíîìàëüíîå âçàèìîäåéñòâèå áîçîíà Õèããñà ñ t-êâàðêîì

L = − yt√
2
ψ̄t (cακHtt + isακAttγ5)ψt X0
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ñå÷åíèÿ ðîæäåíèÿ t-êâàðêîâ â ÑÌ

Äîñòèãíóò áîëüøîé ïðîãðåññ â îïèñàíèè ðîæäåíèÿ tt̄ ñ ó÷åòîì âûñøèõ ïîðÿäêîâ òåîðèè
âîçìóùåíèé (NNLO è NNLL)
ïðè mt = 172.5 ÃýÂ

√
S (ÒýÂ) σ(ïá)

7 177.3+4.7
−6.8(scale)± 9 (PDF+αs )

8 252.9+6.4
−8.6(scale)± 11.7 (PDF+αs )

13 832.0+20
−28(scale)± 35 (PDF+αs )

îñíîâíàÿ íåîïðåäåëåííîñòü - PDF (âîçìîæíî áóäåò óìåíüøåíà ïîñëå îáðàáîòêè íîâûõ
äàííûõ)
=⇒ ÁÀÊ (LHC) � ôàáðèêà t-êâàðêîâ

√
s = 13 ÒýÂ

Ltot = 100 ôá−1 = 105 ïá−1 ⇒ N(tt̄) ' 8.3× 107/ãîä

Ltot = 250 ôá−1 = 2.5× 105 ïá−1 ⇒ N(tt̄) ' 1.6× 108/ãîä

LTOT = 3500 ôá−1 = 3.5× 106 ïá−1 ⇒ N(tt̄) ' 3.0× 109/(2016-2035)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ïîëíûå ñå÷åíèÿ îáðàçîâàíèÿ t t̄ íà ÁÀÊ
ñå÷åíèÿ ðîæäåíèÿ ïàðû t t̄ èçìåðÿþòñÿ â ðàçëè÷íûõ êîíå÷íûõ ñîñòîÿíèÿõ ñîñòîÿíèÿõ:

ee, µµ, eµ, `τh, e/µ+ jets, all jets

 [TeV]s
2 4 6 8 10 12 14

 c
ro

ss
 s

e
ct

io
n
 [
p
b
]

t
In

cl
u
si

ve
 t

10

210

310

WGtopLHC

WGtopLHC

ATLAS+CMS Preliminary Nov 2017

* Preliminary

)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1CMS dilepton,l+jets* 5.02 TeV (L = 27.4 pb

)-1 7 TeV (L = 4.6 fbµATLAS e
)-1 7 TeV (L = 5 fbµCMS e

)-1 8 TeV (L = 20.2 fbµATLAS e
)-1 8 TeV (L = 19.7 fbµCMS e

)-1 8 TeV (L = 5.3-20.3 fbµLHC combined e
)-1 13 TeV (L = 3.2 fbµATLAS e

)-1 13 TeV (L = 2.2 fbµCMS e
)-1* 13 TeV (L = 85 pbµµATLAS ee/

)-1ATLAS l+jets* 13 TeV (L = 85 pb
)-1CMS l+jets 13 TeV (L = 2.2 fb

)-1CMS all-jets* 13 TeV (L = 2.53 fb

NNLO+NNLL (pp)

)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

 0.001±) = 0.118 
Z

(Msα = 172.5 GeV, 
top

NNPDF3.0, m

 [TeV]s13

700

800

900
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ïîëíûå ñå÷åíèÿ îáðàçîâàíèÿ t t̄ íà ÁÀÊ

ñîâìåñòíîé àíàëèçà äâóõ ýêñïåðèìåíòîâ (�LHC Top Physics Working Group�):

√
S σ(ïá) (ýêñïåðèìåíò) σ(ïá) (òåîðèÿ)

7 173± 3(stat)± 8(syst)± 6(lumi) 177.3+4.7
−6.8(scale)± 9 (PDF+αs)

8 240.6± 1.4(stat)± 5.7(syst)± 6.2(lumi) 252.9+6.4
−8.6(scale)± 11.7 (PDF+αs)

13 836± 27(stat)± 81(syst)± 100(lumi) 832.0+20
−28(scale)± 35 (PDF+αs)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ñå÷åíèÿ ðàçëè÷íûõ ïðîöåññîâ ðîæäåíèÿ t-êâàðêîâ

 [
p
b

]
σ
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u
c
ti
o
n
 C

ro
s
s
 S

e
c
ti
o
n
, 
 

3−10

2−10

1−10

1

10

210

310

CMS PreliminarySeptember 2017

All results at: http://cern.ch/go/pNj7

tt

=n jet(s)

1j 2j 3j 4j t-cht tW s-cht γtt tZq ttW ttZ ttH tttt

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 

)-1 19.6 fb≤8 TeV CMS measurement (L 

)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction

Ñëàáîñïèöêèé Ñ.Ð. 20 / 53



XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Èíêëþçèâíûå ñïåêòðû
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ATLAS+CMS Preliminary
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Èçìåðåíèÿ ïàðàìåòðîâ t-êâàðêîâ

Èçìåðåíèÿ ñîáûòèé ñ ðîæäåíèÿ ïàðû tt̄ ñ ðàñïàäàìè íà ðàçëè÷íûå êîíå÷íûå ñîñòîÿíèÿ:
äèëåïòîíû: ee, eµ, µµ, `+ jets : e + jets, µ+ jets è `+ τ ïîçâîëÿþò èçìåðÿòü âåðîÿòíîñòè
ðàñïàäà ïî ðàçëè÷íûì êàíàëàì (B, %)

B t-êâàðê ÑÌ W± (LEP)

t → b j j 66.5± 0.4 (stat) ±1.3 (syst) 67.51± 0.007 67.48± 0.28

t → b e ν 13.3± 0.4 (stat) ±0.5 (syst) 12.72± 0.01 67.48± 0.20

t → b µ ν 13.4± 0.3 (stat) ±0.5 (syst) 12.72± 0.01 12.60± 0.18

t → b τ ν 7.0± 0.3 (stat) ±0.5 (syst) 7.05± 0.01 7.2± 0.12

• CMS

pp → tt̄X , t(t̄)→ `± jb

R =
B(t → b W )∑

q=s,d,s,b B(t → q W )
= 1.014± 0.003(stat)± 0.032(syst)
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XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Èçìåðåíèÿ ïàðàìåòðîâ t-êâàðêîâ

• ïîëÿðèçîâàííûé t-êâàðê �ïåðåäàåò� èíôîðìàöèþ î ñïèíå ïðîäóêòîàì ðàñïàäà (óãëîâûå
ðàñïðåäåëåíèÿ)
• �íà ïîðîãå� ïàðà tt̄ êâàðêîâ îáðàçóåòñÿ â îñíîâíîì ñ îäèíàêîâûìè ñïèðàëüíîñòÿìè, à
ïðè áîëüøèõ

√
Stt̄ - ñ ïðîòèâîïîëîæíûìè

• pp → tt̄X , t → `+X , t̄ → `−X : ∆φl+ l− ÷óâñòâèòåëüíî ê íàëè÷èþ ïîëÿðèçàöèè êâàðêîâ

Ñëàáîñïèöêèé Ñ.Ð. 23 / 53



XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ýëåêòðîñëàáûé ìåõàíèçì ðîæäåíèÿ t-êâàðêîâ
• ñå÷åíèÿ �îäèíî÷íîãî� ðîæäåíèÿ t-êâàðêîâ çà ñ÷åò EW ñîñòàâëÿåò äî 50% îò ÊÕÄ

σt−chan(t + t̄) ' 218 ïá, σtW−chan(t + t̄) ' 70 ïá, σs−chan(t + t̄) ' 11 ïá

• òðè òèïà ìåõàíèçìà ðîæäåíèÿ â çàâèñèìîñòè îò âèðòóàëüíîñòè W -áîçîíà

p2W < 0 p2W > 0 p2W = 0
q q′

b
b

t
W W

q

q̄′

b

b̄

tW

W

g

b

bt
t

W

W

t-êàíàë s-êàíàë tW -êàíàë

• ñå÷åíèÿ âû÷èñëåíû ñ NNLO òî÷íîñòüþ, ïðè ýòîì NNLO âíîñèò íåáîëüøóþ ïîïðàâêó
(âçàèìíîå ñîêðàùåíèå ÊÕÄ è EW)

• âû÷èñëåíèÿ ìîæíî äåëàòü â 4F (áåç ó÷åòà âêëàäà íà÷àëüíûõ b-êâàðêîâ) è 5F

√
s = 13 ÒýÂ, σt−chan(5Fs) = 134.0+0.7

−0.6 ïá, σt−chan(4Fs) = 127.0+2.0
−0.6 ïá
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Ýëåêòðîñëàáûé ìåõàíèçì ðîæäåíèÿ t-êâàðêîâ

 [TeV]s
2 3 4 5 6 7 8 9 10 11 12 13 14

 [
p

b
]

σ
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1−10

1
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210

t-channel

CDF & D0, PRL 115, 152003 (2015)

CMS, JHEP 12, 035 (2012)

CMS, JHEP 06, 090 (2014)

CMS, PLB 772, 752 (2017)

s-channel

CDF & D0, PRL 112, 231803 (2014)

CMS, JHEP 09 (2016) 027

W-associated

CMS, PRL 110, 022003 (2013)

CMS, PRL 112, 231802 (2014)

CMS, TOP-17-018 (prel.)

Z-associated

CMS, JHEP 07, 003 (2017)

CMS, PLB 779, 358 (2018)
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Inclusive cross sections
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LHCtopWG

Single top-quark production
September 2018

t-channel

tW

s-channel

ATLAS t-channel

086 (2017) 04 JHEP
531, (2017) 77 112006, EPJC (2014) 90 PRD

CMS t-channel

752 (2017) PLB 772
090, (2014) 06 035, JHEP (2012) 12 JHEP

ATLAS tW

063 (2018) 01 JHEP
064, (2016) 01 142, JHEP (2012) PLB 716

CMS tW

arXiv:1805.07399
231802, (2014) 112 022003, PRL (2013) 110 PRL

LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel

228 (2016) PLB 756
ATLAS-CONF-2011-118 95% CL,

CMS s-channel

        7+8 TeV combined fit 95% CL×
CL 95% 027 (2016) 09 JHEP

58 (2014) PLB 736NNLO 
scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

 contribution removedttW: t

 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

VeG 65 =
F

µ and VeG 60 =  removalt veto for t
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tW: p

scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 
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Èçìåðåíèå ïàðàìåòðà |Vtb|
• ñå÷åíèå ýëåêòðîñëàáîãî ðîæäåíèÿ t-êâàðêà: σEW (tX ) ∝ |Vtb|2

⇒ |Vtb|EW top = 1.019± 0.028

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
|tbVLV|f

ATLAS+CMS Preliminary
LHCtopWG

  from single top quark production
theoσ

measσ
| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσ∆
 = 172.5 GeVtopm

November 2017

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty

3 

total  theo

 (theo)± (meas) ±| tbVLV|f

t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

 1,2
ATLAS 8 TeV

 )1−EPJC 77 (2017) 531  (20.2 fb
 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combination 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

 2CMS 13 TeV
 )1−arXiv:1610.00678  (2.3 fb

 0.02± 0.07 ±1.03 

 2ATLAS 13 TeV
 )1−JHEP 04 (2017) 086  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 

 1,3
ATLAS 8 TeV

 )1−JHEP 01 (2016) 064  (20.3 fb
 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,3
LHC combination 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

LHCtopWG  0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−arXiv:1612.07231  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 
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Èçìåðåíèå ïîëÿðèçàöèè t-êâàðêîâ

• CMS: ïîëÿðèçàöèÿ t-êâàðêà â ïðîöåññàõ îäèíî÷íîãî ðîæäåíèÿ: bu → d t (→ `+X )
• ðàñïðåäåëåíèÿ ïî cosϑ∗µ - ìåæäó `± îò ðàñïàäà t-êâàðêà è ëåãêèì êâàðêîì
• êîððåëÿöèè ñïèíîâûõ ñîñòîÿíèé â ðîæäåíèè t-êâàðêà è â åãî ðàñïàäå
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    Stat.      Total

Ñëàáîñïèöêèé Ñ.Ð. 27 / 53



XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Ðîæäåíèå t-êâàðêîâ ñîâìåñòíî ñ W /Z áîçîíàìè
ïðîöåññû ðîæäåíèÿ tt̄ ñîâìåñòíî ñ âåêòîðíûìè áîçîíàìè:

pp → tt̄ + Z , tt̄ + W±, tt̄ + γ, CDF : σ(pp̄ → tt̄γ)√S=2 ÒýÂ = 180± 80 ôá

÷óâñòâèòåëüíû ê ôèçèêå çà ðàìêàìè ÑÌ

σ(tt̄V ) ATALS (ôá) CMS (ôá)

σtt̄γ(7ÒýÂ) 2000± 500(stat)± 700(syst)

σtt̄γ(8ÒýÂ) 2400± 200(stat)± 600(syst)

σtt̄Z/γ∗ (7ÒýÂ) < 700 280+140
−110(stat)+60

−30(syst)

σtt̄Z/γ∗ (8ÒýÂ) 150+55
−50(stat)± 21(syst) 200± 90(total)

σtt̄W (8ÒýÂ) 300+120
−100(stat)+70

−40(syst) 170+110
−100(total)
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Ðîæäåíèå t-êâàðêîâ ñîâìåñòíî ñ W /Z áîçîíàìè

√
S = 8 ÒýÂ σ(ÑÌ), ôá ATALS (ôá) CMS (ôá)

tt̄ + γ 1880± 500

tt̄Z / γ∗ 215± 30 176+52
−48(stat)± 24(syst) 242+65

−55

tt̄W 232± 32 369+86
−79(stat)± 44(syst) 382+117

−102
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Ðîëü t-êâàðêîâ â èññëåäîâàíèèè ðàñøèðåíèé ÑÌ

• â ðàìêàõ ÑÌ òî÷íîñòü òåîðåòè÷åñêèõ ïðåäñêàçàíèé äëÿ ïðîöåññîâ ðîæäåíèÿ è ðàñïàäîâ
t-êâàðêà ñîñòàâëÿåò äîëè ïðîöåíòà
• t-êâàðê ïðàêòè÷åñêè ñî 100% âåðîÿòíîñòüþ ðàñïàäàåòñÿ ïî îäíîìó êàíàëó t → bW

Â ïîèñêàõ ïðîÿâëåíèé ÍÔ â ñåêòîðå t-êâàðêîâ òåñòèðóþòñÿ âñå âîçìîæíîñòè:
� ðåäêèå (â ðàìêàõ ÑÌ) ðàñïàäû t-êâàðêîâ;
� îòêëîíåíèÿ â ñå÷åíèÿõ ðîæäåíèÿ t-êâàðêîâ (â ðàìêàõ ÑÌ);
� ðîæäåíèå t-êâàðêîâ çà ñ÷åò î÷åíü ðåäêèõ ðåàêöèé â ÑÌ;
� ðàñïàäû t-êâàðêîâ ïî îòñóòñòâóþùèì â ÑÌ êàíàëàì;
� íîâûå ÷àñòèöû, ðàñïàäàþùèåñÿ â êîíå÷íûå ñîñòîÿíèÿ, ñîäåðæàùèå t è/èëè t̄-êâàðê è,
âîçìîæíî, äðóãèå ÷àñòèöû è ðåçîíàíñû.
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Âçàèìîäåñòâèÿ t-êâàðêîâ çà ðàìêàìè ÑÌ

• Ìíîãî÷èñëåííûå ðàñøèðåíèÿ ÑÌ =⇒ ðàçëè÷íûå ïðåäñêàçàíèÿ â ñåêòîðå t-êâàðêîâ ñî
ñâîèì ñïåöèôè÷åñêèì íàáîðîì òèïîâ âçàèìîäåéñòâèé è ïàðàìåòðîâ (êîíñòàíò ñâÿçè,
ìàññû íîâûõ îáúåêòîâ)
• ×àñòî ðàçëè÷íûå ñöåíàðèè =⇒ ïðîöåññû ñ îäèíàêîâûìè êîíå÷íûìè ñîñòîÿíèÿìè

• Ôîðìàëèçì ýôôåêòèâíîé òåîðèè ïîëÿ - ýôôåêòèâíûé (ôåíîìåíîëîãè÷åñêèé)
Ëàãðàíæèàí LEFT
êàëèáðîâî÷íî-èíâàðèàíòíûé ïî îòíîøåíèþ ê êàëèáðîâî÷íîé ãðóïïå ÑÌ

Ëàãðàíæèàí àíîìàëüíûõ âçàèìîäåéñòâèé t-êâàðêîâ ïîñëå ñïîíòàííîãî íàðóøåíèÿ
ñèììåòðèè

LEFT = LSM + κ4ψ̄qÔ(4)ψt +
κ5

Λ
ψ̄qÔ(5)ψt +

κ6

Λ2
ψ̄qÔ(6)ψt + · · ·

ãäå Λ - ìàñøòàáíûé ïàðàìåòð ÍÔ, κ - àíîìàëüíûå êîíñòàíòû

• Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû ïðåäñòàâëÿþòñÿ â âèäå îãðàíè÷åíèé
� íà κ/Λ - âåëè÷èíû àíîìàëüíûõ êîíñòàíò âçàèìîäåéñòâèÿ
� â âèäå ïðåäåëîâ íà âåðîÿòíîñòè ðåäêèõ ðàñïàäîâ t-êâàðêà
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Ïîèñê ýôôåêòîâ íîâîé ôèçèêè â çà ðàìêàìè ÑÌ

• g t t̄
• t W b
• t → u(c) + V , V = g , γ, Z
• t → u(c) + H
• t → b + H+

• â ðàìêàõ ÑÌ îòñóòñòâóþò íà äðåâåñíîì óðîâíå
• ñèëüíî ïîäàâëåíû (ïåòëåâûå âêëàäû), ëèáî îòñóòñòâóþò (íîâûå ÷àñòèöû, íàïðèìåð H±)
• ðàçëè÷íûå ðàñøèðåíèÿ ÑÌ ïðèâîäÿò ñóùåñòâåííîìó óñèëåíèþ òàêèõ ïðîöåññîâ
• äëÿ ïîèñêà, àíàëèçà è èíòåðïðåòàöèè ðåçóëüòàòîâ ÷àñòî èñïîëüçóåòñÿ
¾ìîäåëüíî-íåçàâèñèìûé¿ àíàëèç - ôåíîìåíîëîãè÷åñêèå ëàãðàíæèàíû
• ðàçëè÷íûå ìîäåëè =⇒ îäèíàêîâûå òèïû âçàèìîäåéñòâèé
• âû÷èñëåíèÿ òîëüêî íà äðåâåñíîì óðîâíå
• àíîìàëüíûå êîíñòàíòû =⇒ Λ = Λ ÍÔ ∼ 1 ÒýÂ (ôîðìôàêòîðû - ?)
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Èññëåäîâàíèÿ âçàèìîäåéñòâèÿ gtt̄

• îòêëîíåíèÿ îò ÑÌ â gtt̄ âçàèìîäåéñòâèè ìîæåò ïðîÿâèòüñÿ â ðàñïðåäåëåíèÿ ïî ýíåðãèÿì
è óãëàì • Ôåíîìåíîëîãè÷åñêèé ëàãðàíæèàí (ñ àíîìàëüíûì õðîìîìàãíèíûì ìîìåíòîì):

Leff = LSM −
µ̃t

2
ψ̄tσ

µνψt G a
µν

àíàëèç ðàñïðåäåëåíèÿ ïîçâîëèë ïîëó÷èòü îãðàíè÷åíèå −0.50 < Re(µ̃t ) < 0.070(95%CL)
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Àññèìåòðèÿ â ðîæäåíèè t è t̄ êâàðêîâ

• àññèìåòðèÿ â ðîæäåíèè t è t̄ êâàðêîâ

AC =
N(t)− N(t̄)

N(t) + N(t̄)

0.1− 0.05− 0 0.05 0.1 0.15

CA

2−

8

ATLAS dilepton  0.009± 0.015 ±0.024 

ATLAS dilepton  0.017± 0.025 ±0.021 

ATLAS l+jets  0.005± 0.010 ±0.006 

CMS dilepton  0.006± 0.010 ±0.009 

CMS dilepton  0.008± 0.017 ±-0.010 

CMS l+jets  0.011± 0.010 ±0.004 

ATLAS+CMS l+jets  0.006± 0.007 ±0.005 

 0.0005  ±0.0123 Theory (NLO+EW)
PRD 86, 034026 (2012)

 0.0003  ±0.0070 Theory (NLO+EW)
PRD 86, 034026 (2012)

PLB 717 (2012) 129

JHEP 1402 (2014) 107

arXiv:1709.05327

JHEP 1404 (2014) 191

JHEP 05 (2015) 061

JHEP 1404 (2014) 191

JHEP 05 (2015) 061

 asymmetrytt

lepton asymmetry

 = 7 TeVsATLAS+CMS     
LHCtopWG

LHCtopWG

total   stat

(syst)±(stat) ± CA

CA
-0.04 -0.02 0 0.02 0.04 0.06 0.080

14.5

ATLAS, l+jets  0.0025± 0.0044 ±0.0090 

ATLAS, l+jets boosted
 0.026± 0.019 ±0.042 

tt
C

ATLAS, dilepton  A  0.012± 0.011 ±0.021 

ll
C

ATLAS, dilepton A  0.003± 0.005 ±0.008 

CMS, l+jets (template)  0.0033± 0.0026 ±0.0033 

CMS, l+jets (unfolding)  0.0037± 0.0068 ±0.0010 

tt
C

CMS, dilepton  A  0.007± 0.011 ±0.011 

ll
C

CMS, dilepton A  0.003± 0.006 ±0.003 

ATLAS+CMS, l+jets  0.0025± 0.0023 ±0.0055 

-0.0007
+0.00050.0095QCD NNLO (+ EW NLO)

based on arXiv:1705.04105, JHEP 04 (2017) 071, JHEP 05 (2016) 034

 0.0004  ±0.0160 QCD NLO (+ EW NLO)
JHEP 01 (2012) 063

 0.0003  ±0.0064 QCD NLO (+ EW NLO)
PRD 86 (2012) 034026

 > 0.75 TeV)
tt

|y|| < 2 and m∆(|
PLB 756 (2016) 52

PRD 94 (2016) 032006

PRD 94 (2016) 032006

EJC 76 (2016) 87

PLB 760 (2016) 365

PLB 760 (2016) 365

PLB 757 (2016) 154

PRD 93 (2016) 034014

 asymmetrytt

dilepton asymmetry

 = 8 TeVsATLAS+CMS     

LHCtopWG

LHCtopWG
total   stat (syst.)±(stat.) ± CA
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Àíîìàëüíîå t W b âçàèìîäåéñòâèå
ýôôåêòèâíûé Ëàãðàíæèàí âçàèìîäåéñòâèÿ

LEFT =
g√
2

bγµ
(
f L
V PL + f R

V PR

)
tW−µ +

g√
2

b
σµν

2MW

(
f L
T PL + f R

T PR

)
tW−µν + h.c.

ãäå W−µν = ∂µW−ν − ∂νW−µ , â ðàìêàõ ÑÌ: f L
V = Vtb; f R

V = f L
T = f R

T = 0

|R
Vf|

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

L Vf

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4
95% CL observed

68% CL observed

95% CL expected

68% CL expected

CMS

 (8 TeV)-1 (7 TeV) + 19.7 fb-15.0 fb

]L/V
R

Re[g
0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

]
L

/V
R

Im
[g

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2
ATLAS

1− = 8 TeV, 20.2 fbs
Best Fit
SM
68% CL
95% CL

|f R
V | < 0.16, |f L

T | < 0.057, |f R
T | < 0.048 at 95% CL
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Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà tVq - FCNC

FCNC âçàèìîäåéñòâèÿ tVq, V = g , γ,Z ,H ñèëüíî ïîäàâëåíû â ðàìêàõ ÑÌ

t u/c

γ

∑
q=d,s,b

W+W+

1

ÑÌ two-Higgs SUSY ýêçîòè÷. êâàðêè

BR(t → qg) 5× 10−11 ∼ 10−5 ∼ 10−3 ∼ 5× 10−4

BR(t → qγ) 5× 10−13 ∼ 10−7 ∼ 10−5 ∼ 10−5

BR(t → qZ) ∼ 10−13 ∼ 10−6 ∼ 10−4 5× ∼ 10−2

Ñëàáîñïèöêèé Ñ.Ð. 36 / 53



XIII ×ÅÐÅÍÊÎÂÑÊÈÅ ×ÒÅÍÈß àïðåëü 2020

Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà tVq

ìîäåëüíî íåçàâèñèìûé àíàëèç. Ôåíîìåíîëîãè÷åñêèé Ëàðãàíæèàí

LFCNC = −e
∑

q=u,c

κγq

Λ
t̄σµν(f γq + ihγq γ5)qAµν − gs

∑
q=u,c

κg
q

Λ
t̄σµνta(f g

q + ihg
qγ5)qG a

µν

− g

2 cos θW

∑
q=u,c

κZ
q t̄γµ(f Z

q − hZ
q γ5)qZµ −

g

2 cos θW

∑
q=u,c

κ̃Z
q

Λ
t̄σµν(f̃ Z

q + i h̃Z
q γ5)qZµν

øèðèíû ðàñïàäîâ ðàâíû:

Γ(t → qg) =

(
κg

q

Λ

)2
8

3
αs m3

t , Γ(t → qγ) =

(
κγq

Λ

)2

2αm3
t ,

Γ(t → qZ)γ =
(
κZ

q

)2 αm3
t

4M2
Z sin2 2θW

(
1− M2

Z

m2
t

)2(
1 + 2

M2
Z

m2
t

)
,

Γ(t → qZ)σ =

(
κ̃Z

q

Λ

)2
αm3

t

sin2 2θW

(
1− M2

Z

m2
t

)2(
2 +

M2
Z

m2
t

)
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Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà tgq, tγq, tZq
• äâå ìåòîäà ïîèñêà:
� ðîæäåíèå ïàðû tt̄ (ÑÌ) ñ ïîñëåäóþùèì ïîèñêîì ðåäêèõ ðàñïàäîâ:

pp → t t̄ : t → q g , t → q γ, t → q Z

� îáðàçîâàíèå t-êâàðêîâ (FCNC-âçàèìîäåéñòâèå) ñ âûäåëåíèåì ÑÌ-ðàñïàäîâ t-êâàðêà

g u(c) → t; uu → tt; cg → t g ; qg → t γ/Z , ...t → bW

t → g u/c

t

g

q
u/c g → t

t

g

q
q q → t t

t

tu

u

g

t → γ/Z u/c

t

γ/Z

q

u/c g → t γ/Z
q

g γ/Z γ/Z

t t
t u/c
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Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà tHq

t → H u/c → Higgs + FCNC = FCNH

ÑÌ SUSY MSSM 2HDM
BR(t → Hc) 3× 10−15 10−6 10−5 10−3

BR(t → Hu) 2× 10−17 10−6 8× 10−5 10−4
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Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà tHq

pp → tt̄, t → Hq, H → γ γ
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Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà t → q H/g/γ/Z

ëó÷øèå îãðàíè÷åíèÿ (2018) íà àíîìàëüíûå FCNC âçàèìîäåéñòâèÿ â ñåêòîðå t-êâàðêîâ

B (95% CL) | B (95% CL)

êàíàë ATLAS CMS êàíàë ATLAS CMS

t → Hu 1.9× 10−3 4.7× 10−3 t → Hc 1.6× 10−3 4.7× 10−3

t → gu 4.0× 10−5 2.0× 10−5 t → gc 20.0× 10−5 41× 10−5

t → γu 130× 10−5 t → γc 170× 10−5

t → Zu 17× 10−5 22× 10−5 t → Zc 24× 10−5 44× 10−5
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Íåéòðàëüíûå òîêè ñ íàðóøåíèåì àðîìàòà t → q H/g/γ/Z

Branching ratio
16−10 13−10 10−10 7−10 4−10 1−10

Zu→t

Zc→t

gu→t

gc→t

uγ→t

cγ→t

Hu→t

Hc→t

SM 2HDM(FV) 2HDM(FC)

MSSM RPV RS

[8]

[7]

[8]

[7]

[6]

[5]

[6]

[5]

[4]

[4]

[3]

[1]

[2]

[1]

  ATLAS   CMS95%CL upper limits
[1] JHEP 10 (2017) 129 [2] JHEP 02 (2017) 079
[3] CMS-PAS-TOP-17-003 [4] JHEP 04 (2016) 035
[5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2017-070 [8] JHEP 07 (2017) 003

from arXiv:1311.2028
Theory predictions

ATLAS+CMS Preliminary
LHCtopWG

November 2017

all other processes are zero
Each limit assumes that
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Âêëàä H± â ðåäêèå ïðîöåññû ñ t-êâàðêàìè
• Ëàãðàíæèàí âçàèìîäåéñòâèÿ çàðÿæåííîãî áîçîíà Õèããñà H± â MSSM

L =
g√

2MW

H+{Vud u(mu ctg βPL + md tg βPR )d + ν(tanβm`PR )`}, PL/R = 1/2
(
1∓ γ5

)
• äâå îáëàñòè ìàññ çàðÿæåííîãî áîçîíà

mH± = 80− 160 ÃýÂ : t → H± b mH± > 180 ÃýÂ : pp → t̄ H± b

ATLAS CMS
mH = 80− 160
B(t → H+b)B(H+→ τν) 0.23− 1.3% 0.15− 1.5%
mH = 180− 1000
σ(pp → t̄H+)B(H+→ τν) 0.76− 4.5 ïá
mH = 180− 600
σ(pp → t̄H+)B(H+→ τν) 0.025− 0.38 ïá
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Ïîèñê òÿæåëûõ ÷àñòèö, ðàñïàäàþùèõñÿ íà t-êâàðêè

• òÿæåëûé çàðÿæåííûé âåêòîðíûé áîçîí W ′

E
ve

nt
s 

/ b
in

1−10

1

10

210

310

410

510
Data

 + VV
-
l+l→*γ + Z/νl→W

 + single ttt

background uncertainty

 at 2000 GeVRW'

 at 2500 GeVRW'

 at 3000 GeVRW'

CMS

  (13 TeV)-1                                            35.9 fb

+jetsµ
=1

b tags
Type B, N

 (GeV)tbM
1000 2000 3000 4000 5000

2−

0

2

T
ot

. u
nc

.
D

at
a-

B
kg

 (GeV)
RW'M

1000 1500 2000 2500 3000 3500 4000

tb
) 

(p
b)

→
R

(W
'

Β × 
R

W
'

σ
2−10

1−10

1

10

210 CMS

  (13 TeV)-1                                                               35.9 fb

 

)
RW'<< M

Rν signal (MRW'

)
RW'> M

Rν signal (MRW'

Observed limit (95% CL)

Expected limit (95% CL)

68% expected

95% expected
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Ïîèñê íîâûõ òÿæåëûõ ÷àñòèö, ðàñïàäàþùèõñÿ íà t-êâàðêè
SUSY òåîðèè ïðåäñêàçûâàþò áîëüøîå êîëè÷åñòâî íîâûõ ðåàêöèé ñ t-êâàðêàìè â êîíå÷íîì
ñîñòîÿíèè. Îäíîé èç õàðàêòåðèñòèê òàêèõ ðåàêöèé ÿâëÿåòñÿ íàëè÷èå áîëüøîé
�ïîòåðÿííîé� ýíåðãèè, óíîñèìîé íîâîé íåéòðàëüíîé ÷àñòèöåé. Íàïðèìåð, ðåàêöèè ïîèñêà
ðîæäåíèÿ îäèíî÷íîãî t-êâàðêà ñ áîëüøîé �ïîòåðÿííîé� ýíåðãèè (ò.í. �ìîíî-òîï� ìîæíî
èñïîëüçîâàòü äëÿ ïîèñêà �òåìíîé ìàòåðèè�.

u

g

t

FCNC

V

t

χ

χ̄

q̄

q

φ

Heavy s
alar

χ

t

1

�âåêòîðíûå� t-êâàðêè (T ), ðàñïàäàþùèåñÿ íà îáû÷íûé t-êâàðê è Z -áîçîí

g

q

b

W−
T

b̄

q′
Z

t

b

W+

ℓ−

ℓ+

1
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Ïîèñê òÿæåëûõ ÷àñòèö, ðàñïàäàþùèõñÿ íà t-êâàðêè

Íîâûå ÷àñòèöû ìîãóò èçìåíèòü ïðåäñêàçàíèÿ ÑÌ. Íàïðèìåð SUSY (t̃ → t χ0
1, spin(t̃) = 0)

ïîëó÷åíî îãðàíè÷åíèå: mt ≤ mstop < 195 ÃýÂ
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Ïîèñê òÿæåëûõ ÷àñòèö, ðàñïàäàþùèõñÿ íà t-êâàðêè

Excited quarks

t* → tg S=3/2

t* → tg S=1/2

b* → tW KL=1

b* → tW KR=1

b* → tW k=k=1

Observed limit 95%CL (TeV)
0 0.4 0.8 1.2 1.6 2

Vector-like quark single production                                                                                                                              

T → tH cWb)=1.5

T → tH cZt=2.5

T → tH cWb=1.5

T → tH cZt=2.5

T → tZ cWb=1.5

T → tZ c(Zt)=1.5

B → bZ c(Wt)=1.5

T → bW c(Wb)=1.5

Y→ tH c(Wb)=1.0

Observed limit 95%CL (TeV)
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

13 TeV

Vector-like quark pair production                                                                                                                              

Q → qW 

T → tH 

T → tZ 

T → bW 

B → bH 

B → bZ 

B → tW 

X5/3 → tW 

X5/3 → tW 

T → bW 

Observed limit 95%CL (TeV)
0 0.3 0.6 0.9 1.2 1.5

Resonances to heavy quarks

Z’(1.2%) → tt

Z’(10%) → tt

gKK → tt

W’ → tb

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’(1%) → tt

Z’(10%) → tt

Z’(30%) → tt

gKK → tt

W’ → tb

Z’→ Tt → tZt

Observed limit 95%CL (TeV)
0 0.5 1 1.5 2 2.5 3 3.5 4

40 fb

40 fb

15 fb

8 fb 80 fb

500 fb

8 TeV

13 TeV

Resonances to dibosons

radion → HH

W’ → WH 

Z’ → ZH

GBulk → WW 

GBulk → ZZ

W’ → VW  HVT(B)

W’ → WH HVT(B)

Z’ → VH HVT(B)

radion → HH

Observed limit 95%CL (TeV)
0 0.5 1 1.5 2 2.5 3

8 TeV

13 TeV
10 fb

13 fb

20 fb

28 fb

6 fb

30 fb

B2G
new physics 

searches with 
heavy SM particles

35 fb

25 fb

7 fb

7 fb

35 fb

9 fb
8 TeV

13 TeV4 fb

20 fb

300 fb

60 fb

800 fb

900 fb

50 fb

50 fb

100 fb

120 fb

200 fb

200 fb

70 fb

60 fb

70 fb

40 fb

18 fb

⟡model-independent

KL/KR=1

KR=1  

KL=1  

M!R < MW’

M!R > MW’

 Gbulk

 Gbulk

8 TeV

⟡

⟡
600 fb

400 fb

200 fb

200 fb

200 fb

200 fb

250 fb

150 fb

20 fb

400 fb

⟡t → lep
cWb=1.5
t → lep
cZt=2.5

t → had
cWb=1.5
t → had
cZt=2.5

  cWb=1.5  

  cZt=1.5   

  cWt=1.5   

  cWb=1.5     

  cWb=1.0     
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Ôèçèêà t-êâàðêîâ íà áóäóùèõ àäðîííûõ êîëëàéäåðàõ
óñêîðèòåëü

√
s, ÒýÂ L, ñì−2 · c−1

∫
L, àá−1 < µ >

LHC 7-13 ≈ 1034 0.3 10-40
HL-LHC 14 1035 3 140-200
HE-LHC 27 2.5× 1035 12 800
SppC 75 1.2× 1035 15 400-500
FCC-hh 100 3× 1035 30 500-1000
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ATLAS-CONF-2012-134, CMS-PAS-TOP-12-003
ATLAS-CONF-2014-053, CMS-PAS-TOP-14-016
ATLAS, PLB 761 (2016) 136
ATLAS-CONF-2013-098, CMS-PAS-TOP-12-002
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009
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îæèäàåòñÿ ñóùåñòâåííîå óìåíüøåíèå îøèáêè â èçìåðåíèè ìàññû t-êâàðêà

∫
Ldt ôá−1 30 300 3000

Minv (b“W ′′) 0.62 0.44 0.17
�end-point� 1.1 0.60 0.50
J/ψ 1.8 0.80 0.60
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CMS

Preliminary Projection

 (8 TeV)-119.7 fb

Run I 0.3/ab, 14 TeV 3/ab, 14 TeV

, arXiv:1608.03560ΨJ/

), JHEP08 (2016) 029t (tσ
sec. vtx, PRD 93(2016)2006 

single t, PAS-TOP-15-001

l+jets, PRD 93(2016)2004
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äëÿ HL-LHC âåðõíèå îöåíêè (ÌÊ ìîäåëðèðîâàíèå) äëÿ FCNC ïðîöåññîâ (ïðè 3000 ôá−1 )

ïðîöåññ B, Run-2 B, HL-LHC
t → uH 49× 10−4 2.1× 10−4

t → cH 16× 10−4 1.1× 10−4

t → uγ 130× 10−5 0.9× 10−5

t → cγ 170× 10−5 7.4× 10−5

t → uZ 17× 10−5 13× 10−5

t → cZ 24× 10−5 11× 10−5
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• Topcolour Z ′ : pp → Z ′0 → tt̄
• ATLAS: áóäåò âîçìîæíî èñêëþ÷èòü Z ′ äëÿ ìàññ M(Z ′0) < 4 ÒýÂ
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ÇÀÊËÞ×ÅÍÈÅ

• t-êâàðê - óíèêàëüíûé îáúåì Ñòàíäàðòíîé ìîäåëè

• âñå ñâîéñòâà (ðîæäåíèå è ðàñïàäû) îïèñûâàþòñÿ â ðàìêàõ ò.â. ÑÌ ñ óíèêàëüíîé
òî÷íîñòüþ (dσ, dΓ, BR � O(1%))

• âñå ñâîéñòâà îïèñûâàþòñÿ â ðàìêàõ ÑÌ áåç äîïîëíèòåëüíûõ ôåíîìåíîëîãè÷åñêèõ
ïàðàìåòðîâ

• ñàìûé òÿæåëûé îáúåêò ÑÌ: mt ' 173.34 ÃýÂ

• ñâÿçü ñ äðóãèìè ïîêîëåíèÿìè î÷åíü ìàëà |Vtd | ' 0.008, |Vts | ' 0.04

• ñàìàÿ áîëüøàÿ þêàâîâñêàÿ êîíñòàíòà ñâÿçè â ÑM

=⇒ t-êâàðê � ïðåêðàñíàÿ ëàáîðàòîðèÿ äëÿ ïîèñêà Íîâîé ôèçèêè

• àíîìàëüíîå âçàèìîäåéñòâèå: tWb; tHq; t g/γ/Z q

• íîâûå òÿæåëûå îáúåêòû R(tt̄), Q → tX , ...

• ...
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Áëàãîäàðþ çà âíèìàíèå !
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