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Top-quark production in hadron collisions

m Top-pair production: QCD interaction dominated by gluon-induced
processes (+80%,+90% at LHC,FCC energies at NLO):
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m Single-top production: Electroweak process sensitive to b-quark
(from g—bb) PDF:

(t-channel) (t-W channel) (s-channel)
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b (contributes a few % of the total)
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Top-quark decay modes

m Top-quark decays (t~0.1 fm/c) before N
hadronization into W+b (BR~100%,V, ~1):  ° )
single t = b + 2jets (66%)
singlet—=b + 1¢ + MET(v) (33%, w/0 t: 22%)
ttbar — bbar + 4jets (45%)
ttbar — bbar + 2jets + 1€ + MET(v) (45%) ! . ’
ttbar = bbar + 2 + MET(2v) (10%, w/o t: 5%)

m Top-quark pair

decay modes: “alljets™ 46%

t+jets 15%

"dileptons”

Cleanest channels: 1% o
+1

pt+p,pte,et+e (~5%) 11'.“"&1 zr

™E R +ets 16%
\ Y | L+jets ()

\1 x ¢ ' " H n
etjets 15%  "leptontjets” 44%
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Top-quark in nuclear collisions

m Top-quark decays (t~0.1 fm/c) before ) A
hadronization into W+b (BR~100%,V,~1): " ]
singlet = b + 2jets (66%) QGP
singlet—> Db+ 1¢ + MET(v) (33%, w/o t: 22%) W- f t
ttbar — bbar + 4jets (45%)
ttbar — bbar + 2jets + 1€ + MET(v) (45%)
ttbar — bbar + 2 + MET(2v) (10%, w/o t: 5%)
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m Motivations for measurement:

— One of the few elementary particles (with t, H)
experimentally unobserved so far in A-A collisions.

— Probes gluon nPDF in unexplored range: x~0.3-103,Q~m~173 GeV
— Decay within-QGP: Colour reconnection of decay b, g's ?
— Boosted single-top (>1 TeV): t©>1 fm/c (gluon radiation in QGP)

— Boosted t-thar pair = color-singlet state / Tj 1/\ h,__,
probes medium opacity at <ﬁ\
different time-scales
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Top-quark discovery in nuclear collisions

m Top-quark decays (1~0.1 fm/c) before _ z’:;‘:’f:::::;?te g
hadronization into W+b (BR~100%,V,~1): " cp effects - '

single t = b + 2jets (66%) QGP
singlet—> Db+ 1¢ + MET(v) (33%, w/o t: 22%) W- t t
ttbar — bbar + 4jets (45%)

ttbar = bbar + 2jets + 1 + MET(v) (45%)
ttbar — bbar + 2 + MET(2v) (10%, w/o t: 5%)

v

m Motivations for measurement:

— One of the few elementary particles (with t, H)
experimentally unobserved so far in A-A collisions.

— Probes gluon nPDF in unexplored range: x~0.3-10°,Q~m~173 GeV

— Decay within-QGP: Colour reconnection of decay b, g's ?

— Boosted single-top (>1 TeV): t©>1 fm/c (gluon radiation in QGP)

— Boosted t-tbar pair = color-singlet state % 1/\4'-* \[4—1_
probes medium opacity at o L
different time-scales =
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Pb gluon density (high Q?)

m Gluon density at Q*~m? badly known, in particular in the
antishadowing and EMC regions:

1.2

08 - s g A=208 (Pb) EPS09 NLO
0-6 L : : S | 1 L L L 111 | 1 1 | L1 1 1 | |
107 10™ 10~ 107
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Pb gluon density (high Q?)

m Gluon density at Q*~m? badly known, in particular in the
antishadowing and EMC regions:

1.2

mmmm— g A=208 (Pb) EPS09 NLO
- s g A=208 (Pb) DSSZ NLO

g A=208 (Pb) FGS10 set |l

0-6 . : Illllll 1 . IIIIII' 1 | L

10 107 1072 10
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Theoretical setup

m MICFM v6.7 NLO event calculator:

— Parton densities:
Proton PDF: CT10 NLO
Pb nPDF. EPS09 NLO (central + 30 error sets)
Isospin (u,d quark) effects included.

— Scales choice: p=p_=p,=m
Variations not considered as they mostly cancel in R, ratios.
m MCFM processes:

t-tbar: nproc = 141 (total & semileptonic decays):
141 | t(— v(ps) + €*(pa) + b(ps)) + {(— b (ps) + € (pr) + v(ps)) | NLO

Single-top: nproc = 161,171; 166,776 (total & semileptonic decay):
161 | t(— v(ps) + et (pa) + b(ps (pg)[t-channel] | NLO
(p
(p
(p

) +

166 | t(— e (p3) + v(ps) + b(ps)) + q(ps)[t-channel] | NLO
171 | t(— v(p3) + € (ps) + b(ps)) + b(ps))[s-channel] | NLO
176 | t(— e (p3) + v(ps) + b(ps)) + b(ps))[s-channel] | NLO

q
q\p
b
b

m Additional higher-order corrections (not included) are small:
K-factor=NNLO/NLO ~10% for ttbar & single-t
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t-tbar total x-sections in p-p, p-Pb, Ph-Pb

g 10°
© 10°
10*
10°
10°
10
’
107"
1072
107°

M{HHI‘ [ TTTT

NLO (MCFM):
nPDF=EPS09,PDF=CT10

y
I

—— top pair (tt + X)

i_ — — single top (t-ch.,s-ch.,t+W)

_‘ | | | I | | | | | | [ I

1 2 3456 10 20 30 10
'sw (TeV)

m Pb-Pb:

LHC(5.5 TeV) = 3.4 ub
FCC(39 TeV) =300 ub

m p-Pb:

LHC(8.8 TeV) = 59 nb
FCC(63 TeV) =3.2 ub

m p-p (reference):

LHC(5.5 TeV) =75 pb
LHC(8.8 TeV) = 270 pb
FCC(39 TeV) =6.5nb
FCC(63TeV)=15nb

NPDF anti-shadowing
increases o, by +(2-8)%

=> Cross-sections increase by x55-85 from LHC to FCC
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Single-top total x-sections in p-p, p-Pb, Pb-Pb

g 10°
© 10°
10°
10°
10°
10
’
107"
1072
107°

M{HHI‘ [ TTTT

NLO (MCFM):
nPDF=EPS09,PDF=CT10

y
I

—— top pair (tt + X)
— — single top (t-ch.,s-ch.,t+W)

-k [T TT HH|

3456 10 20 30 10

/sy (TeV)

m Pb-Pb:

LHC(5.5 TeV) = 1.7 ub
FCC(39 TeV) =55 ub

m p-Pb:

LHC(8.8 TeV) = 22 nb
FCC(63 TeV) =530 nb

m P-p (reference):

LHC(5.5 TeV) =39 pb

LHC(8.8 TeV) = 105 pb
FCC(39TeV) =1.3nb
FCC(63TeV)=2.6nb

NPDF (anti)shadowing
changes o by +2%

single-t

=>» Cross-sections increase by x25-30 from LHC to FCC
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Top-quark dileptons measurement

e,u's final-state 1§

m Experimental setup: 5. unaffected by
- LHC (ATLAS/CMS): [, 00l: My el < 2.5 QGP effects
- FCC (“CMS+LHCb"): I, 0sls My e < 5.0 a b

m Analysis cuts (typical ones in p-p at LHC, lepton=e,):
t-tbar: p,(lepton),p.(b-jet) > 20,30 GeV; R __ (b-jet,lepton) = 0.3

In(lepton)|,In(b-jet)| < 2.5 (LHC), 5.0 (FCC)
MET > 40 GeV; m > 20 GeV; |[m -m_| > 15 GeV

Single-t:  Same cuts as for t-tbar
(only W+t, backgrounds are much worst for s-,t-channel)

m Acceptance & efficiency losses:
t-tbar: Accx Eff ~ 40% (LHC), 50% (FCC)
Single-top: AccxEff ~ 21% (LHC), 30% (FCC)

m Backgrounds (W,Z+j): Controllable for t-tbar (much worst for single-t)
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Expected t-tbar & single-top yields

e,u's final-state

m Final-state: ttbar — b(bar) + 2¢ (e,1) + MET(2v) - eeeed 2

m Final-state: singlet » b + 1¢ (e,u) + MET(v)  »+ ©

System Vs, L, N(t-tbar) N(t+W)
Pb-Pb 5.5 TeV 1 nb* 90 3

10 nb™* 900 30
p-Pb 8.8 TeV 0.2 pb? 300 10

1 pb 1.500 50
Pb-Pb 39 TeV 33 nb* 310.000 8.600
p-Pb 63 TeV 8 pb* 800.000 21.500

m LHC (nominal L_): ~100 t-tbar pairs in Pb-Pb, p-Pb
O(10°) tops for enhanced lumis.
m FCC (nominal L _): 0.3—-0.8 million t-tbar pairs in Pb-Pb, p-Pb
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Differential top-pair p_ distributions

m LHC: p_reach up to ~500 GeV m FCC: p reach up to ~2 TeV

— 10 < = = =
= - Pb-Pbo> ti+X, |s,=5.5 TeV L= 1 nb" o Pb-Pb— fi+X, |s,,=39 TeV Lin= 5 nb™
&) - MCFM NLO, CT10, EPS09, yu=m S 10 MCFM NLO, CT10, EPS09, p=m,

8 B 8 c Analysis cuts:
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PbPb - ttbar+X (5.5 TeV): Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:
(Pseudodata for L =10 nb’ 1)

m Top quarks y-distrib. (MC level):

~ 1.4c -
% - Pb-Pb- tt+X, vs,,=5.5 TeV T Pb + Pb — T + X — bb + e + VU + X
1 3~ MCFMNLO i |
- nPDF=EPS09, PDF=CT10, p=m
tg( 1 2__ R I il
T 1E LS 000 A | ] | i

RE T e  F T o o I

o - _, ..................... ||
© -

I n B |
— 0-8j '
= D } | i

$ 0.7 I ™ original EPS09 error { LHC pseud? data ||
I E . . | LiIl = ].0 b_ L

0.6- [Band: EPS09-NLO uncertainty] " E= after rewcighting \/g"': : 5I'lrev _
(A N T T N WY TN N YT T YWY Y NN N Y S S S EE
0.5 _2 —1 0 1 2 -2.0 -1.0 0.0 1.0 2.0
7 Ye
tandt (stat. to dominate over syst. uncertainties)

m NPDF effects (top): -20% (fwd) m nPDF effects (lepton): £10%
+10% (cent.) L._=10 nb*: some constraining power
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PbPb - ttbar+X (5.5 TeV): Gluon density constraints

m Improved gluon density via

Hessian PDF reweighting

1.4
1.3
1.2
' .
<
) )
A " original EPS09 uncert.
e 0.8 0.9
wo after reweighting with
=~ Pb+Pb pseudo data
L= 10pb™, /5 = 5.5TeV
r x range predominantly probed at /s = 5.5TeV . 0.7
0.6 Lol C |..|..|..\.|.\.\T.....|...I\"'-
10" 10° 10 10" -

X

m ~10% reduction in uncertainties
at low x (x~104-102) and
EMC (x~0.3) regions

IS'16, Lisbon, May'16
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m Isolated lepton y-distrib. after cuts:

(Pseudodata for L =10 nb’ 1)

0.8

T Pb+Pb = T+ X = bb + £7¢- +w+X
R S / SR ]

// T \ S
_/ """" v A LT \__

M original EPS09 error { LHC pseﬁdo data ||
B L= 10nb" |

— after reweighting /5 = 5.5TeV

| | | | | | | | | ‘ | | 1 | | 1 | | |
-2.0 -1.0 0.0 1.0 2.0
Ye

(stat. to dominate over syst. uncertainties)

m NPDF effects (lepton): £10%

L.=10 nb*: some constraining power

D.d'Enterria (CERN)



pPb-ttbar+X (8.8 TeV): Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:

m Top quarks y-distrib. (MC level):
(Pseudodata forL =1 pb 1)

~ 1.4¢ '

a -~ p-Pb—tt+X, Vs,,=8.8 TeV L p+Pb—>tt+X—>bb+€+F +W+X 1
g 1.3~ MCFMNLO - -
X - nPDF=EPS09, PDF=CT10, u=m - . -

1.2— i
<
~ 1.1=

0 L
-8% A
i 0.9°
Z 0.8 _ |

a . _ri [Band: EPS09-NLO uncertaint - -
o 07; [ Y] I " original EPS09 error ¥ LHC pseudo data |

C L.,= 1pb _
06:_ | = after reweighting \/glt: 8.Iz3TeV
Coooo b b e b e [ T S A SO TN T HN T S SO AN SO TR SR
0.5 —2 —1 0 1 2 2.0 1.0 0.0 1.0 2.0
) ol
tandt (stat. to dominate over syst. uncertainties)
m NPDF effects (top): £10% m NPDF effects (lepton): =£10%
(central/fwd. rapidities) L =1 pb: some constraining power
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pPb-ttbar+X (8.8 TeV): Gluon density constraints

m Improved gluon density via m Isolated lepton y-distrib. after cuts:

Hessian PDF reweighting (Pseudodata forL =1 pb 1)
1.4 .
]_2 T T T TTTT | S i T T T — \\\:: B | p+Pb_>tt+X_>bb+£+p ‘|‘VV‘|‘X

- Q=m, {13 B

‘112

e 08 - wo after reweighting with ; i
p+Pb pseudo data i o8 H -
L= lpb_l, V5 = 8.8TeV H I " original EPS09 error ¥ LHC pseudo data |
i . : B L — 1pb?
x range predominantly probed a 8.8TeV : 0.7 H g ; in p —
0 6 1 ] I | \I‘ g II) (T L1 ] ItlI):p b (Iillzl.\::....l.lllw...llll I':.- | m— after rewelghtlng \/gt: 8'8TeV
-4 -3 -2 2 06 | I I | I I | \ I I 1 \ I 1 I \ I
10 10 - o 1 2.0 1.0 0.0 1.0 2.0
Yi
m ~10% reduction in uncertainties (stat. to dominate over syst. uncertainties)
at antishadowing (x~0.05) and m NPDF effects (lepton): =£10%
EMC (x~0.4) regions. L =1 pb™: some constraining power
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IS'16, Lisbon, May'16

PbPb - tthar+X (39 TeV): Nuclear modif. factor

m Top quarks y-distrib. (MC level):

m Isolated lepton y-distrib. after cuts:

(Pseudodata for L =5 nb 1)

~1.4
Q1 3
X 1.2
1.1
.
0.9;
0.8
207
3 06

Pb-Pb— tt+X, Vs, =39 TeV

MCFM NLO
nPDF=EPS09, PDF=CT10, p=m

dSpppy, / (A2

aalY) =

[Band: EPS09-NLO uncertainty]

057 Ve b b b b b b fea

-5 4 3-2-10 12 3 4 5.

tandt

[
Pb+Pb—>tt+X—>bb+€+€ +w+X

e,

original EPS09 error

{ FCC pseudo data |
L= 5ub ' :

Vs = 39TeV
| ‘ | | | | | ‘ | ‘ | ‘ 1 | | | | ‘ |

— after reweighting

-4 3 -2 -1 0 1 2 3 4
Ye

(stat. to dominate over syst. uncertainties)

m NPDF effects (top): -20% (fwd/backwd.) m NPDF effects (lepton): £(10-20)%

+10% (central)
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PbPb - ttbar+X (39 TeV): Gluon density constraints

m Improved gluon density via m Isolated lepton y-distrib. after cuts:

Hessian PDF reweighting (Pseudodata for L =5 nbl)
14
1-2 T T ||||H‘ T T \\\III| T T IIIIH| T T \\\::: | ‘ Pb+Pb_>tt+X_>bb+€+€ +VV+X
i Q:mt _ 1.3 - _
P . o 112
ﬁ 1.0 ________________________________________
> =
K [
Aow |
038 wo after reweighting with
= Pb+Pb pseudo data 10.8 _
L= 5nb ’\/_ — 39TeV 1 | [ L. original EPS09 error { FCC pseudo data ]
i x range predominantly probed at /s = 39TeV 0.7 ' after reweichtin Line= 5nb 7
| L |.T.|.\.\T.....|...|...\.\..\.|.|.|1.....|...\...|.T.|.|.\.\.|.....T..l| oy - g g \/_ = 39Tev
06 4 3 5 1 0.6 \ I B \ \ T B [
10 10 10 10 5 4 -3 2 1 0 1 2 3 4 5
X Ve
m Significant reduction in uncertainties (stat. to dominate over syst. uncertainties)
at antishadowing (x~0.05) and m NPDF effects (lepton): +(10-20)%

EMC region (x~0.5) regions Strong constraining power
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pPb-ttbar+X (63 TeV): Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:
(Pseudodata forL =1 pb 1)

m Top quarks y-distrib. (MC level):

~ 1.4: - ‘

Q - p-Pb—tt+X, Vs =63 TeV L p+Pb—>tt+X—>bb+€+£ +w+X ]
£ 1.3-MCFMNLO - -
X 1 2: nPDF=EPS09, PDF=CT10, u - 1
< o
~ 1.1r

& i

%_ i
b 1:_ _________________
© i
i 0.9
3,; 0.8 1

a i . : N
T 07 [Band: EPS09-NLO uncertainty] " original EPS09 error | FCC pseudo data |

06 i o L= lpb "' |
.0z I — after reweighting /5 = 63TeV
05: cr b b b b b b b b b R I I ET NI NI E I N R R N
%5 4 32 10 1 2 3 4 55 4 3 2 1 0 1 2 3 4 5
i Y
tandt (stat. to dominate over syst. uncertainties)

m NPDF effects (top): -30% (bckwd) m NPDF effects (lepton): £10%
+10% (fwd/cent)  Strong constraining power
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pPb-ttbar+X (63 TeV): Gluon density constraints

m Improved gluon density via m Isolated lepton y-distrib. after cuts:
Hessian PDF reweighting » (Pseudodata forL =1 pb 1)

_: p+Pb—>tt+X—>bb+€+£ +w+X
113 .

11 b ] } -
1'1 . . ............. - ‘

C
N
2 " original EPS09 uncert. : 148
08 - = after reweighting with 09 |
p+Pb pseudo data : | os -
Lini= 1Pb Vs = 63TeV T " original EPS09 error ¥ FCC pseudo data ||
x range predominantly probed at /s = 63TeV 1 07 - — bt Lint= lpbl
06 i T A e . I arver rewelg tlng \/g — 63TeV
-4 -3 -2 -1 06 | \ | | | | | | | \ | | 1 \ | \
10 10 10 XlO 5 4 3 2 1 0 1 2 3 4 5
. v . . . - yf
m Significant reduction in uncertainties  (stat. to dominate over syst. uncertainties)
5 : :
(x~0.05) and EMC (x~0.5) regions Strong constraining power
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Conclusion

m Top quark (pair & single?) production is clearly observable in nuclear
collisions (p-Pb & Pb-Pb) at LHC/FCC.

m MCFM: NLO, CT10 PDF, EPS09 nPDF (30 error sets):
¢ m Yields (semileptonic W decays) after std. cuts:

B
-:rg;-rm LHC: 90-300 t-tbar pairs & few single-t (nominal L)
9&99 O(103) top-pairs for enhanced lumis.
g i FCC: 0.3-0.8 million t-tbar palrs & ~104 smgle top
g t . b Q=m, SN Qem,
~ ttbar LHC &N 4|
¢ ﬁ 1.0 | om0 |
C
O
b w- Qbﬁboo‘s B _ after reweighting with )0 8 e after reweighting with |
p+PDb pseudo data ] r p+Pb pseudo data
— L= lpb’, /5 = 8.8TeV H Liy= 1pb ', /5 = 63TeV
m Novel interesting S IO o L O e i v e
phySiCS aCCGSSible: 10 10 0° 10 10 10 10 10

- LHC: 1% obvs. of heaviest elementary particle in A-A. Mild PDF constraints
- FCC: Strong nPDF constraints in unexplored range: x~10°-0.3, Q~m,

- FCC: QGP effects: Color reconnect., g-radiation, color-singlet evolution...
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Back-up slides
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PbPb - single-t+X (5.5 TeV):Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:
(Pseudodata for L_=10 nb™)

m Top quark y-distrib. (no cuts):

~ 1.4r -
a - Pb-Pb—t + X, ﬁ=5.5 TeV [MCFM NLO, u=m, EPS09 nPDF] m Pb-Pb—t + X, ﬁ=5.5 TeV [MCFM NLO, pu=m, EPS09 nPDF]
'8 1.3 - - pl>25GeV, pjT > 60 (t-ch.),40 (s-ch.) GeV, | < 2.5, | < 4.5
X - C
o 1.2__ -
< -
<1 -
T R . _a N
t:f 15 + + + + +
T 09- — |
| - u
508 -
é 0.75 [Band: EPS09-NLO uncertainty] - e Psoudo-data, L = 1 b
0.6 o " Pseudo-data, L =10 nb™
Olszl\lww|w||||||||||||||ll:||||||||||||||||||||||||
-2 -1 0 1 2 -2 -1 0 1 2
yt@p and antitop yleptons

m NPDF effects (top): =20 (cent./iwd) m NPDF effects (lepton): =10%

Smaller nPDF uncertainties than t-tbar L, =10 nb™: some constraining power

(iff large background controlled)
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pPb-single-t+X (8.8 TeV): Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:
(Pseudodata for L,_=1 pb)

m Top quark y-distrib. (no cuts):

~ 1.4c -
a - p-Pbot+X, ﬂ=8.8TeV [MCFM NLO,p=mt, EPS09 nPDF] m p-Pb— t + X, y5,=8.8 TeV [MCFM NLO,p=mt, EPS09 nPDF]
'8 1.3 - - pl>25GeV, pjT > 60 (t-ch.),40 (s-ch.) GeV, | < 2.5, | < 4.5
X - C
o 1.2__ -
< -
Z 11 -
A D se———— i ——_ Y
t;E 15 + + + + + |
T 09- —
| - u
508 -
“‘é 0.7 [Band: EPS09-NLO uncertainty] -
v E 3 * Pseudo-data, L=0.2 pb”
0.6 o » Pseudo-data, L=1pb”
Olszl\lww|w||||||||||||||ll:||||||||||||||||||||||||
-2 -1 0 1 2 -2 -1 0 1 2
yt@p and antitop yleptons
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PbPb - single-t+X (39 TeV):Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:
(Pseudodata for L_=5 nb™)

m Top quark y-distrib. (no cuts):
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pPb - single-t+X (63 TeV): Nuclear modif. factor

m Isolated lepton y-distrib. after cuts:
(Pseudodata for L,_=1 pb)

m Top quark y-distrib. (no cuts):
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-10% (forward) Strong constraining power

Smaller nPDF uncertainties than t-tbar (iff large background controlled)
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