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Top & FCC-hh facts

® A huge amount of top-quark pairs will | ¢ |82,
be produced at a 100 TeV hadron . : 1B
collider: onLo~30nb (~40x LHC runll) | ' i
® 3:10'0 top pair produced with |0ab-! S Bl R
® Many tops will be boosted P Ll O
® Can we detect all them? ot Tops oot s
® What can we do with them? R
® [s it just tT 3 T
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Tagging top quarks at a FCC-hh

Larkoski, Maltoni, Selvaggi, arXiv:1503.03347

® Challenges:

® Boosted objects radiate a lot, both ISR and FSR (before the
decay). Jet-mass measurement affected:
m2~ me + pr pr'SR R?2
In the very boosted regime (pt~10TeV), pt™R ~ 5 GeV can give
large distortions for R~
Grooming methods never studied in such an extreme regime
FSR radiation suppressed inside dead cone: Rge~md/pT

increasing pr .
4

: m
Rd.c. ~ top

® Decay products of a boosted object fall inside a very narrow
cone: R~2m¢/pr.
R~0.05 for pt=7.5 TeV, comparable with the resolution of ATLAS/
CMS E-M calorimeters. {
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A variable-R jet algorithm

® Jet-mass degradation due to ISR can be reduced using a
jet radius R(pt) = C m¢/ pt
® First cluster jets using anti-kt with fixed R
® Recluster the constituents of each jet with R(pT)
® Keep the hardest subjet as the top jet
® Mass jet contamination now reduced to
m? = m¢ (1 + C? pt™*/pT)
® Dead-cone effect also reduces contamination from FSR
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A variable-R jet algorithm:
effects on jet-mass distribution

® Fixed-radius jets show poOr mass CMS-like detector FCC detector
discrimination between signal and & o0 R — g o1 .
® Using a pr-dependent radius ™ 004 0.05
improves the picture, but effects %0
due to calorimeter granularity A7 S ol TS
0 500 1000 1500 0 500 1000 1500
appe€ar ME° [GeV/c?] M % [GeV/c?]
® Calo-only based analysis insufficient
Cutting on the mass will degrade oo ™™™~ g ol L T
tagging efficiency I i il

0.05

0 200 400 600 0 200 400 600

M2° [GeV/c?] M%° [GeV/c?]
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Improving the mass resolution
with tracks

® Track-based information can help to achieve a better mass
resolution

® Use charged tracks and reconstruct full jet mass as
m = mch PT/PTCh

® Mass discrimination much improved, even for detectors with
poor calo granularity

® Further improvements based on jet substructure

§ 0.1 ; CMS detector, Vs =100 TeV —top jet § ector, |s =100 TeV —top jet
[ anti-k (WTA), R=4m/p_ —gluon jet anti-k; (WTA), R=4m,/p_ —gluon jet
—uds jet 0.1 —uds jet
0.05 I
I 0.05
0 0
0 200 400 600 0 200 400 600 I
charged et charged 2 charged et charged 2
Mgt ™ P, /P [GeV/c?] M~ P2 /P, [GeV/c?]
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Exploiting substructure information

L , CMS-like detector FCC detector
® Select 3-prongs-like jets using N- TR L] r—— R R ——

subjettiness ratio T32and ECF D3 iy et | e e
PP L Ar 0.1
® N-subjettiness sensitive to top/ | *
gluon discrimination, ECF to top/ 0.05 0.05
uds * ’
0 0

1 0 02 04 06 08 1

®* @50% top efficiency: R v
® mass cut + T32 = 83% gluon

8 i ee‘."”'r: —top jet § | . Is —top jet
rejection 0.06 | i 041 T
(o) " i
® mass cut + D3 = 94% uds voal
rejection ol 0.05]
O b by O
0 10 20 30 40 50 0 10 20 30 40 50
D3 D3
|120<m<250
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Performance:
top efficiency vs mistag rate

| CMS detector, Vs =100 TeV
- 120 GeV < m < 250 GeV
anti-k; (WTA), R=4 m / P;
E 7.5TeV<p <10.0TeV
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| CMS detector, s =100 TeV
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E 75TeV<p <100TeV
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Exploring top properties #1:
The chromo-electric/magnetic moment

Aguilar-Saavedra, Fuks, Mangano, arXiv:1412.6654

® Top dipole moments are generated via loops in the SM, and are
very small

W ] Ao
Lig=—gsty" tGZ ta“”(dvntsz%)?t Gl
ey chromo-electric

® Most stringent bounds from low-Q? (|dva|s10-3)
® In the SM dy''°°P=0.007, da negligible
® Weakly interacting NP at the TeV scale = dva~0.05
® The cross-section depends on dva as a polynomial = cross-
section measurements can be used to constrain the moments
P (mb) = ol (nb) — 1.53dy + 10.1d% — 23.0d3
+28.6d7 + 7.0d%4 +28.6d% —23.1dyd% +57.3dvd% w
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Present and future constraints
on dipole moments
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Tevatron and LHC Run | LHC Run 1l (100fb') FCC (10ab™)

® Use most recent experimental ®Use information both on total ® Ask one muonic top + cut on
measurements + Osm @NNLO  xsect and on xsect at large muon energy to reject QCD

® Stronger bounds than those invariant mass background
from spin-correlations ® Use CMSTopTagger (WP3) for ®Very high invariant mass region
Bernreuther, Si, arXiv:1305.2066 boosted tops (>15TeV) limited by statistics
CMS-PAS-TOP-14-005 ® Compatible with current indirect

limits

IR
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Present and future constraints
on dipole moments

0.1 2 i | | T T 1 | T T 1 | T T 1 | 1T 1T 1 | T T 1 i
0.4 T B - L S B B IR
- LT T . - Tevatron + LHC8 4 | lhciatev "7 ]
031 et T Y = - me>2TeV -7
N 0.08~ / B ]
: : , mtt>1éSTeV
= 0.04 - EI S
¢ of - - \
0.3F \\\:\ __________ -~ - - i
04fl ] I i - L Ll D
0 0.1 0.2 0 -0.04 _ -0.005 0 0.005 0.01
% i LHC14 i v
Tevatron and LHC Rur : FCC 1 10ab™)
® Use most recent ex| -0.08 ] one muonic top + cut on
measurements + O i 1 >n energy to reject QCD
® Stronger bounds tha _0.1% i I I | I I I I I I I [ I 1 1 1 1 I [ i kground
from spin-correlatio -0.04 -002 0 0602 0.04 0.06  0.08y high invariant mass region
Bernreuther, Si, arXiv: 1 30, Vv 5TeV) limited by statistics

CMS-PAS-TOP-14-005 ® Compatible with current indirect
limits - '
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Exploring top properties #2:
The top Yukawa coupling

® The determination of the top Yukawa is of utmost importance
for present and future colliders

® ttH is the only channel where y; can be directly measured
®* Not discovered at the Runl, looking forward for Runll

® Prospects from Runll: y. known at 7-10% level, with 3ab"!

¢ Can we go down to 1% with the FCC?

- -
Runl Runll @ 300fb Runll @ 3ab
(s=7TeV,L<5.1 o' Vs = 8TeV,L<19.61b" CMS Projectlon CMS Projectlon
CMS Pre“mlnal’y .680/0 CL 1 1 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1
, = 95% CL Expected uncertainties on F— 3001b™at Vs = 14 TeV Scenario 1 Expected uncertainties on F— 3000 b at Vs=1
Ky _..._ Higgs boson couplings F— 300fb™"at s =14 TeV Scenario 2 Higgs boson couplings 1 3000 at 15 =1
Ky, il K, K, :
Ky —:*— KW KW T
i Kz K, (—F+—
K [— Kg Kg }
Kg —*E— Kb { Kb
: Ky Ky
K +
! : Pon =078 Ke i | Ky |
BRBSM ‘ ‘ ‘ ‘ ‘ [ Kv = 1 ] p‘SM = ?88 1 1 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 I 1 1
111l 111l 111l 111l L1l T L1l L1l 0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
005115 2253354455 : .
expected uncertaint expected uncertaint
parameter value P y P y
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Ratios can help...

Mangano, Plehn, Reimitz, Schell, Shao, arXiv:1507.08169

¢ ttH and ttZ are quite similar processes, with rather large
theoretical uncertainties (~10%).
® Dominant production mode (gg) has identical diagrams

Correlated QCD corrections, scale and (s systematics

NLO QCD

o(ttH) [pb]

o(ttZ) [pb]

o

tH) /o (t£2)

13 TeV

0 475+5.79%—|—3.33%

—9.04%—3.08%

0 785‘4—9.81%—1—3.27%

11.2%—3.12%

2.45%4-0.525%
0'606t3.66%—0.319%

100 TeV

33 9+7.06%—|—2.17%

—8.29%—2.18%

57 H+8.93%+2.24%

—9.46%—2.43% 0'585t

1.29%+4-0.314%
2.02%—0.147%

® Almost identical kinematics boundaries (mz~mn)
Correlated PDF and m. systematics

100TeV Cis s
o(tt o
MSTW2008 || 0.5851]297¢+0:0526% defalt 0.585 75 o0
CT10 0 584+i.27(%)+d.189%0 fo = My + mH,Z/2 05801_}51;8%
—;11.2999‘(7%4—_006246903(‘7; my = ypv = 174.1 GeV 005927:;:33%
NNPDF2.3 || 0.5847 270" ’ 0.576+127%
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—2.01%—0.0493%

my = YV = 172.5 GeV

12 myg = 126.0 GeV

—1.99%

+1.25%
0.5757 1 6:%,

-




Is al% measurement of y;
possible at the FCC?

® Exploit ttZ measurements and uncertainties correlation in the
ratio ttH/ttZ

® Exploit harder spectra at 100TeV than at |3TeV (boosted
regime) to enhance S/B

¢ Use improved HepTopTagger2/BDRS Higgs tagger
® Add information from N-subjettiness
¢ Use OptimalR mode, to reduce the jet size until some decay

subjets are dropped
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Signal and background processes

and selection

® | eading backgrounds to be simulated are ttbb, ttZ, tt+jets
¢ Simulated semileptonic top decay, Higgs and Z decay to bb

® Require:

® One isolated lepton, |y||<2.5, pt()>15GeV

¢ Two fat jets (C/A, R=1.8, pr>200GeV)

® One HepTopTagged jet
® One BDRS Higgs Tagged jet, with 2 b-tags inside
® An extra b-tag in the “rest” of the event (to suppress tt+jets)

x10°

- _dN [ 1 J
soof dm,. (GeV 2 b-tags
5001

- []ttH
400(- iz

- []ttbb
300 a [ tt+jets
2001
100F-

O : \\\\\\\\\\\\\\\\\\\\\

0 50 100 150 200 250

Myec [GeV
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|4

3<103

- _dN 1 _

- dm,,, [GeV] ) 3 b-tags
50 +improved BDRS
40

- [ JttH
30[- —

- Lty

C []ttbb
20F
10

O B Il Il

1 ‘ | s S ‘ L1 ‘ I ‘ I | l 1|
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1
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Signal extraction

® Subtract the background by interpolating
the two sidebands regions my, € [0,60]

GeV U [160, 300] GeV

x10°

® In the signal region (mus € [104,136] GeV ” av 1) L+ 2

GeV

i dInrec

one expects 44700 signal events, with S/B s
~0.33 (at 20ab"') I
® Assuming perfect background subtraction |
the stat. error on signal is Ns=0.013Ns
® Nu/Nz=2.80£0.03, with systematic and 2
theoretical uncertainties cancelling in the
. 0O 70 80 90 100 110 120 130 140
ratio My, [GeV]
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Exploring top properties #3:
Top asymmetry and polarisation in ttW

Maltoni, Mangano, Tsinikos, MZ, arXiv:1406.3262

® Top asymmetry and polarisation can provide useful (indirect)
informations on the nature of new physics

® A measurement of the top asymmetry does not seem feasible at
the FCC, because tt is essentially produced via gg only

® ttWV production can be an alternative

® qq induced at LO, has a rather large asymmetry at NLO
o A:=0.45 A:W=2.24 @LHC Runll

* A=0.12, A*W=1.85 @QFCC
® Top quarks are highly polarised
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Polarised top production

® The radiation of aVV boson from the initial line has the effect of

polarising the light quarks for details see Parke, Shadmi, hep-ph:9606419

® ttWV is totally analogous to polarised qg—tt scattering
® tt pair is highly polarised (T | dominates at threshold)
® The top decay products are asymmetric already at LO

10
i q AR — tt (polarised)
-::_,:". ------------------------------------ f T/\H/ -
..................... \I/T -
N Ho—
. =01 ——
@ : p=0.3 -------
Z [ Leemsgetieaao p=0.6 --------
o ISR . P=0.99 e
o
S ~
0.1 E‘ emmmoZZ=e==ETIOIIIooo_ B
0.01 ,[ . ,’I . , , I l l .
-1 -0.5 0 0.5 1
cos(0)
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Decay product asymmetries and prospects

for LHC and FCC measurements

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

% % % % %

- o(pb) 198% 1% 6617 oor 7867 1500 46307157 30700° 50
AU) | 0728 0% 043 02670 012:0%

o(fb) | 2107177 5871 150 6781150 322077 19000177

J— AL(%) | 2.3710:56 2.2410-33 2.2310-23 1.95792%  1.8570-21
A%(%) | 8.501015 7.541012 7.5079-2 5.3719-22 3.367015

AS(%) | —14.83 092  —13.167775  —12.847771  —9.21708,  —4.947073

® Expected sensitivity on asymmetries (optimistic estimate)

ttW: 6A/A { o ol
8TeV 40fb 209% 539 5 239,

4TV a0 | 45%  13% | 8o

14TeV 3ab 1 4% """""""" 4 %2% ________

100TeV 3ab | 3% """" 2 % -------- 1% ........ | ‘
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tt + vector bosons:
A quick update

® NLO Electroweak corrections to ttH/Z/WV recently computed in
Frixione, Hirschi, Pagani, Shao, MZ, arXiv:1504.03446 102 ¢

f ttZ production at the 13 TeV LHC
o Rath er Sma” at I OO Tev i _l boogted cuts: p(t), pr(d), p(2) > 200 GeV
® 2% ttH, 5% ttZ, 10%ttW |

LoQcb ---
LO+NLOQCD ——

o) 10'3 = LO+NLO QCD+EW — -
® Can be important in boosted or very boosted 5 e
scenarios, and in tails of distributions -

® All tt+V, tt+VV, tttt processes studied and simulated |
at NLO+PS accuracy in Maitoni, Tsinikos, Pagani, arXiv:1507.05640

L L L | L
ratio over LO QCD; scale unc.

16 F =
15 E
o) o= : : : 7 7o) e : : : 3 14 E 3
a | ttV, ttH production at pp colliders at NLO in QCD ] = = ttVV, titt production at pp colliders at NLO in QCD 3 13 E
'—0'1 02 _ central Ro=io=p, MSTW2008 NLO PDFs (68% cl) i 9 [ central Bo=po=po, MSTW2008 NLO PDFs (68% cl) ] 1 :2 _
z r e 10° = 1.6
o) - - 1.5
B = 14
10 2L 1.3 E
s 10 - 12 F | | _
- C 0.6 | relative contributions E
B a Q o4k T ——— — T
1 s tfy :é 10 = 7 t1ZZ ;%‘ 0.2 £ NLOQCD — LO+NLOEW,noy ¢ 73
g - g T E 3

LO+NLOEW — HBR —--

B tTW W [4f]

2 2
& a
o 8 1 g
10_1 = | | — 2
® 1.4 — © 1.4
2 = = S
12 — g12
x = T
2 E o E E
§ 2 = § 2 = .
3] 3] E E
E15 E15F .
X X E E
1 1k qe[ == == === |=====-- fpm=======-- =
8 13 14 25 33 50 100

Ma

/s [TeV]



Conclusions

® Top quark physics will be one of the key topics at the
FCC

® New techniques are being developed to improve tagging
capability at large pr

® The huge amount of top quarks will allow us to
measure top properties with incredible precision

® Much more to come!
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Backup:
substructure observables

. . (B8) : B B Thaler,Van Tilbursg,
® N-subjettlnes: ™N T Zp:m mm{Rﬂ,...,Rz.N} arXiv: 10112268 & 1 108.270]
. ed |,
® |, N are the candidate subjets
® |t is ~0 if there are N jets or less
® [t is >> 0 if there are at least N+| subjets

® Ratio of Tn+1I/TNn ~ O when there are N+ 1 subjets
® Energy correlation functions (ECFs):

N-1 N p
Larkoski, Salam, Thaler, ECF(N _ , R. .
arXiv:1305.0007 (N, B) Z HpTza H H ipic

11<19<...<iy€J \a=1 b=1 c=b+1

® N+| ECF goes to O if there are only N subjets

® The dimensionless ratio
ECF(N+I1)ECF(N-1) / ECF(N)?
goes to 0O if there are N subjets
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