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* Prospects for top couplings at the HL-LHC
* Prospects for lepton colliders

e [uture for 4-tops in 4-tops

* Future for 4-tops outside 4-tops
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Operator map

currents  i(p' D p)(0r"Q) Yukawa  (q19) (@ p)
f f ,h
T I S
f f v
. Shift SM ffV couplings « Decouple m, & y,
. ffVh contact interactions « tthh(h) contact interactions
dipole (G0, IV 4 fermion  (@r,9)(Qr*Q) (Qr*O)(Zy,0)
fr fr oh f t t t
e XX
f1 fL % / t t t
. Chirality flipping ffV couplings « Contact interactions
. ffV(V)h contact interactions * 2-heavy-2-light or 4-heavy
- W, B & G fields * Numerous (~O(20) w/ top)

From K. Mimasu
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| HC top observables

. HC Data

Dataset ‘ Va, L ‘ Info ‘ Observables Ndat ‘ Ref ] ‘ ]
Dataset Vs, L Info Observables Ngat | Ref
ATLAS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 lepton+jets ‘ do /dm; ‘ 7 ‘ [46]
‘ ] CMS_t_tch_8TeV_inc ‘ 8 TeV, 19.7 fb— ‘ t-channel ‘ Otot (t), otot () ‘ 2 ‘ [83]
CMS_tt_8TeV_ljets 8 TeV, 20.3 fb~1 ‘ leptonjets ‘ 1/odo /dy; ‘ 10 ‘ [47]
oS ted eTev.ailep | BTeV, 2030 | dieptons | 1/oo/dygdmy | 16 | oy ATLAS_t_tch_8TeV \ 8 TeV, 20.2 fb~* \ t-channel \ do(tq)/dy: \ 4 \ [85]
L ] | ]
| O p — p a | r p rO d U ( ;t I O n ATLAS_tt_8TeV_dilep (*) ‘ 8 TeV, 20.3 fb=1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [54] CMS_t_tch_8TeV_dif ‘ 8 TeV, 19.7 fb~! ‘ t-channel ‘ do’/d\y(t‘*m ‘ 6 ‘ [84]
. i ) - -
CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 b~ ‘ lepton-+jets ‘ do /dm,; ‘ 8 ‘ [51] CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb—1 ‘ s-channel ‘ Fron(t + ) ‘ 1 ‘ [87]
| ] " ]
\N h e | I C |t| eS CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb—1 ‘ dileptons ‘ do /dm,; ‘ 6 ‘ 53] R 4D 56
- ATLAS_t_sch_8TeV ‘ 8 TeV, 20.3 fb ‘ s-channel ‘ otot(t + 1 ‘ 1 ‘ 86
) CMS_tt_13TeV_ljets_2016 ‘ 13 TeV, 35.8 fb~ ! ‘ lepton-jets ‘ do/dm; ‘ 10 ‘ 52
a S m m etr CMS_tt_13TeV_dilep_2016 () ‘ 13 TeV, 35.8 fb—1 ‘ dileptons ‘ do /dmyz ‘ 7 ‘ [56] ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb~1 ‘ t-channel ‘ Ttot (), otot () ‘ 2 ‘ (88]
y y ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton+-jets ‘ do /dm; ‘ 9 ‘ [55] CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 b1 ‘ t-channel ‘ O'tot(t)yo'tot(fj) ‘ 2 ‘ [90]
A 8 TeV, 20.3 fb—! W hel. f Fo, Fr, F) 3| (49 _
ATLAS WhelF_8TeV ‘ © ‘ cl. fract ‘ o e ‘ ‘ el CMS_t_tch_13TeV_dif ‘ 13 TeV, 2.3 fb—1 ‘ t-channel ‘ do /d|yt+D)| ‘ 4 ‘ 89]
CMS_WhelF_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ W hel. fract ‘ Fo, Fr, Fr ‘ 3 ‘ 50]
CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb~?! ‘ t-channel ‘ do /dly™®| ‘ 5 ‘ [91]
ATLAS_CMS_tt_AC_8TeV (*) ‘ 8 TeV, 20.3 fb—1 charge asymmetry ‘ Ac ‘ 6 ‘ [57]
ATLAS_tt_AC_13TeV (*) ‘ 8 TeV, 20.3 fb~1 | charge asymmetry ‘ Ac ‘ 5 ‘ [58]
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat ‘ Ref
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat ‘ Ref N inclusive 1
~ ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb— o tW 95
CMS_ttbb_13TeV ‘ 13 TeV, 2.3 fb~1 ‘ total xsec ‘ ot (tEbb) ‘ 1 ‘ [70] ’ (dilepton) ot (tW) [95]
CHS_ttbb_13TeV_2016 (¥) | 13 TeV, 85.9 b1 | totalxsee | owoc(tfB) | 1 | [79] inclusive |
- ATLAS_tW_inc_slep_8TeV (* 8 TeV, 20.2 fb~! tW 101
ATLAS_ttbb_13TeV_2016 (*) | 13 TeV, 85.9 fb=1 | total xsec | ovor(tibh) | 1 | [78] _tW_inc_slep_8TeV (*) , (single lepton) ot (LW) (101]
CHS_wret 13TV | 18 Tev, 859 * | totalwsec | owntit) | 1| 171 CMS_tW_8TeV_inc ‘ 8 TeV, 19.7 fb~! ‘ inclusive ‘ tot (tW) ‘ 1 ‘ [96]
- CMS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb— ! ‘ total xsec ‘ oot (ttt) ‘ 1 ‘ [76]
- ATLAS_tW_inc_13TeV ‘ 13 TeV, 3.2 fb—! ‘ inclusive ‘ oot (tW) ‘ 1 ‘ [97]
) ) ATLAS_tttt_13TeV_run2 (*) | 13 TeV, 187 b= | total xsec | owe(tlth) | 1 | [77] y
N . — CMS_tW_13TeV_inc ‘ 13 TeV, 35.9 fb—! ‘ inclusive ‘ oot (tW) ‘ 1 ‘ [98]
r .t d CMS_ttZ_8TeV | 8Tev,19.5 =1 | totalxsec | owe(tiz) | 1| [72]
p a I aS S O C | a e CMS_ttZ_13TeV ‘ 13 TeV, 35.9 fb—1! ‘ total xsec ‘ oot (tHZ) ‘ 1 ‘ [73] ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb~! ‘ inclusive ‘ oot (tZq) ‘ 1 ‘ [100]
. OMS_ttZ_ptz_13TeV (*) | 13 TeV, 77.5 b1 | total xsec | do(tiZ)/dpf | 4 | 81 ATLAS_tZ_13TeV_run2_inc (*) ‘ 13 TeV, 139.1 fb~! ‘ inclusive ‘ cra(tlte—q) ‘ 1 ‘ [102]
ro U ‘ :t | O n ATLAS_ttZ_8TeV | 8Tev, 208 m1 | totalxsee | owor(tfz) | 1| [74]
CMS_tZ_13TeV_inc eV, . - inclusive Ofd q 1 9¢
13 TeV, 35.9 fb~! inclusi Whbete 99
ATLAS_ttZ_13TeV | 18Tev, 82" | totalxsec | owor(tf2) | 1 | [73] - : -
- CMS_tZ_13TeV_2016_i 13 TeV, 77.4 fb— ‘ inclusi ‘ a(tete- ‘ ‘ 103
ATLAS ttZ_13TeV_2016 (*) | 18 TeV, 36 b1 | total xsec | owor(tfZ) | 1 | [80] ~£2-13TeV_2016_inc (*) ‘ v mciusive 7iia 2 ! [103)
CMS_ttW_8_TeV ‘ 8 TeV, 19.5 fb—1 ‘ total xsec ‘ ot (HEW) ‘ 1 ‘ [72]
CMS_ttW_13TeV 13 TeV, 35.9 fb=1 | total xsec | oot (LW 1 73
_tt_ \ \ x \ tot (LTW) \ ‘ (73] Category ‘ Processes ‘ Ndat
ATLAS_ttW_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ total xsec ‘ ot (HEW) ‘ 1 ‘ [74]
ATLAS_ttW_13TeV | 18Tev,8.2m 1 | total xsee | owor(iW) | 1| [73] tt (inclusive) 94
ATLAS_ttW_13TeV_2016 13 TeV, 36 fb— total xsec ot (LW 1 80
X : 7, W 14
) single top (inclusive) 27
Top quark production
tZ AW 9
tttt, ttbb 6
Total 150
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What do we (not) know about top couplings

BN Top — only (Data '19), Quadratic NLO EFT
Q

d
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Magnitude of 95% Confidence

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

* More data always helps
* Bounds vary between operators
* ttZ ones and 4-heavy ones loosely constrained

See Maeve’s talk on Tuesday
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What do we (not) know about top couplings

Run II, ATLAS+CMS, 68% and 95% C.L. o

3l 1 Global fit
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Brivio, Bruggisser, Maltoni, Moutafis, Plehn, EV, Westhoff, Zhang arXiv:1910.03606 (SFitter analysis)
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The future
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What we can hope to know in the future

Goals:

 Explore HL-LHC prospects

* Explore future collider prospects

* Do this in some some unified fit setup, with reasonable uncertainty
assumptions

Snowmass: A good motivation!

Coefficients fitted

Cic Coa Coo = Coq — Coq .
2-quark C. Cop Oy = e Cop — s1Chn * Following Top WG note
e Only colour octet 2-
Cw Ciw

— : — — light-2-heavy operators
8 — 20&2&332) 8 — 08(3322) 01,8 _ 01(2332) 303(2332)
. Z td Z u Qa Z o O * No 4-heavy operators

4-quark Oggu = Z ngft(;)gii) ngd = Z Cjc(z?)gii) 032’2 = Z C;cgig?)i) - Oc%iggi) (See Iater)

_ -~ 8 = 3 oS . Only linear O(1/A?%)

q u : :
contributions

Cp o City = Cly + C,
2-quark h ) 5
2-lepton Cin Clr Cig = Cig — Cig

_ _ CeQ

Durieux, Gutierez, Mantani, Miralles, Mirrales, Moreno, Poncelet, EV, Vos arXiv:2205.02140

E.Vryonidou Top2022, 8/9/22 8



Observables and projections

w1 For HL-LHC assume S2:
e Experimental uncertainties scale as

1/4/L;,,. Reduced by a factor of 5 for

full HL-LHC dataset (except for the
top pair production + asymmetry)
e Theory and modelling uncertainties are

divided by 2

Process Observable NG Lint Experiment SM
op st doJdmy; (1543 bins) | 13 TeV | 140 fb ! CMS 9] | [20]
pp — tt dAc/dmy; (442 bins) | 13 TeV 140 fb~! ATLAS [19] 21]
pp — ttH +tHgq o 13 TeV 140 fb~1 ATLAS [22] 23]
pp — ttZ do /dpZ% (7 bins) 13 TeV 140 fb~1 ATLAS [24] [25]
pp — tty do /dp). (11 bins) 13 TeV 140 fb~! ATLAS | [26, 27] | [2§]
pp — tZq o 13 TeV 77.4 fh! CMS [29] [30]
pp — tyq o 13 TeV 36 fb! CMS [31] [31]
pp — LW o 13 TeV 36 fb! CMS [22, 32] | [33]
pp — tb (s-ch) o 8 TeV 20 fb~! LHC [34, 35] | [36]
pp — tW o 8 TeV 20 fb~! LHC [37] [36]
pp — tq (t-ch) o 8 TeV 20 fb~! LHC (34, 35] | [36]
t— Wb Fo, Fr 8 TeV 20 b1 LHC 38] | [39]
pp — tb (s-ch) o 1.96 TeV 9.7 fb~? Tevatron [40] [41]
e"et — bb Ry , A%y, ~ 91 GeV | 202.1 pb~! | LEP/SLD - [42]
observable binning
o vs. my [GeV] bin 1 bin 2 bin 3 bin 4 bin 5 bin 6
250-400 400-480 480-560 560-640 640-720 720-800
bin 7 bin 8 bin 9 bin 10 bin 11 bin 12
800-900  900-1000  1000-1150  1150-1300  1300-1500  1500-1700
bin 13 bin 14 bin 15 bin 16 bin 17 bin 18
1700-2000 2000-2300f 2300-2600*  2600-3000*  3000-3500*  3500-4000*
Ac vs. myr [GeV] bin 1 bin 2 VRS | bin 4 DIl O DIl O
500-750  750-1000 1000—1500' 1500-2000*  2000-2500*  2500-3000*

Additional bins added for HL-LHC

E.Vryonidou

: (132-180)
: (180-300)

pp — ttZ

p7 + (0-40)
pZ : (40-70)
pZ : (70-110)
P4+ (110-160)
pZ : (160-220)
pZ : (220-290)
P4+ (290-400)

Noteby: One could include more differential information

Difficulty is always to assign uncertainties

Top2022, 8/9/22




LHC vs HL-LHC
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Operator Coefﬁaents

arxXiv:2205.02140

8
COd

Best improvement: 4-
fermion operators
driven by differential
measurements
extending to higher
energies

Not much ir?provement
Cng and CQbQ
(dominated by bLEP)

Limited by theory and
modelling uncertainties

2-quark-2-lepton not fitted
(need tt£t)

Difference in individual and marginalised limits persists at HL for 4-fermion operators
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LHC vs HL-LHC
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epton colliders

Scenarios considered:

Machine Polarisation Energy Luminosity Reference
250 GeV 2 ab~!
ILC P(e™, e7):(+30%, F80%) 500 GeV 4 ab™! [56]
1 TeV 8 ab!
380 GeV 1 ab™!
CLIC P(e™, e7):(0%, +80%) 1.4 TeV 2.5 ab™! [57]
3 TeV 5ab?
Z-pole 150 ab™!
FCC-ee Unpolarised 240 Gev 5 ab™ [58]
350 GeV 0.2 ab™!
365 GeV 1.5 ab™!
Z-pole 57.5 ab~!
CEPC Unpolarised 240GeV | 20ab™ 58]
350 GeV 0.2 ab™!
360 GeV 1 ab™!
E.Vryonidou

Observables:
ete™ = bb: 6,, A},
ete™ — tf: optimal observable

constraints from arXiv:1807.02121
for ILC, CLIC, FCC-ee, CEPC

Optimal observables based on
WbWb distribution

Input from arXiv:1807.02121
bounds for ttZ and top-lepton 4F

operators

ttH is not included here for ILC
and CLIC

Top2022, 8/9/22 11



Putting everything together

B HL-LHC B HL-LHC + CEPC

95% Interval (TeV~2)

HL-LHC + CC B HL-LHC + ILC HL-LHC + CLIC

arxiv:2205.02140

|

-
HEP[T

103

Co Cw  Cor ) Coo Cuz

Operator Coefigi

o

Co

No improvement for
top Yukawa due to
missing ttH
(expect factor of two
improvement for
ILC1000)

No bounds for 2Q2| operators at the (HC)CHC, no 4Q bounds for lepton colliders
Runs above ttbar threshold needed for constraining 2Q2I well

Extremely well bounded at ILC and CLIC (107°)

E.Vryonidou
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Correlations

°»  Block structure seen:

o * 2-light-2-heavy operators
e 2-heavy-2-lepton operators
C;: __ * top-Z and b-Z operators

c,a «- W arXivi2205.02140

Correlation for HL- LHC, Tevatron, LEP and the final stage of FCC-ee fit

E.Vryonidou Top2022, 8/9/22 13



Pushing the energy frontier

How about the FCC-hh?

No full study but expect much better sensitivity:

o(mg >1.4TeV) =18 pbx[14+0.3-Cig+0.1-C+0.1-C2 +0.3-(C2 )* +...]

o(mg>10TeV) =0.1pbx [14+0.3-Cic+1.8-Crz+3-Cy, +256 - (Cp,)° +...]

Expect bounds to improve from O(1TeV~%) down to ©(0.1TeV~2)

E.Vryonidou Top2022, 8/9/22
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Future directions for top projections

Improving projections fits:

® Additional potentially sensitive top observables: spin correlations,
differential information in other channels (for HL-LHC)

® Add colour singlet 2-light-2-heavy operators
® Add 4-heavy operators

® (Check impact of quadratic terms

More operators, more observables, new probes

E.Vryonidou Top2022, 8/9/22
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The future of 4tops

4-heavy
1 (1)13333  27,~(3)13333 8 (3)13333
Obg el 2[CH 1" — 2[Cl) O%y cQ08 8[Chg)
1 3 (8)13333
OL, cQtl  [CL)P OF, cQt8 (i
T
0L  cttl [Cﬁu)]?’?’?’?’
Linear+quadratic
8
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Incl. O
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Diff. Mg
67 HL-LHC 3ab~1! - 95% C.L. Individual - Incl. O
HL-LHC 3ab~1 - 95% C.L. Individual - Diff. Mg
4
2 -

(NTeV)?
o
— —

1
€0

8
€oo

1
Cot

8 1
Cot Cit

Aoude, El Faham, Maltoni, EV arXiv:2208.04962

HL-LHC differential information helps
FCC needed to really pin down these coefficients

E.Vryonidou

Top2022, 8/9/22

15
3
o~
<
—5 4
—10 A
-15
——
——

10 A

T T T
1 8 1 8 1
Co0 Coo Cot Cot Ci# 5

LHC - 95% C.L. Individual (QCD only) - Incl. O
LHC - 95% C.L. Individual - Incl. O+

FCC-hh - 95% C.L. Individual (QCD only) - Incl. O
FCC-hh - 95% C.L. Individual - Incl. O

See Hesham’s talk
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Anything else we can do?

4-heavy operators in top pair production

0.08 4
= SM/1000 — cb,/10
. _ _ _ 0.06 o —C%m
cHo| 0.058612T7% 0.125719% 0.006287 157 10.01337 7% - G =
cfy, | 0.0583F27% -0.107(6) 355 0.006197137% (0.011813% T ]
- - - o 0.02]
cho| [F0.117157%1 1-0.039(4)T51% | [-0.1277%] | 0.02827113% 10.0651 157 - S
Y% % %% % 5% g (.00]
che |[-0.068T15%] -2.51F29% | [-0.12F37%] | 0.028371%% | 0.066177 S
1 23% —0.021
cr, X 0.2157937 X X
—0.04§ pp — tf, LHC 13 TeV
Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743 006l Linear O(A™), /A" — 1 TeV™

350 400 450 500 550 600 650 700
m (tf) [GeV]

Loop-induced sensitivity
Complimentary information to ttbb and 4top production

E.Vryonidou Top2022, 8/9/22



One-loop probes (1)

4-heavy operators in EWPO Ww©<

- d : :
95% CL limits on 3" generation 4-fermion operators

40 —
(\I]ﬁ Nf_\
% 20 %
= =
N N 0+ L
< <
-~ >~ 1
O o B o Coot cun ¢

60 — _2 —
i m EWPO, A - 0=
L ) i
i - tt, A i I
4 ]
. tt, A 1 -
- I. I. - Il - .I r I II — e/
L (3,1) |
(1,1) 3.8 Coq (1) I
e g e | cweg § Gm -
i o® Ca |
-20 — C(LS) tu ] -
i o i

-40

-20

mm [EP EWPO
mm FCC-ee (Tera-Z)
ILC (Giga-Z)

Dawson and Giardino arXiv: 2201.09887

New loop-induced sensitivity
Competitive to 4top production

E.Vryonidou Top2022, 8/9/22
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One-loop probes (2)

4-heavy operators in Higgs production

g
T 00

t/b

290090/
(a)

g

QQQQ J

(c)

Again competitive with top fit bounds!
E.Vryonidou

t/b

g

R QQQ

(e)

Alasfar, de Blas, Grober arXiv:2202.02333

SRR

9

th | _ho .

g

(b)
g
000

t

b _ho o
g
. QQ Q J

(d)

ho o

ORy, ~ O(A2), ORL"
IR\, ~ O(A2), 6Rc,
ORy, ~ O(AY), ORL"
SRy, ~ O(N 1, 6R¢.
top ~ O(A™Y)
pr,\,C)@\—Q)
EWPO fit

_4‘

(1)
Co

Run II G/
HL-LHC CY/
Rmﬂlqg
HL-LHC CJ)
Run 11 C,
HL-LHC Gy,
Run 1T Gy,

8
HL-LHC Cjyp

x 10

x 10

T T I I T T T I T T T T I T T T T
Single param. fit

Top2022, 8/9/22
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Conclusions

« HL-LHC can improve bounds on top operators due to extended

KInematic reach and reduced uncertainties

 HL-LHC improves Wilson coefficients by a factor three

e Degeneracies between 4-fermion operators persist

e [epton colliders can constrain top operators very well if they run
above the threshold, in particular the 2-quark-2-lepton operators

« FCC-hh is expected to further improve 4-quark operator bounds
which remain poorly constrained due to degeneracies

* One loop probes for 4-heavy operators can be a promising new
direction

E.Vryonidou Top2022, 8/9/22
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Thank you for your attention



