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Why are top and Higgs friends?

The top has the largest Yukawa coupling: n1, = ot = 173GeV — y, = 0.99

NG

The top quark is the only "natural™ quark
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Large corrections for the Higgs mass ===l
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Motivation for BSM with special connection to top:
top partners, moditied Yukawas etc

Top and Higgs play a *
special role in the stability of the Universe
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Looking for the (un)known

‘SM” Higgs measurements Exotic searches for top partners
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The LHC offers a unique testing ground for New Physics

Expect the FCC to push this frontier even further
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Top lessons from Higgs measurements
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SMEFT interpretations
Essig, Meade, Ramani, Zhong arXiv:1707.03399
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Top lessons from Higgs measurements

H Theoor o tH e =<

Top partners
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Top lessons from Higgs measurements

H Theoor o tH e =<

Top partners
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SMEFT: What is it all about?

new

UV physics (heavy particles L Z',X,0Q,S ...
A physics (heavy p ) np(® Q )

Effective Field Theory Lsn (@) H Laime(@)H - ..

—nergy

Standard Model  Lgn/(¢)

—ffective Field Theory reveals high energy physics through precise measurements at low energy.
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SMEFT@colliders in practice

L Precise EFT predictions

43 Precise SM predictions

-$ Precise experimental measurements
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SMEFT@LHC

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ ndat | Ref Dataset ‘ Vs £ ‘ Info ‘ Observables ‘ Naa ‘ Ref
. 1 Dataset Vs, L ‘ Info ‘ Observables
ata ATLAS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 ‘ lepton-+jets ‘ doJdm, ‘ 7 ‘ [46] CMS_t_tch_8TeV_inc ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ Ttot (), ot () ‘ ‘ [83] 7
-1 - F, VBF, Vh, tth
CMS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb~1 ‘ lepton-+jets ‘ 1/odo /dy; ‘ 10 ‘ [47] ATLAS_t_tch_8TeV ‘ 8 Tev, 20.2 fb ‘ t-channel ‘ o (ta)/dy: ‘ 4 ‘ [85] ATLAS_CMS_SSinc_RunI (*) | 748 TeV, 20 fb~! | Incl. pf 99%> B
_CMS_ _ i _
] . -1 ~ (t+1) ‘ S ‘ h =y, VV,77,bb
CMS_tt2D_8TeV_dilep ‘ 8 TeV, 20.3 fb—1! ‘ dileptons ‘ 1/od?0 /dy,zdm,; 16 ‘ (48] CMS_t_tch_8Tev_dif ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ do/dly | 6 (84]
—1 s * -1 f
ATLAS_tt_8TeV_dilep (¥) ‘ 8 TeV, 20.3 b1 ‘ dileptons ‘ dorJdmyy ‘ 6 ‘ (54] CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb ‘ s-channel ‘ Tiot(t + 1) ‘ 1 ‘ [87] ATLAS_SSinc_RunI (*) 8 TeV, 20 fb Incl. p; h — Zv, pp
ATLAS_t_sch_8TeV ‘ 8 TeV, 20.3 fb~?! ‘ s-channel ‘ otot(t + 1 ‘ 1 ‘ 86 _
—l— . d _I:- CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb— 1 ‘ lepton+jets ‘ do/dm,; ‘ 8 ‘ [51] ’ ror(t 49 [86] ATLAS_SSinc_RunIT () 18 TeV. 80 flo—1 el o ggF, VBF, Vh, tth
op-pair production s 0 | ~
- . i
p p p CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb—1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [53] ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb ‘ t-channel ‘ Ttot (t)’o-mt (a ‘ 2 ‘ [88] h — Y WW, ZZ, TT, bb
[} ] [] s —1 n _
\N h e | | C |'t| e S CMS_tt_13TeV_1jets_2016 ‘ 13 TeV, 35.8 fb—1 ‘ lepton+jets ‘ do /dm,; ‘ 10 ‘ [52] CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 fb ‘ t-channel ‘ oot (t), otot (£) ‘ 2 ‘ [90] - . , 49F. VBE., Wh. Zh tih
— - CMS_SSinc_RunII 13 TeV, 36.9 fb™ Incl. p!
; —1 _ (t+1) - - % =
) CMS_tt_13TeV_dilep_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ dileptons ‘ do /dm; ‘ 7 ‘ [56] CMS_t_tch_13Tev_dif ‘ 13 TeV, 2.3 fb ‘ t-channel ‘ do/dly | ‘ 4 ‘ (89] h =y, WW,ZZ,77,bb
* -1 . (t)
asyl | l I I 'et ry ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton-jets ‘ do /dm,p ‘ 9 ‘ [55] CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb ‘ t-channel ‘ do/dly™| ‘ 5 ‘ (1]
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr,,Fr ‘ 3 ‘ [49] I I ig g S S i g n al St re n gt h S
CMS_Whe1F_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr, Fg ‘ 3 ‘ [50] S | n | e -to -I: S C h a n n e |
g ol
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] D Inf ob bl
ataset nfo servables
N ggF, VBF, Vh, tth N
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Naat ‘ Ref CMS_H_13TeV_2015 ( ) ’ . B do’/de
h — ZZ, ~v,bb
inclusive
; -1 =
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Ndat ‘ Ref ATLAS_tW_8TeV_inc 8 TeV, 20.2 b (dilepton) oot (W) 195) F. VBF. Vh. tih
g9
CMS_ttbb_13TeV | 13 Tev, 2.3 =1 | total xsec | owr(ti) | 1| [70] elusive ) ATLAS_ggF_13TeV_2015 (*) | 13 TeV, 36.1 fb—! ’ Y do /dph,
ATLAS_tW_inc_slep_8TeV (¥*) 8 TeV, 20.2 fb~! ot (tW) [101] h— ZZ(— 4l)
CHS_ttbb_13TeV_2016 (*) | 13 TeV, 35.9 fb~1 | total xsec | owor(tibh) | 1 | [79] (single lepton)
ATLAS_ttbb_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb—1 ‘ total xsec ‘ tot (tEbD) ‘ 1 ‘ 78] CMS_tW_8TeV_inc ‘ 8 TeV, 19.7 fb~! ‘ inclusive ‘ ot (tW) ‘ 1 ‘ [96] do (B /gplV
a pT
. _ . . * —1
CMS_tttt_13TeV | 13 Tev, 35.9 b= | total xsec | ow(tit) | 1| [71] ATLAS_tW_inc_13TeV ‘ 13 TeV, 3.2 fb~! ‘ inclusive ‘ Tiot (tW) ‘ 1 ‘ [97] ATLAS_Vh_hbb_13TeV (*) 13 TeV, 79.8 fb G
do'"?) /dpZ,
OMS_tttt_13TeV_run2 (¥) | 13 TeV, 137 fb? | total xsec | own(tBD) | 1 | [76] CHS_tW_13TeV_inc | 13Tev, 859 | mchsive | owlw) | 1| (o9
4 to p S y tt b b y to p - ATLAS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb—1 ‘ total xsec ‘ Otot (LLLE) ‘ 1 ‘ (77] ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb~! ‘ inclusive ‘ oot (tZq) ‘ 1 ‘ [100] ATLAS_ggF_ZZ_13TeV (*) , 79.8 fb—1 R OggF (p]%, Njets)
. R .t d CMS_ttZ_8TeV ‘ 8 TeV, 19.5 fb—1 ‘ total xsec ‘ Ttot(t12) ‘ 1 ‘ [72] ATLAS_tZ_13TeV_run2_inc (*) ‘ 13 TeV, 139.1 fb—! ‘ inclusive ‘ oga(tlT4—q) ‘ 1 ‘ [102] CMS_ggF_aa_13TeV (*) 774 fb—1 - F(ph Nt )
- —aa_ 9 . ’ 2g Ty {Vjets
palr aSSOC I a e CNS_ttZ_13TeV | 18 TeV, 85.9 b2 | total xsee | cuoe(tfZ) | 1| [73] CMS_tZ_13TeV_inc | 138Tev, 3591 | incusive | opa(Whtteg) | 1| fo9]
d t- CMS_ttZ_ptZ_13TeV (¥) | 13 TeV, 77.5 fb=1 | total xsec | do(t2)/dpZ | 4 | [81] CMS_tZ_13TeV_2016_inc (¥) ‘ 13 TeV, 77.4 b ‘ inclusive ‘ oaa(ttHe—q) ‘ 1 ‘ [103]
p ro u C I O n ATLAS_ttZ_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ total xsec ‘ Otot (tt2) ‘ 1 ‘ [74] _I u 'ﬁ t' I
ATLAS_ttZ_13TeV | 18 Tev, 8.2 b1 | total xsec | ow(i2) | 1| (73] IggS d I eren Ia
ATLAS_ttZ_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tEZ) ‘ 1 ‘ [80] t\/\/ tZ
CMS_ttW_8_TeV | 8 Tev,19.5 b1 | total xsec | owoe(tfW) | 1| [72) )
CMS_ttW_13TeV | 13 Tev, 35.9 b1 | total xsec | owou(ttW) | 1 | [73]
ATLAS_ttW_8TeV | 8 Tev, 203 b= | total xsec | owor(tW) | 1| [74]
ATLAS_ttW_13TeV ‘ 13 TeV, 3.2 fb~1 ‘ total xsec ‘ Otot (LTW) ‘ 1 ‘ [75]
ATLAS_ttW_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tTW) ‘ 1 ‘ [80]
Dataset Vs, L Info Observables Ngat Ref
LEP2_WW_diff (*) (182, 296] GeV LEP-2 comb | d?c(WW)/dEcmd cos Oy 40 [128]
ATLAS_WZ_13TeV_2016 (*) | 13 TeV, 36.1 fb—1 | fully leptonic do ) /dm )V Z 6 [129]
_WW_ ev_ ev, . - u eptonic o Me
ATLAS_WW_13TeV_2016 (*) | 13 TeV, 36.1 fb—1 | fully leptoni do® /dm,,, 13 130
- - ev_ ev, . u eptonic a D
CMS_WZ_13TeV_2016 (* 13 TeV, 35.9 fb~! | fully leptoni do D) /dpZ 11 131
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SMEFT@LHC

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ ndat | Ref Dataset ‘ Vs £ ‘ Info ‘ Observables ‘ Naa ‘ Ref
. 1 Dataset Vs, L ‘ Info ‘ Observables
at a 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 ‘ tot (1), ot (1) ‘ ‘ [83]
ot F, VBF, Vh, tth
CMS_tt_8TeV_ljets ‘ 8 TeV, 20.3 fb—1 ‘ lepton-tjets ‘ 1/odo /dy,; ‘ 10 ‘ [47) ATLAS_t_tch_8TeV ‘ 8 TeV, 20.2 fb ‘ t-channel ‘ o (tq)/dy: ‘ 4 ‘ [85] ATLAS_CMS_SSinc_RunI (*) | 748 TeV, 20 fb~1 | Incl. uf 99 B
. _ . h — VV,rT,bb
1 _ (t+1) YV s TT,
CMS_tt2D_8TeV_dilep ‘ 8 TeV, 20.3 fb—1! ‘ dileptons ‘ 1/od?0 /dy,zdm,; 16 ‘ (48] CMS_t_tch_8Tev_dif ‘ 8 TeV, 19.7 fb ‘ t-channel ‘ do/dly | ‘ 6 ‘ (84]
—1 : * —1 f
ATLAS_tt_8TeV_dilep (¥) ‘ 8 TeV, 20.3 b1 ‘ dileptons ‘ dorJdmyy ‘ 6 ‘ (54] CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb ‘ s-channel ‘ Tiot(t + 1) ‘ 1 ‘ [87] ATLAS_SSinc_RunI (*) 8 TeV, 20 fb Incl. p; h — Zv, pp
ATLAS_t_sch_8TeV 8 TeV, 20.3 fb~1 -ch 1 ot(t+1 1 86 _
T . d t' CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb~1 ‘ lepton+jets ‘ do /dm; ‘ 8 ‘ [51] ¢ N ‘ © ‘ §-channe ‘ oot £) ‘ ‘ [86] ATiAS =e1 RunIT (*) 13 TeV. 80 fb—1 Incl f ggF, VBF, Vh, tth
op-pair production e R R ~
—1 7
p p | p | CMS_tt_13TeV_dilep_2015 ‘ 13 TeV, 2.1 fb—1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [53] ATLAS_t_tch_13TeV ‘ 13 TeV, 3.2 fb ‘ t-channel ‘ O-mt t)’o-mt {) ‘ 2 ‘ [88] h — Y WW, ZZ, TT, bb
(] ] ] s -1
\N h e | | C |-t| e S CMS_tt_13TeV_1jets_2016 ‘ 13 TeV, 35.8 fb—1 ‘ lepton-+jets ‘ doJdmy; ‘ 10 ‘ [52] CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 fb ‘ t-channel ‘ ot (1), oot (£) ‘ 2 ‘ [90] oS S5 RunIT (%) 13 TeV. 36.9 fb=1 | Tncl. i/ g9F, VBF, Wh, Zh tth
- _S8inc_Run ev, . - ncl. p; _
. —1 k3
) CMS_tt_13TeV_dilep_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ dileptons ‘ do /dm; ‘ 7 ‘ [56] CMS_t_tch_13Tev_dif ‘ 13 TeV, 2.3 fb ‘ t-channel ‘ da/dly(Ht)l ‘ 4 ‘ (89] h =y, WW,ZZ,77,bb
-1
asyl I ” ' Ietry ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton-+jets ‘ doJdmy; ‘ 9 ‘ [55] CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb ‘ t-channel ‘ do/dly®| ‘ 5 ‘ (1]
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr,,Fr ‘ 3 ‘ [49] I I ig g S S i g n al St re n gt h S
CMS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo, Fr, Fr ‘ 3 ‘ [50] S i n g | e -to p -I: S C h an n e |
)
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 Info Observables
N ggF, VBF, Vh, tth N
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Naat ‘ Ref CMS_H_13TeV_2015 ( ) ’ : _ do—/de
h — ZZ,~vv,bb
) o inclusive _ i
Dataset ‘ NN ‘ Info ‘ Observables ‘ Nuas ‘ Ref ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb (dilepton) ot (EW) [95] j
ggF, VBF, Vh, tih
CMS_ttbb_13TeV | 18 TeV, 2.3 b1 | total xsec | owor(tid) | 1| [70] inclusive ) ATLAS_ggF_13TeV_2015 (*) | 13 TeV, 36.1 fb—1! do /dpl,
ATLAS_tW_inc_slep_8TeV (¥*) 8 TeV, 20.2 fb~! ot (tW) [101] h— ZZ(— 4l)
CHS_ttbb_13TeV_2016 (*) | 13 TeV, 35.9 fb~1 | total xsec | owor(tibh) | 1 | [79] (single lepton)
ATLAS_ttbb_13Tev_2016 (*¥) | 13 TeV, 35.9 fb=" | total xsec | oor(ti) | 1 | [78] CHS_tW_8TeV_inc | sTev, 107 | inclwsive | ow@w) | 1| 190
da(ﬁd)/dpgv
. -1
CMS_tttt_13TeV | 13 Tev, 35.9 b= | total xsec | ow(tit) | 1| [71] ATLAS_tW_inc_13TeV ‘ 13 TeV, 3.2 fb~! ‘ inclusive ‘ Tiot (tW) ‘ 1 ‘ [97] ATLAS_Vh_hbb_13TeV (*) 13 TeV, 79.8 fb G
do) /dp
CMS_tttt_13TeV_run2 (*) | 13 TeV, 137 fb=! | total xsec | owr(tit) | 1 | [76] CMS_tW_13TeV_inc ‘ 13 TeV, 35.9 fb~! ‘ inclusive ‘ ot (W) \ 1 \ [98] T
4 to p S ; tt b b y to p - ATLAS_tttt_13TeV_run2 (*) ‘ 13 TeV, 137 fb—1 ‘ total xsec ‘ Ttot (LELT) ‘ 1 ‘ (77] ATLAS_tZ_13TeV_inc ‘ 13 TeV, 36.1 fb~! ‘ inclusive ‘ oot (tZq) ‘ 1 ‘ [100] ATLAS_ggF_ZZ_13TeV (*) , 79.8 fb—1 R UggF(pl%,Njets)
. . t d CMS_ttZ_8TeV ‘ 8 TeV, 19.5 fb~1 ‘ total xsec ‘ oot (HZ) ‘ 1 ‘ [72] ATLAS_tZ_13TeV_run2_inc (*) ‘ 13 TeV, 139.1 fb—! ‘ inclusive ‘ ofa(tTL™q) ‘ 1 ‘ [102] CMS_ggF_aa_13TeV (*) 774 fb—1 o F(ph Njets)
— —qad_ E] . ) gg T S
p al r aSSOC I a e CMS_ttZ_13TeV ‘ 13 TeV, 35.9 fb~?! ‘ total xsec ‘ oot (t12) ‘ 1 ‘ [73] CMS_tZ_13TeV_inc ‘ 13 TeV, 35.9 fb~! ‘ inclusive ‘ oaa(Wbete~q) ‘ 1 ‘ [99]
d t' CMS_ttZ_ptZ_13TeV (*) ‘ 13 TeV, 77.5 fb—1 ‘ total xsec ‘ do‘(ttZ)/dp% ‘ 4 ‘ [81] CMS_tZ_13TeV_2016_inc (*) ‘ 13 TeV, 77.4 fb~! ‘ inclusive ‘ oha(tlTe—q) ‘ 1 ‘ [103]
p rO u C I O n ATLAS_ttZ_8TeV ‘ 8 TeV, 20.3 fb—1 ‘ total xsec ‘ Otot (tt2) ‘ 1 ‘ [74] u d . ff t' I
ATLAS_ttZ_13TeV | 18 Tev, 8.2 b1 | total xsec | ow(i2) | 1| (73] Ig g S I ere n Ia
ATLAS_ttZ_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ Ttot (tEZ) ‘ 1 ‘ [80] _t\/\/ tZ
CMS_ttW_8_TeV ‘ 8 TeV, 19.5 fb—1 ‘ total xsec ‘ Ttot (LTW) ‘ 1 ‘ [72] ) Category Processes Ndat
CMS_ttW_13TeV | 13 Tev, 35.9 b1 | total xsec | owou(ttW) | 1 | [73] _ .
tt (inclusive) 94
ATLAS_ttW_8TeV | 8 Tev, 203 b= | total xsec | owor(tW) | 1| [74] v -
ATLAS_ttW_13TeV | 18 Tev, 8.2 b1 | total xsec | owoe(ttW) | 1| (73] tz, ttW 14
ATLAS_ttW_13TeV_2016 (*) ‘ 13 TeV, 36 fb—1 ‘ total xsec ‘ ot (HEW) ‘ 1 ‘ [80] Top quark production single top (lnCIUSIVG) 27
Dataset Vs, L Info Observables Ngat Ref tz s tW 9
LEP2_WW_diff (*) (182, 296] GeV LEP-2 comb | d?c(WW)/dEcmd cos Oy 40 [128] titt, ttbb 6
Total 150
ATLAS_WZ_13TeV_2016 (*) | 13 TeV, 36.1 fb—1 | fully leptonic do ) /dm )V Z 6 [129]
Run T signal strengths 22
ATLAS_WW_13TeV_2016 (*) | 13 TeV, 36.1 fb~! | fully leptonic do8d) /dm.,, 13 | [130] & &
. G ) 2 nggs production Run II signal strengths 40
CMS_WZ_13TeV_2016 (*) 13 TeV, 35.9 fb— fully leptonic do'\"?) /dpZ, 11 [131] X X A . X
and decay Run II, differential distributions & STXS 35
Total 97
LEP-2 40
Diboson production LHC 30
Total 70
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LHC global EFT fit: marginalised (1)
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SU(3)°: EWPO+Diboson+Higgs
M SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top
Top operators: EWPO+top (incl ttH)

(1TeV)?

95%CL marginalised; C; A2
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For weakly coupled
theories A\ bound below the
TeV scale: EFT Validity???
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Weakly coupled A?



LHC global EFT fit: marginalised (2)

* Higher Orders in 1/A\4

* squared dim-6 contributions

- Top+ Higgs + VV, Quadratic NLO EFT

- Top+ Higgs + VV, Linear NLO EFT
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Posterior distributions

—_
=
w

| W Top + Higgs + VV, Quadratic NLO EFT

' B Top + Higgs + VV, Linear NLO EFT 5 M E F i T

1015_

10°;

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

Significant impact for most operators
In particular 4-fermion operators

FCC Physics Workshop, Krakow
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Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

Significant impact for most operators
In particular 4-fermion operators

Some operators remain unconstrained: Need more data/better probes/new colliders!

FCC Physics Workshop, Krakow



What can we hope for the FCC?

Eleni Vryonidou

Cleaner environment

Precision frontier

e can make very precise measurements

Messier environment

Energy frontier:

e can push energy probed to 10s of TeV

FCC Physics Workshop, Krakow

Which operators:

4-lepton, 2-fermion, pure
gauge, Higgs-gauge, top
operators at 365 GeV

2-fermion, pure
gauge, Higgs-gauge, top
operators,

10



SMEFT prospects for FCC(-ee)

Snowmass study: arXiv: 2206.08326

diBoson
(WW,W2)

HL-LHC

ves (1) Full EFT param.

Yes (Y, ozH)

(Complete with HL-LHC) Full EFT param.

LEP/SLD

Updated
Yes

Yes

Yes (365 GeV, Ztt)

Update European Strategy study of de Blas et al., arXiv:1905.03764

Setup:
SMEFT truncated at linear level

CP-conserving

No 4-fermion operators (apart from Gf ones), no dipoles

Flavour universal (18 parameters) and flavour diagonal (30)

Eleni Vryonidou

FCC Physics Workshop, Krakow

Machine | Pol. (e, e™) Energy | Luminosity
HL-LHC | Unpolarised 14 TeV 3 ab™!
250 GeV 2 ab™1
Ho | FS0%, £30%) | 350 GeV | 0.2ab”"
500 GeV 4 ab™!
(F80%, £20%) | 1 TeV 8 ab™!
380 GeV 1 ab™!
CLIC (£80%, 0%) | 1.5 TeV | 2.5 ab™!
3 TeV 5 ab™t
Z-pole 150 ab™?
2myy 10 ab™!
FCC-ee Unpolarised 240 GeV 5ab™!
350 GeV | 0.2 ab™!
365 GeV | 1.5 ab™!
Z-pole 100 ab™t
2mw 6 ab~!
CEPC Unpolarised | 240 GeV | 20 ab~!
350 GeV | 0.2 ab™!
360 GeV 1 ab™!
125 GeV | 0.02 ab™!
MuC Unpolarised 3 TeV 3 ab™!
10 TeV 10 ab™?

More detalls in Jorge’s talk

11



What we can learn: Higgs+EW

precision reach on effective couplings from SMEFT global fit
B HL-LHC S2 + LEP/SLD Wl CEPC Z,00/WWg/240GeVy, Il CLIC 380Ge TwiFCC —ee

(combined in all lepton collider scenarios) | [ll CEPC +360GeV, M ILC +350GeV, ,+500GeV, | Il CLIC +1 5Te v _ Il MuC 10TeV 4o
Free H Widih BWILC+1TeVs  ~/wGiga-z | MCLIC +3Te v B MuC 125GeV, gp+10TeV 1 l I S O ( :O I ' I a re re -

0 i subscripts denote luminosity i "1, Z & WW denote Z-pole & WW threshold
o 1E
£ =
3 107 s 2 LHC with and
o ®
© '®)
(7)) wn
@)} -2 4
> 10
T

1073

1074

—
S

B * Typically FCC-ee improves
bounds by more than an order of
o magnitude compared to HL

Higgs couplings
=
o
sBuijdnoo sbbIH

—
<
w

., 1l ...« Thisis true for both Higgs
u couplings and Vit couplings
%122 g rDefault flavor assumptions?
S 2 Same a SMEFTnD . . C
s | wmmesozo | * IMprovement is not significant for
Showmass study Zy, VY, Ud (dominated by HL-
de Blas, Du, Grojean, Gu, Miralles, Peskin, Tian, Vos, EV arXiv: 2206.08326 LH C)

Eleni Vryonidou FCC Physics Workshop, Krakow 12



What we can learn: Top sector

Goals of the Showmass study:

e EX
® =X

O
O

ore
ore

HL-LHC prospects

future collider prospects

Do this in some some unitied fit setup, with reasonable uncertainty assumptions

Eleni Vryonidou

Coefficients fitted

Cia Caq Coq = Coo — Cg
2—quark Cgpt C(pb CtZ — CWctW — SWctB
— Ctsp CtW
133 3(33ii 1,8 1(i33 3(i33i
Ch=3200™ | Ch=3 O™ | Cgp =3 Cag™ +3Cy""
~ 3(33ii L 8(33 38 < (1330 3(i33i
4-quark C%u — Z Cqé ) ngd — Z ch(z ) OQq — Z Oqé ) — Cqé )
2 i=1,2,3 i=1,2 §(5i33
N o qu — Z OUC(Z )
) L Cy Clet CZE — CllQ + CZBQ
-quar R 5
2-lepton Cin Cle Cig = Cig — Cig
_ _ C.o

Following Top WG note

Only colour octet 2-light-2-heavy

operators

No 4-heavy operators (see later)
Only linear 6(1/A*contributions

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

FCC Physics Workshop, Krakow

13



LHC vs HL-LHC

|12
[HEPT

101- y
10—2_ I

95% Interval (TeV~2)
[
o
o

=
o
o

B | HC Run 2 + Tevatron + LEP B +HL-LHC S2
solid: individual
shaded: marginalised

Ctop Ciw Copt C(%) Coo Cz Cop Ciwc C8 C§ Cé,'s Ctsq Cg'qs cs, C8,
Operator Coefficients

arxiv:2205.02140

q

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

Not much ir?provement
(dominated by b at LEP
but better at FCC)

Limited by theory and
modelling uncertainties

2-quark-2-lepton not fitted
(need t?)

Difference in individual and marginalised limits persists at HL for 4-fermion operators

Eleni Vryonidou

FCC Physics Workshop, Krakow
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Eleni Vryonidou

FCC Physics Workshop, Krakow
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LHC vs HL-LHC

Best improvement: 4-

IFHK\ B LHC Run 2 + Tevatron + LEP B +HL-LHC S2 fermIOﬂ OperatOrS

¥ solid: individual . . .

‘[:Eafitl shaded: marginalised driven by ditferential
measurements

1o extending to higher
energies

Not much ir?provement
(dominated by b at LEP
but better at FCC)

95% Interval (TeV~2)
[
o
o

101
Limited by theory and
modelling uncertainties
102
Ctop Cw GCor CcB) Cpo Ciz Cop Cic C8, & cit® c®@ c28 c8, CcC& _
i operator Coefficienss . 2-quark-2-lepton not fitted
arXiv:2205.02140 (need 1ic7)

Difference in individual and marginalised limits persists at HL for 4-fermion operators

Eleni Vryonidou FCC Physics Workshop, Krakow



LHC vs HL-LHC

Best improvement: 4-
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arXiv:2205.02140 (need 1ic7)

Difference in individual and marginalised limits persists at HL for 4-fermion operators

Eleni Vryonidou FCC Physics Workshop, Krakow



Top quarks at future lepton colliders

Scenarios considered:

Machine Polarisation Energy Luminosity Reference
250 GeV 2 ab™1
ILC P(et, e7):(£30%, F80%) 500 GeV 4 ab™1 56]
1 TeV 8 ab™1
380 GeV 1 ab™!
CLIC P(et, e7):(0%, +80%) 1.4 TeV 2.5 ab™! 57]
| Z-pole | 150 ab™! ./
FCC-ee Unpolarised 240 GeV o ab™ 58]
| 350 GeV 0.2 ab™!
i 365 GeV | 1.5 ab™!
1 Zwpole | B5ibab |
CEPC Unpolarised 240 GeV 20 ab™ 58]
350 GeV 0.2 ab™!
360 GeV 1 ab™!

Eleni Vryonidou

Observables:

ete™ — bb: 0, A2,

ete” — 1. optimal observable
constraints from arXiv:1807.02121
for ILC, CLIC, FCC-ee, CEPC

Optimal observables based on
WbWhb

Input from arXiv:1807.02121
bounds for #Z and top-lepton 4F
operators

itH 1S not included here for ILC
and CLIC

FCC Physics Workshop, Krakow
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Putting everything together

. IFIIC
10% N % arxXiv:2205.02140 ‘mﬁt\
FCC-ee improves: ttZ,
¢ 1o % bbZ, tbW
: Gl B M| o " First access to ttll
% . interactions with runs
“ i T |1 . above the threshola
10~ I i o
103 i % i % % %

Coop Cw Cor C) Coo Ciz CpN\NCev Ceo Cn C§ Ce Cr  Cp
Operator Coéfigients

No bounds for 2Q2| operators at the (HL)LHC, no 4Q bounds for lepton colliders
Runs above ttbar threshold needed for constraining 2Q2| well
Extremely well bounded at for higher energy lepton colliders

Eleni Vryonidou FCC Physics Workshop, Krakow



Pushing the energy frontier

How about top qguarks at the FCC-hh?
No full study but expect much better sensitivity:

o(my > 1.4TeV) =18 pbx[140.3-Cy¢+0.1-C;z+0.1-C;, 4 0.3 (Cy, ) >+ ...

o(myg>10TeV) =0.1pbx [14+0.3-Cie+1.8-Ci, +3-C5 4256 (CS )%+ ...]

Expect bounds to improve from 6(1Tev—=) down to 6(0.1TeV—>)

Eleni Vryonidou FCC Physics Workshop, Krakow
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Where can the FCC-hh help?

4-heavy operators

l' l' Linear+quadratic
8
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Incl. Ot
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Diff. Mgt
6 —e— HL-LHC 3ab~! - 95% C.L. Individual - Incl. o

l‘ l‘ HL-LHC 3ab~! - 95% C.L. Individual - Diff. Mg

0% = (Qr'T'QNQy,T'0)  *
@éQ = (QYMQ)(QV,,,Q) EZ ======= I E R — X AR S— |+| gggggg

08, = QP T'ONF, T .
O = (Or"0)(iy,1)

1 _ —_ /’l —_ Cc%o Cc%o Cil)t Cot
@tt o (t}/ t)(tyﬂt) Aoude, El Faham, Maltoni, EV arXiv:2208.04962

1
Ctt

HL-LHC differential information helps

FCC needed to really pin down these coefficients

Eleni Vryonidou FCC Physics Workshop, Krakow
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10 A

(N/TeV)?
(@]

_10 -

—15

ti

1 8 1 8 1

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. ot
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Knowing the top helps us know the Higgs

Example: Higgs self-coupling

] — —</\
rGGGSO\ - O Triple Higgs coupling

N
O = (¢'6) () &, et Inclusive H, Higgs plus jets, ttH

Ouc (¢ ¢) G4 GA | g INClusive H, Higgs plus jets, ttH
— (QJ#’/TAt ¢G;1V . ttH, ttV..
Op = (0,(¢71¢))? e All Higgs couplings

O6 = (¢T0)3 —  HH (single Higgs@NLO)

Eleni Vryonidou FCC Physics Workshop, Krakow
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Knowing the top helps us know the Higgs

Example: Higgs self-coupling

] — —</\
rGGGSO\ - O Triple Higgs coupling

o
O = (¢T¢) (@) @) ey INClusive H, Higgs plus jets, ttH

O = (ng(b) G4 GA | g INClusive H, Higgs plus jets, ttH
v A A
(Qo" TAL)GGL, e 1, TtH, HHV..
Op = (0,(¢71¢))? e All Higgs couplings

O6 = (T0)3 —  HH (single Higgs@NLO)

Eleni Vryonidou FCC Physics Workshop, Krakow
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HH(H) at FCC-hh

log,,(linear /SM) log,(quadratic/SM)
O

Different sensitivity patterns for H,
HH and HHH in SMEFT

_________
- ~

Differential distributions in HH and
0. HHH cross-section can help

~ e
o -
- -

FCC-hh reach: 1%, 5% and 50% on H, HH and HHH cross-sections

Eleni Vryonidou FCC Physics Workshop, Krakow 20



Broader Higgs-top interplay

Top EW

Top chromo

Top Yukawa

Top-Higgs are deeply connected

Eleni Vryonidou FCC Physics Workshop, Krakow

Production process

21



What can the Higgs tell us about the top?

HZ production in gluon fusion
10010 0) N\ H > —- — 7000 t
6000) z m—i\/\/ fzym>ﬂ\w\
S = _
( Opt = 1 (99* Dm?) (t7"'t)

2

2 2
o m; v e gs : s
%‘H‘OO 32 M, Cw SwT? (Z log ( m% ) T ﬂ-)

* Energy growth

* Poorly constrained operator for top fits!

Rossia, Thomas, EV in preparation

01 L gg"HZ, LHC13 Goy — 3

- NLO, p=m, Cid=2, A=1 TeV sepyeCo) —

— i 6ap+Col V+C%6%) — ]

£ 001k T o ;

o) — ]

2

§ 0001 L — &

§ T 7

0.0001 £ Bylund et al arXiv:1601.08193 =

\é% 3 _- PR R NS TN T T N T M U U T T N T S S AU T A M AU SN AT B R A ._:

E 2 [ —

© -

A N e R S e wwwY FY e
of - FCC

B [

R S~ e .

..... Ly v o by v o o by o by by by by sy o

200 300 400 500 600 700 800 900 1000
m(HZ) [GeV]

Promising probe for HL-LHC
Cor [TeV™2] [-6.3,17.8] 1% syst.

—8.7,20.2 5% syst.

-12.2,23.8] 10% syst.

FCC-hh perfect place to explore high-energy region

Eleni Vryonidou FCC Physics Workshop, Krakow



What can the Higgs tell us about the top?

Diboson (off-shell Higgs) sensitivity to top couplings

Io o — OSM 9
- . - 1 =
% 10 —OW’ =1 (Q’DJr D '“”(’9) <t,}/l t) — ‘O-interference E
fb/GeV] B — O-NPQ Lé'-l
1 P
= Thomas, EV in
L arXiv:2203.02418
107 |_\_
102 3
g .
- ‘Z‘% Azatov, Grojean, Paul, Salvioni arXiv:1608.00977
- ' — To)
- 40— ZZ LHCIS3 See also: Englert, Soreq, Spannowsky arXiv:1410.5440
. 5 5 f; Cao et al 2004.02031
1074 ¢ A ey N— L o
:\ [ ‘ [ ‘ I ‘ [ ‘ [ ‘ [ ‘ [ ] - 2 " " "
b0 300 400 500 o0 700 aog el Expect much better sensitivity@FCC
mygzyz [GGV]

Dedicated studies for FCC welcome!
Eleni Vryonidou FCC Physics Workshop, Krakow


https://arxiv.org/abs/2203.02418

Conclusions

 FCC can provide a great testing ground for SMEFT, pushing in either the precision or
energy reach

* Global SMEFT fits at FCC-ee show that one can improve over HL-LHC bounds by an
order of magnitude in higgs and gauge-fermion couplings

* Jo access top couplings we need runs above the top threshold

 FCC-hh can significantly improve bounds on Vff and hVV couplings, as well as
unconstrained 4-quark operators

 FCC-hh can probe energy growing amplitudes, improving sensitivity to poorly constrained
interactions

* More studies and combinations very welcome

Eleni Vryonidou FCC Physics Workshop, Krakow
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