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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@dim-6

New Physics: New Interactions of SM particles

0o
A2

Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653
Grzadkowski et al arXiv:1008.4884
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SMEFT@colliders in practice

L Precise EFT predictions

43 Precise SM predictions

-$ Precise experimental measurements
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LHC observables

Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ ndat | Ref Dataset ‘ Vs £ ‘ Info ‘ Observables ‘ Naa ‘ Ref
. _ Dataset Vs, L ‘ Info ‘ Observables
1 . )
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]
X -1 - gg9F, 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 ’ U
] . -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 ATLAS_SSinc_RunI (* 8 TeV, 20 fb—1 Incl. pf h— Z
ATLAS_tt_8TeV_dilep (*) ‘ 8 TeV, 20.3 fb~1 ‘ dileptons ‘ do /dm; ‘ 6 ‘ [54] CMS_t_sch_8TeV ‘ 8 TeV, 19.7 fb ‘ s-channel ‘ otor(t +1) ‘ ! ‘ (87] -SSinc_RunlI (*) ’ Hi 7
ATLAS_t_sch_8TeV ‘ 8 TeV, 20.3 fb~?! ‘ s-channel ‘ oot (t + 1) ‘ 1 ‘ 86 _
. . CMS_tt_13TeV_ljets_2015 13 TeV, 2.3 fb~1 lepton+jets do /dm; 8 [51] ’ cot [86] X _ ggF, VBF, Vh, tth
TO al r I’Od U Ct | O n ATLAS_SSinc_RunII (*) 13 TeV, 80 fb~1 | Incl. pf
— 1 - - < My _
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
. —1 In _
T~1+: 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 ‘ vt (1) Ttot (1) ‘ 2 ‘ [90] F, VBF, Wh, Zh tth
e |C| |eS CMS_SSinc_RunII (*) 13 TeV, 36.9 fb=1 | Inct. pf | 77
— _ _SSinc_Run . ncl. g’
; -1 _ (t+%) ‘ ‘ ? i -
) 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 0| 4| [ h — vy, WW, ZZ,7T,bb
* -1 4 ) ‘ ‘
asyl I ” ' Ietry ATLAS_tt_13TeV_ljets_2016 (*) ‘ 13 TeV, 35.8 fb~1 ‘ lepton-+jets ‘ doJdm,z ‘ 9 ‘ [55] CMS_t_tch_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb ‘ t-channel ‘ do/dly™| 5 | bl
ATLAS_WhelF_8TeV ‘ 8 TeV, 20.3 fb~1 ‘ W hel. fract ‘ Fo,Fr,,Fr ‘ 3 ‘ [49] I I i g 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 | n g | e -to p -I: S C h a n 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 ( ) ’ . B do’/de
h—ZZ bb
N inclusive s
ATLAS_tW_8TeV_i 8 TeV, 20.2 fb~ ot (EW) 95
Dataset ‘ Vs, L ‘ Info ‘ Observables ‘ Nyat ‘ Ref -tW_8TeV._inc v (dilepton) 7ot 9] F. VBF. V. tfh
ggr, ) 5
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~! o oot ot (EW) [101] h — ZZ(H 41)
CMS_ttbb_13TeV_2016 (*) ‘ 13 TeV, 35.9 fb—?! ‘ total xsec ‘ amt(ttbb) ‘ 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! | incusive | o) | 1| fog] 4o 80 /gl
: _ . . Py —1 T
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 (0 i
do dp.
. . T
oMS_tete_13TeV_run2 (*) | 13 TeV, 137 b1 | total xsec | owr(tit) | 1 | [76] CMS_tW_13TeV_inc | 13Tev, 859 | mchsive | owlw) | 1| (o9
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 OggF (p]%, Njets)
. . CMS ttZ 8TeV 8 TeV, 19.5 fb—1 total ot (ttZ 1 72 ATLAS_tZ_13TeV_run2_inc (*) | 13 TeV, 139.1 fb—! inclusive oga(tlT4—q) 1 [102]
al r aSSOC I ate d _ _8Te ‘ ev, ‘ otal xsec ‘ Ot t( ) ‘ ‘ [ ] ‘ ’ ‘ ‘ ‘ ‘ CMS_ggF_aa_lSTeV (*) s 774 fb_l , UggF(pSL“,Njets)
p CMS_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 . ff t' I
ATLAS_ttZ_13TeV | 18 Tev, 8.2 b1 | total xsec | ow(i2) | 1| (73] Ig g S d 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 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]
ATLAS_WW_13TeV_2016 (*) | 13 TeV, 36.1 fb~! | fully leptonic do8d) /dm.,, 13 | [130]
CMS_WZ_13TeV_2016 (*) | 13 TeV, 35.9 fb—! | fully leptonic do D) /dpZ 11 [131]
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LHC observables

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]
1|, 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+t> 'Y’Y? b b
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~1 -ch 1 ot(t+1 1 86 _
—l— . d _I:- CMS_tt_13TeV_ljets_2015 ‘ 13 TeV, 2.3 fb~! ‘ lepton-+jets ‘ doJdmy; ‘ 8 ‘ 51] seh-ore ‘ © ‘ §-channe ‘ otor(t +1) ‘ ‘ [86] ATLAS_SSinc_RunlI () 13 TeV. 80 fb-1 el uf ggF, VBF, Vh, tth
op-pair production e R R ~
—1 2
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 - _
VV h e | | C |-t| e S CMS_tt_13TeV_ljets_2016 ‘ 13 TeV, 35.8 fb—1 ‘ lepton-jets ‘ do /dmy; ‘ 10 ‘ 52] CMS_t_tch_13TeV_inc ‘ 13 TeV, 2.2 fb ‘ t-channel ‘ ot (1), oot (£) ‘ 2 ‘ [90] cHs S84 RunII (%) 13 TV, 36.9 fb—1 el uf ggF, 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(f“)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-tjets ‘ do/dm,; ‘ 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 i n g | e -to p -I: S C h a n 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,~~,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, tth
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 1) /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 a'ggF(pl%,Njets)
. . CMS_ttZ_8TeV 8 TeV, 19.5 fb—1 total ot (ttZ 1 72 ATLAS_tZ_13TeV_run2_inc (*) | 13 TeV, 139.1 fb—! inclusive oga(tlT4—q) 1 [102]
air associated T e g | [ ‘ T oo )| wmvrmanct | o e i
p CMS_ttZ_13TeV ‘ 13 TeV, 35.9 fb~?! ‘ total xsec ‘ oot (tEZ) ‘ 1 ‘ [73] CMS_tZ_13TeV_inc ‘ 13 TeV, 35.9 fb~! ‘ inclusive ‘ ora(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 ‘ 13 TeV, 3.2 fb—! ‘ total xsec ‘ Otot (tE2) ‘ 1 ‘ [75] Ig g S I e re n I a
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~?! ‘ total xsec ‘ Ttot (LEW) ‘ 1 ‘ (80] TOp quark production smgle tOp (lIlChlSlve) 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
Eleni V Id FCC BSM Physics Worksh e s =
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LHC global EFT fit: marginalised (1)

2.5;

SU(3)°: EWPO+Diboson+Higgs
2.0 m SU(2)% x SU(3)3: EWPO+Diboson+Higgs+top
Top operators: EWPO+top (incl ttH)

(1TeV)? ||
/\2

All coefticients allowed to
be non-zero

95%CL marginalised; C;

e +\.+~{“_”*MH”‘Hw‘-_-_ For weakly coupled
s 1] | | | |+ theories A bound below the
10 TeV scale: EFT Validity???

—1.51

~2.0]

_2.5

HHHHH

102? 3 e C: = (4m)?

| S - i T ) 6
o o LT g B g T odsea l Strongly coupled  ¢;(¢)

10—2_-

Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779
Eleni Vryonidou SMEFT school 2022



LHC global EFT fit: marginalised (2)

* Higher Orders in 1/A\?
* squared dim-6 contributions

- Top+ Higgs + VV, Quadratic NLO EFT - Top+ Higgs + VV, Linear NLO EFT

cQQ1 cQQ8 cQtl cQt8 " cttl c81lqq cllqq

e Ijl ﬁﬁﬁﬁﬁ

Posterior distributions

Eleni Vryonidou

Magnitude of 95% Confidence Level Bounds (1/TeV?)

—_
-
w

—_
-
L

[
=
\V)

—_
=
w

| W Top + Higgs + VV, Quadratic NLO EFT
B8 Top + Higgs + VV, Linear NLO EFT

— —
-} (-
IIIIH 1 1 Ll M L 1 11

—_
-
L IIIIIO L L Ll

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

Significant impact for most operators
In particular 4-fermion operators

SMEFT school 2022



LHC global EFT fit: marginalised (2)

* Higher Orders in 1/A\?
* squared dim-6 contributions

- Top+ Higgs + VV, Quadratic NLO EFT - Top+ Higgs + VV, Linear NLO EFT
cQt1 cQt8 Fcttl c81qq cllqq [ TOp + nggS + VV, Quadratic NLO EFT

l 103§- W Top + Higgs + VV, Linear NLO EFT 5 M E F i T

———————————————————————————————————————————————————————————
0 200 —200 0 200 -5 0 5 0 20

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

1025_

1015_

10°;

—_
-
L

[
=
\V)

Magnitude of 95% Confidence Level Bounds (1/TeV?)

—_
=
w

Significant impact for most operators
In particular 4-fermion operators

Posterior distributions

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

Eleni Vryonidou SMEFT school 2022



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 BSM Physics Workshop

Which operators:

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

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



SMEFT prospects for FCC(-ee)

Snowmass study: arXiv: 2206.08326

diBoson
(WW,W2)

Yes (1) HL-LHC

Yes (Y, ozH)
(Complete with HL-LHC)

Full EFT param.

Full EFT param.

LEP/SLD

Updated

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 BSM Physics Workshop

Machine | Pol. (e7,e™) Energy | Luminosity
HL-LHC | Unpolarised 14 TeV 3 ab™!
250 GeV 2 ab™1
o | (FSO0%, £30%) | 350 GeV | 0.2 ab~!
500 GeV 4 ab™1
(F80%, £20%) | 1 TeV 8 ab~!
380 GeV 1 ab™!
CLIC (£80%, 0%) | 1.5 TeV | 2.5 ab™!
3 TeV 5ab™1
Z-pole 150 ab™*
2muyy 10 ab™!
FCC-ee Unpolarised 240 GeV 5 ab™t
350 GeV | 0.2 ab™!
365 GeV | 1.5 ab™!
Z-pole 100 ab™?
2Mmuy 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™!
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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 BSM Physics Workshop 11



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 )
| o . 8(1i33
N o qu — Z OUC(Z )
Cy Clet CZE — CllQ + CZBQ
2-quark B | 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 BSM Physics Workshop
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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,

q
Operator Coefficients

arxiv:2205.02140

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

Not much improvement
- 3

C¢Q anad C¢Q

(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 BSM Physics Workshop
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LHC vs HL-LHC
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modelling uncertainties
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LHC vs HL-LHC

IFHK\ B | HC Run 2 + Tevatron + LEP Bl +HL-LHCS2
¥ solid: individual
‘[:Eafitl shaded: marginalised

10}

95% Interval (TeV~2)
[
o
o

=
o
o

10—2

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

arxiv:2205.02140

Best improvement: 4-

fermion ope
driven by dr

rators
Terential

measureme

NtS

extending to higher

energies

Not much improvement
— 3
(:ngz E“q(j (:;bgz

(dominated

by b at LEP

but better at FCC)

Limited by theory and
modelling uncertainties

2-quark-2-le
(need £¢)

poton not fitted

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

IFHK\ B | HC Run 2 + Tevatron + LEP Bl +HL-LHCS2
¥ solid: individual
‘[:Eafitl shaded: marginalised

10}

100

95% Interval (TeV~2)

10—2

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

arxiv:2205.02140

Best improvement: 4-

fermion ope
driven by dr

rators
Terential

measureme

NtS

extending to higher

energies

Not much improvement
— 3
(:ngzfarnj (:ngz

(dominated

by b at LEP

but better at FCC)

Limited by theory and
modelling uncertainties

2-quark-2-le
(need £¢)

poton not fitted

Difference in individual and marginalised limits persists at HL for 4-fermion operators
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Top quarks at future lepton colliders

Scenarios considered:

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

Eleni Vryonidou

Observables:

ete™ — bb: 6,, A,

ete” — 1. 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 #Z and top-lepton 4F
operators

itH 1S not included here for ILC
and CLIC

FCC BSM Physics Workshop



Putting everything together

Eleni Vryonidou

95% Interval (TeV~2)

y 218
101 * % arxiv:2205.02140 "}Eifitl
100 m |
) . No improvement for
=0 WA I N top Yukawa due to
o1 i A N o 0 missing #tH
_ NN | (expect factor of two
] i ] 1 improvement for
L0-2 ] ) | . ILC1000)
1073 h % 1 WE % % %

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 ILC and CLIC (107°)

FCC BSM Physics Workshop
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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 BSM Physics Workshop
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Where can the FCC-hh help?

Example 1: Vif and HVV couplings

Higgs+vector boson associated production:

(3)

— <=
CAL;J (QLo"Q1) (zHJr aaDuH) FCC-hh 100 TeV 30ab~!, 1-op. fit, (Zh + Wh)

I

arXiv 2004.06122

- w1 Y0 Syst. arXiv 2011.13941

=sns 10 % Syst.

3 ,
b ~ 92/ (4M?)

O \ coq ~ (4m)2/(4M?)
| \\WZ@HL-LHC [1712.01310]
0.0 = FCC-ee 190704380
= Aoy b FCC-hh
A=1TeV e eeeee———————
0.001- ! . I\I{O 50
M [TeV]

Thanks to A. Rossia

Eleni Vryonidou FCC BSM Physics Workshop



Summary of bounds from Vh(—yy)

@ (Qrov" Q1) (iHTaaﬁ H) i
A2 VEE g 100
(1) |
C — YA i
—Kg (QL’YMQL) ('LHJr D “H) s 10
: L
Cou ,_ R s ° I
- (@pyup) (HD,H) 2 L
Cgod 3 : TH ..8
F (dR’}/“dR) (’LH D MH) S
CoW 171 N, X
F H H Wa H W:ZJV g
C 7 —
OW 11t a, vV Ixsa
S HUH W W,

Eleni Vryonidou

arXiv 2004.06122
arXiv 2011.13941

I ! t

|
B CEPC
BECC-ece

FCC-hh

FCC-hh

FCC BSM Physics Workshop

[ |
WmHL-LHC

LHC
FEPC

FCC-hh 100 TeV 30ab™!,

FCC-hh

A

=1 TeV
——
B EFCC-hh, 5% Syst.
B CC-hh, 10% Syst.
¥ One Operator Fit

FCC-hh

CP-violating:

FCC can
significantly

|\ improve HL-LHC
i\;,bound!

Thanks to A. Rossia
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Angular binning probes CP-odd operators

T A
7
FCC-hh 100 TeV 30ab™', A =1 TeV l I o
]_()OOEP T 7 [ 1 7 I 1 17 ! ! I I ! I ! I ! I ! 1 ! I T T [ T 1 T I { I [ L I I [ I T ! """ ! ! L L ! I —f | ///
5 ‘ . L | //‘\/9 Ow .
i < >
100; | B ECC-hh, 5% Syst. Voo
10 BCEPC B LHC Global Fi B EFCC-hh, 10 % Syst. -‘ T
: BEFCC-ee BHL-LHC ¥ One Operator Fit /.
4o 1 '
= | FCC-hh 100 TeV 30ab !, 5% Syst.
2 0.1:- 0.350 T RS AAAAARANL A A AR
S 001 o I h
o 0.001= 0.15¢ / \
i 0.1 | \
i | i ‘US. - | !
107° LML A AL i AN o | —0.00F /
: ‘ " A F. —0.1 \ /
arXiv 2004.06122 —0.15 \ /]
arXiv 2011.13941 —0.2¢ \ P
—0.25 S -
—0.3 It o
— IWO Ow bins = = No ¢w binning
—0.35F ... )
—0.2 —0.1 0 0.1 0.2

“Thanks to A. Rossia
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Combining different channels
Vh(h—-bb™) allows for a fairer LHC vs FCC-hh comparison

100 -

3) _2
céq [TeV 2]

Eleni Vryonidou

Vh( - bb) @LHC

10_1?

| — WZ @HL-LHC [1712.01310]

~_ Vh( - bb) @LHC Run 3 |
— Vh(- bb) @HL-LHC
NS S,
\\Q\Qf O‘O’)g
| K \\_\

WW + WZ @LHC Run 1 [1609.06312]

100 o
M[TeV]

10_1?

1073

V(5> bb) @FCC-hh (100TeV, 30/ab)

- 1% Syst.
— 5% Syst.
- 10% Syst.

Vh( - yy) @FCC-hh

— WZ @HL-LHC [1712.01310]

WZ @FCC-hh [1712.01310] |

M([TeV]
Bishara, Englert, Grojean, Panico, Rossia arXiv:2208.11134

FCC-hh improves HL-LHC by a factor of 10
h—-yy=h—-bb™ @FCC-hh (syst. dependent)

FCC BSM Physics Workshop

Thanks to A. Rossia
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Prospects for aTGC

FCC-hh 100 TeV 30ab™, 95% C.L., 5% Syst.

| I
2 Only FEPC
_____ CEPC lavor Universal
[FCC-ce
1+ p -
L ,,
/
{
> ‘
- I
— |
X Q==
\-E{. !
iz \
o \
‘. CEPC
\
1k -
- Combined with ; /
- Zh, Whand WZ el -7
----- CEPC + FCC-hh -
! arXiv 2011.13941 _
5 [FCC-ce + I'CC-hh
e | ‘ I | | | I | N
—0.9 —0.6 —0.3 0 0.3 0.6 0.9

0g.(x10°)
FCC-(ee+hh) complementarity

Eleni Vryonidou

0.004 -

0.002 -

0.000 -

—0.002 -

—0.004 -

—0.006

1 1 1 1 1

arXiv 2208.11134

Universal Theories

— WZ @FCC

— V(h - yy) @FCC-hh

— V(h - bb) @FCC-hh

— WZ+ V(h-yy)+ V(h - bb) @FCC-hh

—0.008

0.0000 0.0002 0.0004

6912

—0.0004 —0.0002

Combining different channels is crucial

FCC BSM Physics Workshop




Where else can the FCC-hh help?

Example 2:4-heavy operators

Linear+quadratic

@ZQ — (Q}/,u TAQ)(QJ/M TAQ) ° —e— HL-LHC 3ab1 - 95% C.L. Individual (QCD only) - Incl. Grt

—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Diff. Mgt

67 —e— HL-LHC 3ab~! - 95% C.L. Individual - Incl. o

Opo = (0r'0)(0r,0) |
Oy = QFT'QIy, ) -
Oty = (07" Q)i 1) 0 L L —

O, = (fy"1)(Ty,1)

1 8 1 1
%olo) o%0) Cot Cot Cit

Aoude, El Faham, Maltoni, EV arXiv:2208.04962

HL-LHC differential information helps

FCC needed to really pin down these coefficients

Eleni Vryonidou FCC BSM Physics Workshop
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10 A

_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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Conclusions

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

e 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

* [0 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

 More studies and combinations very welcome

Eleni Vryonidou FCC BSM Physics Workshop 23



