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Big picture of the SMEFT global fit:
Fit 1 for Higgs + electroweak physics (Jiayin Gu’s talk on Monday)

Fit 2 & 3 for four-fermion (f # t) and bosonic CP-violating operators (My talk tomorrow)

Fit 4 for top physics (This talk)

Yong Du 1 ITP CAS



Introduction

Top, the heaviest particle in the SM, has very interesting physics
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Top, the heaviest particle in the SM, has very interesting physics

g%a% I, q
q

Higgs production V., measurement
q t :
" HOH
q b t
Connection to new physics Hierarchy problem
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Within the SM
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Within the SM

Yong Du

Ratio to SM

1.2
1.1

0.9
0.8

. ATLAS Simulation Preliminary

t .
= h—syy, h>ZZ*—4l, h>WW*—vlv L. =
- h—tr, h—bb, h—pu, h—2y V"\‘/' -
- [KZ’ KW’ Kts Kb’ K‘U Kp.] —
- BR, =0 ' .
[ ATL-PHYS-PUB-2014-016 D i
—— ;’Ix =
= 4 \s=14TeV -
N B v i .
- — [Ldt =300 fb 1 ]
= U — [Ldt=3000fo" =
- §
et - ] ] .

g
Q. F
N

10 1 10

3
(%)
@
S

Within 10% at HL-LHC

ITP CAS



Introduction

Beyond the SM

Amjad et al, 1505.06020
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® 4D Composite Higgs Models [33]

-10% @ Light top partners [28]

® Little Higgs [30]

-20% @ RS with Custodial SU(2) [31]

® Composite Top [2]
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Beyond the SM
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HL-LHC is very promising, except perhaps the 4D Composite Higgs models. This in
turn motivates new colliders like CEPC, FCCee or linear ones like ILC and CLIC.
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Introduction

Beyond the SM

Amjad et al, 1505.06020
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® 4D Composite Higgs Models [33]

-10% @ Light top partners [28]

® Little Higgs [30]

-20% @ RS with Custodial SU(2) [31]

® Composite Top [2]
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Durieux et al, 1807.02121

Beyond the SM

-0 02 : ~o002 o5 :
VUQ B i:r- SLD.R,, 916 GeV.~02 nb : vug B 1EP1 A 91.6GeV,~02nb
ILC, G, 5(bb), 250 GeV, 1 ab’ ILC, AL, e.ef. 250 GeV, 1 ab™
ILC, Gy(th), 500 GeV, 2 ab” ILC, A€ ef. 500 GeV, 2 ab!

: -0.2
0.2 0 0.2 -0.2 0 0.2

(1) (1)
C¢Q 0Q

C(EIQ) and Cng) are just Zbb and Ztf couplings.
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Durieux et al, 1807.02121

Beyond the SM
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C;SIQ) and quQ) are just Zbb and Ztf couplings.
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Setup

SMEFT respects the local gauge symmetry of the SM. At dimension 6, there are 79
operators for 1 generation, 2499 for 3 generations:

Z=Zsut iz Aii4@z('d)
=5 i
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Setup

SMEFT respects the local gauge symmetry of the SM. At dimension 6, there are 79
operators for 1 generation, 2499 for 3 generations:

A

L =Ly + i » Sipl@ ~ Lo + 2%@1@
d=5 i i

Buchmuller and Wyler, Nucl.Phys.B 268 (1986) 621
Grzadkowski, Iskrzynski, Misiak and Rosiek, JHEP 10 (2010) 085

We include all operators for the processes under consideration. We only keep
operators at dimension 6.
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SMEFT global fit: Setup

Quadratic effects SMEFIT collaboration, 2105.00006

¢ Top + Higgs + VV, Quadratic NLO EFT

100
{  Top + Higgs + VV, Linear NLO EFT

CG_\
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We also ignore (dim-6)? terms to be consistent, thus our results will be conservative.
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Setup

The operator set for top fit

Yong Du

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Relevant operators

Coefficient Operator Coefficient Operator
Clo (@1Q) (#'i D) Ciq | (@r'Q) (¢'iDy)
Coot (") (w*i M) Cob (0y*D) (w*i ,/»9)
Cry (Q1) (e¢™ ¢7) Cia (o T7) (0" Gl)
Cow (Qrlort) (ep* W) Cip (Qort) (ep*By,)
Cag™" (37"45) (@ 742) Cag™" (@' ")) (@ )
Cud™) (7" ;) (T, Cot™ | (@ TAw) (i, TAdy)
Cou”™ | (@' T q5) (@, T ) Co™ (@7 T4 ;) (diy, T4 )
la (@) (") Co | (@Q) ()
Cit (yut) (1) Cly GRINGE)
Ceq (@7.Q) (e7"e) Cet (t7ut) (E7"€)
Ceb (b7.b) (e7*e) = _
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Setup

Wilson coefficients to fit, following LHC Top WG recommendation

- 02 - 02

@Ug B e SLD.R,, 916 GeV.~0.2 nb’! @Ug B 1rP1.A0. 916GeV,~02nb
ILC, Gy(bb), 250 GeV, 1 ab” ILC, A}, exet, 250 GeV, 1 ab™
ILC, Gpg(tf), 500 GeV, 2 ab” ILC, AL, € ef. 500 GeV, 2 ab™

. 02
202 0 02 202 0 0.2
(1) (1)
Co Co

Linear combinations to separate up and down?
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Setup

Aguilar-Saavedra et al, 1802.07237

Wilson coefficients to fit, following LHC Top WG recommendation

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Coefficients fitted in the top-quark processes
Cre = (Coc)os Ci, = (Cé?)% Cro = (cu)) _ ((;(3)) )

2-quark Copr = (Cpu) 33 Cyp = (Cpq)33 Ciz = cos Hw(Cuw)33 —sin 6, (CuB)33

— Ctg = (Cug)s3 Ciw = (Cuw )33

Ciu = _21:22( Cuu)izzi | Ca = _1223 (0(8)>33u‘ Céjs - 1._21:2 ( (C(l))ws (0(3)>z33i)

T o= 2 (O),, | Caa= 2 (0),,, | o= ((0R) - (0R),,,)

- - C?q - zz;z (Céi))ii33
2-quark Ceb = (Cea)uazs Cet = (Cen)izs Cig = (C(l))1133 * (C’(‘?))nw
2-lepton Cio = (Cla)1133 Cit = (Cru)1133 Clz? o (05‘;))1133 B (Cl(‘f))n%

— - Ceq = (Cye)3311

For example, C;é and C;,, would stand for eebb and eett couplings, respectively.

Yong Du
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Setup

parameter tt single t tW tZ t decay ttZ ttW
Con A2 - - . - A2 A2
Con A2 A*A?] - ATATATYTATY A2 A2
Chu» Ca A2 - - - - A2 -
Cia AT AT - - - - AY[AT AT AT
Co A™H[ATZ A2 - A2 A2 AT AT A A
Cl,CL | A A2 - - - - At[ATY -

ng . Cg . A2 _ _ _ _ A2 _

cs A2 - - - - A2 A2
ChbuCha |A*[A7Y - - - - ATTAT -

cL A=A - = = — A [AT A4 A
Coa - - - A7 - A2 -
Cdo - A2 A2 AT A2 - -
Cot - - - A2 - A2 -
Cotp - A% A% A A4 _ _
Ciz - - — A2 - A2 _
Ciw - A2 A2 A2 A2 _ _
Cow = A=t At A A4 _ _
Cic A2 [A-2] A2 - [A—2] A2 A2

Brivio et al, 1910.03606

[...]: NLO QCD interference

The number of operators also decreases. Shaded operator for example.

We go beyond to also investigate the @t¢ operator that modifies the top Yukawa.

Yong Du
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Collider options

Future collider options included thus far

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Machine | Pol. (e7,e") Energy | Luminosity | Reference
HL-LHC | Unpolarised | 14 TeV 3ab™! [17]
250 GeV | 2 ab!
e | (FB0%, £30%) | 350 GeV | 0.2 ab~! -
500 GeV 4 ab™!
(F80%, £20%) | 1 TeV 8 ab~!
380 GeV 1 ab™!
CLIC | (£80%,0%) | 1.5TeV | 2.5 ab-! 19
3 TeV 5ab~!
Z-pole 150 ab~!
2mw 10 ab™!
FCC-ee | Unpolarised | 240 GeV | 5ab™! [20]
350 GeV | 0.2 ab~!
365 GeV | 1.5 ab~!
Z-pole 100 ab™!
2mw 6 ab~1
CEPC Unpolarised | 240 GeV | 20 ab~! 21]
350 GeV | 0.2 ab~!
360 GeV 1 ab™!

Muon collider options not yet considered for top fit.

Yong Du
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Input

Input from current/past colliders

WwcC

Cc+4q
C+4q
C%ﬁﬂv
CtZ,tG,(,bt

CtZ,tG,tW

— (3)
C¢Q’ C¢Q

- 3)
Cd)Q’ C¢Q
C+4q

CtW
Ct G, tW

CtW
CtW

CtW
Cop Cy0

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

,(3)

,202q

* examples for illustration

Yong Du

Process Observable NG [LC Experiment SM Ref.
pp — tt do/dmy; (1543 bins) | 13 TeV 140 b1 CMS 129] 130]
pp — tt dAc/dmg (442 bins) | 13 TeV 140 b1 ATLAS 129] 131]
pp — ttH +tHgq o 13 TeV 140 b1 ATLAS 132] 133]
pp — ttZ do /dp% (7 bins) 13 TeV 140 b1 ATLAS [134] 135]
pp — tty do /dp}. (11 bins) 13 TeV 140 fb1 ATLAS [136,137] | [138]
pp — tZq o 13 TeV | 774 fb! CMS [139] [140]
pp — tyq o 13 TeV 36 fb~1 CMS [141] 141]
pp — W o 13TeV | 36" CMS | [132,142] | [143]
pp — tb (s-ch) o 8 TeV 20 fb~! LHC [144,145] | [146]
pp — tW o 8 TeV | 20fb! LHC [147] | [146]
pp — tq (t-ch) o 8 TeV 20 fb~! LHC [144,145] | [146]
t— Wh Fy, Fi 8 TeV | 20 fb! LHC [148) | [149
pp — tb (s-ch) o 1.96 TeV | 9.7 fb~! Tevatron [150] [151]
e~et — b Ry, A%, . ~ 91 GeV | 202.1 pb~* | LEP/SLD _ [49]
13 ITP CAS



Optimal observables

Input from future e*e™ colliders: A®>" and ¢ punieux ehal, BOTORISS
P " FB bb,tt

1.0 | | | |
ete” —tt, Plet,e”)=(0,-0.8)

0.8 - ete” = bWHow—, ' —
= ete” —tt, Pet,e”)=(0,+0.8)
= _
o 0.6 - ete” = DWT oW, ! -
®
C
041
Z.
@

0.2

0.0 J | | | | |

0 500 1000 1500 2000 2500 3000

Vs [GeV]
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Optimal observables

Input from future e*e™ colliders: A®>" and ¢ punieux ehal, BOTORISS
P " FB bb,tt

1.0 : | | |
ete” —tt, Pet,e”) =(0,-0.8)
0.8 - etd™ — bW+ bW —, ' —
= eta —tt, Pet,e”)=(0,+0.8)
= i -
o 0.6 - etq — DWT oW, ! -
O i
= I
041 I -
Z. |
° I
0.2 _
0.0 J | i I | |
0 500 1000 1500 2000 2500 3000

Vs [GeV]
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SMEFT global fit: Optimal observables

Input from future e*e™ colliders: A% and ¢ Purieux et al, 180TORIS]
P " FB bb,tt

1.0 : | | |
ete” —tt, Pet,e”) =(0,-0.8)
0.8 - e‘ﬁ%_ — bW T oW, o -
=} eta —tt, Pet,e”)=(0,+0.8)
061 etq — bWHOW -, 7 -
O
C
041 _
Z.
©
0.2 _
0.0 J | i I | |
0 500 1000 1500 2000 2500 3000

Vs [GeV]

Optimal observable approach is adopted to maximize the constraints.
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Optimal observables

_ _ Durieux et al, 1807.02121
Optimal observable short review

do; / dogy

do _ dGSM
B Z do dod

do

ﬁ Ol:N

ldCID
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Optimal observables

Durieux et al, 1807.02121

Optimal observable short review

do; /daSM
d® dod

do dGSM

Optimal observables at colliders

_ do. dogy,\ d
0,-=€$[d<b O Zosm) CO
i dd ) do
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Optimal observables

_ Durieux et al, 1807.02121
Optimal observable short review

do _ dGSM . dO-l dGSM
a0 z ldcb . Oi_NdCD/ dd
Optimal observables at colliders Parameter sensitivity
d do.
_ Iy ey )
— dO'i dO'SM do 0. _ 1 001 I < d® do do
O=e 9% G0 90 ) w0 5 =5, B do
' o =ovk J do—5
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Optimal observables

_ Durieux et al, 1807.02121
Optimal observable short review

do _ dGSM . dO-l dGSM
a0 z ldcb . Oi_NdCD/ dd
Optimal observables at colliders Parameter sensitivity
d do.
_ Iy ey )
— dO'i dO'SM do 0. _ 1 001 I < d® do do
O=e 9% G0 90 ) w0 5 =5, B do
' o =ovk J do—5

The inverse covariance matrix
do. do:. d
V‘l‘ =63qu> % T ,TOM
ij dd d® dob
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Optimal observables

Non-optimal analysis Durieux et al, 1807.02121
ll ' T T T T ' Ill'llllllllllllll/l ll ' T T T T ' III'IIIIIIIIIIIIIII_CA
101 1 o _ g0 e
0 9Ci|c,—o, vi -

10 1

1091 T
107 7/\

V
10721 ete™ = tt, LO ] +C(pq 10721 ete” = tt, LO i +CW]
P(eT,e™) = (+30%, —80%) P(eT,e™) = (—=30%, +80%)

—3 Il I 1 1 1 1 I 1 llllllllllllllllll —3 Il I 1 1 1 1 I 1 llllllllllllllllll

107 580 500 1000 1400 3000 V77380 500 1000 1400 3000
Vs [GeV] Vs [GeV]
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Optimal observables

Non-optimal analysis vs optimal observable analysis

I T

' T

T T 'III'IIIIIIIIIIIIIII

10°F 1 0o _go S b
_ = S A
0 9Ci | ¢,—0, vi - Clg
101 -
—C’;‘}]
0L _
+CJ
101t/ oz
7__¥ —Coq
A
10721 ete” = tt, LO ] +C(pq
P(eT,e™) = (+30%, —80%)
10—3 I 1 l 1 1 1 l 1 1 1 l | N I IS Y N T T T I o A |
380 500 1000 1400 3000
Vs [GeV]
T [ T T T [ T _|_le3
102+ 1 90, _ g0 e
0i 0Ci|c,—o, vi —CA
10! | o
+CFE,
_ A
1071 +Osoq
V
_Ccpq
1072} ete™ = tf— bW+ bW—, LO]
P(eT,e™) = (+30%, —80%)
10—3 ] | ] ] ] | ]
500 1000 3000
Vs [GeV]
Yong Du 16

Durieux et al, 1807.02121

I T ' T T T T ' T T T ' 17T T T T 17T T1TT7TTTT III/I _Cé‘;

102F 1 OofB B SUFB -
o"P 0C; Ci:O_Vi f—— A
10! o= 4 TC0
al%
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1091 1+C4
_OR
10! CZZ
Y
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102 ¢ - sihLO
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SMEFT global fit: Results

Current fit vs the HL era of the LHC

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Il | HC Run 2 + Tevatron + LEP B +HL-LHC S2

[::Eifltl

101
100
8 8

10—2 |
td COq tq COq

95% Interval (TeV~2)

Operator Coefﬁaents

Yong Du 17 ITP CAS



SMEFT global fit: Results

Hadron colliders vs ILC
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SMEFT global fit: Results

Hadron colliders vs ILC de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 206.08326

Colliders run at two different enerqgy scales are essential to close the fit.

B | HC Run2 + Tevatron + LEP Il +HL-LHC S2 Bl +ILC30 B +ILC500/550 s +1LC1000

| e
e HEPH

95% Interval (TeV~2)

1073

Ct(p Cew C(pt Cé,%) C(p_O Ciz C‘Pb  , —
Operator Coefficie
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SMEFT global fit: Results

Hadron colliders vs ILC de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
Energy wins!
BN LHC Run2 + Tevatron + LEP BB +HL-LHC S2 +ILC250  mmm +ILC500/550 mmm +ILC1000

| e
e HEPH

95% Interval (TeV~2)

Ctop Cw Cypt C(fg Coo Cz Cop Cab Ceo Cn Cf Cea& Cr Cp
Operator Coefficients

Yong Du 18 ITP CAS
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SMEFT global fit: Results

Hadron colliders vs ILC de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

eTe”™ — tth at 550GeV enhances the sensitivity top Yukawa.

B | HC Run2 + Tevatrog#+ LEP I +HL-LHC S2 B +LC250 B +ILC500/550 s +1LC1000

| e
0 HEP[T

95% Interval (TeV~2)

Ctop Cw Cypt C(fg Coo Cz Cop Cab Ceo Cn Cf Cea& Cr Cp
Operator Coefficients
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SMEFT global fit: Results

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

I | HC Run2 + Tevatron + LEP

95% Interval (TeV~2)

s +1LC1000

TS
HEP[

BN +HL-LHC S2 B +ILC250 s +1LC500/550

107 Ctop Cwwv Copt Cé%) Coo Cz Cop Ceov Ceo Cn Cf Cea& Cr Cp
Operator Coefficients
Values in % units | LHC | HL-LHC | ILC500 | ILC550 | ILC1000
5 Global fit 12.2 5.06 3.14 2.60 1.48
1 Indiv. fit | 102 | 3.70 282 | 2.34 1.41
19 ITP CAS
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SMEFT global fit: Results

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

BN |HC Run2 + Tevatron + LEP W +HL-LHC S2 Em +1LC250 B +1LC500/550 s +1LC1000

TS
HEP[

95% Interval (TeV~2)

1072

Copb Cev Ceo Cn Cf Cee Cr Cp
Operator Coefficients

103
Ciz

Co Cw Co C2) Coo

Values in % units | LHC | HL-LHC | ILC500 | 1TLC550 | TLC1000 | CLIC
o | Globalfit | 122 ] 506 314 | 2.60 148 | 2.96
1 Indiv. fit | 102 | 3.70 082 | 234 141 | 252 \

Top selection & flavor-tagging efficiency drop.
ITP CAS
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SMEFT global fit: Results

Comparison of different collider options
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SMEFT global fit: Results

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
Comparison of different collider options

Circular colliders limited by energy reach

Bl HL-LHC B HL-LHC + CEPC HL-LHC + FCCee e JIL-LHC + ILC 0 HL-LHC + CLIC
' IFITS
10 i .
. 1 "IIEifltl
I
I
~ 10° i
T 1
S i
S I B -
£ Lo-1 1 -
5 - '
(@)] I — |
I
. N ik
102 1 ||
I |
I
1 i1 1L
1073

Ciz

Coe  C3) Coo Cop Cev Ceo Cn Cf Ceao Cr Cp

Operator Coefficients
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SMEFT global fit: Results

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
Comparison of different collider options

CoM energy (well-separated) is the key for linear colliders

B HL-LHC B HL-LHC + CEPC HL-LHC + FCCee s HB-LHC + ILC o HL-LHC + CLIC
' IFIC
1011 |
: [HEP[T
1
1
~ 10° i
T i
e i
S I I -
£ Lo-1 1 -
§ i
°‘ 1
1
1
1072 i
1
1
1
1073

Ciz

Coe  C3) Coo Cop Cev Ceo Cn Cf Ceao Cr Cp

Operator Coefficients
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SMEFT global fit: Results

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
Comparison of different collider options

ILC vs CLIC: Top selection & flavor-tagging efficiency drop above 1TeV.

B HL-LHC B HL-LHC + HL-LHC + FCCee s HL-LHC + ILC o HL-LHC + CLIC
. IFIC
1]
+0 . [HEPI
1
1
~ 10° i
T 1
e i
S I I -
£ Lo-1 1 -
5 - '
(@)] I — |
1
. e i
102 1 ||
I |
1
10T
1073

Ciz

Coe  C3) Coo Cop Cev Ceo Cn Cf Ceao Cr Cp

Operator Coefficients
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SMEFT global fit: Results

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
Comparison of different collider options

B HL-LHC B HL-LHC + CEPC HL-LHC + FCCee B HL-LHC + ILC @ HL-LHC + CLIC

IFITS
[HEPIR

101.

95% Interval (TeV~2)

Ciz Cop Ceb Ceo Cp Cp Cea& Cr Cp
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<+ We perform a global fit of top operators in SMEFT by keeping only the linear terms and

using data collected at LEP, Tevatron, LHC run 2 and projections at various future ete™
colliders:

<+ We find the 2-fermion and the 4-quark operators can all be improved by a factor of a
few at the HL-LHC thanks to the luminosity.

% Future eTe™ colliders operated above top pair threshold could extend the sensitivity
to several semi-leptonic operators, and they are generically complementary probes
of current colliders.

< Circular colliders (CEPC, FCC-ee) largely improve the fit of 2f operators by a factor
of a few, but their precision reach is limited by their operating energies.

< 4-fermion operators would be better constrained at linear colliders (ILC, CLIC) due to
energy reach of the latter.

< Top Yukawa could be improved by one order of magnitude compared with current
result, and would be determined at the 1% level.
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