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Some remarks

Overall goal of our team: Fit 1 for Higgs+EW, fit 2 for 4-fermion operators, fit 3 for
top, and fit 4 for CPV operators.

Higgs + EW fit at the (HL)LHC and muon colliders (See Jorge de Blas’ talk)
Higgs + EW fit including helicity conserving 4-fermion operators (See Michael Peskin’s talk)
Top fit (See Victor Miralles’ talk)

Flavor diagonal 4-fermion and CPV fit (this talk)
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U35, top specific, MFV, U23...

;; No flavor assumptions are made for thisj
ystudy. ]
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Outline

 Fit 2: 4-fermion interactions

* Fit 4: Bosonic CPV operators

* Global fit on some benchmark models ({ime permitting)
< Comparison with ESU results
< The Y-Universal Z' model
<+ The leptoquark model

* Summary and outlook
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Fit 2: 4-fermion operators



Setup

We work in the Higgs basis

Efrati et al, JHEP 07(2015) 018
Falkowski et al, JHEP 02 (2016) 086
Falkowski et al, JHEP 08 (2017) 123
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W mass correction my,(1 + dm) cannot be absorbed though field redefinition, but
Sm will be stringently constrained by LEP-W data at ©(10™%).
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Setup

We only consider flavor conserving 4-fermion operators

Yong Du

202q operators (p,r =1,2,3)

4¢ operators (p <r =1,2,3)

Chirality conserving

Two flavors
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Setup
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Interference with the SM can be easily seen from the helicity selection rules, but the
chirality violating ones are needed to lift some flat directions.
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Cheung et al, PRL 115 071601 (2015)
Azatov et al, PRD 95 0685014 (2017)
Jiang et al, PRL 126 011601 (2021)
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Setup

18 : (LL)(LL)H? 2 hi=0
Ql(i,)rp (l_p')’“lr)(ZS’Yult)(HTH)
Ql(f;{Q (l_pVer)(Z_S'VuTIlt)(HTTIH)

One readily obtains the helicity amplitudes

2¢\.HH 5,
M(17,2+,37,4+,50,60) = — l4H2Al4 ™ (14)[23]

2¢.HH 11!
M(172* 37.4+,59,60) = - — /l\ L (14)[23]
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Setup

18 : (LL)(LL)H? 2 hi=0
Ql(il)rp (l_p')’“lr)(ZS’Yult)(HTH)
Ql(f;{? (l_pVer)(l_S'YuTIlt)(HTTIH)

One readily obtains the helicity amplitudes

2¢\.HH 5,
M(17,2%37,4%,50,60) = — l4H2Al4 ™ (14)[23]
2¢¥ H'H 71!
_ _ PH2 P mbjk Y im
M(17,2*,37,45.50,60) = — " = (14)[23]
e A4 e’
M(172+374%), gy = _T<14>[23]

* Drawn with qgraf
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Strateqgy

™ All observables are analytically re-derived, keeping also the (dim-6)2 terms.

M For the global fit discussed below, only linear dim-6 corrections are included.

M For consistency, dim-8 operators are always ignored and left for future.
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Strateqgy

™ All observables are analytically re-derived, keeping also the (dim-6)2 terms.

M For the global fit discussed below, only linear dim-6 corrections are included.

M For consistency, dim-8 operators are always ignored and left for future.
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Strateqgy

Optimal observables are used to improve sensitivity for A{;]]; and Oy at future
(polarized) lepton colliders:

do

o So + Zl: NS

S iS :
c,-_'l = JdQ S A 2
J SO

f cos @ cutoff total efficiency efficiency incl. charge tagging

e, 0.95 98% 98%
T 0.90 90% 90%
C 0.90 8.2% 3%
b 0.90 33% 15%

* Thanks to Adrain Irles.
* Systematical errors not implemented.
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SMEFT global fit 2: Low-energy observables

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

Process Observable Experimental value Ref. SM prediction
=) ars —0.035 £ 0.017 CHARM.II I4 —0.0396 (48]
e - 11 [47
Ve scattering g —0.503 + 0.017 147 —0.5064 [48]
Gz,
7 decay Sr 1.0029 2 0.0046 PDG2014 [49] 1
é‘f 0.981 + 0.018
R, 0.3093 £ 0.0031 0.3156 [50
- CHARM (r = 0.456) [50] 150]
Ry, 0.390 + 0.014 0.370 [50]
R, 0.3072 £ 0.0033 0.3091 [51
Neutrino scattering # CDHS (r = 0.393) [51] 151]
R, 0.382 + 0.016 0.380 [51]
P 0.5820 + 0.0041 CCFR [52] 0.5830 [52]
R, 0.40619132 CHARM (53] 0.33 [54]
(s2,)Moller 0.2397 £ 0.0013 SLAC-E158 [55] 0.2381 =+ 0.0006 [56]
G3(55, 78) —72.624+0.43 PDG2016 [54] —73.25 + 0.02 [54]
Q" (1,0) 0.064 + 0.012 QWEAK [57] 0.0708 = 0.0003 [54]
_ 6 _ 6
- | A (—91.1 + 4.3) x 10 PVDIS 53] (—87.7 £0.7) x 1076 [58]
Parity-violating scattering Ay (—160.8 £ 7.1) x 10°° (—158.9 + 1.0) x 107° [58]
o —0.042 + 0.057 SAMPLE (/@2 = 200 MeV) [59] -0.0360 [54]
Jva—gva —0.12 % 0.074 SAMPLE (/@2 = 125 MeV) [59] 0.0265 [54)
} —(1.47 £ 0.42) x 10~* GeV2 SPS (A = 0.81) [60] —1.56 x 10~* GeV -2 [60]
S —(1.74 £ 0.81) x 10~* GeV~2 SPS (A = 0.66) [60] —1.57 x 104 GeV -2 [60]
- 0.012 4+ 0.058 0.028 |61
T polarization P VENUS [61] [61]
Ap 0.029 £ 0.057 0.021 [61]
Neutrino trident production | & (v,y* = vup'p™) 0.82+0.28 CCFR [62-64] 1
dr — ulv(7y) € h s pr See text (65] 0

Polarized asymmetry at KEK-B to be included (Thanks to Mike Roney.)
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SMEFT global fit 2: Low-energy observables

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
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Low-energy observables

Flat direction lifted by low-energy experiments: One example

Ay*=1
0010 S |
i . ® ce” >y (LEP) [
@® v e scattering
: ® Combined
0.005
< 0.000
E I
~0.005
-0010. N
-0.010 -0.005 0.000 O 005 0 OlO
[Cle]1122
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SMEFT global fit 2: Results

Global fit results: Vff couplings

[0 LEP + SLC + SLD + DO + LHC I +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500 GeV, 2+0.5/ab) I +FCC-ee (365 GeV, 1.5/ab)

B + HL-LHC (14 TeV, 3/ab) B +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) B CEPC (240 GeV, 20/ab)
10-2 I |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) Il FCC-ee (240 GeV, 5/ab) I +CEPC (360 GeV, 1/ab) 10-2
1073 10-3
1074 1074
1071 101
(2]
(@)]
= 102 102
o
>
S 1073 1073
S
1074 104
1071 101
1073 10-3
10> 1075
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SMEFT global fit 2: Results

Global fit results: Vff couplings Luminosity wins (through radiative return)
[ LEP + SLC + SLD + DO + LHC BN +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500 GeV, F+0.§/ab) I +FCC-ee (365 GeV, 1.5/ab)
B + HL-LHC (14 TeV, 3/ab) B +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV4+1/ab) B CEPC (240 GeV, 20/ab)
10-2 B |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) HEl FCC-ee (240 Gey 5/a I +CEPC (360 GeV, 1/ab) 10-2
1073 1073
10~4 1074
1071 1071
0
(@)
= 1072 102
o
>
S 1073 1073
=
1074 10~4
107! 1071
10-3 103
107 107
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SMEFT global fit 2: Results

DO + App at the (HL-)LHC relaxes the U2
assumption & improve the fit.

Global fit results: Vff couplings

[0 LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500
B + HL-LHC (14 TeV, 3/ab) B +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (300
B |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) B FCC-ee

, .5/ab) I +FCC-ee (365 GeV, 1.5/ab)
eV, #+1/ab) B CEPC (240 GeV, 20/ab)

» 5/ab) I +CEPC (360 GeV, 1/ab)

1072 1072

1073 1073

1074 1074

1071 1071

1072 1072

1073 1073

Vff couplings

1074 1074

107! 107!

1073 1073

107> 107>
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SMEFT global fit 2: Results

O(10) weaker: Limited by the missing

projections of R, Arp, 6™

Global fit results: Vff couplings

[0 LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500 , 2H4.5/ab) I +FCC-ee (365 GeV, 1.5/ab)
B + HL-LHC (14 TeV, 3/ab) B +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (30047GeV, 4F1/ab) B CEPC (240 GeV, 20/ab)
B |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) B FCC-ee 0 GeVg5/ab) I +CEPC (360 GeV, 1/ab)

1073

1074

1071

1072

1073

Vff couplings

1074

1071 101
1073 10-3
10> 1075

Yong Du o) ITP CAS



SMEFT global fit 2: Results

Global fit results: Vff couplings

[0 LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500 GeV, 2+0.5/ab) I +FCC-ee (365 GeV, 1.5/ab)

I + HL-LHC (14 TeV, 3/ab) P +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) B CEPC (240 GeV, 20/ab)
10-2 I |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) Il FCC-ee (240 GeV, 5/ab) I +CEPC (360 GeV, 1/ab) 10-2
1073 10-3
1074 1074
1071 101
(2]
(@)]
= 102 102
o
>
S 1073 1073
S
1074 104
1071 101
1073 10-3
10> 1075

59§,bR

595ij

Limited by t-channel single-top production

at the LHC
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SMEFT global fit 2: Results

Global fit results: Vff couplings

[0 LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500 GeV, 2+0.5/ab) I +FCC-ee (365 GeV, 1.5/ab)

I + HL-LHC (14 TeV, 3/ab) P +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) B CEPC (240 GeV, 20/ab)
10-2 I |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) Il FCC-ee (240 GeV, 5/ab) I +CEPC (360 GeV, 1/ab) 10-2
1073 10-3
1074 1074
1071 101
(2]
(@)]
= 102 102
o
>
S 1073 1073
S
1074 104
1071 101
1073 10-3
-5 -5
10 : : > Wo 10

69r

/

CKM unitarity test.
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SMEFT global fit 2: Results

Global fit results: 4¢ couplings
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SMEFT global fit 2: Results

Global fit results: 4¢" couplings Beam polarization is the key in beating the
(HL-)LHC and also circular colliders.

[ LEP + SLC + SLD + DO + LHC
B + HL-LHC (14 TeV, 3/ab)
Bl |LC (250 GeV, 0.9+0.9/ab)

[ +CLIC (1500 GeV, 2+0.5/ab) Il +FCC-ee (365 GeV, 1.5/ab)
+CLIC (3000 GeV, 4+1/ab) I CEPC (240 GeV, 20/ab)
Il FCC-ee (240 GeV, 5/ab) B +CEPC (360 GeV, 1/ab)

10_2 ,, R SRR - oy \_, S o e o o - “ 10—2
10_3 10—3
1074 104
g 10_5 10—5
.E 10—6 ¥ 10_6
ol [Creli112 [Ceel1111 [Culi221 [culi122 [Creli122 [Creloo11
S
(@)
O
=
10_2 10—2
107 1074
106

[Cul2332

[Cul2222

[Crel1133 [Crel3311 [Ceelr133

[Culi331 [Culi133

[Ceel1122
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Results

Global fit results: 4¢" couplings Beam polarization is the key in beating the
(HL-)LHC and also circular colliders.

Ax*=1 Ay*=1
N | | ‘ ‘ ] 0.0oo1o0r~ —— :
RN ® ete” >yt (FCCee240) ® e'e” - uu (ILC250)
\2::\ ® v,—e scattering 7 | ® v e scattering 7
0.004; \I::\ ® Combined @® Combined ]
0.00005¢
0.002¢ '
<= 0.000 < 0.00000
g E |
—0.002" '
—0.00005-
—0.004" X
S -000010
-0.004 -0.002  0.000 0.002 0.004 —-0.00010 -0.00005 0.00000 0.00005 0.00010
[Clel1122 [Cle]1122

* Please note the scale difference.
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SMEFT global fit 2: Results

Global fit results: 4¢ couplings Strongly correlated with 5&% through Gy,
dominated by luminosity (circular colliders)

[ LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) +CLIC (1500 GeV, 2+0.5/ab) I +FCC-ee (365 GeV, 1.5/ab)
B + HL-LHC (14 TeV, 3/ab) I +ILC (1000 GeV, 3.2+3.2/ab +CLIC (3000 GeV, 4+1/ab) I CEPC (240 GeV, 20/ab)
Il ILC (250 GeV, 0.9+4+0.9/ab) pm CLIC (380 GeV, 0.5+0.5/ab) Il FCC-ee (240 GeV, 5/ab) B +CEPC (360 GeV, 1/ab)
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O
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SMEFT global fit 2: Results

Global fit results: 4¢ couplings

[ LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) [0 +CLIC (1500 GeV, 2+0.5/ab) I +FCC-ee (365 GeV, 1.5/ab)

B + HL-LHC (14 TeV, 3/ab) I +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) I CEPC (240 GeV, 20/ab)
B ILC (250 GeV, 0.94+0.9/ab) p CLIC (380 GeV, 0.5+0.5/ab) B FCC-ee (240 GeV, 5/ab) B +CEPC (360 GeV, 1/ab)
1072 102
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(@] e SN
O
=
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10°°
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[Culi331 [Culi133

[Ceel1122 [Ceelr133 3 3 [Cul2332

One input from neutrino trident production at

CCFR. Muon colliders/FASERvV could play the role

of lifting this flat direction.
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SMEFT global fit 2: Results

Global fit results: 4¢ couplings

[ LEP + SLC + SLD + DO + LHC B +ILC (500 GeV, 1.6+1.6/ab) [0 +CLIC (1500 GeV, 2+0.5/ab) I +FCC-ee (365 GeV, 1.5/ab)

B + HL-LHC (14 TeV, 3/ab) I +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) I CEPC (240 GeV, 20/ab)
B ILC (250 GeV, 0.94+0.9/ab) p CLIC (380 GeV, 0.5+0.5/ab) B FCC-ee (240 GeV, 5/ab) B +CEPC (360 GeV, 1/ab)
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Limited by leptonic 7 decay, but is the only one
sensitive to this operator. A muon collider also helps.
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SMEFT global fit 2: Results

Global fit results: 2¢2q couplings
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SMEFT global fit 2: Results

Global fit results: 2¢2q couplings

2{2q couplings

[0 LEP + SLC + SLD + DO + LHC
BN + HL-LHC (14 TeV, 3/ab)
BN |ILC (250 GeV, 0.9+0.9/ab)

Bmm +ILC (500 GeV, 1.6+1.6/ab)
I +ILC (1000 GeV, 3.2+3.2/ab)
I CLIC (380 GeV, 0.5+0.5/ab)

. +CLIC (1500 GeV, 2+0.5/ab)
+CLIC (3000 GeV, 4+1/ab)
I FCC-ee (240 GeV, 5/ab)

BN +FCC-ee (365 GeV, 1.5/ab)
lm CEPC (240 GeV, 20/ab)
mm +CEPC (360 GeV, 1/ab)
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Same as the 47 case. Again, Az, 6 and muon colliders will play a key role.
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Fit 4: Bosonic CPV operators



Operators and observables

Purely bosonic CPV operators: 6 in total, in Warsaw basis

¢ 1
_ _ fABCAAv~Bp ~Cu
' O =fPGrGIG
i
ot AA ~Auwr !
' Ope = ¢'9G, G
............ v
~ Cirigliano et al, Phys.Rev.D 94 (2016) 3, 034031
R /l Tuv
@(pW @ (pW/,wW'M

. — ~IKYyAvywJp K
Oy = "KW WIrw!
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Operators and observables

Purely bosonic CPV operators: 6 in total, in Warsaw basis

s, ~ )
1 O = @ oW, W,
| |
 O,5=9¢"¢B, B" |
| |
' O,y = @'t oW, B

~ Reflected in the angular asymmetrie:

5 AL
»
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Purely bosonic CPV operators: 6 in total, in Warsaw basis

’,

VO, = @lpWL Wh |
| |
. O,5=0 9B, B" |
| |
: @q)VVB — ¢TTI¢W,{H/B H :

a EEEEEEEEBEBE BB

- _ _IKYidv Ku
Oy =€ WM pr

Operators and observables

0.010"

0.005:—

<3

~0.005"

=N 0.000!

sdlid line: $8%CL]|

dotfed line:95%CL]
*W —="tfotal

""""" — fate |

T LTI LI

H S angles

'
N *
. kA
! \
*
. w s
’
'
: ‘ .
g .
N
1 .
4 | .
N X
. .
'
1] L]
] .
' [
. .
" L)

Beneke et al, JHEP 11 (2014) 028
Craig et al, JHEP 03 (2016) 050
Ogawa et al, 1712.09772

><103

plane
(2)ff

1/0 do/dA®
S

ee —>p.p.H @ 250GeV
P(e,e")=(-100%,+100%)
In the Lab. frame

4 6

plane
A(I)(Z)ff

~ Reflected in the angular asymmetries A(;LZ)
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Operators and observables

Anomalous triple gauge couplings (aTGCs) from ete™ — WTW™ at OPAL

OPAL
— L DL L n 7~ L L Y
R 2 [ a)total | & [ BTT
O,w=¢ oW, W & & sf

= = i

~ Q S

O =@ @B, B* = ®
§0B 124 =] = 0

'------------

: @goVVB — CDTTICDW/IWB H

) )
|
0 = =
: - i = 10
'Oy = "KWIWIWI . 2 & |
= = 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cosOy, cosOy,
: ~ I +uy—v )t}, VAT YA — ~ 7 +uy—v /12 v ZA Y Vashy Vas
QCZCPV 2 1e KyFm/W ’MW + WF W/l,uW ,uy + cot QWKZZ,MUW 'MW + cot QWWZ W,lﬂWv H
%4 %%
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Operators and observables

Anomalous triple gauge couplings (aTGCs) from ete™ — WTW™ at OPAL

OPAL

S I1II|IIIIII I II_ 310 -I

. T E a) total I
O,w=¢ oW, W & & sf
= = i

- 3] Q -

O 5 — ¢T¢B BHY z 2
@B 2% 9 Lo

'------------

: @goVVB — CDTTICDW/IWB H

) )
i
0 = =
i ; & £ 10
~ K -
'Oy = "KWIWIWI . 2 & |
s B 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cosOy, cosOy,
A = B U~ )tV~/1+— 7, U — ’12“’/1+—
QCZCPV 2 le KyFﬂUW ’MW v + WFU W/l,uW ,uy + cot QWKZZ,MUW 'MW v + cot QWWZU W/WWU'M
%4 %%
~ +0.10
N OPAL, aTGCs, Eur.Phys.J.C 19 (2001) 229
A =—=0 18+O.24
z 7Y —-0.16
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Operators and observables

Anomalous triple gauge couplings (aTGCs) from ete™ — WTW™ at OPAL

OPAL

_— L B L n _ B

g Luw g | a) total ] @. i

O,w=¢ oW, W & & sf

= = i

~ Q S

O =@ @B, B* = ®
COB 124 ) = 0

’------------

0 @qOVVB = ¢T71¢WLUB”D

) )
i
i = =
i ; & £ 10
- K -
'Oy = "KWIWIWI . 2 & |
s B 0
_g I B B B -8 | Ll 1 |
-1 -05 0 0.5 1 -1 -05 0 0.5 1
cosOy, cosOy,
A = B U~ )tV”/l+— 7, U — ’12“’/1+—
QCZCPV 2 le KyFﬂyW ’MW v + WFU W/lﬂW ,uy + cot QWKZZ,MUW 'MW v + cot QWWZV W,lﬂWv H
W W
~ +0.10
N OPAL, aTGCs, Eur.Phys.J.C 19 (2001) 229
A =—=0 18+O.24
zZ T -0.16

* OPAL results to be overtaken by eTe~™ — WHW™ at future lepton colliders.
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Bosonic CPV couplings

Results

or | : 1
10 B OPAL + ILC (250 GeV, 0.25+0.25/ab) + CEPC (240GeV, 5/ab) + FCC-ee (240GeV, 30/ab)

Bl OPAL + ILC (500 GeV, 0.50+0.50/ab) + CEPC (240GeV, 5/ab) + FCC-ee (240GeV, 30/ab)

e 10°

Solid: with the extra inclusion of 4 — yy decay rate at future colliders (1% level
precision).

de Blas et al, JHEP 01 (2020) 139
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Global fit on some benchmark models

(Preliminary results)



Snowmass vs ESU: O,y ,p update

95% CL scale limits on 4-fermion contact interactions

/ \

European Strate
P Update 9%

. O:w . 0:B

HL-LHC
HE-LHC ESU, 1910.11775
ILC 250
ILC 500
ILC 1000
CLIC 33
CLIC 1500
CLIC 3000
CEPC
FCC-ee 0
FCC-ee s
FCC-hh

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Scale / coupling [TeV]

Zf
{Ya W} < {5gL,R’ Cl> Cle> Cees Ceapd Ceq’ Cew Cldo Clq’ Clu}
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Snowmass vs ESU: O,y ,p update

95% CL scale limits on 4-fermion contact interactions

/ \

. O:w . 0:B

European Strate
P Update 9%

HL-LHC
HE-LHC
ILC 250

ILC 500

ILC 1000
CLIC 33
CLIC 1500
CLIC 3000
CEPC
FCC-ee 0
FCC-ee s
FCC-hh

ESU, 1910.11775

0 10 20 30 40 50 60 70 80 90 100 110 120

Scale / coupling [TeV]

95% CL scale limits on 4-fermion contact interactions from O, g

HL-LHC | | | | | | ]
ILC250 ) This work | -
ILC500 @ csu E

ILC1000 E

CLIC380 .

CLIC1500 E
CLIC3000 E
CEPC240 -
FCC-ee240 E
FEC-eedts Preliminary -
50 | | | | 100 | 150 |
Scale/coupling [TeV]
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Y-Universal Z’ model

Extend the SM by U(l)Z but without introducing kinetic mixing and off-diagonal
gauge couplings

Qp _ 87
A2 M2
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Benchmark models: Y=-Universal Z’ model

Extend the SM by U(1), but without introducing kinetic mixing and off-diagonal
gauge couplings

89);;
/\2
Y—Universal Z , 20
14 HL-LHC ¢ Q
: \) QO
12} <8
1.0} A“e@éQ
0.8} ¢ o
87 :
0.6 :' ‘)XCBQQQ
0.4}
0 .2 :' Europ?J%r(}Eﬁ(gr'ateg\y
| ESU, 1910.11775 .
0.0 i A 1 A A A 1 2 2 2 1 2 2 L o o o 3"
20 40 60 80 100
M [TeV]
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* Neutral Drell-Yan only

95% CL constraints on the Y—Universal Z' model
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Leptoquark model

CATR (/ll.laLZ]fef .t ﬂizRﬁfea) S, + 2 rges'?,Si + h.c.

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

YD et al, JHEP 03 (R021) 019, Phys.Rev.D 105 (R02L) 7, 075022
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CATR (xll.laLZ]fef .t ﬂ}fﬁfea) S, + A rg¢es', St + h.c.

Gherardi et al, 003.12525

Aebischer et al,
YD et al, JHEP 03 (2021) 019, Phys.Rev.D 105 (2022) 7, 075022
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Benchmark models: Leptoquark model

P10 2 (Aikgie, + ARice,) S| + A lgées’t,S) + h.c.

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

YD et al, JHEP 03 (2021) 019, Phys.Rev.D 105 (2022) 7, 075022
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Benchmark models: Leptoquark model

P10 2 (Aikgie, + ARice,) S| + A lgées’t,S) + h.c.

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

YD et al, JHEP 03 (2021) 019, Phys.Rev.D 105 (2022) 7, 075022
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Leading constraints from the global fit: [c,,];,, and [653)]1133,1122'
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Benchmark models: Leptoquark model

P10 2 (Aikgie, + ARice,) S| + A lgées’t,S) + h.c.

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

YD et al, JHEP 03 (2021) 019, Phys.Rev.D 105 (2022) 7, 075022
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Leading constraints from the global fit: [c,,];,, and [65;)]1133,1122.

* Assuming universal Yukawa couplings for the following discussion.
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Benchmark models: Leptoquark model

Lo D (Aikgset, + 2Rise,) S) + 22Lgtec’t, S5+ h.c.

o 1o 1104

95% CL limits on the (§,1)% and (§,3)% leptoquark model from the global fit
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Leptoquark model

CATR (xlilanfef .t ﬂ}fﬁfea) S, + A rg¢es', St + h.c.

95% CL limits on the (§,1)% and (§,3)% leptoquark model from the global fit
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Benchmark models: Leptoquark model

P10 2 (Aikgie, + ARice,) S| + A lgées’t,S) + h.c.

95% CL limits on the (§,1)% and (§,3)% leptoquark model from the global fit
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95% CL limits on the (?,1)% and (§,3)% leptoquark model from the global fit with 13=0

0.05
T
>
= 000
<=

-0.05

—-0.10: | | | i
—-0.10 -0.05 0.00 0.05 0.10

A ey M, [TeV)

M

Yong Du 19 ITP CAS



< We discuss the global fit results for 4-fermion and bosonic CPV operators without any
flavor assumption, and its impact on some benchmark models (Z' and leptoquark).

% The sensitivity to new physics is significantly enhanced (O(10~) precision can be
reached for both vertex and 4-fermion couplings) thanks to the high energy/
luminosity/beam polarization of future lepton colliders, and also the use of optimal

observables.

< Several flat directions remain due to missing projections for R ., A7z, and o, etc at

future colliders. Muon colliders will also help improve the fit and eliminate further flat
directions.

< Our global fit results for bosonic CPV operators could be further improved with
ete™ — WHYW™ data at future colliders.
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% The sensitivity to new physics is significantly enhanced (O(10~) precision can be
reached for both vertex and 4-fermion couplings) thanks to the high energy/
luminosity/beam polarization of future lepton colliders, and also the use of optimal
observables.

< Several flat directions remain due to missing projections for R ., A7z, and o, etc at

future colliders. Muon colliders will also help improve the fit and eliminate further flat
directions.

< Our global fit results for bosonic CPV operators could be further improved with
ete™ — WHYW™ data at future colliders.

| Finally, as an early career physicist, | have been enjoying the collaboration with such an
i excellent group over three different continents (Asia, Europe, and North America). |}
{ thank all of them and also the EF04 conveners for the introduction.
f 1 will be on the market this fall, you are more than welcomed to contact me if you have §
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Remaining flat directions

12 remaining flat directions: Falkowski et al, JHEP 08 (2017) 123
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Observable summary (future)

Pole observables (negligible correlation)

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

Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
Aa(mz)™! (x10%) | 17.8* 17.8* 3.8 (1.2) 17.8*
Amy (MeV) 12* 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
Amz (MeV) 2.1* 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1*
Amyg (MeV) 170* 14 2.5 (2) 5.9 78
ATy (MeV) 42* 2 1.2 (0.3) 1.8 (0.9)

ATz (MeV) 2.3* 1.5 (0.2) 0.12 0.004 (0.025) | 0.005 (0.025) 2.3"
AA(x10%) | 190* | 14(45) | 15(Q) | 07 (2 | 15 64
AA, (x10%) 1500* | 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 400
AA, (x10°) 400 | 86 (4.5) 3 (8) 0.5 (20) 1.2 (6.9) 570
AAy (x109) 2000* | 53 (35) 9 (50) 2.4 (21) 3 (21) 380
AA, (x10°) 2700* | 140 (25) 20 (37) 20 (15) 6 (30) 200
- A, (pb) | st | || 0034 | 0.05(2) | 37|
dR. (x10%) 2.4* |10.5(1.0)| 0.2(0.5) 0.004 (0.3) 0.003 (0.2) 2.7
OR, (x10%) 1.6 |0.5(1.0) | 0.2(0.2) 0.003 (0.05) 0.003 (0.1) 2.7
OR, (x10°) 2.2 0.6 (1.0) | 0.2(0.4) 0.003 (0.1) 0.003 (0.1) 6
dRy (x10%) 3.0 |0.4(1.0)| 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) 1.8
dR.(x10%) 17* 0.6 (5.0) | 0.2 (3.0) 0.015 (1.5) 0.02 (1) 5.6

We do not have any projections yet for R ,...

1905.03764
1907.04311

1908.11299
R106.13885



SMEFT global fit: CPV in Zh production at circular colliders

azz a% gy ary QA7 0gv 0ga ayz | Qaz

rate | 0.00064 | 0.0035 | 0.0079 | 0.00059 | 0.012 | 0.023 | 0.0018 00 00
angles | 0.016 00 0.0058 | 0.078 | 0.0087 | 0.017 | 0.23 | 0.012 | 0.036
total | 0.00064 | 0.0035 | 0.0047 | 0.00059 | 0.0070 | 0.014 | 0.0018 | 0.012 | 0.036

Table 5. 1o uncertainties for individual Wilson coeflicients, with the assumption that all other
coefficients are zero. The second row shows the constraints from the rate measurements only, the
third row shows the constraints from measurements of angular observables (combined) only, and

the last row shows the total combined constraints from both rate and angular measurements. If no
constraint could be derived within our procedure, a oo i1s shown.

Gu et al, JHEP 03 (2016) 050



CPV in Zh production at linear colliders
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Tian et al, 1712.09772



Snowmass vs ESU: O,y ,p update

95% CL scale limits on 4-fermion contact interactions from O,
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Benchmark models: Leptoquark model

Z1o D (Aikgiet, + AiRice,) S, + AL gies'? St + h.c.

Impact on the leptoquark model from the individual fit

95% CL limits on the (§,1)% and (§,3)% leptoquark model from [ciq]1122

95% CL limits on the (§,1)% and (§,3)% leptoquark model from [c|q]1122 with A3=0
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