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4-fermion interactions



SMEFT 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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SMEFT 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)
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SMEFT setup

We only consider flavor conserving 4-fermion operators

202q operators (p,r =1,2,3) 4¢ operators (p <r =1,2,3)
Chirality conserving Two flavors
:Oﬁq]pprr — (Zpﬁufp) (@Eu%) :Off:pp'r'r — (Zpauep)(zraﬂgr)
(3)]pp'r7' = (zpaua g’ p)(q,0"0 zflr) Ouelprrp = (Zpﬁu&.)@rﬁ“@,)
2 h,=0 Otulpprr = = (¢ p0 ulp) (urouy) Ovelpprr = (Zpauép) (eroter) 2 h,=0
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Chirality violating One flavor
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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.

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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Strateqy

™ 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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Strateqy

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

App*'% To eliminate the flat directions in the fit for EWPOs and allow for a
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Strateqy

Optimal observables (Please see my talk yesterday for its review) are used
to improve sensitivity for A{%; and Oy at future (polarized) lepton colliders:

do
0 So + Zl: NS

51,91,
50

CTIZJdQ L€

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.
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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
o _ e —0.035 + 0.017 CHARMLL 47 —0.0396 [48]
Ve scatlering g —0.503 % 0.017 147 —0.5064 [48]

G2
Gz, 1.0029 + 0.0046
T decay g{ PDG2014 [49) 1
5725 0.981 £ 0.018
A + 0.0031 31
R, 0.3093 £ 0.003 CHARM (r — 0.456) (50 0.3156 [50]
Ry, 0.390 + 0.014 0.370 [50]
R, 0.3072 £+ 0.0033 0.3091 |51
Neutrino scattering . CDHS (r = 0.393) [51] 51]
Ry, 0.382 + 0.016 0.380 [51]
K 0.5820 = 0.0041 CCFR [52] 0.5830 [52]
Rum. 0.40670145 CHARM [53] 0.33 [54]
(52 )Moller 0.2397 % 0.0013 SLAC-E158 [55] 0.2381 = 0.0006 [56]
QS:(55,78) 72,62 +0.43 PDG2016 [54] —73.25 % 0.02 [54]
P (1,0) 0.064 + 0.012 QWEAK [57] 0.0708 = 0.0003 [54]
A —91.14+4.3) x 106 —87.7+0.7) x 1076 [58
Parity-violating scattering A, (—160.8 = 7.1) x 10— (—158.9 + 1.0) x 1076 [58]
o —0.042 £ 0.057 SAMPLE (,/Q? = 200 MeV) [59] -0.0360 [54]
va=dva —0.12 £ 0.074 SAMPLE (1/Q? = 125MeV) [59] 0.0265 [54]
: (147 £ 0.42) x 104 GeV 2 SPS (A = 0.81) [60] ~1.56 x 10~* GeV~2 [60]
e (174 % 0.81) x 10~* GeV 2 SPS (\ = 0.66) [60] ~1.57 x 10~ GeV~2 [60]
- 012 £ 0. .028 |61
T polarization s 0.0 0.058 VENUS [61] 0.028 [61]
Ap 0.029 = 0.057 0.021 [61]
Neutrino trident production | —&(v,y* = vupu™p™) 0.82 +0.28 CCFR [62-64] 1
dr — ulvy(y) T hspT See text 65] 0
SAS 2.0% 0.00015
A" 1.5% -0.0006
ete” = ff 6AT L 2.4% SuperKEKB [66] -0.0006
SAS 0.5% -0.005
SAL . 0.4% 20.020
Yong Du 8 ITP CAS




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
I R e R X O O . t7] S| 00396 (48] Y
20.503 4+ 0.017 e 20,5064 [48]
7 decay g}g 10029 = 0.0046 PDG2014 [49) 1
Efzf 0.981 +=0.018
R, 0.3093 = 0.0031 CHARM {r = 0456) [50 0.3156 [50]
Ry, 0.390 + 0.014 0.370 [50]
Neutrino scattering Ru, 030722 0.0033 CDHS (r = 0.393) [51] 0.3091 [51]
Ry, 0.382 + 0.016 0.380 [51]
K 0.5820 = 0.0041 CCFR [52] 0.5830 [52]
Rum. 0.406+0:185 CHARM |[53] 0.33 [54]
(52 )Moller 0.2397 = 0.0013 SLAC-E158 [55] 0.2381  0.0006 [56]
QS:(55, 78) —72.62 + 0.43 PDG2016 [54] —73.25 + 0.02 [54]
P (1,0) 0.064 = 0.012 QWEAK [57] 0.0708 = 0.0003 [54]
- | A, (—91.1+4.3) x 10-6 PVDIS [58 (—87.7£0.7) x 106 [58]
Parity-violating scattering A, (—160.8 £7.1) x 1076 (—158.9 £ 1.0) x 10-° [58]
Y —0.042 + 0.057 SAMPLE (v/QZ = 200 MeV) [59] -0.0360 [54]
Jra = va —0.12 + 0.074 SAMPLE (,/Q? = 125MeV) [59] 0.0265 [54]
- (147 + 0.42) x 10~* GeV 2 SPS (A = 0.81) [60] ~1.56 x 10~% GeV~2 [60]
—(1.74+0.81) x 107* GeV 2 SPS (A = 0.66) [60] —1.57 x 107* GeV~2 [60]
+ volarization P, 0.012 + 0.058 VENUS [61] 0.028 [61]
Ap 0.029 + 0.057 0.021 [61]
Neutrino trident production | —&(v,y* = vupu™p™) 0.82 +0.28 CCFR [62-64] 1
dr — ulvy(y) T hspT See text 65] 0
SAC . 2.0% 0.00015
SAY 1.5% -0.0006
ete = ff SAT 2.4% SuperKEKB [66] -0.0006
SAC . 0.5% -0.005
SAL 0.4% -0.020
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Low-energy observables

Flat direction lifted by low-energy experiments: One example

Ay*=1
0010 S |
i . ® c'e” > Uy (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 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) I +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
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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
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

Yong Du 11 ITP CAS



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)
1072 ; 1072
1073 1073
10~4 1074
") 107> | | 107>
(@)
£ 10-6 ) | 106
ol [cplii11 [Crel1111 [Ceeli111 . [culii22 [Crel1122 [Crel2211
S et ia i
(@)
O
=
1072 1072
1074 1074
107

[Cul2332

[Cul2222

[Crel1133 [Crel3311 [Ceelr133

[Culi331 [Culi133

[Ceel1122
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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
1073 103
1074 1074
n 107> | | | 10-5
(@)
£ 10-6 10°°
a [Culiiin [Creli112 [Ceel1111 [Culi221 [Culii22 [Crel1122 [Crel2211
- SR aTeia @ ios
(@] e SN
O
=
102 102
1074 1074
10°°

[Crel1133 [Crel3311

[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)
1072 102
1073 103
1074 1074
n 107> | | | 10-5
(@)
£ 10-6 10°°
a [Culiiin [Creli112 [Ceel1111 [Culi221 [Culii22 [Crel1122 [Crel2211
S
(@]
(@) Y
=
1072
104

[Crel1133 [Crel3311 [Ceelr133 [Culaa2a

[Culi331 [Culi133

[Ceel1122

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)

10°

1072

1074

53
(€1 11122

[cliize

[Cigli122

[Ceq]1122

[ceuli122

[Cedli122

A3
(€2 01133

[Ceq]1133

3
(€211

[Cigl2211

[Cul2211 [Cial2211

[Cegl2211

[Clequli111

[Cledqli111

3
[C/(ec),u]llll

eH(2GeV)

10°

107!

1072

3
e 1111

[Ceqli111

[Ciuliinn

[Cigli111

[Ceuli111

[Ceqli111

1072

1074

10°°
10°

107!
1072
1073

1074

10°

107!

1072

Same as the 47 case. Again, Az, 6 and muon colliders will play a key role.
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Bosonic CPV operators



Setup

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

¢
0 @G fABCGAI/GBpGC,u
. i
i
_ A ~Auww "
1 0,6 = @' 9GL,GM |
| ’
R S ¢ 7/ | Tuv .
@CDW =@ (pW/,wWM Cirigliano et al, Phys.Rev.D 94 (2016) 3, 034031

@ IJlevwprK/,t
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Setup

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

I 4

: @(} fABCGAI/GBpGC,uI
i ~

1 0,6= ¢ pGhGM |
N e m m e e e o e o = &

T WI Wl/w Cirigliano et al, Phys.Rev.D 94 (2016) 3, 034031

We need 4 independent observables to close the fit for the remaining 4 CPV operators.
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Setup

Yong Du

Unbroken phase

@ =@ quI Wik
@ 5= (pB B*
@quB - CDTTQOW/IWB H

- _ _UKYidvwlp K
Oy = e"KWIW/rw!

16

Broken phase
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Setup

Unbroken phase Broken phase
O i = ¢ oW, W 22 aHo)
% H h}/Z

@ 5= (pB B*
@QOWB - CDTTICDWLUB H

- _ _UKYidvwlp K
Oy = e"KWIW/rw!
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Setup

Yong Du

Unbroken phase Broken phase
O i = ¢ oW, W 22 aHo)
% H h}/Z

O ~—¢¢B B*

@q)WB = ¢'t'W, B

Uv
- _ JUKylvgwewk \ -
Oy = e "W/ WIWH YWW™ atGe)

ZWTW~
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Setup

Unbroken phase Broken phase
Opiv = ¢ oW, W 22 aHo)
@ H h}/Z

O ~—¢¢B B*

@gaWB = ¢'t'W, B

Uv
" — IJKxxY/Iv Jp K//l \ + —
Oy = e "W,/ W)W, YWW™ atGe)

ZWTW~

1. Determination of two anomalous triple gauge couplings (aTGC) from ete™ — W W~

2. Another two anomalous Higgs couplings (aHC) from ete™ — Zh using angular
asymmetries.
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aTGC fromeTe” > WTW~

aTGC modify the following vertices in blue of the CC03 diagrams:

Please note that both CP-even and -odd operators modify these vertices.
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aTGC fromeTe” > WTW~

aTGC modify the following vertices in blue of the CC03 diagrams:

Please note that both CP-even and -odd operators modify these vertices.

Q: How to separate the CP-even corrections from the CP-odd ones?
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aTGC fromeTe” > WTW~

aTGC modify the following vertices in blue of the CC03 diagrams:

Please note that both CP-even and -odd operators modify these vertices.

Q: How to separate the CP-even corrections from the CP-odd ones?

A: The spin density matrix.
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aTGC fromeTe” > WTW~

The Hermitian spin density matrix (SDM) constructed from helicity amplitudes

provides genuine test of CPV

W+
)
T_T, Tl Tl
pT_T,_T+T_/|_ (S’ COS 9W> — &
> |,
ATy, T

v
Helicity of ¢ l

Helicity of W/W~
Yong Du 18
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aTGC fromete™ > WTW™

To separate the CPV part, one can investigate the single SDM constructed from the
two-particle joint one (especially when the sample size is limited)

Pt (S’ COS 9W> — Z pf_f’_f+f+ (S’ COS 9W>

Tt
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aTGC fromete™ > WTW™

To separate the CPV part, one can investigate the single SDM constructed from the
two-particle joint one (especially when the sample size is limited)

Pt (S’ COS 9W> — Z pf_f’_f+f+ (S’ COS 9W>

Tt

CPT invariance CP invariance
Re (,02;;) _Re (pXVT;) =0

Im (pTIWT;> + Im (pf‘g_fz) =0

Non-vanishing imaginary parts of the off-diagonal matrix element will thus be a
direct signal of new CPV sources.
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aTGC fromete™ > WTW™

Theoretically, the SDM elements can be extracted with the projectors P__

P_. (cos o+, qb*)d cos 8* do*

do (e+e‘ - W+W_) - 1 do (e+e_ — WY _D)
,[ d cos Oywd cos 0* dgp*

d cos Oy Pe = Br (W- — ¢£-0)

Yong Du 20 ITP CAS



aTGC fromete™ > WTW™

Theoretically, the SDM elements can be extracted with the projectors P__

P_. (cos o+, (/b*)d cos 8* do*

do (e+e‘ - W+W_) - 1 do (e+e_ — WY _D)
,[dcos Owd cos 0% dgp*

d cos Oy Pe = Br (W- — ¢£-0)

Experimentally, it is related to the projector evaluated in the k-th bin of the W decay
angle 6, normalized by the corresponding number of events N,

pfm (cos 9{},) = NL Z P.. (cos o, qbl.*>

k =1
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aTGC fromete™ > WTW™

Theoretically, the SDM elements can be extracted with the projectors P__

P_. (cos o+, (/b*)d cos 8* do*

do (e+e‘ - W+W_) - 1 do (e+e_ — WY _D)
,[dcos Owd cos 0% dgp*

d cos Oy Pe = Br (W- — ¢£-0)

Experimentally, it is related to the projector evaluated in the k-th bin of the W decay
angle 6, normalized by the corresponding number of events N,

pfm (cos 9{},) = NL Z P.. (cos o, qbl.*>

k =1

Evaluation of the cross section taking detector acceptance/resolution into account?
Please see backup slides.
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aTGC fromeTe” > WTW~

The OPAL collaboration obtained, dominated by statistical errors.

0.10
—0.207 57

K>
N OPAL, aTGCs, Eur.Phys.J.C 19 (2001) 229
ﬂ —0. 18+0 24

—-0.16
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aTGC fromete™ > WTW™

The OPAL collaboration obtained, dominated by statistical errors.

0.10
—0.207 57

K>
N OPAL, aTGCs, Eur.Phys.J.C 19 (2001) 229
/1 —0. 18+0 24

—-0.16

This will certainly be improved at future colliders, especially with the utilization of optimal

observables:
d d do;
U(C) o O-O + _Jc. + ...

dll  dIl jdH]

(d5./dT1)(dG, /dIT)
-1 _ J k .
(COV)jk - I dll doy/dI1 I

The optimal observable analysis is still ongoing, we expect a factor of 10/100 improvement

for HL-LHC and future ete ™ colliders
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

/
A \ ol
H H H
S — + S — + S —
A I 7 Ay I
e . L

aHC modify these vertices in blue.
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

/
PR N ol
H{ H H
S — + S — + S —
A 7 - A I
v v v

aHC modify these vertices in blue.

Q: How to disentangle?
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

/
PR N ol
H{ H H
S — + S — + S —
A 7 - A I
v v v

aHC modify these vertices in blue.

Q: How to disentangle?

A: Angular asymmetries.
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

Angular distribution of the 4 leptons for the determination of Higgs
spin & parity.

Normalised to unity

CMS Vs=7TeV,L=5.11f5" \s=8TeV,L=19.7 fb'

[T [ [ [ | [ [ [ [ [ [ [ [ [ [ [ [ [ | [ [ [ T ] -l) T T 1 [ [T [ | [ T 1 | T T 71 | T 1 [ | T T 1 .I.

. 1 S - _
0.25- ATLAS — Data 4 € o 1__ N
- H—>ZZ" - 4l Poogt 5 s .
0.of '=7TeV JLt=asf] =Y 1 g i — CMSdata 7

. N - H q) B ’ T

- Vs=8TeV [Ldt=20.7fb" ~F=0 | o 008f 1812.5855  H

N 1 © i |

L 1307.1432 - 13 i i
0.15- :"l : 4 &8 0.06 B
i R N ] i ]

- S I & h - §

0-1_ r'- | |-' §§S | | 0.04— ]
- | Ry | - - - ]
0.05 R AN _ 0.02- B
O_J I._I--'I"FI-.‘I L1 §§§§L§§§§|§§]ml_ [ LJ i O B - T L | I' —— I
15 -10 -5 0 5 10 15 80 20 -10 O 10 20 30

q '2 X In(ﬁo_ /£O+)
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

Revealing new effects hidden in the total rate form the invariant mass
distribution of the di-lepton system

N Isidori et al, Phys.Lett.B 728 (2014)131

dr'/dq?

0 0.02 004 008 008 0.1 0.12
q?/m?
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

Beneke et al, JHEP 11 (2014) 028

The angular asymmetries are then realized to be powerful for aHC determination.

e
~

¢
Z

Y
4
|
|
14 ~ 05
Ay v L// ~0,
————————————— > 2
: Ty
|
|

d‘T 11 1
_ A2 (2 m2. o ‘ﬂﬂ Y
dg?dcos0idcosO,dgp  219Q2r)> mp, m,I', ( H> Mz 4 ) 2 Hzee P 26

9
= 2 kq®)J; (4°.6,, 05, . ;)
i=1
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aHC fromete” > Zh

The heuristic: h = Z( = Y67

Beneke et al, JHEP 11 (2014) 028

The angular asymmetries are then realized to be powerful for aHC determination.

e
~

¢
Z

Y
4
|
|
14 ~ 05
Ay v L// ~0,
————————————— > 2
: Ty
|
|

27 dZF

dg) — ITida? [0 d¢ sgn(sin ¢) Jdd > J,
2 d2

dg) — IT/da [0 d¢ sgn(sin(2¢)) 2 > Jg
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aHC fromete” > Zh

ete”™ — Zh is just the crossed version of h — Z( — ¢ 7)/1¢~ but at a much
different energy scale

Beneke et al, JHEP 11 (2014) 028

A = [27[ d¢ sgn(sin @) dT > J
»  dU/dg? ), dq2dg 4
2 d2
ﬂg) — AT/ [0 d¢ sgn(sin(2¢)) Jdd > Jg
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Bosonic CPV couplings

CPV: Results
Collider by collider for comparison

B HL-LHC B+ ILC (500 GeV, 1.6+1.6/ab)
B [LC (250 GeV, 0.9+0.9/ab) BN FCC-ee (240 GeV, 5/ab)

B+ FCC-ee (365 GeV, 1.5/ab) B+ CEPC (360 GeV, 1/ab)
Bm CEPC (240 GeV, 20/ab)

Current aTGC

,,,,,,,,,,,,,, 10—2

,,,,,,,,,,,,,, 10—3
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CPV: Results
Collider by collider for comparison

BN HL-LHC B+ ILC (500 GeV, 1.6+1.6/ab) B+ FCC-ee (365 GeV, 1.5/ab) B+ CEPC (360 GeV, 1/ab)
B [LC (250 GeV, 0.9+0.9/ab) BN FCC-ee (240 GeV, 5/ab) Bm CEPC (240 GeV, 20/ab)

Current aTGC

Bosonic CPV couplings

Future aTGC

Bosonic CPV couplings

9y C3w
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CPV: Results

0.02
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Bosonic CPV couplings

CPV: Results

BN HL-LHC B+ ILC (500 GeV, 1.6+1.6/ab)

10-1 B |LC (250 GeV, 0.9+0.9/ab) W= FCC-ee (240 GeV, 5/ab)

1072

10°3

B+ FCC-ee (365 GeV, 1.5/ab) B + CEPC (360 GeV, 1/ab)

B CEPC (240 GeV, 20/ab)

Current aTGC

1074

Yong Du
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Bosonic CPV couplings

Bosonic CPV couplings

CPV: Results

1071

1072

10°3

1074

107!

B HL-LHC B + ILC (500 GeV, 1.6+1.6/ab) B  + FCC-ee (365 GeV, 1.5/ab) B + CEPC (360 GeV, 1/ab)
Bl [LC (250 GeV, 0.9+0.9/ab) B FCC-ee (240 GeV, 5/ab) B CEPC (240 GeV, 20/ab)

Current aTGC

Future aTGC
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Bosonic CPV couplings

Bosonic CPV couplings

CPV: Results

B HL-LHC B + ILC (500 GeV, 1.6+1.6/ab) B  + FCC-ee (365 GeV, 1.5/ab) B + CEPC (360 GeV, 1/ab)
Bl [LC (250 GeV, 0.9+0.9/ab) B FCC-ee (240 GeV, 5/ab) B CEPC (240 GeV, 20/ab)

Current aTGC

1071

10—3 B EEEE EEES EEEEE__—

1074

107! = o

‘ -y |

w0 omoo I

1073

1074
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Benchmark UV Study



Benchmark UV Study: O,y ,5 update

95% CL scale limits on 4-fermion contact interactions A\

European Strate
B ow [ 0:B pean Strategy

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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Benchmark UV Study: O,y ,5 update

95% CL scale limits on 4-fermion contact interactions

/ \

European Strate
B ow [ 0:B pean Strategy

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]

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

HL-LHC | | | | | | | | | )
ILC250 @ This work 3
ILC500 m ESU
ILC1000
CLIC380
CLIC1500
CLIC3000
CEPC240
FCC-ee240
FCC-ee365

0 50 100 150

Scale/coupling [TeV]
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Benchmark UV Study: Y-Universal Z’ model

87

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

2
Gp 87
A2 giM?
* Neutral Drell-Yan only
Y —=Universal Z , 207 | 95 % CL constraipts on the Y—Universal Z quel
P 5L LHC s
: N> QO é)
1.2f ¥
1.0} e e
[ B
08 3 C C \\\
0.6 :' ‘)XCBQQQ
0.4}
0 ,2 :' Europ?J%r(}Eﬁ(gr'ateg\y
0.0l'- A 1 A A A 1 A A A 1 A A A 1 A a a l'l OO ‘ ‘ ‘ ‘ ]
20 40 60 80 100 0 20 40 60 80 100

M [TeV] M [TeV]
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Leptoquark model

+ A Riice,) S) + Atgcec’? St + h.c.

a o 1 a 1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954
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Leptoquark model

CATR (xll.laLZ]fef .t ﬂ}fﬁfea) S, + A rg¢es', St + h.c.

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

[Cl(ql)] (0)

afiy —

[Cl(g)] (0)

q

[C(l) ](0)

lequ

c® 1O

[Ceu] (0)

aBij —

Yong Du

1Lx\1L 3Lx\3L
_ A Ajs | 3NNy

(184

aBij —

lequ]aﬂz’j -

+

1M
1Lx\1L
)\’ia /\jﬂ

A2

2 Y
AM:
3Lx\3L
/\ia *)‘jﬂ
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_|_

1R\ 1Lx*
. Ajﬂ )‘z'a
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Benchmark UV Study: Leptoquark model

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

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

1Lx\1L 3Lx\3L
_ A Ajg | 3Xia"Ajs

1)1(0)
cO) - — +
o Lo 4M? aM3
LEP + SLC + SLD + DO + LHC  mmm +ILC (500 GeV, 1.6+1.6/ab) [0 +CLIC (1500 GeV, 2+0.5/ab)  mmE +FCC-ee (365 GeV, 1.5/ab)
B+ HL-LHC (14 TeV, 3/a . +ILC (1 eV, 3.2+3.2/a +CLI eV, 4+1/a . CEP 40 GeV, 20/ab
[0(3)](0) _ A'}QL*A;g + A?O!L*A‘?g Lo s LC (250CG(eV, 0.9+?)/.9k/)a)b) L CLIg((3§goGSV, O.ii0.35/2a/b)b) L FCCC-eCe(?Zofc?geV, 5/ab; ¥ L S-CE(;((ZZ(S(;C?GeV, 1//ab))
‘atepy o AME AMZ
1 3 107
AENL
1) 1(0 (xe"
(Clequlanis = 33—
quieliy QM3
1R\ 1Lx 1072
C® 1@ _ _Ais
lequlapi — 8 M12 ) 104
1R*)1R o
0,10 N Aip
) =
P 2M}

Leading constraints from the global fit: [c,,];,, and [65;)]1133,1122.
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Benchmark UV Study: Leptoquark model

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

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

1Lx\1L 3Lx\ 3L
W0 _ Na AjE | 3N Ajg

oo = AM? aMz
LLx)\1L  )3Ls)SL = i S et Sl S St
(GG e e ) '
1 3
/\I.R)\}L*
[Ol(elq)u]gtoﬂ)ij - JzﬂTZ; )
1
1R\ 1Lx
O = 227
1
© _ MaAjs

[Ceu]aﬂz'j ~ 9 M12

Leading constraints from the global fit: [c,,];,, and [653)]1133,1122'
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Benchmark UV Study: Leptoquark model

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

1104

Gherardi et al, 003.12525
Aebischer et al, 2102.08954

1Lx\1L 3Lx\ 3L
W0 _ Na AjE | 3N Ajg

C =
b)
Cua'logis = =437 4M?2
1 3 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)
\LL*)\1L  )3Lx)3L I e s I plCusncen sasa | acic o cen e i 40 cev a0t
[C(s)(O) _ _Jia 5B | Mo 2P ' '
laleby A M? 4aMzZ
1 3
AI.R/\}L*
1) 1(0) B Nia
[c( 0 = P
lequlafiy 2 M2 )
1
1R\ 1Lx*
C® 1@ _ _Ais
lequlafiy — 2 ?
8 M
1R*x\1R
© _ Nia Ajs

[Oeu]aﬂz'j ~ 9 M12

Leading constraints from the global fit: [c,,];,, and [653)]1133,1122'

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

3L=c

',S:+ h.c.

1R ~c )
P02 (4 o+ ARice,) S| + A rgteo
95% CL limits on the (§,1)% and (§,3)% leptoquark model
1.0 [ LHC (Dashed: HL-LHC)
CEPCz4o (Dashed: FCC—88240) 1
I [LCy50 (Dashed: GigaZ)
6x% = 5.99
0.5+
>
< S
-0.5+
-1.0+ | | | |
-0.5 0.0 0.5
AL 1
M, [TeV™]
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Benchmark UV Study: Leptoquark model

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

1104

95% CL limits on the (§,1)% and (§,3)% leptoquark model

1.0y LHC (Dashed: HL-LHC)

CEPCy4 (Dashed: FCC-eeoyq) ||
I [LCy50 (Dashed: GigaZ)
6x% =5.99

-1.01

05 00 05
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< 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, Az, and o etc at
future colliders. Muon colliders could help in this regard.

< Global fit of bosonic CPV operators could be further improved withe e~ — WTW™
data at future colliders.






Explicit expressions for the projectors

N _ |
:V-‘it(gl’ ¢) = PiV_Vi 0, ) = 5 (5 cos? 0, F2cos0,— 1)
ng+(el, ¢) = ng_(ﬁl, ¢)=2-5 cos’ o,
PY (0, ¢) = P (6, ¢) = 2 exp [-2ig)

* _ 8
PY) (0n ) = — Py (0 b)) =
( +o) s +0 \Y @ 37:\/5

(1 F 4 cos 91) exp [$i¢l]



do (e+e‘ — W+W‘) - 1 do (e+e‘ - W¢ ‘D)
Pl = - J P ,(cos H*,gb*)dcos o* do*
Br (W— — f—v)

d cos Oy d cos Oywd cos 0% dgp*




