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Global fit with precision measurements from LEP, SLC, Tevatron ect has helped in
constraining Higgs and top quark masses. HL-LHC and future colliders are at least
precision machines, making them powerful tools for new physics discovery.

Four-fermion operators get more and more attention perhaps after the discovery of
neutrino oscillations in particular. Various low-energy experiments are sensitive to
those operators (COHERENT, CCFR, neutrino oscillation, etc.)

Today | will present our preliminary results on Z/W-pole and 4-fermion operators
from a global fit.
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Framework

For the pole observables

LHC Higgs Cross Section Working Group, 2017
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For the pole observables

LHC Higgs Cross Section Working Group, 2017
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1
Notations &% > —cX 0.

One flavor ( ..3) Two flavors (I < J =1...3)
Ocelyrrr = %_(ZIC_MKI) (615/%1) ;OM;IIJJ — (@1@61) (K_J@écf
Ovelrrrr = ( 15/%1) (e70.€7) Ouelryyr = gl&u@) (KJOMZI

Ocelrrrr = % (e7o.€7) (efoueT) ;OEGZJJII JEMKJ) (€70,.€]
:OEG-IJJI 3 -
Ocelrrry = (€79u€7) (€50,€7)

LHC Higgs Cross Section Working Group, 2017
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*Currently only flavor-conserving observables/operators are included in our fit.
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Notations &% > —cX 0.

One flavor

Two flavors (I < J =1...3)
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*Currently only flavor-conserving observables/operators are included in our fit.
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Observables: LEP-Z, W

# Observables

1 I'7[GeV]
2 Ohaq [ND]
3 R,
4 R,
5 R,
o Al
Y
8 AT
9 R,
10 R.
11 AFB
12 AFB
13 A,
14 A,
15 A,
16 A,
17 A,
18 Ay
19 A,
20 A,
21 Ry
22 g
23 P
24 gt
25 g4

Exp results [central, 1o

error]

[2.4952, 0.0023]
[41.541, 0.037]

[20.804, 0.050]

[20.785, 0.033]

[20.764, 0.045]

[0.0145, 0.0025]
[0.0169, 0.0013]
[0.0188, 0.0017]

[0.21629, 0.00066]

[0.1721, 0.0030]
[0.0992, 0.0016]
[0.0707, 0.0035]
[0.1516, 0.0021]
[0.142, 0.015]
[0.136, 0.015]
[0.1498, 0.0049]
[0.1439, 0.0043]
[0.923, 0.020]
[0.670, 0.027]
[0.895, 0.091]

[0.166, 0.009]

[0.501, 0.110]
[0.201, 0.112]
[-0.497, 0.165]
[-0.351, 0.251]

Refs

LEP-Z
LEP-Z
LEP-Z
LEP-Z

LEP-Z
LEP-Z
LEP-Z
LEP-Z

LEP-Z

LEP-Z
&
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z

sLD

PDG2012

SM prediction
Gfitter

2.4950
41.484

20.743
20.743

20.743

0.0163
0.0163
0.0163

0.21578

0.17226
0.1032
0.0738
0.1472
0.1472
0.1472
0.1472
0.1472

0.935
0.668
0.935

0.1724

0.501

0.192
-0.502
-0.347

Definition

I'(Z = ff)
x L'(Z—ee)l'(Z—qq)
ry

Y I(Z—qq)

T(Z-ree)
2 T(Z—qq)

T(Z—pp)
> T(Z—qq)
q

TZo)
142
14,4,
344,

T'(Z—bb)
Y- T(Z—qq)

I'(Z—cc)
;F(Z—*qq)
34,4,
34,4,

P(Z—)CLCL)—F(Z—MRCR)
I'(Z—ee)
T(Z—prps)-T(Z—prpr)

i\

1

2

W-pole observables

# Observables

myy [GeV]

'y

2 TwlGev]
3 BHW — ev)
4 Br(W — pv)

5 Br(W — 1v)
6 RWc

7 R,

Exp results [central, error]

[80.385,0.015]

[2.085, 0.042]

[0.1071, 0.0016]

[0.1063, 0.0015]

[0.1138, 0.0021]
[0.49, 0.04]

[0.998, 0.041]

Refs

CDF & DO

PDG2012

LEP-W

LEP-W

LEP-W
PDG2012

CMS

SM prediction
80.364

2.091
0.1083
0.1083

0.1083
0.50

1.000

Definition
L2 (1 + om)
;F(W - ff')

T(W—ev)
?P(Wﬁff')

T(W—pv)
? L(W—ff")

T(W—Ttv)
%;F(Wﬁff’)

T(W—cs)

F(W—ud)+T'(W—cs)
Wag
9L
W
9r.s

L(Z—pp)
F(Z—>TLTL)—F(Z—)TR7‘R)
L(Z—T7)
T(Z—eper)-T'(Z—erer)
L(Z—7TT)
I‘(Z—)TLTL)—F(Z—)TRTR)
LD(Z—T7)
F(Z—)bLbL)—P(Z—)bRbR)
T'(Z-»bb)
I‘(Z—)chL)—I‘(Z—N:RcR)
T(Z-rcc)
P(Z—)SLSL)—P(Z—)sRsR)
I(Z-»ss)
I(Z—uu)+T'(Z—cc)
2> T(Z—qq)

q

Axial-vector Zuu
Vector Zuu
Axial-vector Zdd
Vector Zdd
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Observables: LEP-Z, W

# Observables

1 I'7[GeV]
2 Ohaq [ND]
3 R,
4 R,
5 R,
o al
Y
8 AT
9 Ry,
10 R.
11 AFB
12 AFB
13 A,
14 A,
15 A,
16 A,
17 A,
18 Ay
19 A,
20 A,
21 Rue
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23 P
24 g4
25 g4

Exp results [central, 1o

error]

[2.4952, 0.0023]
[41.541, 0.037]

[20.804, 0.050]

[20.785, 0.033]
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[0.0992, 0.0016]
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[0.1516, 0.0021]
[0.142, 0.015]
[0.136, 0.015]
[0.1498, 0.0049]
[0.1439, 0.0043]
[0.923, 0.020]
[0.670, 0.027]
[0.895, 0.091]

[0.166, 0.009]

[0.501, 0.110]
[0.201, 0.112]
[-0.497, 0.165]
[-0.351, 0.251]

Refs

LEP-Z
LEP-Z
LEP-Z
&

LEP-Z
LEP-Z
LEP-Z
LEP-Z

LEP-Z

LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z
LEP-Z

sLD

PDG2012

SM prediction
Gfitter

2.4950
41.484

20.743
20.743

20.743

0.0163
0.0163
0.0163

0.21578

0.17226
0.1032
0.0738
0.1472
0.1472
0.1472
0.1472
0.1472

0.935
0.668
0.935

0.1724

0.501

0.192
-0.502
-0.347

Definition

Ef; (Z — fF)

127 [(Z—ee)T(Z—qq)

m":z I‘2
> I‘(Z—?qq)
q

TZoe
>-T(Z—4qq)

T(Z—pp)
> T(Z—qq)
q

Tz
24
TAA,
34,4,

T'(Z—bb)
Y- T(Z—qq)

I'(Z—cc)
;F(Z—*qq)
34,4,

3
34,4,
F(Z—)CLCL)—F(Z—)CRCR)
I'(Z—ee)
T(Z—prpr)-T(Z—prpr)

W-pole observables

L(Z—pp)
F(Z—>TLTL)—F(Z—)TRTR)
L(Z—T7)
P(Z—)eLeL)—P(Z—)eReR)
L(Z—7TT)
F(Z—)TLTL)—F(Z—)TRTR)
LD(Z—T7)
F(Z—)bLbL)—P(Z—)bRbR)
T(Z—bb)
F(ZﬁchL)—F(Z—)CRCR)
T(Z-rcc)
P(Z—)SLSL)—F(Z—)SRSR)
I(Z-»ss)
I(Z—uu)+T'(Z—cc)
2> T(Z—qq)

q

Axial-vector Zuu
Vector Zuu
Axial-vector Zdd
Vector Zdd

# Observables Exp results [central, error] Refs SM prediction Definition
1 myw [GeV] [80.385, 0.015] CDF & DO 80.364 9;—”(1 + 6m)
2 TwlGev] [2.085, 0.042] PDG2012 2.091 ;F(W - ff')
T(W—ev)
3 BH(W — ev) [0.1071, 0.0016] LEP-W 0.1083 SSTWo 7
7
T(W—pv)
4 Br(W — pv) [0.1063, 0.0015] LEP-W 0.1083 STW=7F)
7
T(W—Ttv)
5 Br(W — 1) [0.1138, 0.0021] LEP-W 0.1083 SSTWFf)
7
T(W—cs)
6 Rw. [0.49, 0.04] PDG2012 0.50 TWu d) T T(Wcs)
Wag
7 R, [0.998, 0.041] CMS 1.000 g;" m
9Lsm
Flavor-violating ones
# Observables Current upper bound Refs SM prediction Definition
T'(Z—ep)
T Br(Z —ep 7.5%x 1077 ATLAS STz )
7
[(Z—er)
. wz NOT included for now R
7
T(Z—pt)
3 Br(Z — p1) 12x107° DELPHI 0 STz 1)
7
I(t—2Zu)+T(t—Zc)
4  Br(t — Zq) 5.0 x 107* CMS 0 ST(Z— /7))
7
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Observables: More

Fermion-pair production

o olete™ > utu™), opglete™ > utu)

e oleTe” > 1t717), opgleTe” > 1t717)

o do(ete™ = eTe™)/dcosO

® GF from 7 decay (PDG)

® Michel parameters from polarized muon decay (PSI)

Yong Du 5 ITP CAS



Observables: More

Fermion-pair production

e olete” = utu"), O'FB(e+e_ — utu’)

— Flat direction lifted by (l_/)ﬂe_ (CHARM-II)
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Observables: More

Fermion-pair production

e olete” = utu"), GFB(e+e_ — utu’)
— Flat direction lifted by (l_/)ﬂe_ (CHARM-II)

e oleTe” > 1t717), opgleTe” > 1t717)

o do(ete™ = ete™)/dcosO

— Accidental flat direction for unpolarized beams at LEP lifted by PVES (SLAC-
E158)

® GF from 7 decay (PDG)

® Michel parameters from polarized muon decay (PSI)
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Observables: More

Fermion-pair production

e olete” = utu"), GFB(e+e_ — utu’)

— Flat direction lifted by (;)ﬂe_ (CHARM-II)
e oleTe” > 1t717), opgleTe” > 1t717)

o do(ete™ = ete™)/dcosO

— Accidental flat direction for unpolarized beams at LEP lifted by PVES (SLAC-
E158)

® GF from 7 decay (PDG)
® Michel parameters from polarized muon decay (PSI)

— Michel parameters from polarized tau decay with upgraded SuperKEKB
(Banerjee and Roney’s talk during last EF04 topical group meeting)
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https://indico.fnal.gov/event/51468/

Strategy

tree + loop

%

M, = Mg+ 2Re (Mgl ) + M

Mg+ 2Re (MM ) + O (258, 68°)
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Strategy

tree + loop

%

M, = Mg+ 2Re (Mgl ) + M

2
~ Mot 2Re

%tree/%EFT> + 0 (azﬁg, 5g2)
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Strategy

Optimistic: One operator at a time.
Conservative: Full correlation among observables are taken into account.

Yong Du 7 ITP CAS



Strategy

Optimistic: One operator at a time.
Conservative: Full correlation among observables are taken into account.

109
+ LEP f  LEP (optimistic)

.. l * o |

59L wi L112e gL Ze 59L Ze 59R Ze 59R Ze 59R Ze 591_ Zd 591_ Zu 59R Zu Celzlll C}elll Cea™™ 5QR zd

100
+ LEP f LEP (optimistic)

10—1<

10—2<
10_3‘ | | | I
R Zd

1221 1122 1122 2211 ~1122 ~1331 ~1133-1133+3311-1133 2332 122 1221
59L Zd 59L 74 O RZd gL Zu 59L Zu 59R zu Ciy Ciy Cie Cie Cee 97) Ciy ECle ]Cee Cy - Imcjg 1ReC/ze
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Strategy Michel parameters from polarized tau decay

Optimistic: One operator at a time.
Conservative: Full correlation among observables are taken into account.

109

+ LEP f  LEP (optimistic)

10—1<
10—2<

L N

59L wi L112e gL Ze 59L Ze 59R Ze 59R Ze 59R Ze 591_ Zd 591_ Zu 59R Zu Celzlll C}elll Cea™™ 5QR zd

10°

+ LEP f LEP (optimistic)

10—1<

10—2<
10_3‘ | | | I
R Zd

1221 ~1122 1122 2211 1122 1331 ~1133-1133+3311-1133 2332 122 1221
59L Zd 59L 2q © RZd gL Zu 59L Zu 59R zu Ciy Ciy Cee 97) Ciy 351e ]Cee Cy - Imcjg 1ReC/ze
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Observables: Future colliders

Future colliders as precision machines
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Observables: Future colliders

Future colliders as precision machines

Current and future EWPO uncertainties

(1073) L/S | CEPC | FCC-ee | ILC | CLIC | (1073) | L/S CEPC | FCC-ee | ILC | CLIC

Mz (GeV) | 2.1 0.5 0.1 — | — A** 14.3 — 0.11 1.00 | 4.20
T, (Gev) [23 |05 |01 [— [— |42 |1020 |[— o015 |541]|25
ohea mb) [370 |50 [50 [— [— |4 |1020 |[— |03 |s571|374
'R, | 241 (06 [03 |114[270 |[R, |: 306 |02 |03 |106|176 |
'R,  |159 |01 [o005 [114[270 |[R, |: 174 [113 |15  |[503]556 |
R, [217 |02 0.1 1.15 | 599 | AYy | 15.5 1.0 — — | —
A% |wao|so |[—  [— [— [a% |as [s0s |— |— |—
A 01 (30 |[— |— |— |4 |24 [— |30 [og|sgw
A% lwas(so [—  [— [— a4 |ewa [— |so |22yt |
A | 383 |— |— [— [— 4 | 973 |[— |— |— |— |
A | 292 |— |— [— [— [source:|[60,101 [[69] |[[]677 | | |

Yong Du

de Blas, Durieux, Grojean, Gu, Paul, JHEP 2019
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Results

101 -
— | LEP } csit | cucst

10-2 Preliminary } CEPC }oes2 | cucs2
+ FCC-ee -

59L Wi 591_ Wi 59L Wi 59L1,1Ze 59L Ze 591_ Ze 59%,1Ze
100 ; ; ; -
T + LEP + ILC-S1 1+ CLIC-S1
107 Preliminary | CEPC 1 Iec-s2 | cLcs2
10-2 + FCC-ee

|
59R Ze 59R Ze 591_ Zd 59L Zu 59R Zu cyttt Cra !
Yong Du 9 ITP CAS



Results

10°

4 LEP + ILc-s1 1 cLc-s1 Preliminary
10~ = CEPC 1 ILc-s2 1 cLic-s2

- 4+ FCC-ee

10—5;

697 74 691 24 694’74 691 2
..+ LEP + cs1t | cuc-s1
Preliminary | cgpc } c-s2 + cucs2
+ FCC-ee s
697 69R, zu it Cre et Cee™”
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Results

10°

4 LEP + ILc-s1 1 cLc-s1 Preliminary
10~ = CEPC 1 ILc-s2 1 cLic-s2

- 4+ FCC-ee

10—5;

697 74 691 24 694’74 691 2
..+ LEP + cs1t | cuc-s1
Preliminary | cgpc } c-s2 + cucs2
+ FCC-ee s
697 69R, zu it Cre Cee™”
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SgLWI11
SgLWI22
5gLWI33
6glL.Ze11
6glLZe22
6glLZe33
6gRZe11
6gRZe22
6gRZe33
6gRZd33
6gLZu22

6gRZu22
cLL1111

cLe1111

FCC-ee case

cLL1221
0.477

0.465

-0.114

0.145

0.117

0.113

-0.145

-0.116

-0.00812

-0.00772

0.00707

0.000195

-0.000657

Yong Du

cLL1122

-0.0309

-0.116

0.136

0.0207

-0.0246

-0.0199

-0.0205

0.0245

0.0197

0.00137

0.0013

-0.00119

-3.07e-
05

0.000115

Correlations

cLe1122

0.145

-0.154

0.00333

0.00927

-0.01

-0.00757

-0.00925

0.00978

0.00743

0.000513

0.000499

-0.000426

-1.93e-05

5.65e-05

cLe2211

-0.163

0.181

-0.0111

-0.012

0.0122

0.00937

0.012

-0.0119

-0.00921

-0.000633

-0.000615

0.00053

2.43e-05

-7.24e-05

ceel1122
-0.13
-0.0415
0.162
0.0185
-0.0238
-0.0194
-0.0184
0.0237
0.0192
0.00135
0.00128

-0.00118

-3.67e-05

0.000112

cLL1331
0.182
-0.346
0.189
-0.0545
0.0698
0.0564
0.0541
-0.0694
-0.0559
-0.00388
-0.00396

0.00316
9.49e-05

-0.000318

11

cLL1133

-0.0438

0.0833

-0.0455

0.0134

-0.0165

-0.013

-0.0133

0.0164

0.0129

0.000918

0.00094

-0.000749

-2.43e-05

7.94e-05

cLe1133PcLe3311

0.00387

-0.00741

0.00401

-0.00159

0.00113

0.000392

0.00158

-0.00112

-0.000358

-5.78e-05

-6.19e-05

5.14e-05

-4.37e-07

-5.43e-06

cee1133
-0.0436
0.0828
-0.0452
0.0132
-0.0165
-0.0132
-0.0131
0.0165
0.0131
0.00092
0.000937

-0.000747

-2.26e-05

7.62e-05

cLL2332

-0.107

0.0569

0.0604

-0.0171

0.0218

0.0176

0.0169

-0.0217

-0.0174

-0.00122

-0.00123

0.000999

2.96e-05

-9.9e-05

ImcLe1221 ReclLe1221
-6.59e-07  -1.27e-10
-9.27e-07  -1.42e-10

1.47e-06  -2.09e-10
2.12e-07 9.51e-10
-2.75e-07  -1.56e-09
-2.23e-07  -1.41e-09
-2.1e-07  -9.42e-10
2.73e-07 1.62e-09
2.21e-07 1.49e-09
1.52e-08 7.89e-11
1.46e-08 7.91e-11
-1.32e-08  -6.52e-11
-9.81e-07  -1.65e-12
9.13e-07 5.51e-12
ITP CAS



Results

10° | | |
Preliminary + L boest 1 cuest
. + CEPC + ILC-S2 + CLuc-s2
1 1+ FCC-ee :
102
RN
107 1331 1133 1133 + 3311 1133 2332 1221
Chi o7, Cie Cee Ciu Imcie
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Results

109

Pr liminary + LEP 1 ILC-S1 1 cLIC-S1
10-1 4+ CEPC + ILC-S2 + CLIC-S2
+ FCC-ee =
1072
NN
1074 1331 1133 113343311 1133 2332 1221 1221
Cig Cip . Cje " Cee o7, Imc;¢ Rec;g

Beam polarization @ILC, CLIC
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Results

100

Pre[iminary + LEP + ILC-S1 | CLIC-S1
_1 + CEPC + ILC-S2 + CLIC-S2
107 + FCC-ee

1221 1221
Imc; Rec;g

Beam polarization @ILC, CLIC

Projections currently missing, it would be desirable to include them in the fit to lift the
flat direction.
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Results

100
Pre[iminary + LEP + ILC-S1 CLIC-S1
10-1 4+ CEPC + ILC-S2 + CLIC-S2
+ FCC-ee
10—2<
1073
104 e 1 i 04 e,
)31 cli33  QESIEEREERR cl1133 2332 Imci221 Rec}22!

L~

Beam polarization @ILC, CLIC

Projections currently missing, it would be desirable to include them in the fit to lift the
flat direction.

2222

Currently no constraints on ¢;~~~ operators. Muon collider? v,-u scattering?

Yong Du 12 ITP CAS



< Constraints on Z/W-pole and 4-fermion operators are obtained in the conservative
& optimistic scenarios. Constraints from the former are in general weaker than the
latter, suggesting measurements of observable correlations.

< Preliminary results are obtained for future colliders (CEPC, FCC-ee, ILC, CLIC).
CEPC and FCC-ee dominate measurements of operators considered here.

< For operators considered here, one flat direction exists between (1,3) generation
leptons. Beam polarizations at ICL and CLIC will help and it would be desirable to
obtain the projections for future colliders.



Backup



# Input parameters Exp central value
1 Gr[Gev~2 1.16637 x 10~°
2 mz [GeV] 91.1875

3 agm.(mz) 7.755 x 1073

Will be updated for our final global fit result.

Refs
PDG2012
LEP-Z

Burkhardt:201Tur




Correlations

| EP  elL1221  cLL1122  cle1122  cLe2211  ceel122
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Setup validation
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