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Motivation

* “What is next beyond SM?”

* New lepton colliders are expected to be on their way
— A telescope to high scale physics (luminosity frontier)

* Especially for circular ones — Higgs/Z factories & EW precision test

 For new physics scale A > E, v, Standard Model Effective Field Theory (SMEFT)
provides an effective and model independent tool

6
Lsverr = Lsm + Z l 0( )

* This study will focus on EW sector about bottom dipole operators
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Z-pole status

Some Z pole observables [PDG2023]

Quantity Exp. Value SM prediction
My [GeV] 91.1876 +0.0021  91.1882 + 0.0020
Iz [GeV] 2.4955£0.0023  2.4941 = 0.0009
Ohaa [1D] 41.481 +0.033 41.482 £ 0.008
R. 20.804 + 0.050 20.736 +0.010
Ry 0.21629 + 0.00066  0.21582  0.00002
R. 0.1721 £0.0030  0.17221 + 0.00003
A% 0.0145 +0.0025  0.01617 + 0.00007
AN 0.0996 £0.0016  0.1029 = 0.0002
AR 0.0707 +0.0035  0.0735 +0.0002
A, 0.1498 £0.0049  0.1468 = 0.0003
Ay 0.923 + 0.020 0.9347

A 0.670 + 0.027 0.6677  0.0001

* For A, only LEP 1 results shown here
e Most observables are measured precisely and consistent with theoretical prediction.
e Except A for b-quark, still exist ~ 2 o~ deviation.

o At future lepton colliders, trillion Z bosons could be produced.
= Opportunity to reveal potential BSM NP with much improved precision.
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SMEFT & dipole operators

Many global fit analysises are performed
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SMEFT & dipole operators
SMEFT dim-6 dipole operators

(Warsaw basis, 3rd generation quarks)

O = (QLO"'V‘IJITR) f{VVLvs O = (30" br) O'iHWL

O = (qLo*"tr) HB,,, Opp = (310" bg) HB,,.

v

where, o = 1[y*,y"], Wi, = 0, W, — 0,WV', — gye W, W (similar form of B,,, )
* Generally, the leading effect from interference of dipole and SM o mv/A?
* Top is the exception, constraint of its dipole at LHC:

, Combination

C%, (NTevy?
Citp (NTeV)?
o
Cigg (NTeV)?
°

-2 -1 0 1 2

=2 ~1 0 1 2

C3, (NTeV)? C33, (NTev)?

w=[-1.2,+1.4](A/ TeV)? and C;3 = [-1.9, +1.2](A/ TeV)?
(ttZ]y measurement @ LHC Run2, 95% CL) M. Schulze, Y. Soreq 1603.08911]
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Zbb dipole can be traced

* Future lepton colliders (e.g. FCC-ee/CEPC):
tremendous amount of Z events + higher precision of measurements

= possible to trace Zbb dipole

« Zpole observables « Projections of CEPC here (similar for FCC-ee)
(Zdd) Quantity ~ Projected Precision Runs
Ry = T, TZ=qD) AR, 44%10° Z pole
4, = [(Z—0,8,)-T(Z>trlg) A, 1.5%x107° Zpole
= —~220)m WZPRR)
fe=t) Ady 2.1%107 Zpole
T (Z—by by )-T(Z—bghg)

Ay, = o (bB)[fb] 275.64 +0.12 V5 = 240 GeV
App(bB) 0592 +£0.00034 /5 = 240 GeV
o (bB)[fb] 108.33 = 0.33 V5 = 360 GeV

. Off pole scattering Aps(bb)  0.602%0.0024 5 =360 GeV

T(Z—bb)
b _ 3
App = 3404

y J— ([efm, co]=[-0.9,0.9], € = 0.15)
FB ™ optop [J.D. Blas et al., 2206.08326 (Snowmass2021) ]
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Zbb dipole and the Lagrangian

* SMEFTsim package was used to extract dipole coupling and calculate observables

[ Brivio et al. 2012.11343 ]

+ Effective Lagrangian with effective y/Zbb couplings
LZ (ngBL)"ubL + gRbBR'}’ubR)
0s @y "

':Z”b‘ (Bo*"b) A + i(bo-’”b) ”

LD —ed,by'b -

« Coefficients and relations {625, 0Zrs> Kba» Kpz):

1 1 1
81p = ) + 3 sin” Oy + 08y, &rp = 3 sin® Gy + OZrb »
M 4 Oy Y
CHg 2A2 ’ 2A2°

Kpy = ——— (coSOpcpy +sinby cpp) ,  Kkpy = ——— (cos Oy cpp — Sin Oy cpy) .

Vi Vo

* For convenience, set A = 1 TeV and only keep real parts of dipole WCs

g1p = (cyy, O0grb = CHb 5

* 4 parameters included, and ratio of y and Z diagrams varies from energy

= need to include Z pole and off pole measurements.

* Central values of future measurements are assume to be SM-like.
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x° constrain analysis
Preferred region (linear fit, only interference)

Z pole + 240 GeV
10F T T T =] T T T
of
5 1 s
0 1% of
N
z
-5 —euer 1 — 6% CL
— 95% CL — 95% CL
o
-10h . . . 4 . . .
-10 -5 0 5 10 -05 0.0 0.5
Sgua (x10%) fpa (x10%)
Z pole + 240 GeV + 360 GeV
1 . . . - - - - - - -
of
5 N
0 i or
3
3
b
-5 —68% CL — 68% CL
—95% CL o — 95% CL
-10 . . , . . , . . . .
-5 ) 5 06 -04 -02 00 02 04 06
Sg (x10%) K (x10%)

*global fit analys1s with {6g1p, grp, kb4, Kbz} in this and following page
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Squared items contribution
A generic observable has the form:
O =0gum + ZO’aCa + Za-aﬁcacﬂ
@ ap

where osvm, 0, 04s denote the SM, interference and squared contributions respectively.

If not omit squared items (full fit)

Z pole + 240 GeV
T T T T T T T T T T T T T T T
1.0p ]
5F ]
0.5F ]
En 0 1 00p ]
= B
z X —05[ 1
£ _5 1
g z
-1.0p ]
“10 —68% CL ] st —68% CL ]
— 95% CL — 95% CL
-2.0p ]
—15t L L L L L L | L L L L L L L L
-8 -6 -4 -2 0 2 4 -06 -04 -02 0.0 0.2 0.4 0.6 0.8
Sgrs (x10%) Fpa (x10%)

« 2nd non-SM best fit: {0g;5. 6grs» Ksa» Ksz} = {—3.84,-5.19,-0.105,-0.980} x 10~
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Squared items contribution

Extra off pole measurement

Z pole + 240 + 360 GeV
6F : : : : — ‘ ‘ ‘ ‘
4 ] 0.5¢
2f ]
= of 1 £ oo
= E
= x
s -2r 3
< 3
~050
_4f ]
—68% CL — 68% CL
-6 —95% CL 1 Lol —95% CL ]
-8k . . . . L4 ‘ ‘ . .
-4 -2 0 2 4 —0.2 0.0 02 0.4
Sgry (x10%) Fpa (x10%)

* Squared terms of the dipole contributions play important role in the full fit.

* Including more off pole measurement:
= may be minor contribution in the linear fit,
= help to lift the 2nd non-SM best fit point.
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x° constrain analysis

1 o bound and correlation matrix p (effective coupling)

Z pole + 240 GeV
Linear fit Correlation p Full fit
lobound (x107%) &g, Ogrs Ksz  kpq | 1o bound (x107%)
0gLp +2.66 1 [-5.34,1.87]
Sers +3.17 0919 1 [-7.94,2.32]
Kpz +0.621 0975 0.914 1 [-1.41,0.398]
Kpa +0.249 0.804 0.784 0.868 1 [-0.228, 0.228]
Z pole + 240 GeV + 360 GeV
Linear fit Correlation p Full fit
lo bound (x107™*)  Sg1,  Sgrs Koz Kpa | lobound (x107%)
ogLp +2.64 1 [-2.58, 1.50]
0Zrp +3.15 0918 1 [-3.30,2.10]
Kbz +0.616 0.975 0913 1 [-0.624, 0.304]
Kpa +0.247 0.803 0.783 0.868 1 [-0.126, 0.168]

1
*x =3y (c,- - c?) crl.j’.2 (Cj - cj(.’), where o-l.j’.2 = [(5Cipg/5cj] [1411.0669]

Bottom EW dipole operators at future lepton colliders

oze Tan (DESY & FDU)



x° constrain analysis

1 o bound and correlation matrix p (in Warsaw basis)

Z pole + 240 GeV
Linear fit Correlation p Full fit
1o bound (x1072) (c“’ (3>) e s cow | 1o bound (x1072)
i+ e +0.877 1 [-1.76, 0.617]
Ci £1.05 0.919 1 [-2.62, 0.765]
Cop £6.82 0.933 0.887 1 [-9.90, 5.10]
oy £6.17 0.978 0.908 0938 1 [-17.0, 3.75]
Z pole + 240 GeV + 360 GeV
Linear fit Correlation p Full fit
1o bound (x1072) (d” (3>) e ¢ caw | 1o bound (x1072)
(i +can +0.871 1 [-0.851, 0.495]
Ci +1.04 0.918 1 [-1.09, 0.693]
o +6.76 0.932 0.887 1 [-4.80, 3.75]
Cow +6.13 0.978 0.907 0939 1 [-7.20, 2.80]

=Yy (@i - a?) o2 (c] - cj) where o7

i [(Sc,p,,éc]] [1411.0669]
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Recall the LEP Ag’é’ discrepancy
Linear dependence

20 ; 30
/ ; <l
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— Ay
= Z 10
% %
s R
s 5
<1
—R, -10
o
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15 —R,
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*Constraints from LEP in {kpz, g1} and {«pz, 6grp} plane individually here.
*Existing problem: |kpz| ~ 0.001 to generate such Ag‘é’. Assuming cpw, cpp ~ 1/167% = A < 102 GeV...
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Summary

¢ SMEFT & dipole
* Dipoles are usually overlooked in the analysises (Except the heavy top).
 dim-6 dipole operators might contribute to the Arp inconsistency.

o Future lepton collider offers opportunity to trace Zbb dipole
» Zpole measurements = only flat constraint.
+ Off Z pole measurement = interference of y and Z diagram = closed constraint.
* Quadratic items also give contribution (full fit).
+ All runs are essential: extra off pole measurements lift the non-SM best-fit.

* Our estimation (Z pole + 240 + 360 GeV ):
kypz = [—0.624,0.304] x 1074, kpy = [<0.126,0.168] x 1074 .

® More efforts are needed and in progress
+ Further combined analysis, distributions ...
* More off pole analysises at other future lepton colliders ...

. . 0b 4.
* Appropriate models to contribute such 4 discrepancy...

Thank you!
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Backups

Backups
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x” constrain analysis - backup
Preferred region (linear fit, only interference, in Warsaw basis)

Z pole + 240 GeV

af ] 20F . . ! =

of ]
10+ 1
1 2 oF ]

1
o —68%CL ] —10F —68% CL
— 95% CL — 95% CL

_af ]
L L L L L L L =20k, n n L fa |
-3 -2 -1 0 1 2 3 =20 -10 0 10 20

(chyy + i) (x10%) s (x10%)
Z pole + 240 GeV + 360 Ge

N ] 20F . . ! =

of ]
10+ 1
15 o ]

1
b — 68% CL 1 -10F —68% CL 1
— 95% CL — 95% CL

_af ]
—20t L L L |
-3 -2 -1 0 1 2 3 =20 -10 0 10 20

(clyy + i) (x10%) o (x10%)

*global fit analysis with { (c}_}) + cg)), CHb» CbB» cbW} here and in the next
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Quadratic items contribution - backup
Preferred region (Full fit, in Warsaw basis)

Z pole + 240 GeV
10F 1
ofF ok

cw (x10°)

3 ] ~10p 1

-3t — 8% CL ] ool — 8% CL ]

_af — 5% CL — 95% CL

_st . . . . E| —30b . . . . . a

-2 -1 0 1 -15 -10 -5 0 5 10
(ciph + i) (x10%) s (x10°)
2nd non-SM best fit: { (c[}) +¢3)), cun, com, cow) = (~1.24,-1.67,~7.60,~11.0} x 1072
zZ pole + 240 + 360 GeV
2p T T T " " j S 10F T T T 3
1+ 50

—68% CL — 68% CL
—10F 1
_af —95%CL —95% CL
~15h d
-20 -15 -10 -05 00 05 10 15 T 5 0 5
(chyy + i) (x10%) o (x10%)
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Backups

‘Céﬁ) S WXH (7) — $2H2D
Qew | (o™ e ) HW, W @B,
"

z: E UT)H;BHG @ (HTiELH)a‘pawr)

Quw (@ u ) TS, sz (HT’LiuH)(EP'YMCT)

Qus (zj,,a“”u,.)f{ B, Q (HTi D uH)(‘jp’Y“(Ir)

Qic | (Go"Td,)H G, Qi (H D L) (G0 % ,)

Qaw (qpo*dy)a' H W}, Quu (HTi?#H)(ﬁp'y“ur)

Quz | @o"d)HB,, Qua | (H'D H)(dn"d,)
Quua+ hoc. | i(H'D,H)(@py"d,)

[arXiv:2012.11343]

Dipole operators of dim-6 SMEFT in the Warsaw basis.
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Global SMEFT fit

Higgs couplings

Vff couplings Higgs couplings

Vff couplings

precision reach on effective couplings from SMEFT global fit

[miiHc s« LEPSLD EPC Z;00/WWy/240GeV 2

C
bt i oot s | I CEPG ~S80ee0.
Free H Widh

SSDGev,p
-\LC +1TeVy

no H exotic deca W FCCco 436

107"
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3

LIC +15TeV 5
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o e
zL ZR

imposed U(2) in 182 gen quarks

6931

[arXiv:2206.08326]
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EWPOs FCC-ee

Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380

Aa(mz)™ (x10%) | 17.8* | 17.8* 3.8 (1.2) 17.8°
Amy (MeV) 120 |05 (24) 0.25 (0.3) 0.35 (0.3)

Amy (MeV) 21* | 0.7 (0.2) 0.2 0.004 (0.1) | 0.005 (0.1) 2.1*
Amy (MeV) 170 14 25 (2) 5.9 8
ATy, (MeV) 42° 2 1.2 (0.3) 1.8 (0.9)

AT (MeV) 23° | 1.5(0.2) 0.12 0.004 (0.025) | 0.005 (0.025) | 2.3

CAA(x10% | 1900 |14 (8) | 158 | 07 |
AA, (x10%) 1500 | 82 (4.5) 3(8) 2.3 (2.2)

AA; (x10%) 400" | 86 (4.5) 3(8) 0.5 (20)
A4, (x10%) 2000* | 53 (35) 9 (50) 2.4 (21)
AA. (x10%) 2700° | 140 (25) | 20 (37) 20 (15)

Aol (b)) | s | | 0ms@ | 005() 37
OR. (x10%) 24* | 05(1.0) | 0.2(0.5 | 0.004(0.3) | 0.003(0.2) 2.7
SR, (x10°%) 16 |05 (10)| 0.2(02) | 0.003 (0.05) | 0.003 (0.1) 2.7
SR, (x10°%) 22° | 0.6(1.0) | 0.2(0.4) | 0003 (0.1) | 0.003(0.1) 6
SRy (x10°) 3.0° | 0.4 (L0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) 18
OR.(x10°%) 17" |06 (5.0) | 0.2(3.0) = 0.015 (1.5) 0.02 (1) 5.6

Table 3: EWPOs at future ete™: statistical error (experimental systematic error). A

FCC-ee /s [GeV] | Final state | £ "] | o (1] Arp e ] | e
et 77330.4+3.87 | 0.9640.00001388 | [0.9,09) | 0.98
ot 1870.84£0.612 | 0.52140.000279 | [-0.95, 0.95] | 0.98
240 st | 5000 | 1589.1540.564 | 0.506+0.000306 | [0.9,0.9] | 0.9
@ 93.38+0.1367 | 0624000115 | [0.9,0.9] | 0.03
t 275.64:£0.235 | 0592:60.000687 | [09,09] | 0.15
et 322154472 | 0957£0.0000399 | [0.9,09] | 0.98 )
ot ST | 048540000803 | [0.95, 0.95] | 0gs  [AX1v:2206.08326]
365 7ot | 1500 | 669.1140668 | 0473000088 | [0.9,0.9] | 09
@ 3811401504 | 0.595£0.00336 | [0.9,09) | 003
t 105.1240.2647 | 0.603£0.00201 | [0.9,0.9] | 0.15
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EWPOs CEPC

Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380

Aa(mz)™ (x10%) | 17.8* | 17.8* 3.8 (1.2) 17.8°

Amy (MeV) 120 |05 (24) 0.25 (0.3) 0.35 (0.3)
Amy (MeV) 21* | 0.7 (0.2) 0.2 0.004 (0.1) | 0.005 (0.1) 2.1*
Amy (MeV) 170 14 25 (2) 5.9 8
ATy, (MeV) 42° 2 1.2 (0.3) 1.8 (0.9)
AT (MeV) 23° | 1.5(0.2) 0.12 0.004 (0.025) | 0.005 (0.025) | 2.3

CAA(x10% | 1900 |14 (8) | 158 | 07 |
AA, (x10%) 1500 | 82 (4.5) 3(8) 2.3 (2.2)

AA; (x10%) 400" | 86 (4.5) 3(8) 0.5 (20)
A4, (x10%) 2000* | 53 (35) 9 (50) 2.4 (21)
AA. (x10%) 2700° | 140 (25) | 20 (37) 20 (15)

Aol (b)) | s | | 0ms@ | 005() 37
OR. (x10%) 24* | 05(1.0) | 0.2(0.5 | 0.004(0.3) | 0.003(0.2) 2.7
SR, (x10°%) 16 |05 (10)| 0.2(02) | 0.003 (0.05) | 0.003 (0.1) 2.7
SR, (x10°%) 22° | 0.6(1.0) | 0.2(0.4) | 0003 (0.1) | 0.003(0.1) 6
SRy (x10°) 3.0° | 0.4 (L0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) 18
OR.(x10°%) 17" |06 (5.0) | 0.2(3.0) = 0.015 (1.5) 0.02 (1) 5.6

Table 3: EWPOs at future ete™: statistical error (experimental systematic error). A

CEPC /5 [GeV] | Final state | £[b] o (] Arp e o] | e
emet 77330.441.937 | 0.9620.00000694 [-().‘L [).‘l] 0.98
H ut 1870.8440.306 | 0.521+0.0001395 . 0. ‘J.')] 0.98

240 o7t 5000 | 1589.15:0.282 | 0.5060.000153 [-0.9, 0.9 0.9
8+0.0683 0.62+0.000574 [-0.9,0.9] |0.03

@

b 275,640,174 | 0.592£0.0003434 | 0.9, 0.9] | 0.15
eet 35147.945.85 | 0.957+0.0000482 | [-0.9,0.9] | 0.98 .
ot 81018409 | 0.4885£0.00097 | [0.95, 0.95] | 0.08 [ArXivi2206.08326]
360 et 1500 | 688.17+£0.83 | 0.474+0.001061 | [09,09] | 0.9
@ 30.22:40.198 | 0.596+0.004056 | [-0.9,09] | 0.03
3 108.33+0.320 | 0.6020.002425 | [0.9,09] | 0.15

Bottom EW dipole operators at future lepton colliders



x? constrain comparison - backup

Present Z pole data (PDG) vs Z pole estimation in the future
*(analyze individually for 6g;, — 6grp and Cpp — Cpyy only in this page)

0.008
0.0002
0006 AL, Ay combingd
0.0001
0.004
£ 0002 £ 00000
0.000
~0.0001 CEPC Z pole
~0.002
68% CL
~0.004E, , , , h \ -0.0002F, | , , :
-001 000 001 002 003 004 -00010  -00005 00000 00005 00010
8rp DY

. CEPC Z pole
68% CL PDG Z pole 68% CL
= -2 0 2 ) ~05 00 05
Cas B

Flat constraint only = We need off Z pole run for combined analysis.
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