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EW precision fit

® Electroweak precision fit offer a very powerful handle
on NP behind the EWV sector.

® No free SM parameter after the Higgs discovery.

® The precise measurements of the top,W and H masses
at the LHC have improved the power of the fit.

® Solid progresses in theoretical calculations of higher-
order corrections in the SM. EW 2-loop and more

® The fit have provided strong constraints on NP.
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In this talk, | will present ...

® the current status of the EWV precision fit in the SM;

® our projection of model-independent constraint on
NP for the CEPC era.

Numerical results in this talk have been obtained with

the HEPfit code.
fit
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® HEPAit is a framework for calculating various
observables (EWPO, Higgs, flavor...) in the SM and in
its extensions and for constraining their parameter
space with a global fit.

http://hepfit.romal.infn.it

|
mflt home developers samples documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models.

22222

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
HEPfit can be used to study Electroweak precision observables The Flavour Physics menu in Dynamics beyond the Standard
Higgs couplings and analyze data are included in HEPfit HEPfit includes both quark and Model can be studied by adding
on signal strengths. lepton flavour dynamics. models in HEPfit.
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http://hepfit.roma1.infn.it

® HEPAit is written in C++, supporting MPI parallelization.

® Dependencies: ROOT, GSL, Boost header files
Bayesian Analysis Toolkit (BAT) «— optional

T Beaujean, Caldwell, Greenwald, Kollar & Kroninger

BAYESIAN

® HEPfit will be made available to the public under GPL.
http.//hepfit.roma1i.infn.it

® Working developer versions, requiring NetBeans IDE,
are always available through github.

https.//github.com/silvest/HE Pfit
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https://github.com/silvest/HEPfit
http://hepfit.roma1.infn.it

Models

config file [ /\

SUSY ) (2HDM | [  Effective
Lagrangian

your model]

your observable]

' ThObservabIe

(base class)

histograms

Predictions (&j [»
Br(B — X '7)]

Bayesian Analysis Toolkit

® a stand-alone program to perform a Bayesian statistical analysis.
® alternatively, a library to compute observables in a given model.
(libHEPfit.a and HEPfit.h)

® add user’s favorite models and observables as external modules.
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Special thanks to Jorge de Blas to make the results in this talk
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EW precision observables (EWPO)

Mw, I'w and ~10 Z-pole observables
(LEP2/Tevatron) (LEP/SLD)

® Z-pole ob’s are given in terms of effective couplings:

e —
_ I I
L = 2Sur Coy Z,f (gv')’u — 9A7u75) f
2Re (g{//gffx)
AV = A; = 0.f _ 3 _
LR f L4 [Re (gf/gf>}2 AFB — 4AeAf (.f —«ea C, b) f/ f
v/9a ) gt dv/9a
PP = A 0 = [1 o (gg)]
72
Ty =T(Z— ff) o« |gh” ||*¥| R+ R}
ga gf g.f
0 127 I‘eI‘h 0 Fh 0 c.b v A
E*I‘Zao'h_ ) 5 v Ay = 7Rcb:
MZ FZ h
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Experimental data

® Very precise measurements of the W & Z boson
properties at e+ e- colliders:

0 . 2 plept 0 Z-pole obs.
|
0.002% 0(0.1%) — O(1%)

WV obs.
Mw, I'w (LEP2)

0.04% 2%

® Measurements at hadron colliders (Tevatron & LHC):

~ 0.4% 0.1% 0.020% (CDF + DO0) 0.14% (CDF + DO0)
0.024% (ATLAS) 0.16% (ATLAS)
0.23% (CMS)
® Gr, o are fixed to be constant. 0.46% (LHCD)
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Theoretical status

® EWPO have been calculated with full EW 2-loop
+ leading 3- & 4-loop corrections.

See talks by Fulvio Piccinini & Ayres Freitas

Mw [MeV] Tz [MeV] RY[107%] R? [1075] sin?6P* [10~°]

Exp. error 12 2.3 250 66 160
Th. Error 4 0.4 60 10 45

M.Awramik, et al., hep-ph/03 11148
A. Blondel, et al., 1809.01830

Theory errors from missing higher-order corrections
are safely below current experimental errors.
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EW precision fits

-. PDG (Erler et a—l) http://www.fisica.unam.mx/erler/GAPPP.html|
GAPP (Global Analysis of Particle Properties)

MSbar scheme & frequentist
® Gfitter group

Gfitter (Generic fitting package)  hupi/gfitter.desy.de f|tter
on-shell scheme & frequentist

® Our group

HEPfit nttosnepfitromat.intn.it

on-shell scheme & Bayesian

® and many other groups ....
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EW fit in the SM

input parameters

as (Mz)
Measurement Posterior Prediction Pull N (M2)
0.1180 + 0.0010 0.11800 + 0.00094 0.1180 + 0.0029 0.00 ™
0.027611 £ 0.000111 0.027576 &+ 0.000106  0.02720 + 0.00038 1.0 mH
91.1875 + 0.0021 91.1882 £ 0.0020 91.2005 + 0.0091 —1.4 My
172.8 £ 0.7 173.18 £ 0.66 176.27 + 1.97 —1.7 'y
125.13 £+ 0.17 125.13 £+ 0.17 96.78 1 18.23 1.6 o
zZ
Mw [GeV] 80.379 £ 0.012 80.3621 £ 0.0057 80.3570 £ 0.0065 1.6 r,
I'w [GeV] 2.085 £ 0.042 2.08854 + 0.00059 2.08855 + 0.00059  —0.08 o0
'z [GeV] 2.4952 + 0.0023 2.49458 £ 0.00065 2.49446 £ 0.00069 0.3 Ry
a’% [nb] 41.540 £ 0.037 41.4924 + 0.0077 41.4915 + 0.0080 1.3 A%
R} 20.767 + 0.025 20.7495 + 0.0081 20.7482 + 0.0086 0.7 ol
AL 0.0171 + 0.0010 0.01623 £ 0.00010 0.01622 £ 0.00010 0.9 N (TSLD)
£
PPl =A, 0.1465 + 0.0033 0.14710 + 0.00046 0.14712 + 0.00047  —0.2 A,
A, (SLD) 0.1513 + 0.0021 0.14710 + 0.00046 0.14714 £ 0.00049 1.9 Ay
Ac 0.670 1 0.027 0.66793 + 0.00023 0.66793 & 0.00023  0.08 40
Ap 0.923 + 0.020 0.934753 £ 0.000041 0.934754 + 0.000041 —0.6 Af,f
A%’% 0.0707 £+ 0.0035 0.07369 £ 0.00024 0.07371 + 0.00026  —0.9 e
A%’B 0.0992 + 0.0016 0.10313 + 0.00032 0.10315 + 0.00034  —2.4 R
RY 0.1721 + 0.0030 0.172210 £ 0.000054 0.172211 + 0.000054 —0.04 R}
RY 0.21629 + 0.00066 0.21586 £ 0.00010 0.21585 + 0.00010 0.7 sin? 6% (Qhad
b ot (QFB
sin? 6Pt (Qhad 0.2324 £ 0.0012 0.231512 £ 0.000059 0.231509 4 0.000059 0.7  sin® 6¢x(TeV/LHC)

—0.3 -3 -2 -1 0 1 2 3

Pull= Z=x2=9th

exp

sin? 6.°P*(Tev/LHC)  0.23143 + 0.00027  0.231512 + 0.000059 0.231516 =+ 0.000060

Posterior: our fit results

Prediction: determined w/o using the corresponding experimental information
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Fit results for the input parameters
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Indirect determinations of the SM input parameters from

the fit are consistent with the measurements.
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Parametric uncertainties

Prediction Qg Aaflz)d M n

My [GeV] 80.3566 + 0.0054 +0.0007 +0.0020 +0.0027 +0.0042
I'w [GeV] 2.08811 + 0.00058 +0.00040 +0.00016 +0.00021 +0.00033
I'z [GeV] 2.49435 + 0.00057 +0.00050 +0.00011 +0.00021 +0.00016
0'2 [nb] 41.4915 4+ 0.0053 +0.0049 +0.0002 +0.0020 +0.0005
sin? HL?t 0.231542 + 0.000047 +0.000003 +0.000039 +0.000015 +0.000022
P}_’Ol = A, 0.14687 4+ 0.00037 +0.00003 +0.00030 +0.00012 +0.00017
A, 0.66783 £+ 0.00016 +0.00001 +0.00013 +0.00005 +0.00008
Ap 0.934739 + 0.000027 +0.000001 =+0.000025 =+0.000010 +0.000005
A%’é 0.016178 £+ 0.000082 +0.000006 +0.000067 +0.000026 +0.000038
AOF’E 0.07356 + 0.00020 +0.00002 +0.00017 +0.00006 +0.00010
A%’]g 0.10296 + 0.00026 +0.00002 +0.00022 +0.00008 +0.00012
Rg 20.7486 £ 0.0062 +0.0062 +0.0007 +0.0003 +0.0003
Rg 0.172206 &+ 0.000021 +0.000019 =+£0.000002 +0.000001 40.000008
Rg 0.215869 + 0.000026 +0.000011 =+£0.000001 =+0.000000 40.000024

Parametric uncertainties are well below the current

experimental errors.
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Key observables in the EW fit

[T N S 68% and 95% probalility contours
QLo | 68% and 95% probability contours O B Eit without M d
F I Fit without M,,, sin’(8,,),(m , and T, o) i it without M,,,im,; and m,_
(% - [[_T] Fit without M,,,, sin’(@_),|and m = 220 |- [[_] Fit without M,, and m,
0.234 ™ [T_T] Fit without M, and sin®(9,_) c - [T Full Fit
- [T Full Fit i |:|:|:| Experimental measurements
" [[_I] Experimental measurements 200 I |
0.233 — B
0.232 180 1~
: \ - !
— 160 —
0231 st _ ‘ ‘ HEPP
_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
80.2 80.3 80.4 80.25 80.3 80.35 80.4 80.45
Mw [GeV] Mw [GeV]

Good consistency of predictions with data

More precision in the CEPC era!?
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Our strategy for CEPC sensitivity study

® Follow the CEPC expected precision in a preliminary
version of CDR, where a part of them needs to be
updated to the latest values.

® Assume that theoretical and parametrical uncertainties
will also be reduced.

® Use SM predictions as central values for future
measurements

® Limits provide future sensitivity to NP
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Expected precision for EWPO

® CEPC expected precision for EWPO in CDR:

Precision Electroweak Measurements at the CEPC Observable LEP precision CEPC precision ~ CEPCruns  CEPC [ Ldt

0.010L-" Current accuracy 7 my 2.1 MeV 0.5 MeV Z pole 8ab~!
m CEPC: baseline and improvegents Iz 2.3 MeV 0.5 MeV Z pole 8 ab™
0.001k | A% 0.0016 0.0001 Z pole 8ab~!
; APl 0.0013 0.00005 Z pole 8ab~!
10-4k ApS, | 0.0025 0.00008 Z pole 8ab~!
; sin? @4 0.00016 0.00001 Z pole 8 ab!
10-5 RY 0.00066 0.00004 Z pole 8 ab!
; R, 0.025 0.002 Z pole 8ab!
1076l | mw 33 MeV | MeV WW threshold 2.6 ab™!
my 33 MeV 2-3 MeV ZH run 5.6ab”"
10-7 , , , N, 1.7% 0.05% ZH run 5.6 ab~"
R A%s Ny

Run at the Z pole (~1012Z) and near the WW threshold (~107 W)

Relative Error

® In this talk, | don’t present global analysis combined
with Higgs data.
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Theoretical uncertainty

Mw [MeV] Tz [MeV] RY [107%] R? [107°%] sin® 5P [1079]
Current exp. error 12 2.3 250 66 160
CEPC error 1 0.5 20 4 10
Current th. Error 4 0.4 60 10 45
Future (w/ O(a®), O(a?a;) and O(aa?a)) 1 0.15 15 5 15
Future (w/ leading 4-loop) < 0.07 <7 <3 <7

M. Awramik, et al., hep-ph/03 11 148
A. Freitas, et al., 1307.3962
A. Blondel, et al., 1809.01830

Theoretical efforts are necessary to match future

experimental precision.
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Expected precision in input parameters

® o (Mz): lattice QCD projection

Sas(Mz) = £0.0010 By Jdas(Mz) = £0.0002

® Aoy (Mz): ongoing and future experiments for

o(eTe~ — hadrons)

sAa®) (Mz) = £0.000111 B §Aa>) (My) ~ £0.00005

® my: HL-LHC
om; = 0.7 GeV E’ om; = £0.4 GeV

cf. Odm; = =17 MeV at FCC-ee

® mp: CEPC (ZH threshold)

dmy = +0.17 GeV c} dmy = +0.0059 GeV
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CEPC sensitivity
Today CEPC

0.235 0.235
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185
) | Fit without M,,,, |m,; and m,| ) | Fit without M,,, m,, afid m_ Q.. = Fit without M,,, m, and m_
(.2. 200 | [I_]] Fit without M,, and m, 9. 220 | [I_]] Fit without M,, and my ‘(.2. " [[_T] Fit without M,, and m,
c - [0 Fun Fit c - [T Fun Fit &£ - [0 Fun Fit
" [_T] Experimental measuremer " [[_T] Experimental measufements e 180 — [[__I] Experimental measurements
200 - | 200 i
I I 175 |-
L | : -------- ws . |
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= - = I
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Oblique parameters

® Suppose that dominant NP effects appear in the vacuum

polarizations of the gauge bosons:
MM11(q%) = 11 (0) 4 ¢* 144 (0) ’V\MGVV\N

(g
ls3(q°) = I33(0) + q° I35(0)
M30(q )=¢'T 3@(0),
Moole’) = ¢ ----'QQ(O) My (¢%) = dlxy (¢*)/dg® for ¢* ~ 0

Three of the above can be fixed by o, Mz, Gz, and the others are

S = —167II,,(0) = 167 [HNP’(O) HNP’(O)}

47

_ NP NP
T = s2 c2 N2 [H (O) H (O)}
W=w-""2 Kennedy & Lynn (89);
U = 167 [Hll\IlP/(O) HNP’(O)] Peskin & Takeuchi (90,92)

® When the EW symmetry is realized linearly, U is

associated with a dim. 8 operator and thus small.
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Oblique parameters Prefjp ..

® EWPO depend on three combinations:

(3 — s%)U
2350
6Tz oc —10(3 — 8s%,) S + (63 — 12653, — 40s5;,) T

5Mw, 5FW x —S -+ 2(3%;‘,T -+

others o S — 4(3%4,8%‘, T

AS, AT ~ 0.01

of. CEPC CDR

EWPT: Oblique Parameters
0.15 A ]

0.10F

0.05}
& 0.00F

~0.05]

~0.10}

0055 ]
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.1

S
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NP in Zbb couplings

L =

SW Cw
g7 — gg?,,Sl\/I +99%, 97 — 9?:,51\/1 + dg;

Zub (95 YuPr + 977, Pr) b

® Z-pole data yield four solutions.

® Two solutions are disfavored
by the off Z-pole data for

AFBDb.

Choudhury et al. (2002)
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L L1 L1 1 1 l [ |
-0.02 0 0.02 0.04

0.06 -0.02 0 002 004 006
b b

d d
9, 9

® The current fit shows a deviation from the SM due

0,b
to Apg.

® In the CEPC plot, the precision of A, is not updated.

cf. Gori, Gu & Wang, 1508.07010
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More general analysis (SMEFT)

® LHC suggest that the NP scale is well above the EW
scale.

® Consider an effective theory built exclusively from the
SM fields with the SM gauge symmetries.

SU(S)C X SU(Z)L X U(].)Y

Standard Model Effective Field Theory (SMEFT)

® Contributions from higher-dimensional operators are
suppressed by powers of the NP scale.

4 1 5 5 1 6 6 1
L=Lin+ > CY0%Y + 53 C )O§)+O<F)
i J
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EFT approach

Pros:
® Model-independent

® Systematic power counting

® Correlations among observables are induced by gauge-
Invariant operators.

E* Useful guide to look for NP effects

® Constraints on the Wilson coefficients will give us clues
for constructing the UV theory.

Cons:

® Too many operators in general.

® EFT analyses cannot capture the stronger correlations
among operators that may arise in specific NP models.
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59+ dim-six operators in Warsaw basis

X3 H® and H*D? Y2 H?3
O¢ fABCGAYGPPGSH || On (HTH)3 O (H'H)(LeH)
Og | fABCGAYGErGSr | Onp (H'H)O(H'H) Oun (H'H)(QuH)
Ow | eVKWI'wJewKn | Oyp | (HID*H)" (HID,H) | Ouu (H'H)(QdH)
Ow | TEWIvwIewKn
X2H? V2XH Y2H2D
One | HIH)GA G | 0wy | (Loweyriaw?, || 0% | (H'iD, H)(Ly L)
One | (HYH)GA G | O.p (Lo*e)HB,,, o (HHB:{ H)(LTIy*L)
Opw | (HTHYWI Wiw || O,c | (Qo*T4Au)H G4, Ome (HHB” H)(&v"e)
Oww | HH)WLWW | Oy | (QowwrHW, | 08} | (H'iD, H)(QvQ)
Oup | (H'H)BuWB® | Oup | (Qo™w)HB,, | 0% | (HIiD!H)(@r'v"Q)
Onp | (HUH)BuLB™ | Ouw | (QeWTAYHGE, | Omu | (HYD,H) (@)
Opwe | (HITTH)WI B# | Ouw | (Qod)r"H W], Ona | (H'iD, H)(dvy"d)
Ouwg | HITTHYWL B* | Oup (Qo**d)H B, OHud i(H'D, H)(uvy"d)
(LL)(LL) (RR)(RR) (LL)(RR)
Orr (LyuL)(LA*L) Oece (evue)(evte) Ore (LyuL)(&v*e)
05 (@7.Q)(@Q) O (wyuw) (@yu) | Opu | (DyuD)(@y™u)
050 | (QUT'Q)(@y11Q) || Ou (dyud)(dy*d) Ora | (LyuL)(dy*d)
ol (L7 L) (@7 Q) Ocu, (Evue) (@ u) || Oge | (QuQ)(Er e)
0% | TwrL)(@yr1Q) | Oea (Evue) (dy"d) o5 | (QVuQ)(wy u)
oS (@yuu)(dyrd) || OF) | (QvuTAQ)(ay*T4w)
O8) | (@ TAu)(dy*TAd) | 05) | (QvuQ)(dv*d)
O5) | (QruTAQ)(dv*TAd)
(LR)(RL) and (LR)(LR) B-violating
OLeaq (L7e)(dQ7) Oauq e ey, [(d*)TCuP] [(Q*)TCL¥]
Obaqa | (QIwen(@ d) | Oqqu 21, [(Q)TCQPH] [(u7)TCe]
Ognaa | (@TAu)e;(QFTAd) | 05 e*PVejremn [(Q)TCQPF] [(Q™)TCL™]
OF 20 (Lie)e;n(Q u) O5ha | V(1) ji(T7)mn [(Q9)TCq®] [(Q"™)TCL™]
000 | (Loume)ejin(Q o u) | Oguu 287 [(d*)T CuP] [(u)TCe]
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Grzadkowski, Iskrzynski, Misiak & Rosiek (10)

® |0 CP-even op’s for EWPO.

® To avoid dangerous FCNC,
we assume flavor universality.

(Alternatively, MFV may be assumed.)

® Other choices of the basis
are possible.

direct connections to observables
operator mixing in the RG running

See, e.g., Giudice et al. (07); Contino et al. (13)
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Dim-six contributions to EWPO

Onws = (H'T'H)W! B* — S parameter (W3-B mixing)

Oup = (H'D*H)*(H'D,H) | — T parameter (Mz)
Orr = (LyuL)(Ly"L) B ,

(3) o g — Fermi constant
Opr = (H"W D, H)(LT'y*L) -

04, = (H'i'D ,H)(I+*L) i

O\y = (H'i'D ,H)(Q"Q)

One = (H'i'D . H)(er"er)
Ok = (HT’L’(E)MH)(ER')/“UR) s Right-handed Z f f
Ona = (H' D ,H)(dry"dr)

® There are two flat directions in the fit.  See g, Han & skiba (05)
®» switch on one operator at a time
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Expected sensitivities at CEPC #rej .

Iln /

n

T ——————LL.ly %
Today

- . -
N BN CEPC -+ current th. + par. errors e
Sr CEPC + improved th. + current par. errors | —
n B  CEPC + current th. + improved par. errors | —
30 :_ ...................................... CEPC + improved th. + par errors _: 30
> C ]
O 25— —25
=k -
ok _

S 20— —20
AN _
O 15 115
~ B _
< 10— 110

5 45
ob g

O O O3 O OO 0% OO Ov O
wg D gl o g 8¢ 9%  tu  sa M

® Improvements of th.and par. errors are highly desirable.

® NPscale>3to 10TeV ® >8to29TeV
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Ultimate sensitivities at CEPC  #rej

el’n.
EEEEEEAEEREEENE————————————————
60 60 awy'

B 7 Today _
n CEPC .

SR BB CEPC (noth.errors) | 7.
— e CEPC (no par. errors) -
B B CEPC (no th.+ par. errors)|

;I QO Tl el —40
o B |
= F HEP[TT ]

.k _

% SOl e 30
> L |
o L :

20 ... ... - - B 20
~ — —
< [ -

1 O :_ ...... : 1 O

0 0

O oD O3 O OO 0% OO Ov O
g D g o g 8¢ 9%  tu  sa M

® “CEPC” = “CEPC + improved th. + par. errors” in the previous slide.

® “CEPC” sensitivity is limited somewhat by the precision of 1, .
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Summary

® The current EW precision fit shows a good agreement with
the SM predictions at the 2-loop level, and gives strong
constraints on NP at the TeV scale.

® We have investigated CEPC sensitivities to NP:
AS, AT ~ 0.01
A(8g3, 1) ~ 1074

A/+\/|c;| > 8 to 29 TeV

® To achieve these precisions, the reduction of the theoretical
uncertainties are highly desirable.

® We will update our fits with the latest CEPC errors in CDR.
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