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Overview

» EFT fit v1.0 (CEPC CDR) based on [arXiv:1704.02333] Durieux, Grojean, JG, and Wang,
[arXiv:1711.03978] Di Vita, Durieux, Grojean, JG, Liu, Panico, Riembau, and Vantalon
> Higgs +aTGCs (anomalous triple gauge couplings)

» Z-pole, W mass, width and BRs all assumed to be perfectly SM-like.
» Simple binned analysis to extract aTGCs from et e~ — WW.
> Indirect probes on the triple Higgs coupling.
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Overview

» EFT fit v1.0 (CEPC CDR) based on [arXiv:1704.02333] Durieux, Grojean, JG, and Wang,
[arXiv:1711.03978] Di Vita, Durieux, Grojean, JG, Liu, Panico, Riembau, and Vantalon
> Higgs +aTGCs (anomalous triple gauge couplings)

» Z-pole, W mass, width and BRs all assumed to be perfectly SM-like.
» Simple binned analysis to extract aTGCs from et e~ — WW.
> Indirect probes on the triple Higgs coupling.

» EFT fit v1.5 (progress made after CDR)
based on [arXiv:1907.04311] De Blas, Durieux, Grojean, JG, Paul
> Higgs + EW (+ aTGCs)

> Realistic Z-pole, W mass, width and BRs measurements.
» Optimal observable analysis for et e~ — WW, full EFT parameterization.
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Overview

» EFT fit v1.0 (CEPC CDR) based on [arXiv:1704.02333] Durieux, Grojean, JG, and Wang,
[arXiv:1711.03978] Di Vita, Durieux, Grojean, JG, Liu, Panico, Riembau, and Vantalon
Higgs +aTGCs (anomalous triple gauge couplings)

>
» Z-pole, W mass, width and BRs all assumed to be perfectly SM-like.
» Simple binned analysis to extract aTGCs from et e~ — WW.
> Indirect probes on the triple Higgs coupling.
» EFT fit v1.5 (progress made after CDR)
based on [arXiv:1907.04311] De Blas, Durieux, Grojean, JG, Paul
> Higgs + EW (+ aTGCs)

> Realistic Z-pole, W mass, width and BRs measurements.
» Optimal observable analysis for et e~ — WW, full EFT parameterization.

» EFT fit vi.6?
» Towards a realistic et e~ — WW analysis.

» A hypothetical 350/360/365 GeV run? (Top operators, triple Higgs coupling, ..)

» EFT fit v2.0? (CEPC TDR)
> Higgs + EW + Top? (see also Junping’s talk)

> 1-loop contributions: triple Higgs coupling, top couplings, others?
> Dimension 8 operators?
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EFT fit v1.0 (Results in the CDR)

precision reach of the 12—-parameter EFT fit (Higgs basis) » See also the CEPC nggs
J I LHC 200/3000 " Higgs + LEP o'e™»WW whitepaper [arXiv:1810.09037].
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What’s new in v1.5?

» Z-pole & W mass/width/BR:
perfect = realistic (CEPC)!

> Higgs+aTGCs (12 parameters)
= Higgs+aTGCs+EW (28 parameters)
(impose U(2) on 1st and 2nd generation quarks, exclude Zit of > ot
and Wib couplings) >(/ é‘——; >‘W >

» Important for constraining the hZet e~ e S h o

contact interactions.

» An improved diboson (ete™ — WW)
analysis.

» Going beyond the TGC-dominance g
assumption. M ,
> Binned analysis = optimal observables & B S W
)

(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann

» Still an idealized theorists’ analysis...
(no background, no systematics...)

» Updated (much better) HL-LHC Higgs measurements.
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How to present the results

> Results depend on operator bases, conventions, ...

» Higgs basis: Define parameters in the broken EW phase so we can interpret
them as Higgs couplings.

» Or present the results in terms of effective couplings?
([arXiv:1708.08912], [arXiv:1708.09079], Peskin et al.)

» Make your EFT look as much like “x” as possible...

> g(hzZZ), g(hWW) are defined at the scale of the relavent Higgs decay.
9(hZ2) < \/T(h— ZZ), g(hWW) < /T(h— WW).
> Intuitive, can be interpreted as “Higgs couplings.”

> Gives you the illusion that you understand the results...

» Current choices: Present the results in terms of both the effective
couplings and the reach on A/,/|c;| of dim-6 operators.
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CEPC EFT fitv1.5

precision reach of the full EFT fit (effective couplings and aTGCs)

B HL-LHC S1/S2 + LEP/SLD
B CEPC, without/with HL-LHC S2 + LEP/SLD
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CEPC EFT fitv1.5

95% CL reach from the full EFT fit

10%—{ M HL-LHC S1 LEP/SLD included| —
W HL-LHC S2 for all scenarios
Il CEPC only
M CEPC + HL-LHC S2
Tight shade: Indvidual fit (one operalor at a ime)|
solid shade: global fit
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D6 operators

On = 5 (8ulH?)?

Oww = @2[H2W;,, Worv
Ogg = ¢ |H|*B,. B

Onw = ig(D*H)To?(D" H) W2,
Onp = ig (D*H)' (D H)B,u

Oge = Gs|H° G}, G

Oy, = YulH?qHug + h.c.  (u—tc)
Oyy = YalHI?q Hdg + h.c.  (d—b)
Oy, = YelH|*I.Heg + h.c. (e — 7, 1)

1
Oszw = 579€apc W ng ween

Ow = 9(Hlo*D,H)D" WA,

Op = 9 (H' D, H)5”B,..

Ows = ggMoaHMUB“"
Or = 3 (H D;H*
Ope = (L) Lryubl)

O = iH D HE 10,
0L, = it o@D, HE oy e,
OHe = iHf MHéFry“eR

Opg = iH D,.Haiv"a
Oy = ”’ﬁUa‘D_;/'@LUa’Y“QL

Oy = I‘HTH:HUH’YV’UR
oHd = I‘HTHZHHH’YV’C]R

» SILH’ basis (eliminate Oww, Ows, Ore and Of,)
» Modified-SILH’ basis (eliminate Oy, Og, Oxe and Of,)
» Warsaw basis (eliminate Oy, O, Opw and Oyg)
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Plans on a realistic e"e~ — WW analysis

current work, JG, Lingfeng Li, Shugi Li, Zhijun Liang, Mangi Ruan, Dan Yu, and Yudong Wang

» LOI sent to Snowmass EF04

» Impacts of systematics on the
use of Optimal Observables

> ISR, beamstrahlung effects
> Jet energy resolution

» Reconstruction of the
neutrino momentum

» Machine learning everything in
the end?

Snowmass2021 - Letter of Interest

Probing new physics with the measurements of
e"e” — W*TW~ at CEPC with optimal observables

Thematic Areas: (check all that apply (/)

(0 (EFO1) EW Physics: Higgs Boson properties and couplings
(0 (EF02) EW Physics: Higgs Boson as a portal to new physics
(3 (EFO3) EW Physics: Heavy flavor and top quark physics

M (EFO04) EW Precision Physics and constraining new physics
(0 (EF0S) QCD and strong interactions: Precision QCD

(0 (EF06) QCD and strong ineractions: Hadronic sructure and forvard QCD
0 (FO7) QCD and strong ineractions: Heavy fons

(0 (EFUS) BSM: Model specific explorations

0 (EF09) BSM: More general explorations

1 (EF10) BSM: Dark Mater at collders

Contact Information:
Jiayin Gu [jiagu @uni-mainz.de]

Authors:
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Abstract:

We propos a the CEPC in
the effective-ield-theory framework. We plan to implement the method of optimal observables to extract

cortesponding dimension-six operators. The impact of systematic uncertainties due to detector resolutions
d ects wil el




Impact of a 350/360 GeV run

precision reach of the full EFT fit (effective couplings and aTGCs)

- M e*e collider up to 240GeV, without/with HL-LHC S2 + LEP/SLD ]
+0.2/ab@350GeV + 0.2, 0.5, 1, 2 /ab@360GeV
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» Measurements at 350/360 GeV provides additional handles on the
anomalous couplings (e.g. hZ"Z,, vs. hZ""Z,, ).

» Also improves the measurements of aTGCs.
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Triple Higgs coupling [arXiv:1711.03978] Di Vita, Durieux, Grojean, JG, Liu, Panico, Riembau, Vantalon
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» A3 contributes to 1H processes
at 1-loop.

» 35% precision on A3 from
inclusive o(hZ2) at 240 GeV,
assuming all other couplings
are SM-like (cepc cpR).

» Measuring hZ at a different
energy (e.g. 365 GeV) is very
helpful in a global fit!

JGU Mainz
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Triple Higgs coupling at circular colliders (amxiv:1711.03078)

precision on 6k, from EFT global fit

3.0
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Triple Higgs coupling (Higgs@FutureColliders WG, [arXiv:1905.03764])

Higgs@FC WG September 2019
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Top EFT [arXiv:1807.02121] Durieux, Perell6, Vos, Zhang

» Also need to include top dipole

Ob=% @' ¢'iDup,  Ouc =mgs GTA0Mu epGA . .
L = e interactions and eett contact
03, =Y griykg wfzﬁlgo Ouw = Yigw qrio*u ep*W}
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Top operators in Ioops [arXiv:1809.03520] G. Durieux, JG, E. Vryonidou, C. Zhang

precision of top operator coefficients (global fit, Ax?=1)

W HL-LHC circular colider with unpolarized beams
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precision of the Higgs parameters at CC (global fit, AX2:1)

precision reach on the top Yukawa coupling
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» Higgs precision measurements have sensitivity to the top operators in

the loops.
> But it is challenging to discriminate many parameters in a global fit!

» HL-LHC helps, but a 360 or 365 GeV run is better.
Indirect bounds on the top Yukawa coupling.
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Top operators in loops

precision of the Higgs parameters at CC (global fit, Ax?=1)

CC 240GeV circular collider with unpolarized beai El
C 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0. 2/ab)+365GeV (1.5/ab)]
OC muBIRECe S0l shade: al iop parametors setto zore |1
c =
Kl
2
(53
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1074 — — — L L >
6Cz Czz €z Ty CTzy CTgg Oy OY. Oy, Oy, Oy, Az Sky10
_ D.SQ
» Op = (Qo*"t) B, + h.c. is not very well o2
constrained at the LHC, and it generates
dipole interactions that contributes to the hy~y
vertex.
-0.2] b T
» Deviations in hy~ coupling = run at R
. -04 -0.2 0.0 02 04
~ 365 GeV to confirm? Ca
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Dimension 8 operators?

v

Neutral TGCs in Zy/ZZ [arxiv:1902.06631, 2008.04298], Ellis et al.
> See R.-Q. Xiao’s talk earlier today.

Think beyond TGC: Dim-8 operators also generate contact interactions
with +— final state helicities!

“Golden channel”: ete™ — v
> (current work, JG, C. Zhang and L.-T. Wang)
» SMxd6, d62, 1-loop SMxd6 are either vanishing or suppressed...
> Interference with d8 is the leading contribution!

Positivity bounds on d8 operators that generates forward elastic
amplitudes o E*.
> o(ete” = y) > osu(ete” = vy)
(Note: LEP measurement was ~ 1.50 below SM.)

See also [arXiv:2009.02212] Fuks, Liu, Zhang, Zhou for d8 contributions to
the 4e process and the associated positivity bounds.
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Dimension 8 operators? (current work, J, C. Zhang an
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LG 2A5§)((23f\'1 ‘muon collider 10T
2
<
S 0 .allowe
% forbidden
X
<
-2 1k oSSR 1
ILC 250GeV
‘CEPC/FCC 240GeV
0.5F 1
-4
vy 2 ) > " 0.5 1 5 10
an(x10% Vs [Tev]
o = i(if”m(“l)”)l,_ ) B BY,
» Positivity bounds resolve the 0 = ~ A len +he)B .,
i i " O = — (il D ey, + hoe)Wo, o
flat direction between a; and B=-1 v
ap for unpolarized beams. 08 = oD e v neywg, W,

oy = — %(t&m‘mﬂa +he)Bu W,
» Best reach still from high \
energy colliders. ap = % (cos® O cfy) — cos Oy sin Oy iy + sin® Oy i) ) .
vt

8) | o ®
an= 1 (cns2 O %) + sin By ::i&,) R

n Gu (5

Towards v2.0 of the CEPC EFT



Conclusion

» Higgs + EW fit!
> Interplay among Higgs, Z pole and diboson measurements are important.

» Beyond tree level?
> Triple Higgs coupling, top operators.

> Include more contributions?

> nggs + EW + top?
» Hard to resolve the 1-loop contributions of top operators without the
350/360/365 GeV run.

» Hard to resolve the eett contact interactions even with the 350/360/365 GeV
run.

> Not being able to resolve different contributions doesn’t mean we don’t learn
anything...
» Complementarity between circular and linear colliders!

» Beyond dim-6?
» We have sensitivities to some dim-8 operators!
> Global fit impossible?

Jiayin Gu (B 7H) JGU Mainz
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Conclusion
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Conclusion

Note: Obviously EFT is not the only tool to probe new physics at future lepton colliders.

Jiayin Gu (B 7H) JGU Mainz
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“Full fit” projected on the Higgs couplings (and aTGCs)

[arXiv:1907.04311] de Blas, Durieux, Grojean, JG, Paul, see also Higgs@FutureColliders WG report

precision reach on effective couplings from full EFT global fit
HL-LHC S2 + LEP/SLD

N
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» 28-parameter fit, projected on the Higgs couplings & aTGCs.
» Lepton colliders are combined with HL-LHC & LEP/SLD.
» The hZZand hWWW couplings are not independent!
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Z-pole run is also important for Higgs couplings!

[arXiv:1907.04311] de Blas, Durieux, Grojean, JG, Paul

e 2
y Yea( EW/ ])eyfect Evw

L 1o Z-pde

/

69 ﬁz e 69

CEPC FCC-ee
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Reach on the (h)Vff couplings

precision reach on EW couplings from full EFT global fit

W HL-LHC S2 + LEP/SLD

W CEPC Z/WW/240GeV

W FCC-ee ZWW/240GeV

Il FCC-ee Z/WW/240GeV/365GeV

. ILC 250GeV . CLIC 380GeV| light shade: CEPC/FCC-ee without Z-pole
[l ILC 250GeV/350GeV [l CLIC 380GeV/1.5TeV. ; ﬁEZEL?S&LTZ:;‘E;“&%QZ’““”“‘
M ILC 250GeV/350GeV/500GeV | Bl CLIC 380GeV/1.5TeV/3TEV |\ coliiors are combined with HLLHG & LEPISLD

Ple”,e")=(70.8,:0.3) P(e”,6")=(70.8, 0) imposed U(2) in 182 gen quarks
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» (h)Zff couplings are still best probed by future Z-pole runs.

ayin Gu (FIEZ7E)
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Pick your favorite basis!

95% CL reach from the full EFT fit (SILH')
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|CEPC Z/WW/240GeV ILC 250GeV/ CSBDGeVH 5TeV solid shade: global fit
FCC-ee Z/WW/240GeV | Jie ZSDSSV/JSOGE\//SOOGEV .CL\C 380G8VH 5TEV/3T!V

FCC-ee Z/WW/240GeV/365Gev | P(e.6)=(30.8,20.3) 05,0) T ity mponed s gaupe coupings | o of pe rfect EW (Z_po'e’

=
3 o
g 2 .
E z W mass/width/BR).
E :
z 3
» Now we can choose
|\
Oy Ovaw Oss Oy Ors Ocs Oy Oy, O, O, O, Osw Ows Or O Ong Oy Oy Ong Oy any of them...
95% CL reach from the full EFT fit (Warsaw)
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(F:EECP%W\’N ﬂ .}tc %ggGsV/SE)OGN/SOOGeV .CU% gggg:zﬂ ge&/ﬂev 19 shado: gobal t

FCQ o ZMWiz0aevIsesGev | Pla e 1o0B 00 Plo6)=(30.8. 0) e e wepoeat s o soums
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A refined WW analysis using Optimal Observables (OO)

» TGCs (and additional EFT parameters) are sensitive

to the differential distributions! . e
> One could do a fit to the binned distributions of all .
angles. g PSR

> Not the most efficient way of extracting information.
» Correlations among angles are sometimes ignored.

» What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)
» For a given sample, there is an upper limit on the
precision reach of the parameters.
> In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

do
Q- So + Zf:sl,igi:

» The optimal observables are given by O; = o and . L h

Sy
are functions of the 5 angles. [arXiv:1907.0431619]1'tz:|e Blas, Durldux, Grojean )G, Paul
Jiayin Gu (B 7H) JGU Mainz
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How to do a practical OO analysis?

v

In reality, we cannot just simply derive the results!

> ISR effects, jet resolutions, reconstruction of the neutrino momentum, ...
» The 92 that we actually measure can be a bit different from the ideal “parton

ree)
level” one.

v

Apply parton level OO to real events
> The results can be biased, and the bias may take some effort to estimate.

v

Directly construct “detector-level” OOs with numerical methods?
» may require a lot of MC simulation...
> End up with machine learning in the end?

v

Full EFT parameterization: flat directions exist in the WW
measurements, which needs the Z-pole measurements to be lifted.

691,27 6‘%77 )\27 69?1: JQE?F(, 595{//7 5’”W
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Triple Higgs coupling from global fitS (arxiv:1711.03978]

-2

HL-LHC

CEPC
&

FCC-ee|?

CLIC|-

-2

Jiayin Gu (Fi3E74)

bounds on 6k, from EFT global fit
-1 0 1 2

e ‘58%.95%0!‘. bounds, Ie[‘)(on oollidsr‘only
("Il 68%,95%CL bounds, combined with HL-LHC
XXX XXX 88% CI bounds (combined with HL-LHC)
== 68%,95%CL bounds, 1h only

-0.50
-0.90

4060
+1.30

4059
+1.29
4052
11
4037
077
4034
071

4060
+1.29
+0.54
+1.15
4023
+0.45
4019
+0.40

017
033

4028
+1.28
4028
+1.13
4024
+0.80

-021

037
-0.20
037

-047
031

3

14TeV(3/ab), LHC WG report

240GeV/(5/ab) only (CEPC)
240GeV/(5/ab)+350GeV/(200/fb)
240GeV/(5/ab)+350GeV(1.5/ab) (FCC-ee)
FCC-ee with zero aTGCs

250GeV/(2/ab) only
250GeV/(2/ab)+350GeV/(200/fb)
above + 500GeV(4/ab)

above + 1TeV(2/ab)

350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
+Zhh at 1.4 TeV
binned My, in vvhh (4 bins)

-1 0 1 2
6Ky (=22 1)

e

3

(New CLIC projected precision is ~ 10%, see [arXiv:1901.05897] Roloff et al.)
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Triple Higgs coupling from global fitS (arxiv:1711.03978]

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3
e ‘58%.95%0!‘. bounds, Ie[‘)(on oollidsr‘only
"Il 68%,95%CL bounds, combined with HL-LHC
XXX XXX 88% CI bounds (combined with HL-LHC)

== 68%,95%CL bounds, 1h only

HL-LHC|% %) 14TeV(3/ab), LHC WG report
HL-LHC: ~ 50% combing 2 detectors and all channels
& H0%21240GeV/(5/ab)+350GeV/(200/fb)

0371 240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)
3| FCC-ee with zero aTGCs

FCC-ee: ~ 40-50% with runs at 240 GeV & 365 GeV
(With only 0.2ab~! at 350 GeV: ~ 100%) "

FCC-ee|?

A -5 1919/ above + 1TeV(2/ab)
CLIC|?% +0281350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
0 “3B8|, Zhhat 1.4 TeV
o 024 binned My, in vvhh (4 bins)
-2 -1 0 1 2 3
A
Sk (=22 —1)

A (New CLIC projected precision is ~ 10%, see [arXiv:1901.05897] Roloff et al.)




angular observables in ete~ — hZ

v

Angular distributions in e e~ — hZ can provide information in addition
to the rate measurement alone.

» Previous studies
» [arXiv:1406.1361] M. Beneke, D. Boito, Y.-M. Wang
> [arXiv:1512.06877] N. Craig, JG, Z. Liu, K. Wang

v

6 independent asymmetry observables from 3 angles

A61 ) Afbl) ’ Az(bz) ) ‘A<(¢>3) ) ‘A<(¢>4) ) -AC(91,092 .

» Focusing on leptonic decays of Z (good resolution, small background,
statistical uncertainty dominates).

» Optimal observables can further improve the sensitivity.

Jiayin Gu (B 7H) JGU Mainz
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EFT fit v1.0

» Higgs basis (LHCHXSWG-INT-2015-001, A. Falkowski) with the following 12

parameters,

6027 Czz, Cm, C’y'y7 CZ’y’ 0997 5}’17 5}’07 5Yb, 5}’7, 5}/;“ )\Z-

v

The Higgs basis is defined in the broken electroweak phase.

> §Cz 4+ hZ8Z,, Czz > W22, Cz <> hZ,0,2M.

v

v

parameters.

v

Couplings of h to W are written in terms of couplings of h to Zand ~.

3 aTGC parameters (6g1,z 9k, Az), 2 written in terms of Higgs

It can be easily mapped to the following basis with D6 operators.

O = L (aulH?)?
Oww = ¢°|HI> W], W rv
Opg = ¢'?|H|?*B,., B"

Opw = ig(D* H)T o2(D¥ HyWA

Ong = ig' (D" H)T (DY H)By.

pv

Oga = 6; |H]” G, G H

Oy, = VulHI?QuHug + h.c.  (u— t,0)
Oyy = YalHI?QuHdg + h.c.  (d— b)
Oy, = YelH|?L Heg + h.c. (e — 7, 1)
Ozw = %Qﬁab‘:m"%pw”“

Jiayin Gu (Fi3E74)
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