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Particle physics — how did we get here?

SCHRODINGER'S CAT IS

AILA:VIE

» Quantum Mechanics + Special Relativity = Quantum Field Theory !
> Particles can be annihilated and created.
> High energies = heavy new particles.

» Build large colliders — go to high energy — discover new particles!
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The Standard Model is complete!

particles

» Quarks, leptons, Gauge bosons, Higgs.

» Gauge interactions:
SU(3)c x SU(2). x U(1)y

............. L » The Higgs vacuum expectation value (vev)
breaks SU(2), x U(1)yto U(1)em, and gives
particles masses.

nnnnnn
EEEEE

Higgs mechanism
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Higgs and nothing else?

>

v

v

v

The Higgs boson was found at the Large Hadron Collider (LHC) in
2012.

> |ts couplings are consistent with the SM predictions.

Evidences for physics beyond the Standard Model
» Dark matter, Baryon asymmetry, Neutrino masses, Dark energy, ...
» Hierarchy/Naturalness/Fine tuning problem

We haven’t found any new particles!

What’s next?
> Build an even larger collider (~ 100 TeV)?
> No guaranteed discovery!
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A different path

» Build large colliders — go to high energy — discover new particles!
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A different path

» Build large colliders — go to high energy — discover new particles!

do precision measurements — discover new physics indirectly!
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A different path

» Build large colliders — go to high energy — discover new particles!
do precision measurements — discover new physics indirectly!

» Higgs precision measurements
» Measure the Higgs couplings, and see if they agree with the SM prediction.

> Current LHC measurements are not precise enough (=~ 10%).
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A different path

» Build large colliders — go to high energy — discover new particles!
do precision measurements — discover new physics indirectly!

» Higgs precision measurements
» Measure the Higgs couplings, and see if they agree with the SM prediction.

> Current LHC measurements are not precise enough (=~ 10%).

» How do we interpret the Higgs precision measurements?
» Take your favorite model and calculate the modifications to Higgs couplings.

» EFT: Bottom-up approach with general parameterization.
» Why EFT? Well, we have no idea what the new physics is...

» SM + Higher dimensional operators

(6) (8)
C; C:
Lsmert = Lsm + g /’\2 (9,-(6) + E ﬁ(’)j(s) 4
i i

> If A > vand E, then SM + dimension-6 operators are sufficient to
parameterize the physics around the electroweak scale.
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A historical example: weak interaction

» Fermi’s theory of weak interaction

(6) (6)
¢ B c; —g%/2
L= ﬁ(eLfYMVE) (UH,‘Y“I’LL) + h.c. ) ./IXQ = m2W

» An effective 4-fermion interaction at low energy replaced by the SM at
high energy (the electroweak scale).

» Note: We don’t know myy, from the measurement of muon decay!
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A historical example: weak interaction

Fermi’s idea of a “globaltron”
» Fermi’s theory of weak interaction
6" o _ —g/2

L= ——(eryure) 7y pr) + hoc., =
Az T IHTEAT A2 m2,

» An effective 4-fermion interaction at low energy replaced by the SM at
high energy (the electroweak scale).

» Note: We don’t know myy, from the measurement of muon decay!
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Why lepton colliders?

» Higgs (and z, w, top) factory!
> Large statistics, clean environment
= precise measurements!

» EFT is good for future lepton colliders.
> A systematic parameterization of BSM
contributions to Higgs and EW couplings.

> If v < A, leading order contributions are
parametrized by D6 operators.

» Future lepton colliders are also good for EFT!

> High precision, relatively low energy (E < A)
= ideal for EFT studies!

» LHC is ideal for discovery, but ....

» Poor measurements at the high energy tails lead
to problems in the interpretation of EFT...

Jiayin Gu (B 7H) JGU Mainz (=- Fudan U. this Fall)

SMEFT at future lepton colliders



Why lepton colliders?

ﬁﬂ% EE’]WEHTSE EFT VALIDITY,
2T

» Higgs (and z, w, top) factory! —
» Large statistics, clean environment
= precise measurements!

A B! 5 ’E#ﬁ&}e
» EFT is good for future lepton colliders. DirE RREE!

> A systematic parameterization of BSM
contributions to Higgs and EW couplings.

> If v < A, leading order contributions are ]
parametrized by D6 operators. yﬁuinsm:gz?ﬁ%

» Future lepton colliders are also good for EFT!

> High precision, relatively low energy (E < A)
= ideal for EFT studies! KL RERIGEAT
S8, FFTRTEE 7!

y
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» LHC is ideal for discovery, but ....

» Poor measurements at the high energy tails lead
to problems in the interpretation of EFT...
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The Legacy of LEP/SLC

» LEP: circular collider before LHC
SLC: linear collider at Stanford

» Z-factories (LEP ran up to ~ 200 GeV)
» A prediction for the Higgs mass!
» Oblique parameters (S&T), Zff

couplings
» Can be directly connected to dim-6
-0.5 0 05
operators. 1611.05354, de Blas et al. s
1508.07010, Gori, Gu, Wang
6 0,b
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Future lepton (et e™) colliders

» Circular colliders
» The Circular Electron-Positron Collider (CEPC) in China.
» The Future Circular Collider (FCC-ee) at CERN.

> 91GeV(Zpole), ~ 160 GeV(WW), 240 GeV(H) and
350(365) Ge V(.

> Large luminosity.
> A natural step towards a 100 TeV hadron collider.

» Linear colliders
> The International Linear Collider (ILC) in Japan.
The Compact Linear Collider (CLIC) at CERN.
ILC: 250 GeV, 350 GeV, 500 GeV (and possibly 1 TeV).
CLIC: 380GeV, 1.5TeV and 3 TeV.

Can go to higher /s, and also implement longitudinal
beam polarizations.

vy v VY

» Muon colliders, photon colliders... (not covered in this talk)
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Possible timelines of future colliders

W Proton collider

I Electron collider

[ Electron-Proton collider
= Construction/Transformation

Possible scenarios of future colliders

g BAAGI . .. 250 GV Preparation
k3 20km tunnel
8
8 years 9 Ge
2 — e SppC aim similar to FCC-hh
£ m tunnel

1ye
= FCC hh: 150 TeV =20-30 abt

- e
3503656
8 years - 17ab*
150/10/5 ab 11 years
100km tunnel FCC hh: 100 TeV 20-30 ab-!
8 years 15 years.
100 FCC hh: 100 TeV 20-30 ab-1
im tunnel
4 8
E - HL-LHC: 13 TeV 3-4 ab! car HE-LHC: 27 TeV 10 ab!
o
2 6 years |LH v
5 years 7 years
—
11 km tunnel &
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Higgs measurements

o fb]

— Total
b CEPC 2018

250 2o
200~ Total
1501
100
50 e'eWH(WW fusion) ]
200 250 300 350 400
Vs [GeV,

» ete™ — hZ cross section maximized at around
250 GeV.

» e"e~ — vih, cross section increases with energy.

» ete~ — fth, can be measured with /s > 500 GeV.

» ete” — Zhhand ete™ — vihh.

Gu (L ) JGU Mainz (=- Fudan U.

SMEFT at future lepton colliders



EW measurements

» Z-pole ot f
> ~ 10! — 10'2 Zs at CEPC/FCC-ee.
» How many Zs do we really need? >y B
- 7
e

» ete” — WW, threshold scan, or “free data” at
240 GeV and above.

> Wmass, width, branching ratios.

» anomalous Triple Gauge Couplings (aTGCs)
> 3-TGC parameterization = full EFT parameterization
> optimal observables...

+ Wt
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SMEFT global analysis
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» Write down all D6 operators, eliminate redundant ones via field
redefinition, integration by parts, equations of motion...
» different choices of which operators to eliminate = different bases

» 59 operators (76 parameters) for 1 generation, or 2499 parameters for 3
generations. [arXiv:1008.4884] Grzadkowski, Iskrzyrski, Misiak, Rosiek,  [arXiv:1312.2014] Alonso,

Jenkins, Manohar, Trott.
(See also [arXiv:2005.00008] Li, Ren, Shu, Xiao, Yu, Zheng, [arXiv:2005.00059] Murphy for d8 basis.)

» We can focus on Higgs and electroweak measurements
> Usually ~ 20-30 parameters (instead of 2499)

> Why not just the Higgs?
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You can’t really separate Higgs from the EW gauge bosons!

> O = iHTB:HZL’Y“fL,
Oy = iFFgS;HZLUa’y”EL,
i A v
OHe = I/'fr MHGRVHQH
(or the ones with quarks) . 6’9 >N\/\ V
» modifies gauge couplings of fermions, + h ¢

> also generates hVfftype contact
interaction.

> Opw = jg(Dﬂ[-])Taa(Dl’mmw v v

O = ig/ (D H)' (D H) By, .
> generate aTGCs §g; 7z and 6k, h---- = J

> also generates HVV/ anomalous
couplings such as hZ,,0,Z+>.
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You also have to measure the Higgs!

» Some operators can only be probed with the Higgs particle.
> |H|2WW W+ and |H|2BWB‘“’
» H— v//2, corrections to gauge couplings?
» Can be absorbed by field redefinition! This applies to any operators in the
form |H|?Ogy.

csmOsm Vs CSMOSM+*|H| Osm

=(Ccsm + — )OSM + terms with h

2 A2
= Cq\1Oswm + terms with A

> probed by measurements of the hy~ and hZ~ couplings, or the hIWW and
hZZ anomalous couplings.

» or Higgs in the loop (different story...)

» Yukawa couplings, Higgs self couplings, ...

Jiayin Gu (B 7H) JGU Mainz (=- Fudan U. this Fall)

SMEFT at future lepton colliders



Global fit

» Global fit
> Simultaneously fitting all parameters with all measurements.
> Usually ~ 20-30 parameters (instead of 2499) if we focus on Higgs and
electroweak measurements.

> Cross sections, branching ratios, differential distributions...
> Zpole observables, diboson process (e e~ — WW)

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

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

> g(hZZ), g(hWW) are defined at the scale of the relavent Higgs decay.
g(hZZ) < \/T'(h— ZZ), g(hWW) < /T'(h— WW).
> Intuitive, can be mterpreted as “Higgs couplings.”

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

» Present the result with some fancy bar plots!
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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 TIEYl ot shade: CEPGIFCC—ee without Z-pole -
CEPC Z/WW/240GeV oV oV A CEPC/FCC-ee wnhul WW threshold 10
FCC-ee Z/WW/240GeV W e o
FCC-ee ZIWW/240GeV/365GeV

% 107 —l10-2
£
£ o
g, @
S 10 (o]
23 @
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10 wWw vy 7y 99 tt 3 bb
69 H ogy 69y 694 H H
10 - %0
Ratios, real EW / perfect EW
2 2
1.5 —41.5
1 s - - 1
soif  egl" sl ey 6o Gal 09N ey O9F  &gf  Goz Oy Az

» 28-parameter fit, projected on the Higgs couplings & aTGCs.
» Lepton colliders are combined with HL-LHC & LEP/SLD.
» The hZZ and hWW couplings are not independent!

e lepton colliders




Reach on the scale of new physics

95% CL reach from the full EFT fit

LEP/SLD included|
for all scenarios

102

Tight shade: Individual it (one operator at a tme)|
solid shade: qlobal fi

0.1

Oy Oww Oss Ouw Ows Occ Oy Oy, Oy Oy Oy, Osw Ows Or One Ong Ohg Oy Ona O

» Reach on the scale of new physics A.

» Note: reach depends on the couplings c¢;!
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State-of-the-art fit results... [arXiv:1907.04311] de Blas, Durieux, Grojean, JG, Paul

» “Full EFT fit” with Higgs
and electroweak
measurements.

» The correlations are
shown in the center of
the circle.

CEPC: FCC-ee: ILC (£80%, 730%):
@ 210Gev  @mm 240 GeV 250 GeV. o
@ 2404365Gey @D 250 & 350GeV. 50 & 350GeV - 3504 1500 GeV
- 250350 8,500 GeV @ 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
%  essm—Corelation > 50%

O Perfect EW

CLIC (80%, 0%):
380 GeV.

Corretation < 5¢
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Triple Higgs coupling at circular colliders (240 & 350-365 GeV)

[arXiv:1711.03978] Di Vita, Durieux, Grojean, JG, Liu, Panico, Riembau, Vantalon
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— Anmn
SRRt

5/%)\51%)\—1:06—301-1,
with £ > —cﬁvzi(HTH)?

One loop corrections to all
Higgs couplings (production
and decay).

240 GeV: hZ near threshold
(more sensitive to dxy)

at 350-365 GeV:

> WW fusion
> hZ at a different energy

h— WW-/ZZ* also have
some discriminating power (but
turned out to be not enough).
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Triple Higgs coupling at circular colliders (amxiv:1711.03078)

3.0

2.5

2.0

Lssocev (ab™") unpolarized
(4]

precision on 6k, from EFT global fit
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T
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1
1
VoV SRR R e s — —— — optimistic
1
1
1
1
[
1
1
1
1

0.0
0

Loaogev (ab™") unpolarized
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» Runs at two different energies
(240 GeV and 350/360 GeV)
are needed to obtain good
constraints on the triple Higgs
coupling (in a global fit)!
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uble-Higgs measurements (et e~ — Zhh & et e~ — vi7hh) farxiv1711.03978)

0.5 T T T T
P(em,et) = (~0.8,+0.3)
04L etem = Zhh . . .
e —wlh > Destructive interference in
ete™ = vhh (W-fusion only)
=" / ete~ — vvhh! The
© 02 7 E T square term is important.
0.1F ’ b . .
L ) > hhinvariant mass
0.0£ Sl L L L I . JSPras ) . .
400 600 800 1000 1200 1400 e A
O (G d!strl.bu.tlon helps
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Triple Higgs coupling from global fits farxiv:1711.036781

-2

HL-LHC

CEPC
&

FCC-ee|?

CLIC|-

-2
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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
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4060
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+1.29
+0.54
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4023
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+1.28
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037
-0.20
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-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 farxiv:1711.036781

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|?

w0 -5 19| above + 1TeV(2/ab)
CLIC|?% +0281350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
0% 402814 Zhh at 1.4 TeV
o 024 binned My, in vhh (4 bins)
-2 -1 0 1 2 3
A
Ok (== -1)
A (New CLIC projected precision is ~ 10%, see [arXiv:1901.05897] Roloff et al.)
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Triple Higgs coupling (Higgs@FutureColliders WG, [arXiv:1905.03764])

Higgs@FC WG September 2019

e ML o e o s diHiggs  single-Higgs
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e AR O
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4%49%07%1 .....
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k \ \ \\X ‘\\\\ N] L 36% LN 4% (4170
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0 40 50
68% CL bounds on k4 [%] At tuture coliders combined with HL-LHC $—
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Top EFT [arXiv:1807.02121] Durieux, Perell, Vos, Zhang

» Also need to include top dipole

2 . .
O — %; G7'q oD, Oue =yigs GTA0"™u €0*GA,, interactions and eeft contact
03, =% griy'q ¢liDle, Ouw =wgw aric™u ep'Wh, interactions!
Oy = % yHu Lp“:‘ﬁutp, Oaw = yrgw Griot’d "W},
Opua =% yhd oTeiDyp, Ous =wgy do*u ep*B,,, > Hardto resolve the top couplings
Ve i = from 4f interactions with just the
ol = 3 ang M, 365 GeV run.
—sls—t Tk
Oj, = i Ik, » Can'treally separate
Ow =3 tyuu W, ete™ — Z/y — ttfrom
Og =35 quuq  &r'e, ete -7 - tt.
Ocu =1 yu &yle, > |s that a big deal?
011 c :
062 C4 i
20,
0.29 Clf !
o5 |
037 Cly ;
89 0%y
038 CR. ! ically optimal obscrvables
050 . CC-like run scenario
/30 ’;A 1 200 fb~! at /5 = 350 GeV
34C - 1.5ab~! at /s = 365 GeV
062 G4 P(et,e7) = (0%,0%)
% 1
104 1028 1072 107! 10° 10"
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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)

v, WHLLHC Girular collder with unpolarized beams.
1§ 2AU0865GeV | Giroular collider with unpolarized beams. 01 g5y 0 (5303 020 85w 150
Sold shade: 6, set 10 0
240G (a0 + 350GV (02120 985 (1500 W GG 24013501365 Gov/ Taht snade: 6, s free
Il CC 240/350/365 GeV + HL-LHC
by
d
E
<
(&)
10 )
Ow O O O Ou 0 Ow Os 0O, O
precision of the Higgs parameters at CC (global fit, AX2:1)
. - .
10 P NP e precision reach on the top Yukawa coupling
SRR MU W 1.5
hade: margnalzed over (o p Grcuar collder wih
1 ICC vsannpstey » i S5l hads: B 0p parameters s 1o ze CC 240 240GeV(5/ab) +350GeVI0.
10
5 107" N i
$ % 1E cc
2 g CC240 2401330365
8107 § 1 HL-LHC  HL-LHC
% 10 3
8
10 a
107
107 I 2 -3
6z Czz Ty Tzy Tw N O O O O Az 6K/10 10

» 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 00 Shave: ainop purameters setio zer - |]
c =
o
]
[
[
a I
1074 — — — 1 1 >
6Cz Czz €z Ty CTzy CTgg Oy OY. Oy, Oy, Oy, Az Sky10
B OISQ
» 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 ey T
» Deviations in hy~ coupling = run at R
. -04 -0.2 0.0 02 04
~ 365 GeV to confirm? Co

Gu (FEiA)
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Probing dimension-8 operators?

CMS-PAS-SMP-18-001 3591 (13Tev)

wf-cms ! !

» The dimension-8 contribution has a large E
energy enhancement (~ E*/A%)!

[N
30~

Events / bin

» It is difficult for LHC to probe these F o
bounds. o Sl

> Low statistics in the high energy bins.

» Example: Vector boson scattering. B +H
s
» A < /s, the EFT expansion breaks 3 %»1 Toor— e
mr(WZ) [GeV]
down! positivity bounds from 1902.08977 Bi, Z‘han%, Zhou
— 35.91bL£(’|3Te )
. . — - Expected 68% CL
» Can we separate the dim-8 and dim-6 % 10 N — 4
eﬁects? = g \ —— Observed 95% CL.
. < 5
> Precision measurements at several R
different \/s?
(A very high energy lepton collider?) 0

> Or find some special process where
dim-8 gives the leading new physics
contribution?

Gu (FEiA)
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The diphOtOh channel [arXiv:2011.03055] JG, Lian-Tao Wang, Cen Zhang

» ee — yy(orutpu — 77), SM, non-resonant.
» Leading order contribution: dimension-8 contact interaction.
(f+f_ — eLeL or egéﬂ)
_ 24)? a
iyt — e 2 + = [13][23](24)°
A( Y'Y )sMtds e (13)(23) v4[ 1(23](24)
» Can probe dim-8 operators (and their positivity bounds) at a Higgs

factory (~ 240 GeV)!
95%CL reach from e*e™(u* y 7) > vy

precision reach from e*e"»yy 100
—CEPC i O bes1 reach muon collider 30TeV
J ——FCC-ee240GeV - 500
----- ILC 250GeV _ a /\;7 muon collider 10Te}
..... Ax*=1
2 1
_ = 10t
k) Q50
= Lallowe =
X forbidden )
§ < CC 80GeV
s
-2 ZSOGEVD‘LC 350GeV
0-51_,,0\e Qep2
-4
. . . . .
0.1 0.5 1 5 10

JGU Mainz (=- Fudan U. this Fall)
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Conclusion

» Precision measurement (especially of the Higgs boson) is the
future!

» Lepton colliders are Higgs (and also Z, W, top) factories!

» SMEFT is the ideal framework! (but is not everything...)

Jiayin Gu (F1E7A) JGU Mainz (=- Fudan U. this Fall)
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A lesson from history
Max Planck:

» In 1875, a young Max Planck was told by his uanum physcs:  quantom physics
advisor Philipp von Jolly not to study physics,
since there was nothing left to be discovered.

» Planck did not listen.

Jiayin Gu (B 7H) JGU Mainz (=- Fudan U. this Fall)
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A lesson from history
Max Planck:

Before

» In 1875, a young Max Planck was told by his quantum physics:  quantum physics
advisor Philipp von Jolly not to study physics, =
since there was nothing left to be discovered.

» Planck did not listen.

» In 1887, Michelson and Morley tried to find
ether, the postulated medium for the
propagation of light that was widely believed
to exist.

> They didn’t find it.

Jiayin Gu (B 7H) JGU Mainz (=- Fudan U. this Fall)
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A lesson from history
Max Planck:

Before

» In 1875, a young Max Planck was told by his quantum physics:  quantum physics
advisor Philipp von Jolly not to study physics, =
since there was nothing left to be discovered.

» Planck did not listen.

» In 1887, Michelson and Morley tried to find
ether, the postulated medium for the
propagation of light that was widely believed
to exist.

> They didn’t find it.

» “Our future discoveries must be looked for in the sixth place of
decimals.” — Albert A. Michelson

Jiayin Gu (B 7H) JGU Mainz (=- Fudan U. this Fall)
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SEEXEMES

B Bl 205 3% A 5 BIFR AR A0 /R HR (A A 2 parment of P, Fodn U

S BXRFipE RN !

> WOMFERTEE R T 15 : d40pdy HBFE: jiagu@uni-mainz. de
» AliBidajoFiF (https://academicjobsonline.org/ajo/jobs/17873)
REELEAFE

Jiayin Gu (B 7H) JGU Mainz (= Fudan U. this Fall)
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backup slides
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D6 operators

On = 5 (9u|H*))?
Oww = g*[HI> Wi, Werrv
Ogg = g*|H|* B, B

Onw = ig(D*H)To?(D" H) WS,

Ong = ig' (D*H)T (D" H) By

Oga = Gz|H* G}, G

O}’u = yU|H‘227LHUH + h.c. (u—t o)
Oy, = yglH*GHdg + h.c.  (d—b)
Oye :y9|H‘2lLHeF; + h.c. (e — 7, p)

Ozw = %gfabcwiu ng werr

Ow = 9(H'o*DH)D" WA,

Op = 9 (H'D,,H)9"B,.,

Ows = gg’l-ﬁaaHwaB“”
Or = §(H Dk
Ope = (L™ (LLyull)

Oy = iH D HE 14,
0L, = iH 02D, HE o0,
O = iH' EZHéR”Y“eH

Opg = iH' H;:l"’ZIL’Y“CIL
O}y = iH! Uaﬁ:’ﬁwa?’” e/}

OHU = IM E:HDH’Y“ up
OHd = IM ;,,Ha,q’y“d;q

» SILH’ basis (eliminate Oww, Ows, Ore and Of,)
» Modified-SILH’ basis (eliminate Oy, Og, Oxe and O},)
» Warsaw basis (eliminate Oy, O, Opw and Opg)

Jiayin Gu (Fi3E74)

JGU Mainz (=- Fudan U. this Fall)
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Z-pole run is also important for Higgs couplings!

%8» Ratios, real EW / perfect EW

25y 2 ple

B &
6giz ya%fﬁﬁ WVQ L 6gH
CU()C returh (efe -7}&)

FOC-CC 240 1 34 . 2
FCCoce 240 >/J

Jiayin Gu (B 7H) JGU Mainz (=- Fudan U. this Fall)
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Reach on the (h)Vff couplings

+ " 4
precision reach on EW couplings from full EFT global fit
'EmALLHG s2 + LEPISLD Il ILC 250GeV Il CLIC 380GeV] Tight shade: GEPCFCC-ee wilhout Z-pale 1
[l CEPC Z/WW/240GeV M ILC 250GeV/350GeV Il CLIC 380GeV/1.5TeV = ﬁ%;gﬁ:g:sj;"m‘;“émgem‘d
10-1L—| [ FCC-ee ZWW/240GeV I 1LC 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TeV/3TeV [\7on comiers re combie win f-irc & Lemisio |10~
Il FCC-ee Z/WW/240GeV/365GeV|  P(e”.e")=(¥0.8,:0.3) P(e”,6")=(30.8, 0) imposed U(2) in 182 gen quarks
10-2 L
107
104 L
10—
107

6o, SoFk o9y sufi oYk Ool  S9r.  G9e oW 69 6ok ogfl  oafk  6dY ok

» (h)Zff couplings are still best probed by future Z-pole runs.

» Higgs and diboson measurements at high energy (at linear colliders) are
also sensitive to the (h)Zee couplings, but can not resolve them from
other parameters.

» Linear colliders: Using radiative return (e"e~ — Zv) to measure Z
observables at high energy?

Gu (FEA)
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A refined WW analysis using Optimal Observables (OO)

» TGCs (and additional EFT parameters) are sensitive

to the differential distributions! ’ O
> One could do a fit to the binned distributions of all ‘
angles. ‘ — o

> 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! 00015

5,:?1&%5 i il
d()' < 0.0010
Q- So + Zsl,igi, :§
! 0.0005
. . S
» The optimal observables are given by O; = Slo"’, and N

. 6K,
are functions of the 5 angles. [arXiv:1907.0431619]1'tz:|e Blas, Duridux, Grojean.JG, Paul
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