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Introduction

Higgs couplings @ CLIC

» Hope for the best — direct probing new physics at multi-TeVs!

» What if we find light new particles?
(Well, I'll throw my papers in the trash can...)

» Prepare for the worst — precision measurements!
» Higgs (mainly in the WW fusion channel at high energies).
» EW gauge bosons (et e~ — WW at high energies, efc).
> Top (not covered in this talk).

» EFT is good for CLIC.

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

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

» CLIC is also good for EFT!
» High precision is crucial for the validity of the EFT expansion.
> High energy is not really a problem as long as we also have high precision.
> (assuming the results are SM-like. If not, see the 1st point on this slide...)
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Introduction

Current run scenarios (WG report)
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Introduction

Higgs measurements

Jiayin Gu

ofe’e’ > HX) [fb]
2
T
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\s [GeV]

e"e” — hZ, cross section maximized at ~250 GeV.
ete  — vwh, cross section increases with energy.
eTe~ — fth, can be measured with /s > 500 GeV.

ete™ — Zhhand et e~ — vihh (triple Higgs
coupling).

FCC-hh: gg — hh, gg — tth, h — Zv, h — pp, ...
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» Simple, intuitive, ...

SM SM
9 — KGnh -

» ... but has some limitations.

» Anomalous couplings (such as hZ"” Z,,,,) are assumed to be zero.

» Gauge invariance is often not imposed (hZZ, hWW, hvy~, hZy all assumed to
be independent).

» scenarios:
» Impose kz = kw (= kv)? (gauge invariance/custodial symmetry)
» Allow invisible and/or undetected Higgs decays?
> Impose ky < 1?
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k fit (WG report)
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» Independent k7 and ky, free T'y, (with «y < 1 for hadron colliders).
» Free I'y, = flat direction in o x BR, resolved by inclusive o(hZ2).
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k fit assuming no Higgs exotic decays (WG report)
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» Note the significant improvement on ry, for CLIC!
» (Also note that HL-LHC is not combined to other future colliders here.)
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EFT Framework

EFT global fit

» Assuming baryon and lepton numbers are conserved,
ct® c®
LEFT :£SM+ZﬁO,§6) +Zﬁ(9j(8) 4. (1)
i j

» 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 basis

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

» Don’t worry! Only a small subset is relevant for our study.

» Higgs + aTGC + EW = 28 parameters in our framework
» CP-even only, no fermion dipole interactions,
> only consider the diagonal Yukawa couplings of t, ¢, b, 7, u,
> impose U(2) on 1st and 2nd generation quarks, exclude Ztt and Wtb
couplings (+2 if included).
» We don’t consider flavor violating Higgs or Z decays, which can be studied
separately.
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EFT Framework

You can’t really separate Higgs from the rest of the SM!

> O = iH Dy HE 01,
oL, = iH*%iﬁ’HzLaweL,
i - v
OHe = I/‘ﬂ ,,,He,q’yuep(
(or the ones with quarks) . 6’9 >\/\’V\' 4
» modifies gauge couplings of fermions, + h il

> also generates hVfftype contact
interaction.

> Opw = ig(D"H)'o?(D"H) W, v v

Ons = ig/ (D" H)' (D" H)B,.. N
» generate aTGCs g, 7 and dk-, W =

» also generates HVV anomalous v 4
couplings such as hz,,6, 2+
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EFT Framework

EW measurements

» Z-pole
> ~ 10! — 10'? Zs at CEPC/FCC-ee.
» How many Zs do we really need? o #
» CLIC and ILC: (See Philipp’s talk tomorrow.)
> Dedicated Giga-Z program. -
> Radiative return (e " e~ — Zv) at higher energies. B /7 77
e

» e"e — WW, threshold scan, or “free data” at
higher energies.

> W mass, width, branching ratios.
» anomalous Triple Gauge Couplings (aTGCs)
» 3-TGC parameterization = full EFT parameterization o il

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

> Only an ideal theorists’ analysis is performed....

o W
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EFT Framework

You also have to measure the Higgs!

» Some operators can only be probed with the Higgs particle.

> |H|2WW W*" and |H|* B, B*"
» H — v/\/2, corrections to gauge couplings?

» Can be absorbed by field redefinition! This applies to any operators in the
form |H|?Ogy1.

c
csmOsm Vs CSMOSM+F|H|2OSM

cv?
2A2
= i Osm + terms with h (2)

= (csm + )Osnm + terms with A

» probed by measurements of the /1y~ and hZ couplings, or the hWI// and
hZZ anomalous couplings.

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

» Yukawa couplings, Higgs self couplings, ...
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EFT Framework

Parametrization of Higgs and EW couplings

» Write down all D6 operators and eliminate the redundant ones.
> Warsaw, SILH, SILH’, ....

» Since we need to calculate things in the broken electroweak phase, why
don’t we define the basis in the broken phase as well?
> Higgs basis (A. Falkowski, LHCHXSWG-INT-2015-001)

> Full SM gauge symmetry = not all couplings are independent. e.g.
Couplings of h to W can be written in terms of couplings of h to Zand ~.

» Higgs couplings + aTGCs = 12 parameters
(SCZ’ Czz, Cxa7, C’Y"{7 CZ’y7 ng$ 6yta 5}’0, 6yb7 5}’7-7 6yﬂa )‘Z'
» 6cz+» hZtZ,, Czz <+ hZ¥VZ,,, cm « hZ,0,2*"
» advantage: can be sort of interpreted as “Higgs couplings”
» EW: parameterize in terms of §myy and the V/ff couplings, and impose
0gvir = 0gnvir (16 parameters). y 2
y = >M,\ v
4 R 4
» Let’s take this further and make EFT look as much like “<” as we
can! (Peskin et al.)
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EFT Framework

How to make your banana look like an apple

» EFT fit results projected on Effective Higgs couplings
([arXiv:1708.08912], [arXiv:1708.09079], Peskin et al.)
> g(hZZ), g(hWW) are defined at the scale of the relavent Higgs decay.

9(hZ2) x \/T(h— Z2), g(hWW) x /T (h — WW).
> Not necessarily a basis, but can be made into a basis.
(Maybe call it the “Peskin basis”?)

> It looks like ~ but it is not ! (both intuitive and confusing....)

» Used in ILC and FCC-ee official documents and the Higgs@Future
Colliders WG report.

» Also useful for comparing results in different basis...
Jiayin Gu JGU Mainz
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Results

“Full fit” projected on the Higgs couplings and aTGCs

precision reach on effective couplings from full EFT global fit

HL-LHC S2 + LEP/SLD ILC 250GeV (g @riie CLIC 380GeV pp4@EE] light shade: CEPC/FCC-—ee without Z-pole

-1
EPC Z/WW/240GeV ILC 250GeV/350GeV CLIC 380GeV/1.5TeV. X CEPC/FCC-ee without WW threshold 10
CC-ee Z/WW/240GeV B ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1 5TeV/aTeV | b, oect B e e

lepton collders are combined with HL-LHC & LEP/SLD
Il FCC-ee Z/WW/240GeV/365GeV. P(e”,e")=(¥0.8,%0.3) P(e",e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks
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» 28-parameter fit, projected on the Higgs couplings & aTGCs.
» The hZZ and hWW couplings are not independent!
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Results

Impact of Z-pole measurements

io[ Ratios, real EW / perfect EW |

JFLC-€C 240 1 Sbf

FCloce 240 b 2 e
>0
» WWfusion is the main channel at CLIC. ) " o y
» The Z-pole measurements are crucial for circular colliders, but not for
CLIC.
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Results

Comparison with the WG results
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» Limited by the inputs from different colliders, the treatments on
ete™ — WW are not fully consistent.

» Theory uncertainties (not considered in [arXiv:1907.04311
Jiayin Gu JGU Mainz
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Results
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» left column: Intrinsic uncertainties

(~ 0.5%, assuming NNLO in EW couplings are known, has a larger impacton et e~ — virh.)

» right column: parametric uncertainties (e.g. h — ww/zzis sensitive to my,.)
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Reach on the (h)Vff couplings

Results

precision reach on EW couplings from full EFT global fit

1 W HL-LHC S2 + LEP/SLD W ILC 250GeV M CLIC 380GeV| light shade: CEPC/FCC-ee without Z-pole 1

Wl CEPC Z/WW/240GeV M ILC 250GeV/350GeV Il CLIC 380GeV/1.5TeV ; g;;gC‘jgacs;f;"m‘;“e‘xmg““‘j‘d

10-1L—| [ FCC-ee ZWW/240GeV B ILC 250GeV/350GeV/500GeV | Il CLIC 380GeV/1.5TeVI3TeV | igion colcers re combinedwith HL-LHC & LEPISLO 107!
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
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» (h)Zff couplings are still best probed by future Z-pole runs.

» Linear colliders: Radiative return e e~ — 7y offers some competitive
researches in some cases. (Based on preliminary estimations. Needs
further studies.)
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Results

Entering the new era of circular bar plots!

Precision reach on the
outside...

» Correlations on the
inside...

» Without future Z-pole
run = larger correlation
among the hWW, hzzZ
couplings, aTGCs and
the Zee couplings.

C-o ILC (£80% 730%):  ILC Uny

CEPC: FCC-c0:

= 210Gov  @mm 240 Gev

@ 2408365 GoV @D 250 & 350GeV
- 250 & 350 & 500 GeV

——— Correlation <50% emm— Correlation > 50% O PerfectEW
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Results

D6 operators

On = 5(9ulH*))? Oge = G3|HI* G}, G
Oww = g2|H|2wa We-rv Oyu = ,Vu|H|2(_JLHUR + h.c. (u—to
Opg = ¢*|H|* By, B Oyy = YolHI?GLHdg + h.c.  (d— b)

Opw = I'g(D“f'I)TO'a(DVf") VV;ELV Oy, = ye|H|ZILHe,:, + h.c. (e — 7, )
Onp = ig (D"H)T (D" H)Buy | Osw = 3;0capc WE" W, WPPH
Ow=9(Hi oD, HD*'Wa, | Og =2 (H'DH)?"B.v

OWB = gg’HTO'aHVVZVB”V OHZ = IHTE:HZL’)/“EL

Or = L(HI D, H)? 0L, = it o@D, HE otk a,
Oue = (") (ryuly) Ore = ”‘”b_u)HéR“/”en
Ong = iH Dy Hg v qu Oy = iH' Dy Higy* ug
O;—Iq = i"ﬁo’aHIH(—]LO'a’y”‘qL Ong = iHt E)Haﬁ’y”dlq

» SILH’ basis (eliminate Oww, Ows, Oxe and O},)
» Modified-SILH’ basis (eliminate O, Og, O and Ojy)
» Warsaw basis (eliminate Ow, O, Opw and Oysg)

Jiayin Gu JGU Mainz
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Pick your favorite basis!

Results

95% CL reach from the full EFT fit (SILH')
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» One could “avoid” the
large flat directions in
the diboson
measurement with a
suitable basis choice.
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Results

A quick summary on the triple Higgs coupling (WG report)

Higgs@-C WG [l di-H, excl. [l di-H, glob. [l single-H, excl. [l single-H, glob.]

All future colliders combined with HL-LHC

» with double Higgs
measurements

""""""" » HL-LHC: ~ 50%
(combine two detectors and all
channels)

> ILC 500 GeV: ~ 27%

» CLIC 3TeV: ~ 10%
— ([arXiv:1901.05897] Roloff et al.)

> Robust even in global fits!

40

August 2019 %%% CL bounds on ?(3 [%] > single Higgs measurements
only
» All scenarios are combined with HL-LHC » FCC-ee 240 GeV & 365GeV:
measurements... ~ 40-50%

» The HL-LHC 2H measurements are
combined into all the 1H scenarios...

Jiayin Gu JGU Mainz
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Conclusion

Conclusion

>

CLIC is (not just) a precision Higgs machine!

v

The ete~ — WW (TGC) measurement is crucial for the EFT analysis.
» Going beyond theorists’ naive analysis...
» 3 TGC = full EFT parameterization.
» Use optimal observables to extract information in the angular distribution.

v

Reducing theory uncertainties?
» Still have 10-20 years to do the calculations...

v

Towards a EW + Higgs + top combined fit?
» Global fit of top operators. (See e.g. [arXiv:1807.02121] Durieux, Perello, Vos, Zhang.)

» Top loop contributions in Higgs processes. (See e.g. [arXiv:1809.03520] Durieux, JG,
Vryonidou, Zhang.)

Jiayin Gu
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Introduction r fit EFT Framework Results Conclusion

Conclusion

but it’s not the full picture...
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Conclusion

Conclusion

We need both precision measurements and direct searches!
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backup slides
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Conclusion

Higgs width (WG report)

Collider 6Ty (%) Extraction technique standalone result 6Ty (%)

from Ref. kappa-3 fit
ILC3s0 2.4 EFT fit [3] 2.4
ILCspo 1.6 EFT fit [3,11] 1.1
CLIC350 4.7 k-framework [85] 2.6
CLIC)s00 2.6 K-framework [85] 1.7
CLIC3000 2.5 k-framework [85] 1.6
CEPC 3.1 o(ZH,vVH), BR(H — Z,bb,WW) [90] 1.8
FCC-eezq0 2.7 k-framework [1] 1.9
FCC-eesss 1.3 k-framework [1] 1.2

v

EFT vs. kappa (Not an apple-to-apple comparison!)

T'(h — xx)
Ftotal

o(hZ) BR(h — xx) = o(h2) x

v

EFT fit = essentially imposing k7 = kw.
» 1 fit: Kz = kw not imposed, HL-LHC included!

v

BR > 0 = bounds on éI'y; are asymmetric...
(e.g. for CLIC 380 GeV + HL-LHC, for the Ax? = 1 bound | got —1.6% <6y < 3.6%.)




Conclusion

WG report, (h)Vff couplings

1102
B HL+HELHC B HL+LHeC HL+ILC2s0 HL+CLICs80 HL+FCCoo210 10
B HL+ILCs0 M HL+CLICss00 B HL+FCCeess5
= Conservative assumptions for 4, . SMEFTyp fit M HL+CLIC3000 W HL+FCCagenin
M0 ----------------~—~——-———-——— - ] R 10

69ilgil%]
N

10" 0L 10-1
1072 - A -B- T -4 - 10-2
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1 J £ (|
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Higgs couplings @ CLIC (;



Conclusion

WG report, Impact of EW measurements on Higgs couplings

1T
B HL+ILCsp0 M HL+CLICss, H HL+CLICs000 Ml HL+CEPC Ml HL+FCCoungo Ml HL+FCCoots

69ilgil%]

69atcc

gtz 9w gﬁf;y gfl';y gﬁfég g ghne Gmn Ghe Qﬁf,fm 691z 6Ky Az
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Conclusion

W HL+HELHC M HL+LHeC HL+ILC250 M HL+CLIC1s00 M HL+FCCees5
Higgse T s M HL+ILCs00 M HL+CLIC3000 B HL+FCCeeletiin
P e Single operator fit Global fit to Lsy 0.32
1
& s
L ]
3 107 32 E
& I;‘
<
5 2
10°2 10
107 32.
10° 10°
102 = 102
10—~ ah=-—1-~ CmeE e ommae e J 10
P27 R LB D | S, | P T S T | LJi !
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Conclusion

A refined TGC analysis using Optimal Observables

» TGCs are sensitive to the differential distributions!
» Current method: fit to binned distributions of all
angles.

» Correlations among angles are 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!

» o= 9oy + Z S(€);g:. The optimal observables
i
are simply the S(Q);.
» Very idealized! How well can we actually do?

» Choose a conservative 50% efficiency to compensate
the omission of systematics...

s @ CLIC (and other future colliders)

precision

——

JGU Mainz



Conclusion

Parametrization in Z-pole and W mass/width/BR

» To make our lives easier, we could (using field redefinitions, e.o.m., ...)
» parameterize all corrections at Z-pole in terms of modifications of Zff
couplings (and same for W);

» impose the relation §g"%" = §g%, 5g" = 5"

f Vv f

+ h ¢

» Can use “couplings” instead of “operators” to parameterize EW
corrections (52 real parameters without flavor assumption)

Smwy, ogl", 0gr°, S9%. S9i'. O9F, dgi’, 0GR, SgR‘,
5gr” = ogi° + 69", 89/ =90V — Vegl®.

» 52 real parameters without flavor assumption, 16 (diagonal ones) are
included.

Jiayin Gu JGU Mainz

Higgs couplings @ CLIC (and other future colliders)



Conclusion

ILC polarization

precision reach on effective couplings from full EFT global fit

W ILC 250CGeV +350GeV +500GeV , P(e™,6%)=(70.8,£0.3) = perfect EW
W ILC 250GeV +350GeV +500GeV , P(e”,e*)=(¥0.8, 0) ccombined with HL-LHC & LEP/SLD
| §lXe +350GeV +500GeV , unpc\anzed imposed U(2) in 1&2 gen quarks
107" 107
%
£
£ o
2
3 107~ 10° ©
o &
>
2
1073 104
10 27 wWw vy 7y 99 tt 50°° bb i B s K A 107
694 69y 69y 6ay 694 694 9y 69y ogH H 91,z Ky z
Ratios to P(e”,e")=(¥0.8,%0.3)
15F “, “, 415
1 m | P | m 'R m I A | =ik 1

» Polarized beams: assuming the luminosity is equally divided into (—, +)
and (+, —) polarizations.

» Beam polarizations can probe different combinations of EFT parameters
in e"e~ — hZ(and so can runs at different energies).
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Impact of et e~ — WW measurements

precision reach with different assumptions on e*e"»WW measurements
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» Scaling the x* of e e~ — WW measurements (from theorists’ naive
analysis).
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Top operators in loops

precision of top operator ceficients (global fl, Bx°=1)
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precision of the Higgs parameters at CC (global fit, Ax*=1) precision reach on the top Yukawa coupling _ g <
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precision (x*=1)

» 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 Top threshold run is better.

» Indirect bounds on the top Yukawa coupling.
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Triple Higgs coupling at circular colliders (240 & 350 GeV)
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One loop corrections to all
Higgs couplings (production
and decay).

240 GeV: hZ near threshold
(more sensitive to )

at 350 GeV:

> WW fusion
» hZ at a different energy

h — WWr+/ZZ" also have

some discriminating power (but
turned out to be not enough).

JGU Mainz
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uble-Higgs measurements (ete~ — Zhh & et e~ — vizhh)
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ctem v » Destructive interference in
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2" / ete~ — vohh! The
S 02l 8 s square term is important.
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A summary of the projected reaches on 0« (with updated HL-LHC projection)

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3
e 68%,95%CL bounds, lepton collider 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|3% 0601 14TeV/(3/ab), LHC WG report

-0.90 +1.30

0291 240GeV(5/ab) only (CEPC)

0221 40GeV/(5/ab)+350GeV(200/fb)

11

CEPC
&
FCC-ee

0371 240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

3| FCC-ee with zero aTGCs

+0801250GeV/(2/ab) only

+1.29

+0841250GeV/(2/ab)+350GeV(200/fb)

+1.15

9231 above + 500GeV/(4/ab)

o8 () 19| above + 1TeV/(2/ab)

CLIC|?% +0281350GeV(500/fb)+1.4TeV/(1.5/ab)+3TeV(2/ab)
o H38|, Zhh at 1.4 TeV
o 024 binned My, in vhh (4 bins)

-2 -1 0 1 2 3
5Ky (= A -1 (New CLIC projected precision is ~ 10%, see [arXiv:1901.05897] Roloff et al.)
e
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EW observables

» A complete list of (pseudo-)observables, preferably without assumptions
on flavor universality. (mz, Gr and « are used as inputs.)
> I'z, ohaa,
> Re, Ry, Rr, Ry, Re,
Ar Arts Al Av, A,
> Ae and A, from A, polarizationin ete~ — Z— 7+r—.

v

» Do not include “derived quantities.”
» N,

> sin 6gff
» S&T

» Wmass & width, BR
» ete™ — WW (aTGCs)

Jiayin Gu JGU Mainz
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angular observables in ete~ — hZ

v

Angular distributions in et 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

-A(h ’ AEJ&D ’ 'A<(152) ) Az(zbg) ) ‘A<(154) ) AG‘91,C‘92 .

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

Optimal observables can further improve the sensitivity.
Jiayin Gu JGU Mainz
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