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plan

(1) Mini-intro to future e+e- experiments

Lecture T
(ii) Higgs Property Measurements
(iii) New Particle Searches
(iv) Top-quark & EW Measurements Lecture 2

(v) Global Interpretation in SM EFT

focus will be on experimental concepts “why / what / how”
please learn theoretical concepts “why” from other lectures



(i) New Particles Searches at e+e-

what we would like to measure here:
unlike Higgs/EW/Top physics, there are infinite number of possible searches

of new particles, completely up to your (theorists’) imagination

a lot searches ongoing at LHC, here some complementary searches at e+e-

(1) Dark matter particles
* Higgs Portal
e Mono-photon
(2) Extra scalar particles
(3) Supersymmetric Particles
o E\WWKInos
¢ S-tau

(4) ...

as usual, selection is always biased 3
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(ii-1) Dark Matter / Dark Sectors at e+e-
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Direct searches, Majorana DM =
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neutrino portal

== XENON1T

PRL 121 (2018) 111302

= PandaX

PRL 117 (2016) 121303

= DarkSide-50

PRL 121 (2018) 081307

— LUX
PRL 118 (2017) 021303

= DarkSide-Argo (proj.)
DarkSide-Argo EPPSU submission
DARWIN-200 (proj.)
JCAP 11 (2016) 017

= HL-LHC: BR<2.6%

Higgs PPG, arXiv:1905.03764

= HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

—_— e 9
CEPC, FCC-eeM, lLCzsu' BR<0.3%
Higgs PPG, arXiv:1905.03764

—— FCC-ee/eh/hh: BR<0.025%

Higgs PPG, arXiv:1905.03764

I )
European Strategy,



Higgs —> invisible at e+e-
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» recoil technique: Higgs mass fully reconstructed even it decays invisibly
» right-nanded beam polarization helps: much lower background

» BR(H—>inv.) < 0.3% (C.L.95)



Higgs exotic decays at e+e-

[Liu, Wang, Zhang, arXiv:1612.09284]
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2z many modes need to be studied with more realistic analyses



WIMP pair production: mono-photon search

BeamCal Layer 8
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X [

BeamCal: 0.3 — 2.5°

> reach of my~+¥s/2

» precise forward EM calorimeter is crucial for
tagging the ISR photon or vetoing Bahbah
background —> “~4m detector”

> polarized beam is very useful to suppress
irreducible t-channel neutrino background

% 2500 Eiteanicsasr st ILD
2 2000 TNy
< 9
1500 vector operator, 500fb™ \
1000 — — P(e7,e%) = (80%,-60%)
----- P(e,e*) = (80%,-30%)
500 -~ P(e",e") =(80%, 0%)
— P(e,e") =( 0%, 0%) !
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emerging: dark matter at beam dump / fixed target

Vernica s
for Detector
(diam. 18m)

Utilty Shafr
(diam, 10m)  |1078 F

[H. Murayama] off axis

dark
matter

Maxim Perelstein
Layout of the detector hall anc around ORI =16 ; : , : ; !
will be optimized with detector groups. 10~ 10~ 10~ 1
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» long lived; axion; ALPs; feebly interacting particles...



(iii-2) Extra Scalars

> pair production: e+e- —> H+H-/ HA, reach ma ~ /s /2
» /-associated production: e+e- —> Z+S

> Indirectly search by Higgs couplings

» light extra scalars are still plausible
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(ii-2) Extra Scalars

» recoil mass technique very useful

%3 1
©, l
D a
l= l
% ] [Wang et al,
L] i 1902.06118]
1 OOOO ................... | 'I.I | ....................................................... _:
50 100 150 200
lVlrecoil (GeV/ 02)

> how to combine indirect / direct sensitivities? 0



HL-LHC

HE-LHC

FCC-hh

LE-FCC

(

» LHC: good at searching colored particles

Hadron Colliders: gluino projections

(R-parity conserving SUSY, prompt searches)

I-3) Supersymmetric particles

[ \

European Strategy,

Model JL dt[ab™"] Vs [TeV] Mass limit (95% CL exclusion) Conditions
32, 343 3 14 . ' 32Tev mE)=0
32, E—>qah’ 3 14 1.5TeV m(g) ~ m(¥1)+10 GeV
53, 5o til) 3 14 2.5TeV m(¥1)=0
2, gortel® 3 14 2.6 TeV m(¥1)=500 GeV
55, gl 15 57 5.7 TeV m(¥1)=0
. 15 o7 2.6 TeV m(Z) ~ m(¥})+10 GeV
NUHM2, g—tF 15 27 5.9 TeV m(t})=0
38, —>qgt} 30 100 17.0 Tev m(7)=0
28, 8-qq¥1 30 100 7.5 TeV M(Z) ~ m(¥1)+10 GeV (*)
88, 31X, 30 100 11.0 TeV m(¥1)=0
8%, 8—qG0, 15 375 7.4 TeV m(¥1)=0 (**)
8%, —qg%; 15 375 3.6 TeV m(g) ~ m(t})+10 GeV (**)
8, g0} 15 375 , . 7.6TeV m(¥})=0 (*)
(*): extrapolated from HL- or HE-LHC studies 10 Mass scale [TeV]

(**): extrapolated from FCC-hh prospects

» what if “neutral naturalness””?

11



LE-FCC HE-LHC HL-LHC

FCC-hh

CLIC,,,

(

» LHC: good at searching colored particles

All Colliders: squark projections

(R-parity conserving SUSY, prompt searches)

I-3) Supersymmetric particles

[\

European Strategy,

Model JLdt[ab™] Vs [TeV] Mass limit (95% CL exclusion) Conditions
4, §-gX1 3 14 I l ' ' . l3-1 TeV m(¥1)=0 (*)
4, -9 3 14 1.85 TeV m(g) ~ m(¥1)+5 GeV (*)
44, 3901 15 27 6.2TeV m(¥1)=0 (*)
3G, G—g%, 15 27 3.7 TeV m(G) ~ m(¥1)+5 GeV (*)
a4, G—qX) 15 375 8.0 TeV m(¥1)=0 (*)
43, 3q%1 15 375 4.1TeV m(g) ~ m(¥1)+5 GeV (*)
G, =% 30 100 10.0 Tev m(¥1)=0
33, G—qi) 30 100 4.2 TeV m(G) ~ m(¥})+10 GeV (**)
4d, 3—g%1 5 30 1.45 TeV m(¥%)=0
34, G—q%1 5 so | 1.1TeV m(G) ~ m(¥)+50 GeV

(*): extrapolated from Run 2, 36/fb studies

(**): monojet results not included

(**): extrapolated from FCC-hh prospects

» what if “neutral naturalness””?

10
Mass scale [TeV]
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(ii-3) Supersymmetric particles: EWkinos
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» e+e- searches can be very competitive for “compressed” spectrum
> cover almost full region up to m ~v¥s/2 and Am as low as <1GeV

~0 ~+ ~0

~0 ~t ~0
X Xp» X, = Z() %, and x; — W(*) %,
;‘2500IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o) ~ SN LHC 36/fb, 13 TeV Wino-like cross-sections
G | e—— HL-LHC 3/ab, 14 TeV (3L search)
—_— [~ s HL-LHC compressed 3/ab, 14 TeV
£, BELLLLLLLL HE-LHC 15/ab (projection)
1>2 2000 ===n=n== HE-LHC compressed 15/ab (projection) [ \
~—" | "-Csoo! 0.5/ab European Strateg)
£ ; ILC,,,,, 1/ab
| sesmsanns CLIC,4,,, 2.5/ab
| simimimis CLIC,,,,, 5/ab .
1500="""""""" FCC-hh (3L search, 3/ab) 95% CL exclusion

1000

500

“agy
» [T
.........
_____
. "
* "a
. *a
. a
. b
--------
““““
>

o
. . 7
""""
-

lEllIllllIlllllllillllIllll:l

llllllllllllllllllllllll

|

500

A\

1000 1500 2000 2500 3000

3500

m(%)=m(x.) [GeV]

extremely low Am

A m(NLSP, LSP) [GeV]

Higgsino-like EWK processes

T [ rr T rrryrr o1 LA N L N N BN
L HL-LHC 3/ab, 14 TeV (soft-lepton A) = HL-LHC monojet
| s HL-LHC 3/ab, 14 TeV (soft-lepton B) —— ]
-------- HE-LHC 15/ab, 27 TeV (soft-lepton B) % LHeC monojet-like (proj)
ICXEIEIEY FCC-hh (HE-LHC approx. rescaling) i) i
:::gsoo, Oﬁ/?)b ? HE-LHC monojet
, 1/a
........ cLIC? /ECC-ee { ) Sy FCC-eh monojet-like
21 380 380 European Strategy; ' —
10°= =« cCLIC,,,, 2.5/ab e _ -
Ceimimim CLlcsooo’ 5/ab f— FCC-hh monojet .
................... LTy LIl L
7 L] [ » —
” ., ~ = " —
o4 X

1
||||||||||||||

= \
77777777

° CLIC: extrapolated below 5 GeV

° Monojet reach in A m(NLSP,LSP) not displayed

=% = = ] -

==
600 800 1000 1200 1400
m(NLSP)

e+e-: still lots of room to explore, e.qg. disappearing tracks for
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(ii-3) Supersymmetric particles: s-tau

LSP tachyonic ATLAS - simulation preliminary

HL-LHC - only T : 95% CL exclusion
02 (ATL-PHYS-PUB-2018-048)
~ 95% CL exclusion
— Bo discovery
CMS - long-lived

(arXiv:1305.0491 [hep-ex])

long-lived

0 50 100 150 200 250 300 350 400 450 500
M=, [GeV]

[Berggren et al,

2105.08616]
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(iv) Top-quark and EW measurements
what we would like to measure here:

> mass & width of t, Z, W; as

> chiral couplings between fermion and Z/W: gi, gr for each flavor
> triple / quartic gauge couplings

> 4-f contract interactions

> BR, AR, Ars

many analyses are extension of LEP/SLC; challenges are often from precision
theory calculations as well as control of experimental systematics;

[Freitas et al, 1906.05379; 2012.11642]

(1) top-quark mass
(2) strong coupling as
(3) left-right asymmetry
(4) 4-fermion interactions
(9) .

as usual, selection is always biased y



indirect discovery by e+e- -> 2-fermion

e EWIMP K
N, 7 o/ » search for electroweak charged WIMP

via oblique correction, M ~ 200 GeV
et M+

[Harigaya, Ichikawa, Kundu, Matsumoto, Shirai, Satoshi, 1504.03402]

B 7T ~ 8TeV 2

¢ EE AN S fe >DZ§)’.Zf);”(.”C< /
et > f T et f

large &

[Funatsu, Hatanaka, Hosotani, Orikasa, 1705.05282]

» search for Z' via interterence, e.g. in Gauge Higgs Unification,
large deviation with SM for M(Z’) ~ 7-8 TeV

15



top-quark EW chiral couplings

Eur.Phys.J. C75 (2015) no.10, 512

Z | 4L
097/91
' Light top partners Alternative 2 [29]
o
20% +
ILC Precision
10% —+ —
RS with Z-Z’ Mixing [34] SM 7, 7
—— - | — —
-330% -20% -10% 10% 20% gR/ IR

Light top partners
Alternative 1 [29] @

5D Emergent [32]
O

-10% @ Light top partners [28]

® Little Higgs [30]

-20% @ RS with Custodial SU(2) [31]

» great sensitivities to discover/distinguish various composite models

16



(iv-1) top-quark mass

> vacuum stability: whether Higgs selt-
coupling A runs to negative or not at

high scale

> need to measure short-distance mass,

unlike MC mass at LHC

> at e+e-: use top-pair threshold scan to
measure m:, much lower theory error

[Beneke et al, 1312.4791]

342

344
Vs (GeV)

346 348

Pole top mass M; in GeV

30 bands in
M, =173.1 + 0.6 GeV (gray)
@3(Mz) = 0.1184 + 0.0007(red)
M;, =125.7 £ 0.3 GeV (blue)

Higgs quartic coupling A
=)
o
[\

-0.02
~0.04 |

102 10* 10° 10% 10 10'2 10 10'¢ 10'8 10%
RGE scale p in GeV

[Degrassi et al, JHEP 1208 (2012) 098]
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- \ ‘\,—:/ ,’:f =
170+ .- :
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(iv-1) top-quark mass
eTe™ — ttat /s ~ 350 GeV

> Important to include beamstrahlung &

ISR in this analysis

> Open: any impact on measurement if
including possible new physics?

> need also improved input as

today:

5771![\/'8 =1 Jexp

:50 MeV:QCD
10 MeV]mass def.
70 MeV]as

> 100 MeV

O DD

[A. Freitas]

future:

[20 MeVexp

D
D
D

30 MeV

10 MeV]mass def.

15 MeV]

< 50 MeV

S 1 _4 [ T T T T T T T I I I 1 I 1 1 [ I 1
ol | tt threshold - 1S mass 174 GeV ]
c 1 2 — TOPPIK NNLO — CLIC 350 LS+ISR ]
% | —|LC 350 LS+ISR — FCCee 350 LS+ISR i
) | ]
" T
& i
O 0.8 -
L. -
o N
0.6 -
0.4
0.2 based on CLIC/ILC Top Study
= EPJ C73, 2540 (2013)
O 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
345 350 355
Vs [GeVI

Qcp (h.o. resummation)

as  (as < 0.0002)

18



® (sg.

(iv-2) as measurement at e+e-

d’Enterria, Skands, et al. ‘15
Electroweak precision (R, = M329/r%):

as = 0.120 4+ 0.003 PDG '18 ot A 1
q
— No (negligible) non-perturbative QCD effects ) 7 =
e
FCC: Ry, ~ 0.001 q

= Jdag < 0.0001

Theory input: N3LO EW corr. + leading N4LO
to keep otp Ry S dexp Ry

Caviat: Ry could be affected by new physics

[A. Freitas]

19



(iv-3) Left-right asymmetries As (f=e/p/t/b/c)

ete™ - Z - ff @ Z-pole

> polarized beam

for electron A p = =A

. O p—Opp— Ogp+0Ogp 3
for other fermion AR = = —A;
GLF + GLB + GRF + GRB 4

20



(iv-3) Left-right asymmetries As (f=e/p/t/b/c)

ete™ - Z - ff

> unpolarized beam

0.1

-0.1

=0:2 =

-0.3

0.4 |-

=0:5 —

ALEPH
- Universality =t
No-Universality
Lo by by by b by by by by

-1 -0.8 -0.6 -0.4 -0.2 O
cosO

02 04 06 08

1

@ Z-pole

P.(cosf) = —

~ A 4

A-(1+ cos*6) +2A.cos b

(14 cos? ) + S ATz cos 6
2cos @
"1+ cos8?

[ALEPH, Eur.Phys.J.C20:401-430,2001]

oopen: can we measure As, Au, Ad”

21



(iv-3) new idea: radiative return

radiative return /

o ISR

> a free gift by ISR: Higgs factory is meantime a Z factory

o lots of theory issues & sys. errors to be explored

22



(iv-4) 4-fermion contact interaction

Oow = (D*W,,)(D,W*) | |
eqguation of motion
Oz = (0" Byuw)(0,B™)

e” /
95% CL scale limits on 4-fermion contact interactions _y

(

B Oow [ O:B European Strategy,

HL-LHC
HE-LHC
ILC 250

ILC 500

ILC 1000
CLIC s
CLIC 1500
CLIC 3000
CEPC
FCC-ee 20
FCC-ee s
FCC-hh

0 10 20 30 40 50 60 70 80 90 100 110 120 130

Scale / coupling [TeV]

> high energy e+e- sensitive to very high scale; your model? N



(iv-4) 2-fermion 2-boson contact interaction

+

C

Ow =1 (H%""ﬁﬂ) (D*W,,)*  equation of motion

Y—-Universal Z , 20 ©

> high energy e+e- sensitive to very high scale; your model?

24



(v) Global Interpretation in SMEFT

tribute to our dear colleague

Cen Zhang (3k=)

25



question from last lecture in kappa formalism:

olete™ = Zh) T(h— ZZ¥)
SM B SM B

2 2
K‘Z -

> BSM territory: can deviations be represented by single kz7

ow to include radiative corrections in kappa formalism?

20



the answer is model dependent

mQZ y h L
0L = (1 + nZ)ThZMZ + CZ%ZMVZ

oz H ohl
e e &
< / /l/’z*
o(ete”™ — Zh) = (SM) - I'h— 22") = (SM) -
(14 21z + (5.5)(z) # (1 +2nz — (0.50)Cz)

> BSM can induce new Lorentz structures in hZZ

> need a better, more theoretical sound framework

27



how do we determine Annh model-independently?

28



new opportunities

~

-

BSM

K SM EFT J

» analyses are used to be pursued alone looking for new physics effects

> but they are all related: gauge symmetries & Higgs field nature of
W/ Z longitudinal modes

» anew category of analyses are emerging: explore every channel one
can think of, likely all are useful in a global interpretation



new strategy: SM Effective Field Theory

Leg = Lsm + AL

C;
= LM —|—Z Adi—40i

 most general BSM effects represented by di>4 operators

> more model-independent formalism

» well-defined quantum field theory respecting SM
SU(3)xSU(2)xU(1) gauge symmetries

> can Include radiative corrections consistently

e unifying

BSM effects in Higgs, W/Z, top, 2-fermion physics

view In searching for BSM

30



SM Effective Field Theory: some simplifications

the new

simp

Leg = Lsm + AL

&
= LM —|—Z Adi_40i

particle searches at LHC Run 2 suggest A>500 GeV

ity the analysis up to dimension-6 operators

there are 84 of such operators for 1 fermion generation

assuming B / L conservation & CP even, there are 59

e there exists a smaller but complete set relevant to
Higgs coupling determination at e+e-

31



global SMEFT fit @ e+e-

(Barklow, Fujii, Jung, Peskin, JT, arXiv:1708.09079)

CH Cr 06)\
AL = JE0(219)9,(@10) + 5(of D re) @t U, @) — o (@fe)?
2 4 /
| 9 C‘;VW (I)T(I)Wgywauu | 99 EWB (I)Tta(I)W:VB“V ) S
miy My Warsaw” basis,
2, 30 Grzqdkowski et al,
| gm %iB TP B, B* 4 gmng eabCWZ,VWbuchpu arXiv:1008.4884
.CHL T -C, a T a
i (@ D 1®)(Ly,L) + 4i 1L (@' D #®)(Ly,t°L)
+iIE (ot T 1d) (ev,e) ®: higgs field
(V)

e 10 operators moditying couplings for
e |n total, 23 parameters (see backup s

W, B: SU(2), U(1) gauge
L, e: left/right electron

N/Z/\W/y

ides)

next: highlight a few important implications

32



(v-1) absolute Higgs couplings (unique role of inclusive ozn)

“H ou(319), (01)

202

CH " R renormalize kinetic term
78 hoyh of SM Higgs field

h > (1-ch/2)h

> shift all SM Higgs couplings by -cn/2

® CH can not be determined by any BR or ratio of couplings

e cy has to rely on inclusive cross section of ete- = Zh,
enabled by recoll mass technique at e+e-

33



(v-2) Higgs couplings are related to W-/Z- couplings (EWPQOs)

z-ijf_;(@ D #®)(Lv,L) +(cyr> ChE)
e’ e’
e c
ete- = /hh ete- —=/Nn /-pole

e Higgs coupling encoded in EWPOs at Z-pole: ALr, Fi
e Z coupling helped by Higgs meas. at high V's: 80 ~ s/m?2;

34



(v-2) Higgs couplings are related to W-/Z- couplings (TGCs)

499'cwn
<I>Tta<1>W“ BH
mi; +(Cww» Cgp)

e+te- = WW

h = 2/ CZ—ZWZW Gz = 2 (8cww) + 252 (8cwn) + sb/cZ(8chp)

e |ongitudinal modes of W/Z are from Higgs fields

* higgs coupling helped by meas. of TGCs in ete- = WW

35



(v-3) Higgs couplings are related to themselves

ALy, = %auha“h - %mih2 — (1 +n)Moh® + e—hhauha“h
(V)

2
2miy,

2
+(1 4 7w) W WHW R 4 (1+ nWW)%WjW ]2

v
m2 1 m>
+(1 + nz)—ZZ“Z“h — §(1 + nZZ)—QZZMZ“hfz
h 1h? 1 h 1h?
+ Qv - Z Z/M/( )
Hw W ( 3 2)+2CZ T
5 h 1 h? h 1 h?
i (b4 1) cadum (B4 1)
(SM structure: kappa like) (Anomalous: new Lorentz structure)
— 3
nh=5)\+5'v—§cH+cﬁ 0, = cy
NMw = 20my — 0V — %CH w =0Zw = (8cww)
Nww = 20mw — 20V — cg Cz =047 =c(8cww)+ 252 (8cwn) + s5/c2 (8csB)
1
Nz = 20mz — 0v — §CH — Cr Ca=0Z4 = 3721;((80WW) — 2(8cwn) + (SCBB)\
Nzz = 25mz — 200 — Cyg — 5CT CAZ — 5ZAZ = chw<(8CWW) (1-— Z_)(SCWB) — z_(SCBB))

w w

e //Z/nNWW/hyZ/hyy highly related: SU(2)xU(1) gauge symmetries

36



(v-3) Higgs couplings are related to themselves (synergy w/ LHC)

two measurements from LHC (model independent)

BR(h — yy) BR(h — yZ)

" BR(h — ZZ*) "2 BR(h — ZZ*)

OL'(h — ~vy) =5286Z4 —cyg + ...
ST(h — Z7) =290 6747 —cy  + ...

ST(h — ZZ*) = —0.500Z; —cug + ...

e |oop induced h->yy/yZ depend strongly on cww/Cws/CsB

e h — yy/yZ at LHC can help higgs couplings at e+e-
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(v-3) Higgs couplings are related to themselves (WWW/hZZ2)

I'h— ZZ*)=(SM) - (1+ 2nz — (0.50)(z) ,

D(h — WW*) = (SM) - (1 + 20w — (0.78)Cw)
1

nw = —5CH . .
| 2 custodial symmetry is broken by
SM-like hVV 1 cT -> constrained by EWPOs
Nz = _§CH — Cr

Ci~ O(104-10-3)

lous hVV Cw = (8cww)
anomalous Cz = & (8cww) + 257, (8cwn) + (s4,/¢5) (8csp)

e hWW/hZZ ratio can be determined to <0.1%

e very important for physics case of any 250 GeV e+e-
e WWW can be determined as precisely as hZZ at 250 GeV,
hence precision total width & other couplings
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(v-4) role of beam polarizations (e+e- -> Zh)

VA h VA h
Z, sz - -
Z A

P(e-,et)
(-1,+1) 5 ( sin” 6, ) gsiné © (cur + cpr)

| cos6,, 2 " " cos 6,
(+1,-1) S (—sin’ @, ) gsind ° (ChE)

| cos 8, " " cos 0,

e sensitive to different couplings -> litt degeneracy
® AR IN OzH -> IMProve cww, CHL+CHL and CHe

e |arge cancellation in (+1,-1) -> weaker dependence on cww
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(v-4) role of beam polarizations (e+e- -> Zh)

(8cww) ~ 0.16% from other meas.

contribution from
g Cww (I)T(I)Wa T/ amv

7
almost cancels out miy

Mz
up to a difference in Z/y propagator suppressed by ——
)
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(v-4) role of beam polarizations (overall effects)

ILC250: 2 ab-1 FCCee240: 5 ab-1

|2/ab-250: +4/ab-500|5/ab-250; + 1.5/ab-350

coupling{ pol. pol. unpol. : unpol
HZZ { 050 + 0.35 0.41 0.34
HWW | 050 i 0.35 042 i 035
Hbb { 099 : 0.59 0.72 0.62
Hrr | 1.1 i 0.7 0.81 :  0.71
Hgg | 16 1 0.96 1.1 0.96
Hee | 18 1 1.2 1.2 1.1
Hyy | 11 & 10 1.0 1.0
H~Z | 91 | 6.6 9.5 8.1
H 4.0 3.8 3.8 3.7
Hit | - | 6.3 - -

HHH { - & 27T - -

[tot { 23 | 1.6 1.6 1.4
Cine | 036 | 0.32 0.34 0.30
Cother 1..16..0 12 | 11,0 0.94

o 250 GeV e+e-: power of 2 ab-! polarized = 5 ab-! unpolarized

(arXiv:1903.01629)


https://arxiv.org/abs/1903.01629
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global SMEFT fit @ e+e-: Higgs coupling precisions

Model Independent EFT Fit

LCC Physics WG

x 1/2

B HL-LHC ®ILC250 x 1/3

B HL-LHC ®©ILC250 @ ILC500
dark/light: S1*/S2*

x 1/10

Z W b = C FinVth

(arXiv:1903.01629)

Zy w

#qualitative:

model iIndependence,
hcc coupling

#guantitative (<~1%):

hZZ, n\WW, hbb, hT T
h->invisible/exotic

#synergy:
hyrryr,.hyrZ, huu, htt, A
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69/gi[%]

precision at Higgs factories: European Strategy Update

102:_;

r | Higes@FC WG

B HL-LHC

May 2019

11
B HL+LHeC B HL+HELHC HL+ILC 250 HL+CLIC330 I HL+CEPC
. HL+|LC5:: . HL+CL|C1500

SMEFTNP fit . HL+CL|C3000

11110-1

691

(Physics Briefing Book, arXiv:1910.11775)

69atae
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(v-5) what happens at next leading order for SMEFT

O Zhang, et al,
_O arxXiv:1804.09766,
1807.02121

WH,ZH H-=>bb

at e+e-, NLO ~ O(a), 1% level

for NLO from W/Z/y/H, operators constrained to ~<0.01,
overall effect will be < 0.1%

for NLO from top, operators would be much less
constrained, currently ~ O(1) -> overall effect 1% ->
potential impact in global fit on Higgs coupling precision
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top-quark operators (added to previous SMEFT fit)

(no 4-fermion operators considered)

O = <<I>*<I>><@t<i>> Ol = <<I>*z D ,®)(Qv"Q).
O = (3D ®)(Q1"71°Q), O = (91§ D ,@) ("),
Oth — Z(CI)TD @)(t’}/“b),
OtW — (QO"th) a(DW;V, OtB — (quyt)éBuy,
(1) (3)

Htb Ctw

CtH
AL = ytt—agﬁ 02q+ 0§;+—0Ht+—omb+—0tw+—0t3
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some detailed understandings

ST'(h = yy) : + = — 0.56¢,; + 1. 2c<3> 0.04c¢y,;, + 33,y + 61c,3

7Y HL-LHC~600%
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some detailed understandings

8A; : + = 0.05¢;,) = 0.2¢;;) + 0.1cy, + 1.8¢,y — 03¢5

ALr: left-right asymmetry ~1%
In Z-e-e coupling
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impact from top-EW operators: Vs = 250 GeV e+e-

e Wwith the same set of observables (as previous global fit), at

250 GeV running only, the global fit will not converge at any of
the Higgs factories

* e.g. Higgs couplings could not be determined unambiguously
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impact from top-EW operators: ILC250 + LHC

| HC will provide us valuable top data sets

* top operators will be constrained to some extent at (HL-)LHC

102

Process observable N> 10 .LEP/SLC+LHC Run 2 .+HL-LHC s1 .+HL—LH082 .+|chso .+ILCSOO
pp — ttH cross section E 10 br B,

pp — ttZ /W cross section S’_I‘Z
pp — ttry fid. x-sec. ~ 1 : . :
single-top (t-ch) | cross section .
single-top (Wt) | cross section 107" | !
single-top (tZq) | cross section ; :
t— Wb Fo, Fi 107 | :
e~et — bb Ry, A%y, o o3 ' :

[Durieux, et al, arXiv:1907.10619]
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Errors [%]

impact from top-EW operators: ILC250 + LHC

with the help of LHC top data, Higgs coupling precisions @
ILC250 are almost restored

note: top data from LHC Run 2 is not constraining enough

- ILC 250 Stage
| W w/otop © w/top+ LHC Run 2 w/ top + HL-LHC S2
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0 L [

S.Jung, J.Lee, M.Perello, JT, M.Vos, arXiv:2006.14631
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summary

 physics at future e+e- is very rich
 discover BSM directly & indirectly
* Higgs is unique but not alone

* in addition to a Higgs factory

0

g g ga A

BSM

HH factory

/Z/W tactory
Top-quark factory
flavor factories

in the end: new particles factory

* let’s get prepared for the realization

email me with questions: tian@icepp.s.u-tokyo.ac.jp
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Anhh DY double / single Higgs processes

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

Higgs@FC WG September 2019

DHEIETIHH..-.-.
Al

AR

3

N

A NN\
N .- \\\\\\\\\\\ |

Ny

ARRRRRRRNN N

AN

0

10

20 30 40 50
68% CL bounds on «, [%]

di-Higgs single-Higgs
HL-LHC HL-LHC
...... 0%, 0%
HE-LHC HE-LHC
...... [10-20]%.........5==80% ...
FCC-ee/eh/hh | | FCC-ee/eh/hh
5% —J 25%
LE-FCC |LE-FCC
15% n.a.
FCC-eh,., FCC-eh,,
...... A7424% A
FCC-ee;,
24%
FCC-ee,,
33%
FCC-ee,,,
............................... 49% ...
ILC1000 ILC1000
10% 36%
ILC,, ILC,,
27% 38%
ILC,,,
............................... 49% ..
~ |CEPC
............................... 49% ...
CLIC,,,, CLIC,,,,
7%+11% 49%
CLIC,,, CLIC,,,,
36% 49%
~1CLIC,,,
' 50%

All future colliders combined with HL-LHC

(Physics Briefing Book, arXiv:1910.11775)
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benchmark BSM models

Model bb cc g WW 1t ZZ vy L4 1L
1 MSSM [34] +4.8 -08 -08 -0.2 +04 -0.5 +4+0.1 +0.3
2 Type Il 2HD [36 +10.1 -0.2 -0.2 0.0 +98 0.0 +4+0.1 +9.8
3 Type X 2HD [36] 02 -02 -02 00 +78 00 00 +78
4 TypeY 2HD [36] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [38] -64 -64 -64 -21 -64 -21 -21 -6.4
6 Little Higgs w. T-parity [39] 0.0 0.0 -61 -25 00 -25 -15 0.0
7 Little Higgs w. T-parity [40] -78 -46 -3.5 ~-1.5 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [41] -1.5 -15 10. -15 -15 -15 -1.0 -1.5
9 Higgs Singlet [42] 3.5 -35 -35 -35 -35 -35 -35 -35

Table 4: Deviations from the Standard Model predictions for the Higgs boson couplings,
in %, for the set of new physics models described in the text. As in Table 1, the effective
couplings g(hWW) and g(hZZ) are defined as proportional to the square roots of the

corresponding partial widths.

—> gquantitative assessment for models discrimination
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model parameters (chosen as escaping direct search at HL-LHC)

e a PMSSM model with b squarks at 3.4 TeV,
gluino at 4 TeV

e a Type Il 2 Higgs doublet model
with m4 =600 GeV,tan8 =7

e a Type X 2 Higgs doublet model
with m 4 =450 GeV,tan B8 = 6

e a Type Y 2 Higgs doublet model
with m4 = 600 GeV,tan8 =7

e a composite Higgs model MCHM5
with f =1.2 TeV,mr = 1.7 TeV

e a Little Higgs model with T-parity
with f =785 GeV,mp =2 TeV

e A Little Higgs model with couplings to 1st and
2nd generation with f = 1.2 TeV,mp = 1.7 TeV

e A Higgs-radion mixing model
with m, = 500 GeV

e a model with a Higgs singlet at 2.8 TeV
creating a Higgs portal to dark matter and
large M\ for electroweak baryogenesis

95



BSM benchmark models discrimination at ILC250

20 B
SM SM
ILC250, S2* 18 C ILC500, S2*
pMSSM c pMSSM
16 §
2HDM-II — 2HDM-II
2HDM-X EFT interpretation 14 g SHDM-X EFT interpretation
12 é
2HDM-Y ] 2HDM-Y
10 B
Composite D Composite
8 - —
LHT-6 E LHT-6
6 O
LHT-7 O LHT-7
4 O
Radion E Radion
2
Singlet Singlet
0

C S P C S
S MO 30N 5N, yompoé;’g -6 L1175 Racly, Ngle, S PSS iGHO1, 50N, 510N, ,,O’hpoLsZZ -6 SHT- 5 Racly, Ngle

oM R~ o o 3
model discrimination in o

oo

o N A~ O



effect of improvement from TGC, vwH, ZH at 500GeV

N
o

SM
ILC500, S2*

—
(00)

pPMSSM

—
o

2HDM-II

—
N

S
model discrimination in o

SHDM-X EFT interpretation

—l
N

2HDM-Y

Composite

(00)

LHT-6
LHT-7
Radion

Singlet

o N B~ O

o C . S
Sy MssﬁHDMiHDMf(HDM y%poéi?e% AT, Raclo,y Mol



strategy to determine all the 23 parameters

mwand a(mz)-> g, g’;
GF->V; Mh-> N\, Mmz-> CT;
Arand [} -> CHL+CHL’, CHE;
[wand [z-> cw, Cz;

g1z -> CHL; Ky -> CwB; Ki -> C3aw;

BR(h->yy) and BR(h->yZ) -> Ccsg, Cww;

OzH -> CH; OzHH -> Ce;

BR(h->bb/cc/gg/uu/TT) -> Vb, Ve, Cg, Y, Y
BR(h->invisible) and BR(h->other);

cww IS helped by Arr in ozn, angular meas., W-fusion;
cHL/cHL'/cHE are helped by ALr in ozH
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simplifications of our analysis

e attree level, and to linear order in D-6 coefficients

e ignore some possible D-6 corrections involving light
leptons, e.qg. 4-fermion operators

e avoid using observables that involve contact interactions
that include quark currents (see more later)

* ignore the effects of CP-violating operators

2¢ __ 4gg'c -
ALop = +T 3 atows, W + LW otieaws, B
W W
9“CeB ~ 9°Caw b
+=——®'®B,, B" + €abc W, W™ ;W PH
My My
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on-shell renormalization

* D-6 operators modify the SM expressions for precision
electroweak observables, thus shift the appropriate values
for the SM couplings —> g, @', v, A free parameters

* D-6 operators also renormalize the kinetic terms of the SM
fields —> rescale the boson fields

1 o 1 y

_}lAWAW (1 —=62Z4) + %(@Lh)(a"h) (1—=462y) ,

with
6Zw = (8cww)
0/ 7 = C,%U(SCWw) -+ 28121)(801/{/3) -1- 8,‘40/0,(20(8033)
0L 4 = Si((SCWw) — Z(SCWB) -+ (8633))
5Zh = —CHyg .
1 , g2 g2
A[.: — 5 5ZAZ A/J,UZ'UI 9 5ZAZ = SuwCw ((Swa) — (1 — —2w)(80WB) — —30(8633))
C,w C,w 60



EFT input: EWPOs

Observable current value current o future o SM best fit value
a t(m7) 128.9220 0.0178 (same)

Gr (1071 GeV~2)  1166378.7 0.6 (same)

mw (MeV) 80385 15 5 80361

mz (MeV) 91187.6 2.1 91188.0

my (MeV) 125090 240 15 125110

Ay 0.14696 0.0013 0.147937

['y (MeV) 83.984 0.086 83.995

'z (MeV) 2495.2 2.3 2494 .3

[y (MeV) 2085 42 2 2088.8
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EFT input: EWPQOs (7)

O{(mz), Gp,mw, Mz, Mp, ALR(E), F(Z — €+€_)

1
be = §(4ma(m2))/? = s26g + 2 0g’ + §5ZA

5Gp = — 200+ 2c,,

1
5mw — (59 + v + §5ZW
omy = co20g + 8209 + dv —

1 — 1
omyp = 55)\ + 0v + §5Zh

1

2

1
Ct + §5ZZ

> 0Q, 09, OV, O\, CT
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EFT input: EWPQOs (7)

Oé(mZ), GF7 mw,mz,MmMp, ALR(E)a

o'y =

0A, =

[(Z — 0707)

26 25
5mZ | sz gL gé{ 9dR
gL T 9dRr
49LQR(59L — 59R)
94 QR

1

F 1] 1
(—5 +s)(1+ 5522) — —(cgL + cyyr)

2
1

[ 1
(-l-sfu)(l -+ 5522) — —CHE — SuwCw0Z Az

2

g CHL+C HL, CHE

— chwézAZ
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EFT input: TGC (3)

Av

mW

w+ \/J- W w-— w&- w...
SR I, 1
2 A 2

1 Suv
Jz — ng(]. -+ §5ZZ | - 5ZAZ)

AL — igV{V“(WlLW“ —WEW ) + sy WEW, T

kKa =1+ (SCWB)

s = —6g°caw

SW W)
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EFT input: TGC (3)

1
09z,eff = 09z > (g, — s2)0g + s5,09r — 20gw)

0kaers = (co — s2)(8gr, — 0gr) + 2(6e — dgw) + (Bewn)
OAaers = —69°caw

1
gw =9 (14 ¢y + §5ZW)
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EFT input: BR(h->vy)/BR(h->ZZ*), BR(h->yZ)/BR(h->ZZ*)
(2: HL-LHC)

OL'(h — v7v) =52880Z4 — cy + 4de + 4.2 dmy, — 1.3 dmy — 20v

ST (h — Z7v) = 2906247 — cg — 2(1 — 3s%,)0g + 6¢20g' +0Z 4+ 674
+9.6 0my, — 6.50mz — 20v

ST(h — ZZ*) = 20z — 26v — 13.86mz + 15.65my, — 0.506Z7 — 1.02C% + 1.186T'»

82

574 = 2 ((SCWW) — 2(8ews) + (8cBB)) 52 a7 = SuCu ((SCWW) — (1= 22 (8ewp) — —2"(8033))

-2
Cw



EFT coefficients

10: ¢, CT,
+4:9,0,V A

- Cww, Cws, CBB, Caw, CHL, C'HL, CHE

can already be determined,

except Cs, CH

—> Higgs observables @ e+e-
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EFT input: o(e+e- —>Zh), o(e+e- —> Zhh)
* cH has to be determined by inclusive ozn measurement

* Ces has to be determined by double Higgs measurement

EFT input: BR(h—>XX) AL = —crg75(®1®)Ls - Orp + hoc,

V2

e hcouplingstob,c, T, u,Q L= AG G

* [(h->invisible), total decay width

note: beam polarizations provide several independent (redundant)
set of 0,0xBR input, which are powerful to test EFT validity
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two more parameters: Cw, Cz for I'(h->WW?*) and '(h->ZZ%)

N e
. W & W+
h
h

['/(SM) =1+ 2nw — 20v — 11.76mw + 13.6dmy,
—0.75Cy — 0.88C}y + 1.066Tyy |

Cw =) cxNx / Y Nx,
X X

(c’x: contact interactions)

g2

EFTinput:  Tw =0 (N - (1+ 20 + dmuw + 67y +2Cw)

(similar for Z)

69



