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Introduction

® The discovery of a Higgs-like boson in 2012 provided experimental
confirmation of the last particle predicted by the SM...

® So far, its properties also seem
to be very SM-like... to
~10-20% accuracy.

® This precision, however, is still
not enough to learn too much
about possible sources of New
Physics (NP)...
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Introduction

® |ndeed, the measurements of the Higgs properties have not provided
much information (constraints) on New Physics yet:

9r |[LHC

2 2
Typical BSM deformation: ogh ~Y gszv % ANP > 500 gNp GeV
aghnh ANP ~ gsM
<v> ; Not better than direct searches
| -
| gne (unless NP is strongly coupled)
E.g H———¢==1= gnp
e N\

0 m?
R. Rattazzi’s talk at ﬂ ~ h = €T = ﬁne tuning
ESU symposium, Granada g Am2
y h h

( = Higgs precision physics is a key tool to learn from BSM )
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Introduction

® Therefore, a key component of the physics program at future particle
colliders has revolved around the possible improvements on the
knowledge of properties of the Higgs ...
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Introduction

® Therefore, a key component of the physics program at future particle
colliders has revolved around the possible improvements on the
knowledge of properties of the Higgs ...

® One should however not forget about improving our measurements of the
properties of the other particles of the EW sector:

Electroweak Precision Observables (EWPO)

Measurements of cross sections and asymmetries, coming mostly from e+e- colliders (LEP/SLD)

Z-pole obs. ~ A
Mz, Tz, 00,4, sin®OgF", PP, Ay, ARl RS  (SLD/LEP) f
S 0.002-0(1)% z, W
—
Mw, Tw W obs. (LEP2, Tevatron, LHC)
D — 0.02-0(1)% L f

Provide precise measurements of properties (mass & couplings) of the W & Z bosons
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Introduction

® Therefore, a key component of the physics program at future particle
colliders has revolved around the possible improvements on the
knowledge of properties of the Higgs ...

® One should however not forget about improving our measurements of the
properties of the other particles of the EW sector:

e ...even if the Higgs is the primary goal, one cannot separate the
determination of its properties from the knowledge of the
properties of the other SM particles...
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Introduction

Higgs production at “low-energy” lepton colliders

3300_ | LI e B SMatlLO
o 0 i — o CEPC 2018 |
B — WW fusion
250 | 77 fusion ] <1%
|
200_ |
|
' |
1501 I
i |
- | — >
100[- | . ¢ g
I | W~
- |
| | _____ h,
S0 I e*e —»vvH(WW fusion)
i | ] W+
L I ! —— | ete :@F,:IH:‘ZZ‘kasT.ml‘w_ 6+ ) ) 7,
200 250 300 350 400 ) )

® Precision of Higgs measurements expected to be close to per mille
level in several cases
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Introduction

Higgs production at “low-energy” lepton colliders

3300_ | L R B SMatlLO
o 0 i — o CEPC 2018 |
B — WW fusion
250 | 77 fusion ] <1%
|
200_ |
|
' |
1501 I
i |
i |
100_— I =
5 |
“ |
S0 I e*e —»vvH(WW fusion)
i |
2 ! | e*e :@F;IH:ZZ fLJsﬁ.mn‘w: ?
200 250 300 350 400
/s [GeV]

® Precision of Higgs measurements expected to be close to per mille
level in several cases

e |s the knowledge of the EW interactions from LEP/SLD enough to
neglect EW uncertainties in the extraction of Higgs properties?

® To answer this, first we need to set the (B)SM interpretation “framework”
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Introduction

Similar considerations for WW production at lepton colliders

e At LEP2 aTGC determination was built on the assumption that the EW
Iff are SM-like. Justified by the precise LEP/SLD Z-pole constraints

e |s the knowledge of the EW interactions from LEP/SLD enough to
neglect EW uncertainties in the extraction of aTGC at future colliders?

® To answer this, first we need to set the (B)SM interpretation “framework”
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The theoretical framework

HKUST IAS HEP Program Conference Jorge de Blas
Hong Kong, January 21, 2020 10 - Durham University



Theory framework

® Two possible approaches to compare indirect sensitivity to BSM:

Too many models
No experimental |nd|cat|on favoring any

particular scenario

e We will follow the model-independent approach using an EFT:

o—
t

We don’t need to know this to describe the physics here
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Theory framework

o The dimenSion 6 SMEFT: * SM Particles and Symmetries at Low-energies. Assume H in SU(2) doublet

e Expansion in canonical mass dimension

-

~
L:Eff — 2024 Ad1_4£d — ﬁSM —|_ %£5 _I_ %EG _I_
d—4
La=Y,Clo;  [0)] = > ()
_ Effects
k A: Cut-off of the EFT suppressedby g = v, E < A

LO new physics effects “start” at dimension 6: 59 B & L preserving operators
B.Grzadkowski, M.Iskrynski, M.Misiak, J.Rosiek, JHEP 1010 (2010) 085 (2499 counting ﬂavor)

Describes correlations of BSM effects in different types of observables,

r Example: UQ BHY Wiu Modifies neutral gauge EWPO, aTGC \

i boson self-energies
Opws = dlaoB Wy, < nd >
vhB* o h— ZZ, vy Higgs physics

L EWSB (dim 5) J

We focus on EW/Higgs: Assume CP-even. 4-Fermion and dipole

operators tested better by other processes (no EW/Higgs) and are
neglected.

We also restrict the analysis to flavour preserving processes/interactions
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Theory framework

Dimension-6 effects in Higgs/EW physics at LO

h
COI’ ALIVY = . lzacw my Wi W, +8c.mzZuZy + cwng” (W oWy, +h.c.) +c:08°ZudyZuy + cy188' ZudvApy
Ty}
- ~ 2 - ? o &2 er/92 + /2 24 o2
Q N o %WJVWW + g gZGquuv + ey T AuvAwy + g i 8 ZuvAuy + - %ZWZ#V
'EI Ss
= oc, = Oc,+40m,
(;5 Cww = Cgppz+2 sin’ 0,,Czy + sin* 0, Cyy,
1 . .
C>’<) col = o [gZCZD +¢'%c,. — e*sin? O Cyy — (g2 —g'?)sin’ Gwczy}
. 1
O 0 = A [28%co+ (g% +8'H)ee — ey — (87 —8'H)ezy]
=N J
E ( 12 \
._g @) ALTOC = ieSKky AMYW,W, +igcos®, [5glz (WL, WH =W W) ZY 4 (8812 — 2—25@) Z”"WJWV_]
© &)
N o, ~ _
q=) % —|—l’i2Z (sin 6, W, "W, PAD +cos 6, W, "W, pZ#) ,
w
N -
S
£ RS At — Y Syrmpff+hc
© m 6 — yrmg L
Q fEu,d,e
0
2 A
8 § Agvff;h"ff 8 1 2h + 8 W/l o 5 3 Wq _ d 8 Wq - d+h
o) 6 Y +2— | W, (0gr Viue+ 08y "uyud+ 0gp "iiyud +h.c.
:w m 2 1%
O = h 8 Zf 7 8 Zf 7
O = + Vgrtg'? (1 +2—) Zu| Y S frs+ Y S Fwuf
T . -~ v f=ud,ev f=ud,e )
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Theory framework

Dimension-6 effects in Higgs/EW physics at LO

h _ _
ALY — - [25CW mIZVWJWu ‘%Zuzu + o g’ (W, oyW,, +h.c.) ZZuavZuv + cy88'Zy dvAuy
N g2 B g2 o2 2+ g2 24 o2
oc, = Oc,+
Cow = Co+2sin® 0,y + sin” 0,,Cyy,
Only 7 independent 1
parameters Cw] = pop—— [g%can+ 8 2 — € sin* B0y — (87 — &' %) sin” By
1
_ o0 = T 2¢%c+ (g% +8 ez — ey — (87— 8 eyl y
a )
Where to test these?
Vv
H—VV’ pp — HV
v E———
_|_ —
y gg — H e"e” - HZ
Tree level
N ( ) Y
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Theory framework

Dimension-6 effects in Higgs/EW physics at LO

( 12 \
O AL = ieSKky AMYWIW, +igcos 6, |8giz (WHLWH —W, W ZY + (8g12 — ‘2—25@) ZMW Wy
O
I _ _ Only A: is independent
% +@(Sin 6, W, W, PAp + cos 6, W, "W, ng) : Y P _
K myy, 6g1z and Ok, related to HVV couplings y
( 2 )
W Where to test these? 1o mier2ww)
- M Higgs
- Il LEP-2 + Higgs
0.5/
Z,y i '
Complementarity H/aTGC
07(y 0_0; ____________________________________ _
> L
l W A. Falkowski et al., PRL 116 (2016) 011801 0l
ete” - WTW- |
~1.0F_. ‘ ‘ |
1. 1.0  -0. 0.0
pp — WAW—, WZ, Wy (Tree level) T e
\ &Slz )
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Theory framework

Dimension-6 effects in Higgs/EW physics at LO

h A _
N 5 NP parameters hift _ ™
[ T (t,b,c,T,) AL y Y, oyrmpff+he ]
feud,e
a )
Where to test these?
f' —_
pp — ttH
H H — ff’
0o
ete” — ttH
;
L (Tree level) y
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Theory framework

Dimension-6 effects in Higgs/EW physics at LO

[ N 8 A
= vifwff & + (& Wlos & Wq- s Wq_
é AL, = 5 @ W, (SgL Viue+0g; "ityud+0gp u}/ud—kh.c.) SV b a7
o 5 ZF - 5 7f 5 gy " = 697" Ve — Vormdgh®
E + g2 +g'2 Zy Z 68L fYuf+ Z 58]3 i
k f=u.d,e,v f=u,d,e J
(
Where to test these? A
o
zZ, W “Same” EFT interaction
<
l f
ete > Z — ff
L (Tree level)
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Theory framework

Dimension-6 effects in Higgs/EW physics at LO

-

SMEFT fit

~N

-Hff and Vff (HVff) diagonal in the physical basis -For H & EW exploration purposes only

-Cumbersome from model-building

-VIf (HVff) flavour universality respected by first 2 quark families point of view to avoid FCNC

Parameter counting in the parameterization of LHCHXSWG-INT-2015-001 13 Higgs/V V'V

{5m9 Cgg> 6Cz9 Cyyy Czyy Czzy Cz0y 5yt9 6yca 5yb9 5y7‘9 5yu9 A }"’
{(897) 40> (8G7%) g5 (897 )15 (8G7%)es (8GE") g, (6GEY)ais (5921 ]

15 Vﬁf/HVﬁf/

q1—q2, ezeall'ﬂ-
(gF 1)

5 SM + 28 New Physics Parameters

To study the impact of EW measurements in the determination of Higgs properties
we will compare with an scenario with “perfect EW” data
i.e. EW interactions known to be SM-like with infinite precision:

“Perfect EW” — {dm, (897")a:s (597" ai (81" )es (8G7)es (82" )ass (892 ais (89E0)e | = O
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Theory framework
Higgs production in the EFT framework

® New type of contributions: apart from new HVV’ tensor structures, virtual
exchange of BSM particles can generate contact interactions

Interference grows like E? wrt. SM
e H

® Remember, these HZff terms are connected to modifications of Zff
couplings, e.q.

<>
ngz’Du¢ erY'er ~ ﬁZM@'y“eR + %HZM@W“eR + ...

2sc

Uncertainty on (H)Zee introduces growing-with-E “contamination”
In the extraction of HZZ interactions from ZH processes

= Use future EWPO (Z-pole data) to constrain Zee — HZee
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Theory framework
Presentation of SMEFT fit results

® Compare Future Collider sensitivity to BSM EW/Higgs deformations in a
basis-independent way

Project EFT fit results from dim-6 Wilson coefficients into (pseudo)
observable Higgs effective couplings, alTGC and effective Zff/Wff couplings
defined from EWPO:

( Dim 6 Wilson coeffs. Effective couplings )
C; eff — _eff (C;\ __ _eff x C; C?
A2 7 9 =9, (Az)_gw |SM+ZO‘¢P+O(F
Higgs Electroweak
X 2 — I'yg_ — a Mz Ze|2 Ze|2 _ |QIZ,e|2_|91€e|2
\_ 9 = Fgl\ii Lzete- = Gazo,, coma, UIL°I° + 19R°T%); Ae = lgZ°2+|gZe|? Y,
4 )
SMEFT-fit Results presented in terms of 13 Hioos/VVV
4 INIgIS/V VYV
{5.91%Z9 591‘?{/“/9 69}?? 59[{[77 59195?9 59?[) 59;;3 5921;9 69}-{7-7 59?[}“9 591z95"37a }‘z}
15 VI/HVIf
{(5gzz,u)qm (097 i (‘ngvey)ﬁv (697°)e; (5gzzzu)qm (5Q}sz)qm (59}Zze)£}q1:q2, t—e, T
(qi# 1)
\_ Y,
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EW/WW/Higgs inputs at future lepton colliders
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Future lepton colliders considered in the study

- -1
unpolarized ® Z-pole [8 ab 1]

o ® @ WWw Threshold [2.6 ab™1]
® 240 GeV [5.6 ab 1]
Circular Colliders

® @® Z-pole [150 ab 1]

: @® Ww Threshold [10 ab™1]
(F2)) ¢ unpolarizedg ®240 GeV [5 ab ']
@ 350 GeV [0.2 ab™ 1]

@® 365 GeV [1.5 ab 1]

) ® 250 9 ab-1]
(-80%,30%) g, ®350 1135 ab-1]
(780%,£30%) ¢ ® 500 -6 ab™?]
® 250 9 ab-1]
®350 045 ab-1]
® 500 6 ab-1]

Lepton.Colllders (80%, -30%).

® 250 ab™1]
@ 350 .15 ab™1]
® 500 ab™1]

(—80%,0%)‘

(+¥80%,0%) ®

@ 250 ab™1]
@ 350 .05 ab™1]
L1 Collid ® 500 ab™ 1]
inear Colliders -1
® : ® 250 GeV [2 ab 1]
unpolarizedg ®350 GeV [0.2 ab 1]
®500 GeV [4 ab 1]
B ® 380 GeV [0.5 ab 1]
( 8@%,0%). @®1.5 TeV [2 ab™1]
®3 TeV [4 ab 1]

(8@%,0%).

(¥80%, @%).

@® 380 GeV [0.5 ab 1]
®1.5 TeV [0.5 ab™ 1]
®3 TeV [1 ab™ 1]

(80%,@%)'
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Future lepton colliders considered in the study

‘ _ -1
unpolarized ® Z-pole [8 ab %]

o ® @ WWw Threshold [2.6 ab™1]
® 240 GeV [5.6 ab 1]
Circular Colliders

® ® Z-pole [150 ab™ 1]

) @ Www Threshold [10 ab™ 1]
((Fco)) ¢ unpolarizedg @240 GeV [5 ab 1]
@350 GeV [0.2 ab 1]
@® 365 GeV [1.5 ab 1]
. ® 250 GeV [0.9 ab 1]
(-80%,30%) o, @350 GeV [0.135 ab ]
(¢8®%,i3®%). @500 GeV [1.6 ab™ 1]
® 250 GeV [0.9 ab™1]
® 350 GeV [0.045 ab 1]
@500 GeV [1.6 ab 1]

Lepton.Colllders (80%, -30%).

® 250 GeV [1 ab 1]
® 350 GeV [0.15 ab™ 1]
@500 GeV [2 ab™1]

(—8@%,0%)‘

(+¥80%,0%) ®

® 250 GeV [1 ab 1]
@350 GeV [0.05 ab™1]

, , @500 GeV [2 ab™ 1]
Linear Colliders ® 250 GeV [2 ab 1]

. .
unpolarizedg ®350 GeV [0.2 ab 1]

\ @500 GeV [4 ab™ 1] )
(—8@%,0%).

@®1.5 TeV [2 ab™ 1]
g il _ h ®3 TeV [4 ab 1]
Not in jj, baseline:
@380 GeV [0.5 ab 2]

We will use these “runs” to study the impact of (80%,0%) o ®1.5 Tev [0.5 ab 1]
L polarization at linear colliders y @3 TeV [1 ab 2]

(80%,0%).
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Future lepton colliders considered in the study

Official inputs available for Higgs/WW/EW

[ Higgs h
Rates (signal strength) Yes (Y, OzH)
- o-BR (Complete with HL-LHC) Yes (aTGC dom.) Yes (Z-pole run)
H = SsMBRrs™
(Inclusive) cross section
oz =o(ete” — ZH) Yes (Y, ozn) - Yes (Rad. Return)
Only possible at (Gomplete with HL-LHC) e (= b (Giga-Z? Not in baseline)
L lepton colliders y
aTGC Yes (
Y, OzH) i
( 51y ks A ) (Complete with HL-LHC) Yes (aTGC dom) Yes (Z-pole run)
[ EWPO B
My, Ty, Tz s, AL e
“ @ 2 amh SFBLR Yes (1, oz Yes (Full EFT Yes (Rad. Return)
H, OzH parameterization) (Giga-Z? Not in baseline)
My, I'w, 'w_¢

Z physics via Z-pole:
Vs=Mz: ete - Z — X
or Rad. Return:

Vs> Myz: ete” - ~vZ —~vX
. J

( We will always combine with the info expected at the end of the (HL-)LHC era )
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Future lepton colliders considered in the study

Official inputs available for Higgs/WW/EW

Higgs
Rates (signal strength)

— c-BR
H = SsMBRrs™

(Inclusive) cross section
Oz = 0'(€+€_ — ZH)
Only possible at

lepton colliders
\ P

W,
aTGC
591z9 5"377 >\z
1

[ EWPO
MZ7 FZa I‘Z—>f9 A{rB,LRa

My, I'w, 'w_¢

Z physics via Z-pole:
Vs=Mz: ete - Z — X
or Rad. Return:

Vs> Myz: ete” - ~vZ —~vX
. J

HKUST IAS HEP Program Conference

Higgs

Yes (U, ozH)
(Complete with HL-LHC)

Yes (aTGC dom.) Yes (Z-pole run)

Yes (Rad. Return)
(Giga-Z? Not in baseline)

Yes (U, ozH)
(Complete with HL-LHC)

Yes (HE limit)

Yes (U, ozH)
(Complete with HL-LHC)

Yes (aTGC dom) Yes (Z-pole run)

Yes (Full EFT
Narameterization

Yes (Rad. Return)

Yes (Y, oz+) (Giga-Z? Not in baseline)

( We will always combine with the info expected at the end of the (HL-)LHC era )

No full EFT studies available for WW processes at future lepton colliders

(Except for CLIC, which uses a preliminary version of this study)

Jorge de Blas

Hong Kong, January 21, 2020
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Global EFT study of WW production

WW production at lepton colliders

® (Current projections based on sensitivity to aTGC ONLY in differential
angular distributions (ignoring correlations between bins)

precision reach of aTGCs at CEPC 240GeV

0.0015~ | M8 binned distributions, €=80% | e: signal selection efficiency | -
| Bl optimal observables, e=80% J Y i

B optimal observables, e=50% | T : individual fit

B 5.6/ab, e*e”>WW semileptonic channel, statistics only] 7
0.0010— . >
- 7 ()
0.0005+— .
0.0000 T T T
A

591,2 5Ky Z

precision
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Global EFT study of WW production

WW production at lepton colliders

® (Current projections based on sensitivity to aTGC ONLY in differential
angular distributions (ignoring correlations between bins)

precision reach of aTGCs at CEPC 240GeV
0.0015~ | M binned distributions, €=80% | e: signal selection efficiency|

B optimal observables, €=80%
Bl optimal observables, €=50% | T : individual fit

5.6/ab, e'e 5> WW semlleptonlc channel, statistics only]
0.0010
0.0005 |
0.0000
Az

691 z (5Ky

precision

® We prepared a new sensitivity study using full information about each
event in the formalism of “optimal statistical observables”

HKUST IAS HEP Program Conference Jorge de Blas
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Global EFT study of WW production

Optimal Statistical Observables (O0)

® (Consider a Phase-space distribution linear in some coefficients c¢;:
S(®) = So(®) + ¥, c:iSi(®)

(SMEFT: S(P) = 3—2 So(®) = d<I> SM ciSi(®) = d<I> Interf. SM—NP )

® |n the limit of large statistics, the observables
(See e.g., Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

0,= Yy =22

SO((I)k:)

k€events
provide the most precise statistical information about the coefflc:lents Ci
around the point ¢;=0, Vi

cov(ci, cj) = (Equ)si(i)(if)(q))>_l + O(ck)

OO minimize the volume of the 1-o ellipsoid

® |dealized (no systematics) = We compensate omission of systematics via

conservative selection efficiency ¢
L — el

HKUST IAS HEP Program Conference Jorge de Blas
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Global EFT study of WW production

WW production at lepton colliders

® (Current projections based on sensitivity to aTGC ONLY in differential
angular distributions (ignoring correlations between bins)

et f et f

precision reach of aTGCs at CEPC 240GeV

0015 | M binned distributions, €=80% | ¢: signal selection efficiency |
0.00 5, B optimal observables, €=80% 9 vl

B optimal observables, e=50% | T : individual fit
5.6/ab, e*e”>WW semileptonic channel, statistics only]

Bin distr. |
Bin distr. |

0.0010 . )
| Bin distr.

\oo

precision

0.0005

0.0000

691,2 6KV AZ

® We prepared a new sensitivity study using full information about each
event in the formalism of “optimal statistical observables”

e Default method only accounts for statistical sensitivity = Compensate

omission of systematics via conservative selection efficiency &

HKUST IAS HEP Program Conference Jorge de Blas
Hong Kong, January 21, 2020

- Durham University



Global EFT study of WW production

WW production at lepton colliders

® (Current projections based on sensitivity to aTGC ONLY in differential
angular distributions (ignoring correlations between bins)

precision reach of aTGCs at CEPC 240GeV

0.0015~ | M8 binned distributions, €=80% | e: signal selection efficienc .
| Bl optimal observables, e=80% J Y i

B optimal observables, e=50% | T : individual fit
5.6/ab, e*e”>WW semileptonic channel, statistics only]

Bin distr. |
Bin distr.

0.0010 . )
| Bin distr.

\oo

precision

0.0005

0.0000

(591,2 6KV AZ

® We prepared a new sensitivity study using full information about each
event in the formalism of “optimal statistical observables”:

® We also consider all possible BSM deformations within the dim-6
SMEFT framework

HKUST IAS HEP Program Conference Jorge de Blas
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Global EW/Higgs fits at future colliders
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Higgs couplings

[N
<
w

107

20
10

1.5

Global fit to EW/Higgs projections

EFT Higgs couplings and aTGC

precision reach on effective couplings from full EFT global fit

M HL-LHC S2 + LEP/SLD

l CEPC Z/WW/240GeV

l FCC-ee Z/WW/240GeV

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

T IIIIIII[

B ILC 250GeV B O Y

B ILC 250GeV/350GeV
B ILC 250GeV/350GeV/500GeV
P(e™,e*)=(70.8,£0.3)

[l CLIC 380GeV g4 @gkleel\v

Il CLIC 380GeV/1.5TeV
Il CLIC 380GeV/1.5TeV/3TeV
P(e,e*)=(¥0.8, 0)

light shade: CEPC/FCC—ee without Z—pole
M CEPC/FCC-ee without WW threshold
Y perfect EW

imposed U(2) in 1&2 gen quarks

T perfect EW&TGCli

lepton colliders are combined with HL-LHC & LEP/SLD]

10"

\NAW oy

¥
U A\

1072

1073

1074

107°
7 WW vy z gg tt cc bb 7T H

o9y 69y el 69/  O9n 695 99K O9p 69y 69y Az 2
— —410
Ratios, real EW / perfect EW |
- 12
- 115

6git  ogl"  eafl a6l 69} 69y 6oy 69 ogn  G9iz Ok Az

e All future lepton colliders can reach near per-mile level precision on AVV

® Rare decays (H—Zy, H—uu) statistically limited <« Better at pp coll.,
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Global fit to EW/Higgs projections

EFT Higgs couplings and aTGC

precision reach on effective couplings from full EFT global fit

B HL-LHC S2 + LEP/SLD M IL.C 250GeV i ACPENEE VAN Ml CLIC 380Ge\ ACELIERV ght shade: CEPC/FCC-ee without Z-pole
B CEPC Z/WW/240GeV B ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV e g e A T BT (STl

Y perfect EW U perfect EW&TGC

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks

Bl FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TeV
B FCC-ee Z/WW/240GeV/365GeV |  P(e™,e*)=(70.8,£0.3) P(e™,e*)=(70.8, 0)

Ratios, real EW / perfect EW

AT

5957

o957 o9y

Are LEP/SLD EW precision measurements enough?
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Global fit to EW/Higgs projections

EFT Higgs couplings and aTGC

20
10

® Note: polarization partially compensates the absence of

| Ratios, real EW / perfect EW

CEPC FCCee

Excl. fut. Z-pole
A
5O =
33
5O O
o
o
W
o5
o
@)
r
(@)

Z-pole at linear colliders

og; "

/

[ Are LEP/SLD EW precision measurements enough? J
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Hong Kong, January 21, 2020
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On the beam polarization at linear colliders

Impact of polarization in Higgs coupling sensitivity

precision reach on effective couplings from full EFT global fit

B ILC +350GeV +500GeV, P(e ,e")=(¥0.8,%0.3) -~ perfect EW
B ILC +350GeV +500GeV, P(e™,e")=(¥0.8, 0) combined with HL-LHC & LEP/SLD -
B ILC +350GeV +500GeV , unpolarized imposed U(2) in 1&2 gen quarks 1
107 —1072

Higgs couplings
S
|

N

3
w
|

Jo-t 107°
SgFF oo™ Salf  sgY  6ay  ogf, 69y 69 O69n  6gk 091z  Oky Az
i § ; | Ratios to P(e”,e")=(¥0.8,+0.3) | ]
150 J. J Eh
i . .d am o om _*ﬂl S BN

® Polarization can resolve degeneracies in the ZH rate appearing in the
unpolarized case.
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On the beam polarization at linear colliders

Impact of polarization in Higgs coupling sensitivity

j
(0%,0%)
(180% ,Oo/o)

_— (x80%,+30%)
1072

1073

10~4
/7
59H

ILC +350+500 GeV

® Polarization can resolve degeneracies in the ZH rate appearing in the
unpolarized case.
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On the beam polarization at linear colliders

Impact of polarization in Higgs coupling sensitivity

~
(0%,0%)
_(1800/0,00/0)

1 0_2 i (+80%,+30%) i ~

- Cancellations for unpolarized beams

_ _ ﬂ- e Not in SM (at tree-level)

v, N/ Vv + +

1073 —

i 9.~ —9r = interference with Zy diagrams cancels
1 O_ 4 (approximately) for unpolarized beams

6g5F

ILC +350+500 GeV

—

1
| |
|

® Polarization can resolve degeneracies in the ZH rate appearing in the
unpolarized case.

HKUST IAS HEP Program Conference Jorge de Blas

Hong Kong, January 21, 2020 - Durham University



107°

HKUST IAS HEP Program Conference

Global fit to EW/Higgs projections

The other “half” of the EFT fit: EW couplings

precision reach on EW couplings from full EFT global fit

107"k

Bl HL-LHC S2 + LEP/SLD

l CEPC Z/WW/240GeV

l FCC-ee Z/WW/240GeV

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

M ILC 250GeV
Ml ILC 250GeV/350GeV
Ml ILC 250GeV/350GeV/500GeV

P(e™,e")=(¥0.8,+0.3)

B CLIC 380GeV MAoktneail | ight shade: CEPC/FCC-ee without Z-pole BE 1

[l CLIC 380GeV/1.5TeV
[l CLIC 380GeV/1.5TeV/3TeV
P(e™,e*)=(¥0.8, 0)

X CEPC/FCC-ee without WW threshold

Y Higgs measurements excluded

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks

=10~

107%E
107°E
107k

107°F

—1072
=107
=10~

=107°

107°

6951 097k O9w  o6d%L  S6g¥r o 697, 69rr 6w 697 S9zr 69 69 60, 69%%

e EW Vff couplings (and therefore HVff) better determined at circular colliders
due to the Tera-Z factory run vs. the use of rad. return measurements at
linear colliders

® (Conversely, high-energy runs at linear colliders can measure HZee (and
therefore Zee) via Higgs, but only in combination with other HZZ interactions

Jorge de Blas

Hong Kong, January 21, 2020
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Global fit to EW/Higgs projections

The other “half” of the EFT fit: EW couplings

B HL-LHC S2 + LEP/SLD M ILC 250GeV M CLIC 380Ge\ ERACRiRSHl | 'oht shade: CEPC/FCC-ee without Z-pole
B CEPC Z/WW/240GeV Ml ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV o Hhegs messmamane oxctuded o

B FCC-ee Z/WW/240GeV ILC 250GeV/350GeV/500GeV._| ] CLIC 380GeV/1.5TeV/3TeV | X on coliders are combined with HLLHG & LEP/SLD
Il FCC-ee Z/WW/240GeV/365Ge kRwosed U(2) in 1&2 gen quarks

6971 69zZr  O9w 69z O%Zp |

e EW Vff couplings (and therefore HVff) better determined at circular colliders
due to the Tera-Z factory run vs. the use of rad. return measurements at

linear colliders

® (Conversely, high-energy runs at linear colliders can measure HZee (and
therefore Zee) via Higgs, but only in combination with other HZZ interactions

Jorge de Blas
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Global fit to EW/Higgs projections

The other “half” of the EFT fit: EW couplings

Bl HL-LHC S2 + LEP/SLD B LC 250GeV Bl CLIC 380Ge RAGHAeIOl | ght shade: CEPC/FCC-ee without Z-pole
B CEPC Z/WW/240GeV Ml ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV o Hhegs messmamane oxctuded o

B FCC-ee Z/WW/240GeV M 1LC 250GeV/350GeV/500GeV | Ml CLIC 380GeV/1.5TeV/3TeV || oon coliders are combined with HLLLHC & LEPISLD
B FCC-ee Z/WW/240GeV/365GeV |  P(e”,e*)=(0.8,20.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 182 gen quarks

e EW Vffcouplings (and therefore HVff) better determined at circular colliders
due to the Tera-Z factory run vs. the use of rad. return measurements at
linear colliders

® (Conversely, high-energy runs at linear colliders can measure HZee (and
therefore Zee) via Higgs, but only in combination with other HZZ interactions
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Interplay EW/Higgs at future colliders

\\ Couplings and correlations

y_J| w \ How to read “this”?
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Correlation Map at Future Lepton Colliders

CEPC: FCC-ee: ILC (= 80%, ¥ 30%): ILC Unpolarized: CLIC (£ 80%, 0%):
@D 240 GeV @» 240 GeV @ 250 GeV @ 250 GeV @D 330 GeV
@D 240 & 365 GeV @ 250 & 350GeV @D 250 & 350GeV @ 380 & 1500 GeV
@ 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
Correlation < 50% o Correlation > 50% @) Perfect EW
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Interplay EW/Higgs at future colliders

Couplings and correlations

How to read “this”?

,,, On the outside: 10 uncertainty
:“ on the different interactions

\\\\\\/ //’ Interactions grouped as:
( Eff. H couplings, aTGC and Vff )

Correlations indicated by lines
linking the different couplings

Correlation Map at Future Lepton Colliders

CEPC: FCC-ee: ILC (= 80%, ¥ 30%): ILC Unpolarized: CLIC (£ 80%, 0%):
@D 240 GeV @» 240 GeV @ 250 GeV @ 250 GeV @D 330 GeV
@D 240 & 365 GeV @ 250 & 350GeV @D 250 & 350GeV @ 380 & 1500 GeV
@ 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
Correlation < 50% o Correlation > 50% @) Perfect EW
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Interplay EW/Higgs at future colliders

Couplings and correlations

CEPC/FCC-ee: Z-pole run
largely decouples EWPO and

H7Z7 Higgs fits

C \ \ ILC: precision of HZZ limited

o - by absence of Z-pole run

\

\ / \\\\' ,;;//';'4;//. //
\ / P %/\

‘/////l//t\\ -

Correlation Map at Future Lepton Colliders

,/////// \\\\\\ ™ \\ CLIC: High-E run compensate
- \\ gg the absence of Z-pole run (for HZZ
// 3 ‘\\\\y‘, N SN P (for HZZ)
/ a )
& \\\\‘\ "~ ,
er; TT Z Z 7 - ’ H
5gt 0g5 <>
e e e e
AO‘ 7H E 2
USM A2
CEPC: FCC-ee: ILC (£ 80%, ¥ 30%): ILC Unpolarized: CLIC (£ 80%, 0%): k ZH J
@D 240 GeV @ 240 GeV @ 250 GeV @ 250 GeV @ 3380 GeV

@D 240 & 365 O @D 250 & 350GeV @ 250 & 350GeV

250 & 350 & 500 GeV ~ @D 250 & 350 & 50049€V
orrelation aYy!

@D 380 & 1500 GeV
300 & 1500 & 3000 GeV

Perfect EW

Correlation <5078
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Interplay EW/Higgs at future colliders

Couplings and correlations

\
\\ \\

S \L _ g V4 ¢\\§\\ \ /
IR S/ A Ny
WX AN

ML IS
° \ \X oz, e %, y &
= SRR

- /

\ \/

CEPC: FCC-ee: ILC (= 80%, * 30%): ILC Unpolarized: CLIC (£ 80%, 0%): CEPC: FCC-ee: ILC ( + 80%, ¥ 30%): ILC U larized: CLIC ( + 80%, 0%):
@D 240 eV @EED 240 GeV @D 250 Gev @D 250 Gev @D 350 GeV @D 240 GeV @D 240 GeV -( 250 GeV V - 250 o\ - gso Gev ¥
@D 240 & 365GeV @GN 250 & 350GeV @ 250 & 350GeV @S 380 & 1500 GeV @D 240 & 365 GeV @D 250 & 350GeV @ 250 & 350GeV @D 380 & 1500 GeV
@D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV @D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
Correlation < 50% e Correlation > 50% (@] Perfect EW Correlation < 50% e Correlation > 50% (o) Perfect EW
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Interplay EW/Higgs at future colliders

@D 240 GeV  @EED 240 GeV
@D 240 & 365 GeV

HKUST IAS HEP Program Conference

Hong Kong, January 21, 2020

Couplings and correlations

ILC Unpolarized: CLIC (£ 80%, 0%):

@ 250 GeV @D 330 GeV

@D 250 & 350GeV @D 380 & 1500 GeV

@D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV

relation > 50% (@) Perfect EW

Jorge de Blas
- Durham University




Conclusions
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Conclusions

e Motivated by the Higgs factory option, there seems to be a consensus that a
future lepton collider must be the next step in particle collider experiments:

“Model-independent” determination of A couplings (unlike the HL-LHC)
Near per-mille level precision in some H couplings.
But rare channels limited by stats = need Hadron collider afterwards

e But future lepton colliders are more than Higgs factories: possibility of
improving the knowledge of ALL EW interactions

e |n fact, a precise determination of Higgs properties requires to keep under
control uncertainties associated to other EW parameters!

* We studied the impact of the EW uncertainties adding to the global Higgs
+ EW fit a fully global EFT study of WW at future lepton colliders

e Polarization and higher energies at LC can partially mitigate the impact of the
absence of Z-pole run in some couplings (HZZ), but cannot the replace the net
added value of the EW precision measurements.
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Global fit to EW/Higgs projections

EFT Higgs couplings and aTGC: dependence on WW projections

precision reach with different assumptions on e*e"™>WW measurements

1 _ |l HL-LHC S2 + LEP/SLD B ILC 250GeV B CLIC 380GeV light shade: €=0.01 (Xew=EXow) 110~
= Il CEPC Z/WW/240GeV B ILC 250GeV/350GeV [l CLIC 380GeV/1.5TeV solid Shadei_ €=0.5 (default) 3
i Il FCC-ee Z/\WW/240GeV B ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TeV lepton ;_m dore gf;combine 4 with HL_LHC & LEP/SLD .
L . FCC-ee Z/IWW/240GeV/365GeV P(e",e+)=(¢0.8,iO.3) P(e_,e+)=($0.8, 0) imposed U(2) in 1&2 gen quarks 4
& 107 =102
=
e Q
3 .3
O 1072 =107 QO
5 1 o
)
I r i
107 1107
107 1075

69 ooV el ogi  egf  egt, 69y g dgf  ogff 691z Ok, A

/\ 1% Efficiency in ee—WW
/  50% Efficiency in ee—WW (Default)

100% Efficiency in ee—WW

( Influence of the assumptions in the 00 study of WIW production in the extraction of H couplings )
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Other EFT results
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Other EFT results

Results in manifestly gauge-invariant dim-6 bases

95% CL reach from the full EFT fit (SILH')

103 ; B HL-LHC S2 + LEP/SLD W ILC 250GeV W CLIC 380GeV |igh'[ shade: individual fit (one operator at a time) 10_6
r| Il CEPC Z/WW/240GeV W ILC 250GeV/350GeV W CLIC 380GeV/1.5TeV solid shade: global fit
H Ml FCC—ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV | Ml CLIC 380GeV/1.5TeV/3TeV| epton coliders are combined with HL-LHC & LEP/SLD
2 W FCC-ee Z/WW/240GeV/365GeV | P(e”,e")=(¥0.8,+0.3) P(e”,e")=(¥0.8, 0) flavor universality imposed in gauge couplings ) -
= 10°= B Notation
'— N ~
- >
S = _ 1 21\2 _ 2 2 A MA uv
\; % On = 5(8M|H |) OGG_95|H| G,LLI/G a
= = _ 2 2 , _ 2= 717
< Oww = g°|H|" W3, W Oy, = yu|HI?qrHup + h.c.  (u—t.c)
_ 12 2 v _ 2=
Opp = ¢"*|H|*By, B* Oy, =vilH|"qrHdr + h.c.  (d—b)
— _ 27
T Ogw = zg(D“H)Taa(DVH)WﬁU Oy. =Ye|H|?lpHer + hc. (e~ 1,p)
H Use Unw Uus Uge O, Ve Vo A v, Y3sw Ow B T He UHg OHq CUnu Ond I Oyp = ig/(D“H)T (D”H)B OSW — %geabCWﬁ qulj)ch o
- !
. g Ow = 9(Hio"D, H)YD'W Op = 9 (H'D,H)o" B
95% CL reach from the full EFT fit (modified SILH') ) D" Wiy 2 wH)0" By
10° @ HL-LHC S2 + LEP/SLD B ILC 250GeV B CLIC 380GeV light shade: individual it (one operator atatme) B 10 (’) = gg’HTaaHWaVBW Oy = Z'HTﬁuHﬁL’yqu
r Il CEPC Z/WW/240GeV HILC 250GeV/350GeV Il CLIC 380GeV/1.5TeV solid shade: global fit K o
[| I FCC-ee Z/WW/240GeV Hl ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD ( ﬁ ) O/ — ZHTJaﬁHK O.G ,LLE
102 LB FCC-ee ZIWW/240GeV/365GeY P(e”,e")=(¥0.8,£0.3) P(e”,e")=(70.8, 0) flavor universality imposed in gauge couplings 1o 2 0= pAELO YL
> E — . _
l<1_J F { ( L’Y'MEL)(EL’YMKL) OH@ = ZHTE;HGR’)/MGR
- r >
E 1oL 0 OHq — il D, Har ar Opru = iH' D, Hugy ug
— F < . — . 7
Ry L o }{q :ZHTO'QFNHQLO'G’)/“(]L OHd:ZHTEZHdR’)/MdR
< 1 E— 1
0.1 . 107
OH oWW OBB OHW OHB OGG Oy, ch Oyb Oy, Oy,, OS w OWB OT OHe oHq o) Hq OHu OHd oII
95% CL reach from the full EFT fit (Warsaw)
103 E W HL-LHC S2 + LEP/SLD [l ILC 250GeV [l CLIC 380GeV |igh'[ shade: individual fit (one operator at a time) 10_6
r|lll CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV solid shade: global fit
i Il FCC-ee Z/WW/240GeV Il ILC 250GeV/350GeV/500GeV | CLIC 380GeV/1.5TeV/3TeV lepton colliders 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) flavor universality imposed in gauge couplings

107 107

3
[;-A81] v/

Ny |G| [Tev]

102
Oy Oww Ogg Oce Oy, Oy, Oy, Oy Oy, O3y Ows Or Opy OW Oue Onq O'hg Onu Omg O

Fits assuming flavour universality in Oyrand O 'ur
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On the beam polarization at linear colliders

Impact of polarization in Higgs coupling sensitivity

ILC 250 GeV -

80%

How to read “this”?

dgly 09

40%

Sgc - d9;
’ . ’ O9unpol./OGunpol.(Lx1.12) -1 : Increased stats.

5957}2

OYunpol./09(+80%,0%) -1 : Increased stats. +
resolving degeneracies

593‘?1{
OGunpol./09(+80%,730%) -1 : Increased stats. +
resolving degeneracies

o
5gz,L

59%&

‘l .
“
S, = ' L HE P[]
fit

5.6% Gain
Current EW
== === Perfect EW

ILC 250 GeV:

@ Statistical Gain 5k 893
e T80%,+30% 8917

a» 1780%,0%

® Polarization can resolve degeneracies in the ZH rate appearing in the
unpolarized case.

® The same can be resolved using data at different energies
= negligible influence of polarization in the results at 500 GeV

Jorge de Blas
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On the beam polarization at linear colliders

Impact of polarization in Higgs coupling sensitivity

ILC 250 GeV -

80%

How to read “this”?

dgly 09

40%

Sgc - d9;
’ . ’ O9unpol./OGunpol.(Lx1.12) -1 : Increased stats.

5957}2

OYunpol./09(+80%,0%) -1 : Increased stats. +
resolving degeneracies

593‘?1{
OGunpol./09(+80%,730%) -1 : Increased stats. +
resolving degeneracies

o
5gz,L

59%&

S HE Pt

5.6% Gain
Current EW
== === Perfect EW

ILC 250 GeV:

@ Statistical Gain 5k 893
e T80%,+30% 8917

a» 1780%,0%

® Polarization can resolve degeneracies in the ZH rate appearing in the
unpolarized case.

® The same can be resolved using data at different energies
= negligible influence of polarization in the results at 500 GeV

Jorge de Blas
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Future colliders considered in the study

Official inputs available for Higgs/WW/EW

Higgs
Rates (signal strength)

— c-BR
H = sM.BRSM

(Inclusive) cross section
Oz = 0'(€+€_ — ZH)

Only possible at
L lepton colliders

aTGC
dglza 5"377 >\z

[ EWPO
MZ7 FZa FZ—>f7 A{:B,LR,

My, I'w, 'w_¢

Z physics via Z-pole:
Vs=Mz: ete - Z — X
or Rad. Return:

Q/§>MZ: ete” - ~vZ —-~vX

j

J

HKUST IAS HEP Program Conference

Higgs

Yes (Y, oz+)
(Complete with HL-LHC) Yes (aTGC dom.) Yes

Yes (Rad. Return)

Yes (Y, oz+) Yes (HE limit) (Giga-Z? Not in baseline)

(Complete with HL-LHC)

Yes (u, ozH)
(Complete with HL-LHC) Yes (@aTGC dom) Yes

Yes (4, az+) Yes (Full EFT Yes (Rad. Return)
H, OzH parameterization) (Giga-Z? Not in baseline)
FCC-hh Yes (u, BRVBR; for rare From Lepton Coll. From Lepton Coll.

decays)

( We will always combine with the info expected at the end of the (HL-)LHC era )

Jorge de Blas
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Future colliders considered in the study
Official inputs available for Higgs/WW/EW

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)

TTT T [T I T T [T T T [T T T[T T[T I T[T I T T [TIT I TTITT]

— stat + syst (cons.)

T T T T[T T T[T T[T T[T T[T T[T I T[T I I [TrTT

— stat + syst (cons.)

= [ (s=100Tev 1 = | fs=100Tev
e F , stat + syst (optim.) 3 100 . stat + syst (optim.) 3
8 10 L=30 ab — stat. only — t E L=30ab — stat. only E
1 E E T + B
T ] £ ]
s IS E
S 1 r f =
( . ) 1 F ERE - ]
nggS & f ] = 1 3
Rates (signal strength) Yes ( ol BR(H = yy) | BRH = yy) 1
c-BR © | H, g BR(H — eeuu) A BR(H — uu)
= omplete wit . ] 107E 3
u USM.BRSM :llllllllllllllllllllllllllllllllllllllllllllllla :lllllllllllllllllllllllllllllllllllllllllllll:
100 200 300 400 500 600 700 800 900 1000 50 100 150 200 250 300 350 400 450 500
p:'lmm [GeV] p:'.mm [GeV]
(InCIus“’e) Cross SGCtIon FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
_ + _— YeS (IJ, ® SR R AR AR AR R AR RN ® T T T T T T T T
O'ZH f— O'(e e — ZH) (Complete with = | (s=100Tev — stat + syst (cons.) =  Vs=100Tev — stat + syst (cons.) :
. % 10 ? L 230 ab” stat + syst (optim.) ; g | L 230 ab” stat + syst (optim.) |
Only possible at roF — stat only 15 - — st only
= | ] 10 =
L lepton colliders y - 1 B ]
Yes (| o BT A
aTGC (Complete witl £ e 1§ F :
012y 0K~y Ay i BRH —uw) 1 ° | BR(H — uuy) |
il BR(H — uuuu) ] - BR(H — uuuu)
[ EWPO B 56100750200 250300 350 400" 450500 56106150200 550 300" 30400 450" 500
I pt [GeV] P [GeV]
Mz, U'z, I'z_y, AFB,LRa ' '
Mw, T'w, U'w_s Yes (u, BR/BR;for rare
decays) From Lepton Coll. From Lepton Coll.
Z physics via Z-pole:
Vs=Mz: ete - Z — X
or Rad. Return:
s>My: ete- »>~Z -5 ~X . ] ) )
Q/_ z v 7 ) We will always combine with the info expected at the end of the (HL-)LHC era
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Interplay EW/Higgs at future colliders

Couplings and correlations

FCCee FCCee+hh

PN

\ J //, 3
\\o s &7/ /m)y\\ “ |
\\ ’ N9 M R N 5ot
\“ S U i " X
L 4

\“ N sg;fﬁ DD >
097 sgm, 9% S 0 gm0
N T | NN G

\ - \

\ \

CEPC: FCC-ee: ILC (£80%, ¥30%):  ILC Unpolarized: CLIC (  80%, 0%): CEPC: ILC (= 80%, T 30%): ILC Unpolarized: CLIC (  80%, 0%):
@D 240 GeV @D 240 GeV @ 250 GeV/ & 250 GeV @ 380 GeV @D 240 GeV @D 240 GoV - 250 GeV - 250 GeV @& 350 GeV
@D 240 & 365 GeV @D 250 & 350GeV @ 250 & 350GeV @ 380 & 1500 GeV @D 240 & 365 GV @D 250 & 350GeV @ 250 & 350GeV @ 380 & 1500 GeV
@D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV @D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
Correlation < 50% e Correlation > 50% O Perfect EW Correlation < 50% o Correlation > 50% (@) Perfect EW

PRELIMINARY
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Interplay EW/Higgs at future colliders

Couplings and correlations

FCCee+hh

ILC Unpolarized: CLIC (£ 80%, 0%):
@D 3380 GeV

ILC Unpolarized: CLIC (  80%, 0%): CEPC: ILC (+ 80%, ¥ 30%):
@D 240 GeV @D 240 GoV - 250 GeV - 250 GeV
@D 240 & 365 GeV @D 250 & 350GeV @ 250 & 350GeV @ 380 & 1500 GeV
@ 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
e Correlation > 50% (@) Perfect EW

ILC (£ 80%, ¥ 30%):
@D 250 GeV @D 380 GeV

CEPC: FCC-ee:

@D 240 GeV @ 240 GeV @ 250 GeV

@D 240 & 365 GeV @D 250 & 350GeV @D 250 & 350GeV @D 380 & 1500 GeV
@D 250 & 350 & 500 GeV @ 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
(@) Perfect EW

Correlation < 50% e Correlation > 50%
PRELIMINARY
Jorge de Blas

- Durham University

Correlation < 50%
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Future colliders considered in the study

Official inputs available for Higgs/WW/EW

Higgs
Rates (signal strength)

— c-BR
H = sM.BRSM

(Inclusive) cross section
Oz = 0'(€+€_ — ZH)

Only possible at
L lepton colliders

aTGC
dglza 5"377 >\z

[ EWPO
MZ7 FZa FZ—>f7 A{:B,LR,

My, I'w, 'w_¢

Z physics via Z-pole:
Vs=Mz: ete - Z — X
or Rad. Return:

\/g > MZ :

.

ete” - ~vZ —-~vX

j

J

HKUST IAS HEP Program Conference

Hong Kong, January 21, 2020

Higgs

Yes (U, ozH)
(Complete with HL-LHC)

Yes (U, OzH)
(Complete with HL-LHC)

Yes (U, ozH)
(Complete with HL-LHC)

Yes (U, OzH)

Yes (u, BR/BR;for rare
decays)

Yes (u: CC & NC DIS
—HWV)

aTGC

Yes (aTGC dom.)

Yes (HE limit)

Yes (aTGC dom)

Yes (Full EFT
parameterization)

From Lepton Coll.

From Lepton Coll.

Yes

Yes (Rad. Return)
(Giga-Z? Not in baseline)

Yes

Yes (Rad. Return)
(Giga-Z? Not in baseline)

From Lepton Coll.

From Lepton Coll.

( We will always combine with the info expected at the end of the (HL-)LHC era )

Jorge de Blas
- Durham University




Interplay EW/Higgs at future colliders

Couplings and correlations

FCCee+eh+hh

FCCee+hh

CLIC (£ 80%, 0%):

CEPC: ILC (£ 80%,  30%): ILC U%%oé:\ll‘lzed. CLIC (= 80%, 0%): CEPC: ILC (£ 80%, ¥ 30%): ILC Unpolarized:
—d — e eV e 10 Gev @D 240 GeV  @EED 240 GeV - 250 GeV & 250 GeV @& 350 GeV
o & 1200 & 2000 Gev @D 240 8 365 GeV @D 250 & 350GeV @ 250 & 350GeV @ 380 & 1500 GeV
@ 250 & 350 & 500 Ge\ @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
Correlation < 50% o Correlation > 50% (@) Perfect EW

@D 240 GeV @D 240 GeV
@D 240 & 365 GeV @ 250 & 350GeV
@D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV
(@) Perfect EW

Correlation < 50% e Correlation > 50%
PRELIMINARY
Jorge de Blas

- Durham University
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Interplay EW/Higgs at future colliders

Couplings and correlations (ILC+FCChh)
ILC ILC+FCChh

5 Z.R y \ s 5 z, ¢ \ 1,
* 394 Wi . . 3g% Wi & . ,
\\\\x 693 Qe % /é/ \ 6ng s %
\ \l Ti g 09 X S5 g 095 )(
R oyt
/

—_—
CEPC: FCC-ee: ILC (= 80%, ¥ 30%): ILC Unpolarized: CLIC ( %= 80%, 0%): CEPC: FCC-ee: ILC (£80%, ¥30%) + FCC-hh: ILC Unpolarized: CLIC (= 380%, 0%):
@D 240 GeV @ 240 GeV @ 250 GeV @ 250 GeV @D 330 GeV @D 240 GeV @ 240 GeV @ 250 GeV @ 250 GeV @D 380 GeV
@D 240 & 365 GeV @D 250 & 350GeV @ 250 & 350GeV @D 380 & 1500 GeV @D 240 & 365 GeV @D 250 & 350GeV @ 250 & 350GeV @D 380 & 1500 GeV
@D 250 & 350 & 500 GeV @ 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV @D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
Correlation < 50% e Correlation > 50% (@) Perfect EW Correlation < 50% e Correlation > 50% (@) Perfect EW
PRELIMINARY: To be updated with FCCeh soon...
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Results from Higgs@Future Colliders WG (ESPP)

JB, et al., arXiv:1905.03764 [hep-ph]

HKUST IAS HEP Program Conference Jorge de Blas
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Single Higgs couplings

Results in the SMEFT-framework (Higgs/aTGC)

O 102} | B HL+HELHC M HL+LHe HL+ILC2s0 HL+CLICs3g0 HL+FCCec200 | 4401
%] = . HL+ILCs00 HL+CLIC1s00 HL+FCCee365 | 1
I‘_U [ | e e SMEFTyp fit B HL+ILCio00 M HL+CLIC3000 B HL+FCCoeonmn |
=
c
(4 » J e T
(2}
o L R Wl ]
: .......................................................................................................................
8 ...........................................................................................................
» = L a L N . 9
8 x|~ S =
.J_: TET o _ _ _ | 103 ‘g’
) Emhm ‘O Zﬁ_ﬁiﬁi_ﬁﬁ U || | (N o] B [ .
2 .
*&,-; 1l

a1
=
2 ° .
= - - - : 1410
-
]
==
(S
2,
(®) !
P ]
Q

eff ff ff eff eff ff

7 9Hzz 9rww gﬁyy 9Hzy YHgg Ihitt
>
® - [__improvementwrttAL.LAC___] 10°
- jjj111j1:"j'_ji;11_1'-.'_1'11_111_11;111;1;1;11;11_1jj_ij;ji_jjj_ji;j;j;i;j;j;i;ji_jjj_j1-'-'-141_11;1;1;1;1;1;1;1' 102
- ol T e e e R TR -
B B CEEE | O HEEEE | _1 __I 5' __I.._____] _1 ' 410
m e | 1

eff eff ff ff ff eff eff ff ff
Ohzz 9hww Ry, Rz, GHgg Ohtt GHee Ghbb IHrr
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Single Higgs couplings

O :
O
It_u 3 .
ye) Sol A 1
c 52
© 40 . :
7,
o)) e i ] |
= gt
o
= 12 3
(@)
o 10 P :
» = sl S
S 1 Sol -
(@)} >
= TET S 4 'mml |
) L.m(ﬁm 21 —
> eff
Z i
o

o
b = ) S ]
o &:; 4
(@) o 3 -]
= O %
k= g2t ]
g®)
: — =
(&)
Q o5
(@)
|
S Bf ;
@ S Qoo ;
5 £4]
7 23}
o Sl
- 1
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L
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3.5
3.0
< 2.5}
2.0
51.5;
1.0}
0.5;-
25— ] 35
20/ 3.0
Saetl | ] 225
519 §2.0
ERRISE | S e— 215
2 | , 1.0
0.5 05
gﬁfsfjg
6,
] 3.5
3.0
S X25
s3] $2.0
2, N £1.5
1.0
1 0.5
9%in giie
Future colliders combined with HL-LHC
— SMEFTyp fit
| ERERe HL+LHeG
- 380 Higgs couplings

HL+ILC 500 HL+CLIC1500
— 1000 3000
ee -240
HL+FCC ee-365
- ee/eh/hh

Higgs@FC WG
September 2019
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Sensitivity to NP in EW interactions
The other “half” of the SMEFT fit: EW Zff couplings

B HL+HELHC HL+ILCys0 HL+CLIC3s0 HL+FCCoonto | =
= Higgs@FC WG == Conservative assumptions for Ay HL+ILCs00 HL+CLIC1500 HL+FCCee3s5 =
L SMEFTyp fit B HL+ILCi000 [ HL+CLIC3000 B HL+FCCee/ehinn ]

6gilgi[%]

d=s

110

gt g%

EFT results projected into effective Zff couplings

- - =._

JL— — Il L=

HKUST IAS HEP Program Conference
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gt gk gi=sg%s g° gp

102

<10~

: :10-2
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The Higgs self-coupling

e Comparison of capabilities to measure the H3 coupling

Higgs@FC WG September 2019

LI I L I LI I LI I LI | LI di_HiggS Single_HiggS HL-LHC di-Higgs ~5oo/o
HL-LHC HLLHG HLLHC
......... °°°(47/)
~ ozt smlion | |HE-LHC| di-Higgs ~15%
HE-LHC f————m—mMM— 88 — FCG-ee/eh/hh FCG-ee/eh/hh
i 5% 25% (18%)

\ N NN\ N\ NN\ N NN\ N\ NN\ N\ NN\ N\ N\
............................................................................................... LE_FCC \ LE_FCC

% ~Jn.a. . - z - = ~ (o)
oo, NN Rean,,  [|rocen, ((.zccj> ee: single-Higgs ~34%
e L/ A7+24% Lo Jna % hh: di-H iggs ~5-10%

FCC-eet”

365

N\
under HH threshold — Focse

FCC-ee — - 33% (19%)
FCC-ee

..................................................................................................... |LC1OOO_\_?L95/:’O§;9°/°) Little sensitivity via
ILC _ 10% 1 36% (25%) . .

ILCyp0 3"‘0500 SIngIe-nggs WIO

............................................................................................... 27% 38% (270/0)
~11ILC
CEpC |/MderHHthreshold N e 365 GeV run
CEPC
""" SiE T GG
7% 300000 \ 00300000 -- - o
cLic Juhe D di-Higgs ~10%

NMITNDN \\\ \\ ey | (s oo

0o 10 4 50 o

680/0 CL bounds on K3 [o/o] All future colliders combined with HL-LHC .Ip

IIL di-Higgs ~27% (10%)
Assuming upgrade to 500 GeV (1000 GeV)
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Interplay EW/Higgs at future colliders

Impact of EWPO (Z pole measurements) in Higgs coupling sensitivity

(g’elf)l;?( — %J) B HL+ILCsq B HL+CLIC3000 B HL+FCCge3es
H—+XX = Result including Giga-Z at linear colliders
Higgs@FC WG
September 2019 Dark/Light: SMEFTpew (Perfect EWPO) / SMEFTyp (Global fit)
10...f.f.f.f.f.f.._..._..f.._..._..f.f.f.-_.-_.._. . ._..f.._..._..f.f.f.f.f.f.f.._..._:10_2
EW program at250 Gev -. ........... - - N
| I || N AN O DR 1 I | 140-3
| N B TS o | PO IORRURDR DR | | | | T P T :::::10 8
1 1 - - 0. - - - - - - -dB ... 3. .... B . BN ......... =58 ... h
BN D ARl TERRORIYL TR .. ... N m‘“
oy B | [ | PPN | )
N . N 'R | I N | | . | N B o || o ._.'....10_4

ff ff ff ff ff ff ff ff ff ff
Ohzz IHww gﬁlyy gﬁlZy gﬁgg Ohtt hce 9Hbb GHre gﬁlyy 091z Ok, Az
Difference due to absence of precise enough EWPO at LC (no Z pole run)

Can be mitigated by using: (1) High-energies (2) EWPO from Giga-Z run?
JB, et al., arXiv:1905.03764 [hep-ph]
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http://arxiv.org/abs/arXiv:1905.03764

Interplay EW/Higgs at future colliders

Impact of EWPO (Z pole measurements) in Higgs coupling sensitivity

(gfelffX?X = ;&’J) . HL+|LC5OO . HL+CL|C3000 . HL+FCCee365
H—oXX et Result including Giga-Z at linear colliders
Higgs@FC WG
September 2019 Dark/Light: SMEFTpgw (Perfect EWPQO) / SMEFTyp (Global fit)

9
o
EW program at 250 GeV =
pro9 E’ - EW program at 250 (380) GeV
— e ILC (CLIC) measurements of EWPO via radiative return
Red marks

...... o ILC/CLIC measurements of EWPO from Giga Z run

] _ Perfect EW measurements
SRR || N B Scenario assuming infinite precision in EWPO

....... 11 = Any NP entering in EWPO is constrained to 0

Perfect EW measurements

Differen precise enough EWPO at LC (ho Z pole run)
Can be mitigated by using: (1) High-energies (2) EWPO from Giga-Z run?
JB, et al., arXiv:1905.03764 [hep-ph]
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Indirect constraints on Composite Higgs

Constraints on SILH effective Lagrangian

HEPJH! B HL+HELHC M HL+LHeC HL+ILCo59 HL+CLIC3g9 HL+FCCege240
| Higesercwe T Single operator fit HL+ILCs00 HL+CLIC1500 HL+FCCee
10k | Sootomber 2019 Global fit to Lsu B HL+ILCio0 [ HL+CLIC3000 B HL+FCCecletimn | 0.32

101

ci/N2[TeV-2]

/\/J?,- [TeV]

102

10~3

Including extra fit inputs: High-E probes of new physics

103
102
10F -~ -~ 11 e ) it | B
1 -— N L L B T T A B IJ IL] LI-- 'IJ' i A LI Il |4I1L 1 Ill

O, Or Oy Og O¢W O O, Oy, O, O, Oy, O:5 Oy O3y Og
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12 O . S . S O S . S O PO . S . P, SN S . SO L B B S | 12 O . L S WL S S S U SR S, L S SRS SR, S . S . . . S, S . S S S, S AL S B

[ 2-0 exclusion 1 [

10p @ HL+FCC 10p

| @ HL+CLIC [
I @ HL+ILC " 2-0 exclusion HL+FCC 1
8T @ HL+CLIC1500 ] 8f @ Global :
[ @ HL+ILC5q I s 0 y
i @ HL-LHC O g ¢ ]
i . i 0 .
o[ _~* HL+CLICs0 | of o .
i HL+ILCy5 o - g~ O2w -
l HL+CEPC i | ow+0s '
[ HL+FCC.. | [ l
| . - G rit '
[ HEP[} ’ ' '
[ i [ Higgs@FC WG 1
2k Higgs@FC WG h 2F September 2019 "
3 September 2019 - B b
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

m, [TeV] m, [TeV]
Simplified CH benchmark: 1 coupling (g-) - 1 scale (m+)
2
Co.6yr &% cwp 1 cwpesag 1 1
A? m2’ A2 m2’ A? g2 m?’
cr oy o1 cyg oy 1 cowop & | cswae 11
A2 1672 m2’ A? 1672 m2’ A2 1672 m2’ A? 1672 m2

Indirect constraints on Composite Higgs

Projecting into simple Composite Higgs scenarios
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The role of theory
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Will SM theory calculations be enough?

Estimates for SM theory uncertainties used in the ESU studies

~ )
Decay Partial width Projected future unc. AT'/T [%] Intrinsic TH unc in production
[keV] ThIntr ThPar(mq) ThPar(as) ThPar(mH) e g e+ e-_)ZH
H — bb 2379 0.2 0.6” < 0.1 — LO to NLO: 5-10%
. O- (]
H — rtrr~ 256 <0.1 - — — .
Missing 2-loop: O(1%)
H — ce 118 0.2 1.0° < 0.1 —
N Full 2-loop should
H - 0.89 0.1 - - — .
TR = reduce uncertainty to 0(0.1%)
H - WWwW* 883 <0.4 — — 0.1} _
ﬁ Z width effects relevant
H 335 1.0 - 0.5 - i . .
99 at this level of precision?
H -~ ZZ* 108 < 0.3 — — 0.1
H — 7y - < 1.0 - _ _ Assessment of TH uncertainty
may require full 2->3 NNLO
H — Z~ 2.1 1.0 — — 0.1
"From ete~ — ZH.
'For 6 My = 10 MeV. Adjusted for Higgs mass precision at CLIC. In any case, reducible with
"For émp = 13 MeV, ém. = 7 MeV. (Lattice projection). necessary effort from theory side
"For da; = 0.0002. (Lattice projection).
Hence the choice of presenting
_ _ main results with parametrics only
A. Freitas et al., arXiv: 1906.05379 [hep-ph] \ )
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Will SM theory calculations be enough?

- B B B T
N Bt I S R
2 R 2 ol (el
£ i | .
gty gry
3.5 4.5
48] oo 4.0}-----------gaaar---------nnseeneeeee
— — o 3.5f - R oo
4.2} 3.0 =
5 5 §gg """""""""""""""""""
61_0 _______________________________ Dl | BNl D LI e
Q S 2.5 '02-0 _____________________________________
1.5 000 B T
= il I |
grme
4.5} ---nnnmmmmmmmmmmnnnoossoss s

Comparison of SM Theory uncertainties in Higgs calculations

Largest effect on HVV lin
Future colliders combined with HL-LHC Color code a qes e ec_ o coup gs
Differences in other couplings
|| 1HL+IL0500 [ | No Intrinsic unc. . . .
mainly due to unc. in production
1H|—+C|—|Csooo | | | Full Th. unc. 1 No Th. unc.
Exception: Hbb

1 HL+FCCeq 365 No Parametric unc.
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Will SM theory calculations be enough?

Theory requirements for EWPO

experimental accuracy

intrinsic theory uncertainty

Current: Full 2-loop corrections
(Not enough for future Exp. precision)

A. Freitas et al., arXiv: 1906.05379 [hep-ph]

current ILC FCC-ee |current current source prospect
AMz[MeV] 21 - 0.1
AT'z[MeV] 2.3 1 0.1 0.4 o d’as,ac?  0.15
Asin? 054[107°]| 23 1.3 0.6 4.5 o, oo 1.5
ARL[107°] 66 14 6 11 a®, o’ ag 5
AR,[1077] 25 3 1 6 o, o’ s 1.5

4

Prospects: Extrapolation assuming
EW & QCD 3-loop corrections
are known

Technically challenging

but feasible (with enough support)

Still a limiting factor... Example: Reach on oblique parameters S&T

i 0.04 2—;7 re.glon (no Th,nt,)
Obligue parameters: | @ HL+CLICss0,6igaz
g = - | @ HL+ILC2s06igaz @ 0 __e==s .
NP modifying gauge boson self-energies oozl & HucERC )
7| @ HL+FcC,, H
_ NP/ NP/ Including Thy
aS — 4:6 |:H (0) - H (0)i| L ,f’n:L+CT.?C380,Gigaz
» 0.00F HL+ILC250,Gigaz
ol = HNP 0) — HNP 0 - HL+CEPC
s%,VcW [ ( ) ( )] _-” HL+FCC,,
| L HEPI
+ W& Y at LO in heavy NP expansion (arXiv: hep-ph/0405040) ) Higgs@FC WG
(Assumed to be ~0 here) - September 2019
-0.04F,__. . .
-0.04 -0.02 0.00 0.02 0.04
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