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Overview
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The Colliders The Framework The Results
a brief overview of the a discussion of the elaborations and
legacy we can leave theoretical and interpretations of our
behind for the future statistical framework projections for the
generations that we use future

Disclaimer: This is an academic study of the physics that can be probed at future lepton colliders.

| do not make any prediction on which ones will exist in reality or their final run configurations.
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Future Lepton Colliders

a brief overview of the possible future

lepton colliders and the
configurations we explore

YA
<7
<
<

Based on:

wueanl J. de Blas, G. Durieux, C. Grojean, J. Gu, and A. Paul
oy “On the future of Higgs, Electroweak and Diboson

measurements at Lepton Colliders”
JHEP 12 (2012) 117 [arXiv:1907.04311]
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https://arxiv.org/abs/1907.04311

proposed colliders

circular colliders — higher luminosity at lower energies

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic

Underground Infrastructure - Single Tunnel Design

John Osborne - Charlie Cook - Angel Navascués -~ I—/,"‘\
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single Higgs production

[ Primary production modes ]
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Circular Colliders

Lepton.Collider‘s

Linear Colliders

collider configurations

CEPC. unpolarized

® Z-pole [8 ab™1]
o— @ Ww Threshold [2.6 ab™1]

@ 240 GeV [5.6 ab™ 1]

® Z-pole [150 ab 1]

FCC-ee

° unpolarized

@ ww Threshold [12 ab™1]
o— @240 GeV [5 ab™1]

@350 GeV [0.2 ab™1]
@365 GeV [1.5 ab™1]

) ®250 GeV [0.9 ab™%]
(-80%,30%)g, @350 GeV [0.135 ab 1]
crs, 1300, @500 GeV [1.6 ab ]
_ @250 GeV [0.9 ab ?]
(80%,-30%) g, @350 GeV [0.045 ab™ 1]
@500 GeV [1.6 ab 1]
) ® 250 GeV [1 ab™1]
ILc (-80%,0%) g, @350 GeV [0.15 ab™?]
o
a0, 0%, @500 GeV [2 ab 1]
®250 GeV [1 ab 1]
(80%,0%) g, @350 GeV [0.05 ab 1]
@500 GeV [2 ab 1]
_ ®250 GeV [2 ab 1]
unpolarizedg ©350 GeV [0.2 ab ]
®500 GeV [4 ab 1]
) @380 GeV [0.5 ab~*]
(-80%,0%) g, @®1.5 TeV [2 ab ]
CLIC. ($8®%,0%). @®3 TeV [4 ab 1]
@380 GeV [0.5 ab™?]
(80%,0%) g ®1.5 TeV [0.5 ab ]

@®3 TeV [1 ab 1]

— effects of a Z-pole run

— Polarization studies

— high energy runs

Ayan Paul, 5t September — PANIC 2021
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Theoretical & Statistical
Framework

iIntroducing the SMEFT and the analysis
framework used

Ayan Paul, 51" September — PANIC 2021 7
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‘what?”, "why?" and “how?"

the problems

13 n

traditionally Higgs fits are done in the “k
framework.

this works if:
® Higgsand EW couplings are decoupled

® one ignores questions like custodial
protection in the gauge couplings of the
Higgs (i.e., hZZ and hWW independent)

for the Higgs sector to be decoupled from
the EW sector one has to assume infinite
precision in the EW couplings

the question is: are LEP/SLD measurements
precise enough for the goodness of this
assumption?

can precision measurement of the Higgs
couplings complete with the precision in
EWPO

the solution

focus on HL-LHC + lepton collider + LEP/SLD

study scenarios with and without Z-pole
runs at future circular colliders

study effects of polarization and
Mmeasurements from radiative returns at [LC

study the effects of higher energy runs at
CLIC

use the SMEFT d-6 framework varying all
possible operators for the Higgs and EW
sector but assuming U(2) symmetry in the

light quark couplings ([Cg{f’)]u = [CI({1L,13)]22)

fits were done in both HEPfit and an

Independent home-grown code in two
different statistical framework.

Ayan Paul, 5t September — PANIC 2021




EFT Basis

[

]

On = 5(9u|H?|)?
W Oww = g*[H[P Wi, Wk
Opp = ¢ |H|?B,u, B
* Opw = ig(D'H)To*(D" H)W,
% Oyp = ig (D"H) (D" H) By,

Oca = g2|H|*G, G4+

Oy, = Yo H?GrHur + h.c.  (u—to)
Oy, = yd|H|2gLHdR + h.c. (d—0b)
Oye = y€|H|2lLH€R + h.c. (e = 7, 1)

1 b
Osw = dgear WY Wh Werr

* % Oy = Y(Hlo"D, H)D'W?,

Op = 9 (H'D, H)"B,, T ¥

W Owp = gg Hic® HW S, BH
Or = (H D, H)?
Op = (€ry"0L)(LryulL)

One = il Dy Hlr 0y, 34
e = iHTaaﬁuHﬁLaay“ﬁL ﬁﬁ
Oyge = Z'HTEZHER’}/MGR

Orq = iH D, Hirr qr,

tg = 10" DyHGLo" qr

OHu = iHTﬁuHﬂR’yuuR
OHd = iHTEL)HCiR’}/“dR

s, not present in the SILH’ basis

# not present in the modified-SILH’ basis

% not present in the Warsaw basis

C

Any theoretical framework comes with )
some assumptions and an EFT is not an
exception!

However, it is a consistent framework to
relate physics in at different scales for
different productions and decays.

In the absence of a coherent UV-
completion, an EFT framework can miss the
correlations between different operators in
any basis

An EFT is an attempt to minimize "model
assumptions”, not to completely remove it.

A global fit has to be able to incorporate
measurements in different sectors, like the
Higgs and EW, simultaneously.

An EFT fit and a “k" fit should present the
same physics results if the Higgs and EW
sectors are decoupled (as it is with current
Mmeasurement). )

Ayan Paul, 51" September — PANIC 2021 9



HEPfit:a MCMC based Bayesian analysis framework

HEPfit website:
http://hepfit.romal.infn.it

& hepfit.romat.infn.it

home developers physics documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models

8P| ‘. Swererte,

Higgs Physics Precision Electroweak
HEPfit canbeusedtostudy  Electroweak precision observables
Higgs couplings and analyze data are included in HEP it
on signal strengths.

HEPfit Manual:

An introduction to HEP£1it along with some selected
results and instructions for installation and usage can be
found in arXiv:1910.14012.

Flavour Physics BSM Physics
The Flavour Physics menu in Dynamics beyond the Standard
HEP£it includes both quarkand  Model can be studied by adding
lepton flavour dynamics. models in HEP1t.

Downloads

Current Version: HEPfit v1.0
Developer Version: HEPfit @ GitHub
Previous Versions: HEPfit v1.0-RC1
Dependencies: GSL, ROOT, BOOST, BAT
Build System: CMake,

Installation Instructions: Online Documentation
Documentation & Examples: Online Documentation

Installation

Ayan Paul, 5t September — PANIC 2021
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http://hepfit.roma1.infn.it/

Results & Interpretations

discussions of the effects of EW
measurements on the Higgs
couplings and the effects of beam
polarization

Sght', gy, Og%, dgt, g,
Z
591%[Z7 59?[/‘/‘/7 59'YH'Y, 5gH77 59%?7

091,2, 0Ky, Az,
Sate 5(55) 5”’“5((56) 5TTE(6£)”
9z, Oz i Oz 97,0022, %9z e
095k = (097 R)11, 095k = (897 r)22, 095k = (397 R)ss,
(

595 = (69l )11, gy = (Bgly)22, OgiY = (8l )ss,
395", = (09% 1)1 = (39% )22, 09%
bb  —

09%'% = (09% p)11 = (09% p)22, 09%'r = (89% p)11 = (9% )22, O9% R =

I'(h — x)

%% =\ Tl = o™

Ayan Paul, 51" September — PANIC 2021
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Higgs couplings
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constraints on Higgs couplings

B HL-LHC S2 + LEP/SLD
B CEPC Z/WW/240GeV
B FCC-ee Z/WW/240GeV

T llllll'

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

H 1L.C 250GeV ¢ 4@rse VAl Ml CLIC 380GeV gA4@KENERY

B ILC 250GeV/350GeV

H ILC 250GeV/350GeV/500GeV

P(e”,e*)=(70.8,20.3)

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

light shade: CEPC/FCC—ee without Z-pole
. CEPC/FCC-ee without WW threshold

Y perfect EW

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

ronl

U perfect EW&TGC
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correlations between the different sectors

Z-pole @ Future Circular Colliders

correlations differ between
CEPC and FCC-ee because

current EW measurements Z-pole run perfect EW measurements

- ot o S ol oot
: : dominated by HL-LHC e e @
of different inputs s ® e @ P @ / o )
measurements 5w —e . D o N
B9ty 0Ky Ve b0 ox, / A P
= > oot \uy;; = r'd. oo : oot ,_\_\am oot o @ o
/ O e \sg? '\\ ' & uyz“‘,‘k/ “v\sg.g° L7 ‘ & l 5’9"’
/ S ! e it ool R 4 o aoly A
9\l &0 vL\—‘:NR I & WI,L\E:}N’( /< ’ \5 e /?\595'
SN i T A; Higgs
alTGC
8 EW
correlations between @ @ o @ & o ® o B0
the Higgs and EW : ® @ \ @ AL
695" 69" 69f"
0 SH - a oot & g oot g oof?
couplings 2 o L Ng® o 0 & g w
; 5988, o = = 59.‘:’"/ 6] \ 695 \;m gl o0 ogi gt
(g oot \WM \\\ ' 5" oot \m’. l & ‘ %
S __:_-—692‘1 & o __,;-—wﬂ @, & @ , L/
& € I O T / /
& ogi! o /g ogi!
#R\ngn 7 g‘;:"(\ﬁﬂ.‘n N : Az/
2 o S A
8 695 ooy oo 695 oot oa5
E batty 69;‘«’\ o é 994,/ 6g,‘;’\ & sv»‘:'\ o
N L N ~ S 5 oKy oKy
significant constraints > / L VANE a € . e
o o b N\ @ @ o s ot
from HL-LHC e 4N BT o o \ €
g og, o \\\ gL o
3 Bgﬂ———__ﬁ - 59 69, bg}“L—"——-ﬁ - o9 9] N\
= r~ [ vl ot
g g’;‘l\gﬂd Az . ﬂrﬂ\ﬁﬂ% Az - Az
03<]p|<05 MO05<|p/<06|M06<|p<08 MO08<|p <10
== | — f»
Higgs and EW sectors get decorrelated
after inclusion of Z-pole measurements
CEPC: FCC-ee: ILC (£80%,¥30%):  ILC Unpolarized: CLIC (£ 80%, 0%): Ayan Paul, 5t September — PANIC 2021 13
@D 240 GeV @ 240 GeV @ 250 GeV @ 250 GeV @D 330 GeV
@D 240 & 365 GeV @ 250 & 350GeV @ 250 & 350GeV @D 380 & 1500 GeV
@ 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV .

Correlation < 50% e Correlation > 50% (@] Perfect EW



effects of EW measurements on Higgs couplings

og

Without EW measurements beyond LEP/SLD the Higgs and EW < - 1) (%)
dg(EW — 0)

sectors are correlated.

daff'

N o9y
200%

Decoupling them, essentially requires more precise EWPO 100%
Mmeasurements which can be done at the circular colliders.

50%

095

For the effective Higgs couplings, there are almost no differences
between the case of a Z-pole run and the assumption of perfect EW
mMeasurements.

For the aTGCs, even a Z-pole run does not completely eliminate the 8g1.2
differences from the assumption of perfect EW measurement.

og¥f og%
correlations between the og% g7
Higgs and EW sectors in the
absence of Z-pole run at ECC— o CEPC 210 Gev sq¥y sl no Z-pole
ee and CEDC at all energles e FCC-ee 2404365 GeV e - with Z-pole

those assuming perfect EW measurement (in %)

[shift in constraints to couplings when compared vvith]
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constraints on EW couplings

B HL-LHC S2 + LEP/SLD
Bl CEPC Z/WW/240GeV
B FCC-ee Z/WW/240GeV

Il ILC 250GeV MESaa s

M ILC 250GeV/350GeV

Il CLIC 380GeV MEACEEEERA

Il CLIC 380GeV/1.5TeV

Ml ILC 250GeV/350GeV/500GeV | [l CLIC 380GeV/1.5TeV/3TeV

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

P(e”,e")=(¥0.8,+0.3)

P(e™,e")=(¥0.8, 0)

light shade: CEPC/FCC-ee without Z-pole

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

107"

T IIIIIII‘ T IIIIIII’ T IIIIIII‘ T IIIIIII‘ T IIIIIIII T lIIIlIIl

5ay

\69 Z1 69 ezefy

697,  697r

..........

59w 692L

692R

S5ay

‘59;1

59;?/?

69 %(,jL og g(,jR 59?1

Z-pole run included for both CEPC and FCC-ee
EWPO measurements from radiative return for ILC@250 GeV and CLIC@380 GeV included
(S1: same systematics as FCC-ee, S2: systematics estimated by ILC/CLIC)
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diboson analysis

precision reach of aTGCs at CEPC 240GeV

® Optimal Observables exploit the full angular correlation in
ete”™ - WIW and performm much better than a simple
binned analysis. (bases on the definition of statistically
optimal observables)

® For our analysis we assume 50% signal efficiency.

® Assumption on efficiency only affects the hWW and hZZ
couplings and the aTGCs, but not very drastically.

0.0015~ | MM binned distributions, €=80% | e: signal selection efficiency | 1M HL-LHC S2 + LEP/SLD H ILC 250GeV Il CLIC 380GeV light shade: €=0.01 Xow=Xaw) L 107"
. M optimal observables, =800 | __ . L. o ] £ Bl CEPC Z/WW/240GeV M ILC 250GeV/350GeV Ml CLIC 380GeV/1.5TeV solid shade: €=0.5 (default) E
%/aﬁ)ptelg_a—l)\/ovt\;\/sgxﬁsgteosn‘iCecigr?néol Stat.istics only 7 E Ml FCC-ee Z/WW/240GeV ll ILC 250GeV/350GeV/500GeV Ml CLIC 380GeV/1.5TeV/3TeV lepton c-clJ_IIideré §r=e1combined with HL-LHC & LEP/SLD E
e : ] " M FCC-ee Z/WW/240GeV/365GeV | P(e”,e*)=(¥0.8,+0.3) P(e”,e*)=(¥0.8, 0) imposed U(2) in 182 gan quarks ]
< 0.0010- ete™ > WW
9o = n
0 Q
K O 1072—
&) (/2] E
(@)} £
< o
0.0005 - 1 £ I
1073 —
0.0000 7 ' 107 2z WW Yy Zy g9 tt cc bb T u 107°
6917 oy Az 6g 694 ogff o9y  6gn 69y 09y 69y 09y ogy 091z - OKy Az
r ~ So((I)) + CZSZ((I))

O; = Z
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effects of polarization

P_—P. Zh dg (unpolarized)
op.p_ = oo(1 — P+ P.-) [1 —|ALrj— s ] ALr = 0.151 ( dg (polarized) L) (%)
y ¥ 1 o P6+P€_ AI/Dh . 1
LR —
PSS, [ process dependent ] A}//VRW — 0.98 ogiy o og37

statistical scaling factor =124
when summed over both

polarization with equal [ st
. o, . . Z,R H
luminosities as in the
ILC 250 GeV run
. . . 995 r ogZ?
effective Higgs couplings get
decorrelated from EW at higher
energies. st Sql™
\ = A N\ aTGCs retain correlation with EW
\ / 7\ \ at higher energies 99%s v,
& /’,' / /) \'“ ) ) e - : -
iy polarization does not fully Az Sgu
6055, 111 1\ ILC 250 (}eY: )
T . compensate for the absence of e Statisical Gain ox, sglt o 5% Gain
z,L ca Z,L ) 0y A 1.7 urren
—- EW measurements —_— 0%,0% ma’ = - Perfoct EW
polarization is important mostly
Eolarized Beams (00% 530%):  Unpolarized Beams: for 250 GeV Ayan Paul, 5t September — PANIC 2021 17
@ 250 & 350 GeV @ 250 & 350 GeV
@D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV .

Correlation < 50% e Correlation > 50% (o] Perfect EW
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0.1

10°

0.1

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

f.HL—LHC S2 + LEP/SLD .|LC 250GeV .CUC 380GeV |ight shade: individual fit (one operator at a time) §
f| I CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV solid shade: global fit i
[ M FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV M CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD |
|IMFCC-ee Z/WW/240GeV/365GeV P(e”,e")=(¥0.8,0.3) P(e”,e")=(¥0.8, 0) flavor universality imposed in gauge couplings
OH OBB oHW oHB OGG Oy, ch Oy,, Oyr Oyu 03 w OW oB oT oHe OHq OlHq OHu OHd OII
95% CL reach from the full EFT fit (modified SILH')
?. HL-LHC S2 + LEP/SLD M ILC 250GeV M CLIC 380GeV light shade: individual fit (one operator at a time) E
£/ Il CEPC ZZWW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV solid shade: global fit q
[|MFCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV M CLIC 380GeV/1.5TeV/3TeV | |epton colliders are combined with HL-LHC & LEP/SLD |

M 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
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95% CL reach from the full EFT fit (Warsaw)
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HL-LHC S2 + LEP/SLD . ILC 250GeV . CLIC 380GeV |ight shade: individual fit (one operator at a time) E
CEPC Z/WW/240GeV M ILC 250GeV/350GeV M CLIC 380GeV/1.5TeV solid shade: global fit i
FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV M CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD ]
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
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Summary

build the collider(s)!

When precision in Higgs coupling measurement come close to the precision
of EWPO then there is significant cross-talk between the two sectors.

We study several scenarios in all the proposed future lepton colliders to see
what effect a Z-pole run, a WW threshold run and polarization can have on
Higgs couplings measurements.

We use the SMEFT d-6 framework varying all necessary operators and
perform fits in two completely independent implementations.

e ) )

To disentangle the two sectors one way out is to measure EWPO with much
greater precision. This is possible at circular colliders.

At linear colliders this can possibly be compensated by higher energy runs for
the effective Higgs couplings but not for all the aTGCs.

Polarization is important at 250 GeV as it gives a significant boost to
constraints on the couplings. With higher energies the benefits of polarization
diminish.

Ayan Paul, 51" September — PANIC 2021 19
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*idea shamelessly stolen from Jiayin
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& covis

¥ Suffolk County, MA # 114 cases/100k )

app

Real-time COVID-19 risk assessment

using public data, medical knowledge

and Al algorithms
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features

What CoVis brings to you:

o Real-time risk assessment as you go about

your day.

o 7-days prediction of COVID-19 cases for USA,
Germany and Austria by the county/district.

o User score history and risk breakdown to
understand what risks you have been facing.

o Global Information resources and international
travel advisory at your fingertips.

Developed With

@ Sidebench

COVIS

covishealth.com

Available in
USA, Germany & Austria
iOS & Android

CoVis - the future of disease

Twice MIT COVID-19 hackathon
winning solution implemented by
a multidisciplinary team

User privacy and data security
built into the architecture using
federated computations

Actionable insights and robust
predictions delivered daily to you

©covis

app

features

Funded by DESY Strategy Fund for Corona Response
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“To know what no one else does, what a pleasure it can be!”

— adopted from the words of

Eugene Wigner.
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