


Road Map of Higgs Physics

Run-|

Run-2

Run-3

HL-LHC

and also

v Discovery of the Higgs boson at 125 GeV
v overall consistency with SM prediction

Higgs boson as test of SM

v observe VBF and VH productions

v observe tt and bb decay modes

v observe ttH production

v measure Higgs couplings at <10%

@ observe super-rare decays P and Zy
@ measure Higgs couplings at <5%

@ observe di-Higgs production

Higgs boson as a probe for New Physics
v constrain total width (via off-shell)

v constrain invisible width (via VBF)
vinvestigate Higgs boson as DM portal

v constrain self-coupling

vinvestigate CP mixing in the Higgs sector
vinvestigate flavour-violating decays

v'search for other partners in the scalar sector
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Higgs Boson Production and Decay

Main decay channels

Main production modes
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Higgs Boson Production and Decay

Main production modes
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Production and Decay: Run-1

Combination of ATLAS and CMS Run 1 Results
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Higgs Decays to Bosons, Run-2
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-042/

Observation of VH (H—bb)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/

ttH Production, Run-2

wm Essential to constrain directly the top Yukawa coupling

Four main channels
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CMS Experiment at LHC, CERN

Data recorded: Wed May 23 21:03:32 2018 CEST
Run/Event: 316766 / 2911811990
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Production and Decays: Partial Run-2
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/

Patterns of Deviation

Different new physics (NP) models lead to different patterns of deviations

The size of deviations depends on the NP scale

MSSM and 2-Higgs doublets models (2HD)
« one light CP-even state (h) with SM couplings

 deviations induced through mixing with extra Higgs states
o types I, Il, X and Y: discrete symmetries to protect FCNC
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Higgs Coupling Sectors

Yukawa
sector °

Quark loop

Gauge sector

Mixed
sector

Loops (V, g) are
sensitive to BSM
contributions.

Next: from signal strength measurements to constraints on Higgs couplings
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The Kappa Framework

Parameterisation based on multiplicative coupling modifiers, used to
characterise Higgs boson couplings
. tree-level couplings to particles: kw, Kz, Kt, Kb, Kc, Kz, Ky WL (89 IEIEichyy [Felsiiak)

o i , deviations in Hlggs
 additional effective couplings: Kg, Ky, Kzy couplings to bosons and

fermions
Link to signal strength measurements:
2 SM
_ 0; X By /@,2 X /i?v K; = 0i/0; 5 qM
Wif = SV 5——, Where , a0 ad RHE = Iy /Ty
(0i x By) RH ke =T /T%

assumes narrow
width approximation

Generalisation to incorporate a BSM (invisible) width and untagged decays:
2 SM
_ ri X 1 2 _ SM , .2
I'n = 1 — (Binv + Bunt) , where Ky = Z Bf R
f

Untagged decays:
rare SM (or BSM) decays
that are not directly
Ratio of coupling modifiers, immune from dependance in 'y probed by searches

>\z'j — /{i//ij , Compared to /'igz — liglﬁjz//{H
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Resolved and Effective Kappas

Effective
Loops Interference scaling factor

Resolved scaling factor

Production
c(ggH) v
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2KAPPA
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/

Kappa Coupling Modifiers
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/

Fermions versus Bosons

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

ATLAS 2016-1017
25-80 fb-1

WwW 36

ELELAE NS SUNL I I
—ATLAS Preliminary

- Vs=13TeV,245-79.8fb"

- m,, = 125.09GeV, |y | <25

F Py =41%

— Combined —H-—-yy

YY

— H->Z2Z H->WW 80 L1

— H—bb —Hotr

i ma
+ Best fit
—68% CL
----95% CL
* SM

bb

25-80

0.5

W PP B I PPN PP PN PP B
O 02 04 06 08 1 12 14 16 1.8 2

Ky

CMS 2016
36 fb-

35.9 fb' (13 TeV)
LA LLELAS

" | |Hobb DH—)’VC

__ D H—-ZZ DH—WY

- [JH—ww [[Jcombined

D 1o region

........... 20 region
# Bestfit

Y SMexpected

YY

T

L
0.5

1

w- With x2 lumi, yy and 4¢€ close kr (mostly ggF and ttH constraints)

ATLAS-CONF-2019-005

assuming same scaling for
vector bosons and fermions

EPJC 79 (2019) 421

16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/

Fermions versus Bosons
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/

Fermions versus Bosons
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/

LHC: It’s Only the Beginning

CMS Run-2
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From LHC to HL-LHC
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from LHC

to HL-LHC

Significant improvement for those rare
processes that are statistics-

dominated

For many of this processes, large
improvement of theory uncertainties for
signal and background is mandatory
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HL-LHC: Higgs Production and Decays

ATLAS HL-LHC, S2 scenario, L = 3 ab-1, /s = 14 TeV

I I 1 1 1 I I 1 I I I I I | I I 1 I 1 1 1 I I | 1 I 1 I I
ATLAS Preliminary Total Fe{  Stat. Syst. []
Projection from Run 2 data
Vs =14 TeV, 3000 fb™ Total  Stat  Syst Theo?

2.4% | goF (o] +0.024 (+0.008 +0.022) 3%
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WH —e—1 +0.077 (+0.041+0.065) 2%
ZH e +0.049 (+0.034 +0.035) 3%
fiH — +0.053 (+0.019 £ 0.050) 4%

1 | 1 | | I | | | i 1 1 | I 1 | | | | 1 | I | | 1 I 1 1 1 |

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Cross section norm. to SM value

1 I 1 1 I I I I I I 1 I | I I 1 1 I I I I | 1 I I I I I 1 I I

ATI..ASf Preliminary Total ked  Stat. Syst. 7
Projection from Run 2 data
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e assume production and measure decay, and vice-versa
 all measurements are systematics dominated,
except for py (clearly seen) and Zy (s50)

ATL-PHYS-PUB-2018-054
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HL-LHC: Higgs Production, per Decay
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Evolution of Projections

CMS Projections 2013

CMS Projection

| I l I | I | I | I | I | I | I | I I I
Expected uncertainties on — 3000f"at {2 =14 TeV Scenario 1
Higgs boson couplings — 3000fo"at fz =14 TeV Scenario 2
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Kb | |

K = |

K, |

1 1 ! 1 l 1 1 1 1 l 1 1 1 1 l 1 1

0.00 0.05 0.10 0.15
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m taking into account experience gained and
innovative techniques, what was optimistic in 2013
seems realistic in 2019

CMS Projections 2018
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Coupling Modifiers

ATLAS HL-LHC
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HL-LHC: Coupling Modifiers
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ATL-PHYS-PUB-2018-054
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Combination of Projections
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ATLAS and cMS [l stat. + Exp.
HL-LHC Projection + Theory
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Expected uncertainty

Ultimate HL-LHC projections
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Combination of Projections
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Expected relative uncertainty

consistency of CMS and ATLAS projections
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Ultimate HL-LHC projections
HE-LHC projections
15 ab' @ /s =27 TeV
(assuming theory unc. 2) 29



Coupling vs Mass
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Coupling vs Mass
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Higgs Differential Cross Sections

CMS 35.9 fb' (13 TeV w- prH distribution
10 P
<O = . : ST
% E Ac(p!" > 600) / 250 potential NP in high-ptH tails
(2 12_% 589 4 Ac{p > 200) / 120 e measured in yy and 4¢ B
e . S S e hioch-p-H i
'8_ - F ; Ac(p'"> 600) / 250 high-ptH improved by boosted H — bb
~—" 10—1 R % ________
T = ¢ Combination
E :
N 102 - Syst. unc. i3 H— 77
2 = 4 Hobb
103+ Ho9yy | CMS2016 H = vy
= b Ho 22 L=36fb1| i1 SO
- - _
107 aMC@NLO, NNLOPS Il i = bb
- G, from CYRM-2017-002 l -
10_5—§-llSlh/‘llIlllllllllIlIIIlllIlllIlllIIIlllllllll H_’bb,YY, ZZ
- =
o OF
S x
3 5
= 2;_ 4}‘ [
C\QU' 3?‘*? H ¢ § ______ f % _____
CD.'—U, —15_1 lllllllllllllll l llllllll l 111 1 l l—l l__l [ |
0 15 30 45 80 120 200 350 600

PLB 792 (2019) 369

pl! (GeV)

32


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/

Higgs Differential Cross Sections
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w ptH distribution

« potential NP in high-ptH tails

e precisely measured in yy and 4¢
« high-pr improved by boosted H = bb

H - 7Z
H— vy
H - bb

H — bb, vy, ZZ

probe modelling of ggH up
to about ptH=1TeV,
with 8% precision
for ptH e [350, 600] GeV

uncertainties in the
high-ptH region

reduced by a factor of 10

S2 vs 51: ~25% reduction in systematics

33


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/

Top Yukawa at High Energy ete— Colliders
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Higgs Studies at 100 TeV

Large kinematic range for Higgs
production 108
 different hierarchy of production N

processes
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4 |
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Next: Higgs measurements at e*e- colliders...

3000 4000 5000
pT,min (GeV)

Rare decays

« absolute measurements

 ratio to known decay in
fiducial region

e reduced systematic
uncertainties at high pr

m sub percent-level coupling

measurements

needs to normalise to precision
(%-level) measurement of
BR(4¢) from e*e-

complementarity FCC-ee/hh
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Top Yukawa Coupling at FCC-hh

FCC-hh: extraction y: from R = o(ttH) / o(ttZ)

e most systematics cancel in the ratio . q t
e measure of Rt with ARt/Rt = 2%
-+ H
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Recoil-Mass Analysis at ete— Colliders

-H Is =250 GeV
' o = 200 fb

less than 3 orders of
magnitude below

/ ee” ™ qq

m Higgsstrahlung in leptonic mode
e+e- = /H — ¢+¢-H
« selection and acceptance independent
of Higgs decay channel
« high signal purity
e major backgrounds: Zy, ZZ, and WW

reconstruct Higgs events

*g L 'Da'ta' - independently of
o - 1 the decay channel
LI>J 400 — Signal+Background —
B Signal ]
300 ~ Background —
E e'+e - u'p + X @ 250 GeV E u—
200 [~ B
100 % " Recoil mass:
O'JLLII....I.1.111...1.: 2 2
110 120 130 140 150 MX —5_|_MZ _2\/g(pu+ +pu‘)
Recoil Mass (GeV/c?)
Z—qq (60% vs 3.5% for Z—pp) = et f_s1 e
can also exploited at the price of a small ° 500 fb™" (6y)
dependence on the Higgs decay vV OMy = 28 MeV
e 2ab(15y) J. Yan et al, PRD 94 (2016) 113002

v OMy = 14 MeV 37



Higgs Decay Branching Ratios

ZH — £+£0- + nothing

Typical precision on ¢ x BR meas.
assuming BF(H — invisible) = 100%

ILC at 250 fb-1 at /s = 250 GeV > 2000
_ . 9 18005— w— Signal mH=125 Ge\/ 500M", {32240 GeV
(~75 000 ZH events with LR pol.) 2 laoaf. [BAmew S=240 Gev
. 14oo§— ;::
1200}
ILC TDR Vol. 2 - Physics (2013) 00zi/oz 1000f- CMS simulation
2.6% 300k
5(cxBR)/ sooF
BR (125 GeV -
( ) (0xBR) 400}
H — bb 58.4% 1.1% 200}
H— cc 2.9% 7.4% % 60
H — gg 8.2% 9.1% Mriss (GEV)
H—> WW* 21.4% 6.4%
H— 11 6.3% 4.2% 6(ZH)xBF(H—ZZ*) is proportional to guzz4/TH
H—Z2Z* 2.6% 19% w measurement of
H— vy 0.23% 34%
H— utu- 0.02% —= A
: o}
H—inv 0% <0.9% Higgs spin determination from rise of

HZ cross section near threshold

i istics is an i ts at /s = 215 and 225 GeV
Neat, but still, statistics is an issue (measurements at /s an eV)
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Predicted Statistics of Higgs Events

NO

Events/1 GeV

w aiming at much : : _

higher statistics lnteg(rj;ei: fe{r/])ab 1 # of years # of H events
ILC-250 2 (250) 13 0.5M
ILC 2 (250) + 0.2 (350) + 4 (500) 25 1.6M linear
CLIC 1(380) + 3 (1500) + 5 (3000) 25 1.5M
FCC-ee 5 (240) + 0.2 (350) + 1.5 (365) 8 1.2M circular
CEPC 5 (240) 10 1.0M

$2
- x ’_" —
Winﬂlnnh“dffni1(1&“:;[ 8

50 60 70 80 90 100110120130 140150
mRecoil (GeV)

one “year” data-taking time between 0.5 and 1.6x107 s

From the recoil analysis (/s = 250 GeV)
with of the order of 1M events, oz4 can be
determined at the 0.5% level

0(e+e_ — ZH) = oy g%lzz

Note:

30 ab-1' at FCC-hh 100 TeV (25 y)

-> 40 billion Higgs boson produced!

(a small fraction usable due to backgrounds)
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Higgs Couplings

wm to extract couplings from BR, one needs a measurement of the total width 'y
w t0 measure the total width, one needs at least one partial width and BR

P(e, e*)=(-0.8, 0.3), M =125 GeV o ]
400 e e 2000 x mosmen L e ]
L=500f0" ' — 4f_sznu_sl ]
ILC (LR) —ZH 1500 [ Plee") = (-0.8,40.3) | 4':22_5: .
g 300 B /;_ ‘\ ——WW fu.sion m FCC'ee § E- ”—C 61_yyvilv E
S E N O | S1o00 | 500 GeV N
5 200 [ /+ ZH : 1 200 A~ . : ; H—bb :
g 200F | . , . ~ —I sof :
o ! , -7 ~ ' o
N & I — _-7 gl e 4 o W
9 00 [ ; I : ] 100 0 50 o 10 150
@) 1 B I I //’// ._
[ ; | Hvy,,lwf /7 M(H) / GeV
i I _,f/"/// ! i : e+ Y
Ogﬁr—.--;]’...,1....:1...1‘...1....' 0 E
200 250 300 350 400 450 500 200 250 300 350 -400 W fusion W
\s (GeV) Vs (GeV)

va/&H
W
At given energy (>250 GeV) e %

o(WW — H) x B(H = XX) (9Eww X 9ixx)/T'n _ Jhww
c(ZH) x B(H — XX) ( 9fizz % 9ixx)/Tn Itizz
XX = bb, WTW~

w Measurements of ghww and M
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Higgs Couplings

inspired from
FCC-ee TDR (2018)

HL-LHC ILC CLIC FCC-ee CEPC
Vs (Ge | 14000 250 +500 380 90-240 +365 90-250
L (ab™! 3 2 +4 0.5 5 +1.5 5
 Years | 13 15 +10 7 3 +6 7
2Z (%) 3.5 038 030 080 025 022 025
WW (%) 3.5 1.8 0.4 1.3 1.3 0.46 1.2
T (%) 6.5 1.9 0.8 4.2 1.4 0.8 1.4
t (%) 4.2 - - - - 3.30) -
bb (%) 8.2 1.8 0.6 1.3 1.4 0.7 1.3
cc (%) - 2.4 1.2 1.8 1.8 1.2 1.8
gg (%) - 2.2 1.0 1.4 1.7 0.9 1.4
Yy (%) 3.6 1400 1.00 47 4.7 130 47
T (%) 50 3.9 1.7 6.3 2.8 1.5 26 ) omormting
exo (%) - <1.6 <1.3 <1.2 <1.2 <1.0 <1.2  HL-LHC results

ILC: using K-framework

 simple scaling of the couplings

e no operator formalism

e Nno assumption on total width

ILC Physics TDR

HL-LHC measures otn but the
extraction of gun is model-
dependent (through oprod and w)

e benefits from Ny at e*e- machines
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Comparison of Kappas: no BSM width

Ky (%) Kz (%) Ke (%) Kz (%) Kp (%)
[ | | [ |
mE | O |
] H I
| [ H | H
/T I [
/7 [ ]
00 04 081216 20 00 04 08 1.2 1.6 2.0 0 | 2 3 4 0 1 2 3 4 0 | 2 3 4
Kg (%) Ky (%) K (%) Ky (%) Kzy (%)
| [ | I |
I | 1
] O ]
B | L1 I | . l
e
L ] C |/
0 1 2 3 4 0.0 1.5 30 456075 0015 3.0 45 60 7.5 0 4 8 12 16 0 4 8 12 16
. Bl FCC-ce+FCC-eh+FCC-hh W CLIC3000+CLIC;500+CLIC380 ILC»50
Higgs@FC WG gy FCCcergs+FCCeeno = CLIC350+CLIC 500 B LHeC (x| < 1)
Kappa-0 1 FCC-eeny ' CLIC3g P HE-LHC (|xy| < 1)
May 2019 W CEPC ILCs00+ILC350+ILCasg HL-LHC (|ky| < 1)

M.Cepeda @ EPPSU Granada



Higgs@FC WG

Kappa-0
May 2019

M.Cepeda @ EPPSU Granada

1 f 0'8_ 12 1:_6

Bl FCC-ee+FCC-eh+FCC-hh

Bl FCC-ee3es5+FCC-eenqp
1 FCC-eenq
Bl CEPC

'>as no BSM width

K (%) Kp (%)

+CLIC3g0 LG5

B LHeC (|xy| < 1)

| CLY i HE-LHC (|xy| < 1)
ILCs500 HL-LHC (|ky| < 1)

=
B
/1
I
]
[
0 1 2 3 4 0 1 2 3 4
I i
1
/| ]
I | ______ B |
_ /=



Comparison of Kappas: no BSM width

Ky (%) Kz (%) Ke (%) Kz (%) Kp (%)
[ | | [ |
mE | O |
] H I
| [ H | H
/T I [
/7 [ ]
00 04 081216 20 00 04 08 1.2 1.6 2.0 0 | 2 3 4 0 1 2 3 4 0 | 2 3 4
Kg (%) Ky (%) K (%) Ky (%) Kzy (%)
| [ | I |
I | 1
] O ]
B | L1 I | . l
e
L ] C |/
0 1 2 3 4 0.0 1.5 30 456075 0015 3.0 45 60 7.5 0 4 8 12 16 0 4 8 12 16
. Bl FCC-ce+FCC-eh+FCC-hh W CLIC3000+CLIC;500+CLIC380 ILC»50
Higgs@FC WG gy FCCcergs+FCCeeno = CLIC350+CLIC 500 B LHeC (x| < 1)
Kappa-0 1 FCC-eeny ' CLIC3g P HE-LHC (|xy| < 1)
May 2019 W CEPC ILCs00+ILC350+ILCasg HL-LHC (|ky| < 1)

M.Cepeda @ EPPSU Granada



Comparison of Kappas: with BSM width

Kw (%) k7 (%)

00 04 081216 20 0004 08 1.2 1.6 2.0

Ko (%) Ky (%)

0.0 1.5 3.0 45 60 7.5

Brip (< %,95% C.L.) Bry, (< %, 95% C.L.)

free Ky

0.0 0.6 1.2 1.8 2.4 3.0 0 1 2 3 4

Ke (%) Kz (%)
0 1 2 3 4 0 1 2 3
Ky (%)

0.0 1.5 3.0 45 60 7.5 0O 4 8

Kp (%)

8§ 12 16

Fit including HL-LHC constraints to demonstrate
the complementarity with lepton colliders:

e rare decays: vy, YZ, Hu

NB: hadron collider cannot
measure width
need an assumption to
close the fit
e.g. |Ky| <1



Yukawa Couplings of Light Quarks

HL-LHC on charm Yukawa coupling
e LHCb might play a role here (direct and exclusive searches)
 constrains include differential distributions, off- and on-shell couplings, and limits on Bunt

HL-LHC projection 3000 b1 Higgs@FC WG
— s T
[] global (95% cL) N — ! [ Egg-eegmﬂzato
. C C —1 LC-eezq
[ direct search (95% cL) CEPC
. . I Precision | Upper bound at 95 % C.L. limit | NN CLIC3000+1500+ 380
B kinematic (95% CL) | E— CLICs50
<2 itgsmmsm 250
.v. - ) '250
B width (off-shell, 68% cL) . LH (o < 1)
' wi i ) I B B HIE-LHC (kv < 1)
14 L2 width (int., 95% CL) | HL-LHC (kv < 1)
K P Il exclusive (95% CL) S| K5 mu m—
3.0 x 10° |
| |
<20
|

1.4 x 10° e

100 100 102 100 10t 100 106 107 < 6x102
projected coupling limit 0 1% 2% 3% 4% 10~ 10° 10" 10° 10° 10*

measurements 95%CL upper limits

HE-LHC improves limits Lepton Colliders
on charm coupling by  percent level measurements of the charm Yukawa coupling

factor 2 e couplings of light quarks s, d, u are out of reach 46



Global SMEFT Fit

Effective Field Theories (EFT) are tools to probe indirectly New Physics (NP)

SMEFT :

~(5) 5) (6) 0(6)
bottom-up approach LsverT = Lanv + n o) E |
Beyond the k-framework 1 operator 2499 operators
global fit include also the di-boson and AL = 2 (59 B-, L-, F-Conserving)

EWK precision observables

A = cut-off of the EFT

effect of a Z’' in the dilepton spectrum ) . . .
N m Non-renormalisable terms imply violation

% — Dilepton Bkg -
;3 10° S of unitarity at high energies 9
P B g X C(-6) /A2 S
E 10°E . E ’
T - .o ]
10° = f '.. =
b 5 B m NP must manifest itself before unitarity
: - is violated
10 ; max
E P S A/
1 o b b P B b e b e By
500 10|00 15|OO 20|00 25100 SOIOO 35100 40100 4500
Dielectron Invaniant Mass [GeV] ¢i® can modify gauge, Higgs, and top couplings
NO resonance seen
but deviations wrt SM

see P. Hernandes & J. deBlas @ EPPSU Granada 47



Anomalous hVV Couplings

w SM hVV Lagrangian:

h
Ley = - 2my WIW, +m3 2,7, zmgV>YV_‘Yt'__ " m_zz>_Z_Z_H_ y
(Y (Y
Z

w dim-6 SMEFT hVV Lagrangian: 4
h _
ALY — - [%VWJWM +0cmz 2,2,
2
9 + — 2 — — .
a5 Wik Wi, +@adg® (Wi 0, Wi, + hc.)

2 2 2 /2 2 /2
HCD9* 2D Dy +@099 20y A |

m Parameters are related by gauge invariance:
5C~w — (5Cz NP contributions to mw: only source of custodial symmetry breaking

Coww = Czz + 2 SiIl2 H'wczfy + Sin4 Owo'yﬂy
Cwd = 2 ! /2 -9202[] + g, 2sz — €
g —g- =t

1 i

0= 5 g3 2¢%c.0+ (62 + ¢ 2)eze — €2cy — (97 — g D)z

w 7 independent parameters

2 2

sin? 0,c., — (g

—q 2) sin? chzv]

4
A. Falkowski arxiv:1505.00046 de Blas et al, arxiv:1907.04311 8



https://arxiv.org/abs/1907.04311
https://arxiv.org/pdf/1505.00046.pdf

Anomalous TGC

Wwz
m- SM TGC Lagrangian: ig cos By

LiqC = igcosby, (W W — W W—Z" +Z, WHHW Y]

+ ig Sin ew [(WM_VW_'_M - W/;W_M)AU T FMVW+MW ] ’qumebﬂ\

m- dim-6 SMEFT TGC Lagrangian:

ALITEC = 10k AP W TW, +ig cos by, (W+ W—H — W, W) ZV+

/ 2
+(8g12— L0k, ZHW W,
9

Z@(sme W+”W pA“+cosH W+”W pZ")
mw

m- 2 aTGC parameters can be expressed in terms of anomalous hVV parameters:

1
0912 = TR [%629’ *+en(g® =99 % — (9P + 9 g% — cn(g® + 9’2)92]

g2 62 92 g12
JK"Y: 2 Cyry 2+912+ 792+g/2 — Czz

w1 independent parameter

4
A. Falkowski arxiv:1505.00046 de Blas et al, arxiv:1907.04311 9



https://arxiv.org/abs/1907.04311
https://arxiv.org/pdf/1505.00046.pdf

Anomalous hff and (h)Vff Couplings

w- dim-6 SMEFT hff Lagrangian:

A _
AL === (Sys)ij (my)ji fifi + h.c.

U
feu,d,e

« CP-violating phases are set to zero and off-diagonal terms are not considered
w kKeep 5 independent hff parameters

OVt (=(dvyu)33), OYc (=(dyu)22), OV (=(dvad)33), Oyr (=(dVe)33), OVu (=(dye)22)

m- dim-6 SMEFT (h)Vff Lagrangian:

h)V h
+\/‘2_|_"21 9§Z Sal ) \Fi~k £ Sal ). YA £
gc-+g +~v I Z 9z.10)iu)fLY" f1 + Z 097 R)iifRY TR
_f:U‘?d»e’V f=’u,d,e |

with 5951/ — 59’2,L - 59%,L  assume flavour-diagonal couplings
5g%, 1 = 09% [ Vokm — Vok mOgs | o impose U(2) for the first 2 families

w keep 15 independent parameters: 6 (Z€¢) + 3 (W&v) + 2 (Zul) + 4 (Zdd) 50



Equivalence Theorem: V{f « hVff

In the SM, the Higgs boson field h is one

F. Riva, HL/HE-LHC ium, 2019
of 4 ddl as part of an SU(2). doublet e Sillesl
Ch. Grojean, ECFA/EPS, 2019
Wt
h:t
gb — 10 At some level of precision (not yet reached at the LHC)
(U + h) + ) electroweak and diboson processes will interfere with
H 7. Higgs measurements
V V connection between
vector boson
V H____ scattering and Higgs

couplings to bosons one of the purposes

V V of SMEFT is to

., exploit fully the
v@ connection connections between
N\ IELEE £ ClegEE the electroweak and
H \ to fermions and .
) Higgs decay to Zff Higgs sectors
f
f

contact interaction term
(grows with energy)

51



SMEFT Fit Parameters for Higgs Studies

Neutral Diagonal (ND) scenario

 a sufficient set of SMEFT parameters to describe Z-pole EWPQO, diboson
and single Higgs processes at colliders

« assumes flavour-diagonal neutral couplings

e assumes flavour universality for the first two families

« 1 (6m) + 6 (hVV/aTGC) + 1 (aTGC)
e 5 (hff)

6 (Z28) + 3 (WRv) + 2 (Zuu) + 4 (Zdd)
w 28 new physics parameters

To compare with results from the kappa-framework studies
e project the ND SMEFT fit results onto observables similar to Higgs coupling
modifiers and Zff effective couplings

« complete with TGC modifiers to get the correct number of independent
parameters
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ILC: Higgs Couplings with SMEFT

Precision of Higgs boson couplings [%]

Model Independent EFT Fit
ILC250
25 =

Z W b T g C I

0.68 0.67 I.1 1.2 1.7 1.9 0.32

0.35 0.34 0.6 0.8 1.0 1.2 0.29

HL-LHC (ATLAS) 3 ab-1
Green + ILC-250 2 ab-1
Blue + ILC-500 4 ab-1 + ILC-360 200 fb-1

2.5
1.6

SMEFT-based ILC framework
e invisible decay of H boson as
new degree of freedom

through EWPO and other constraints
the custodial symmetry prevails!

Results obtained with the SMEFT
with 2 ab-1 at 250 GeV already in
the 1% range for the main couplings,
including HWW

So, are there still a compelling

reasons to run ILC at /s = 500 GeV?

« access to W fusion production for
independent HWW coupling meas.

 top physics with polarisation

e mild constraints on A

e better BSM reach
53



Global EFT Fit

69,/ gi[ %]

102 | (&3] M HL-LHC B HL+lHeC M HL+HELHC [ HL+ILCos HL+CLIC3s0 M HL+CEPC HL+F
= ) B HL+ILCspp [ HL+CLICt5m HL+F
-1 Higesere we Il HL+CLICm HL+F

May 2019 SMEFT)yp fit

—10~"

'23122110-2

22:10-3

:::10-4

6garce
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1!
250 HL+CLIC3gp [ HL+CEPC
o I HL+CLICysp0
Il HL+CLIC3m

HL+FCCee240

12:10-1

Yoo e 10-2

""" .Z [ By- . -- [ T . 22:10-3

10

59amc



Global EFT Fit

69,/ gi[ %]

107

: B HL-LHC

[ -] Higes@FUWG

Il HL+LHeC

Bl HL+HELHC

HL+ILCos9 HL+CLIC35p [ HL+CEPC
B HL+ILCspp [ HL+CLIC5p0

BT 101

223122110-2

. 22:10-3

:::10-4

690TGC

includes Higgs but
also di-boson and
electroweak precision
observables

improvement beyond
HL-LHC
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Improvement beyond HL-LHC

stat.-limited
channels

top-quark

channels

Y
4, <y ,C, G ke, F05G
1.8, e s ie e o GG, S Sy,
'0 3 \{/y C) C} q C}y C.}/ &y5) 0(') O(‘} (‘/%
C C Sy Y Sy Py Ty TCC <eg Vas T4
I | 1 1 1 1 I | | 1 1
eff o -z
,QHZZ - 1.7 1.2 64y 7.7
eff 10
gH“,'“.' - 1.8 1.3 6.7 6.3 7.0
gy~ 17 13 28 (34 26 31 34 31 31 3l n
g;‘,"fl,/- 1 24 L1 16 L1 23 30 17 11 12 n
g}’}’;,g - 14 17 |20 BEN 17 |23 = REEN 250 Nag
gl 17 1 12 1 14 14 1 1 L L8
eft
-l AR
o« 1 N 0 I
,ei]‘ -’) < 0N ',-.“-~ 2 \
BHre— 16 13 27 38 50 f 50 7.8
Qm - 12 18 13 14 13 14 16 14 14 14 n
SHuu - : = - -~ . . : .
v I T O
o0 -+ 1 I Y A
lz[x 102] - 1.1 1.0 10 - - 10 “ 10 -- - 10 n
SMEFT ND (=) not measured at HL-LHC

10

if no deviations
seen at HL-LHC,
discoveries are
still possible at
future colliders
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Focus on Lepton Colliders

[ HL-LHC S2 + LEP/SLD B ILC 250GeV B CLIC 380GeV A ENEl light shade: CEPC/FCC-ee without Z-pole
B CEPC Z/WW/240GeV B ILC 250GeV/350GeV Il CLIC 380GeV/1 5TeV AYL CEEgg%%;fe W'"‘ :
Bl FCC-ee Z/WW/240GeV B ILC 250GeV/350GeV/500GeV [l CLIC 380GeV/1 5TeV/3TeV ,eptoﬁ‘jo.we,s iRk ER LHC & LERY
B FCC-ee Z/WW/240GeV/365GeV |  P(e~,e*)=(30.8,+0.3) P(e-,e*)=(¥0.8, 0) imposed U(2) in 182 gen quarks |
% 10— —1072
%— E E Q
- L i —
0 ®
O 1072 —107° O
o : : @
(e)) B i
1073 —107
104 107°

TR A e 1 o 69y 6gy H o 69y o9y 091z Ok Az
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Focus on Lepton Colliders

B CLIC 380GeV A ENEl light shade: CEPC/FCC-ee without Z-pole

- A CEPC/FCC-ee without WW threshold

50GeV/500GeV |l CLIC 380GeV/1.5TeV/3TeV | epton colliders are combined with HL-LHC & LEP/SLD)
0.3) P(e",e*)=(¥0.38, 0) imposed U(2) in 1&2 gen quarks |

1072

sO9Ol1e

1073

bb

i o9y e 69,7 Oky Az

Circular colliders start as
Tera-Z factories

Linear colliders can
exploit the radiative
return to the Z for
electroweak
measurements
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Focus on Lepton Colliders

[ HL-LHC S2 + LEP/SLD B ILC 250GeV BV YANII CLIC 330GeV A NEl ioht shade: CEPC/FCC—ee without Z-pole
B CEPC Z/WW/240GeV B ILC 250GeV/350GeV I CLIC 380GeV/1 5TeV AYL CE,*}’gg%%;,ee W't“ s
B FCC-ee Z/WW/240GeV B ILC 250GeV/350GeV/500GeV |l CLIC 380GeV/1.5TeV/3TeV ,eptof,*jome,s e B o
Bl FCC-ee Z/WW/240GeV/365GeV | P(e-,e*)=(30.8,+0.3) P(e-,e*)=(F0.8, 0) imposed U(2) in 182 gen quarks |
% 10— —1072
%_ E E Q
3 - i =
o )
O 1072 —107° O
% - - w
(e)) B i
1073 —107
104 107°

77 WW vy z gg - cC bb T s
09y 09y o9y o H o9 H e gy 0917 Ok, Az

Comparing 3 scenarios:

e only LEP/SLD electroweak measurements
 actual electroweak measurements

» perfect electroweak measurements

60




Z Pole Running?

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

|l HL-LHC S2 + LEP/SLD Il ILC 250GeV B CLIC 380GeV @A@Y _ |
B CEPC Z/WW/240GeV Il ILC 250GeV/350GeV Il CLIC 380GeV/1 5TeV AYL CE,Ff’gg%%;fe W't“ %
Il FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV ([l CLIC 380GeV/1 5TeV/3TeV | & o coter are combined aith it_LHG & LEP/SLO|
B FCC-ee Z/WW/240GeV/365GeV | P(e-,e*)=(50.8,+0.3) P(e-,e*)=(F0.8, 0) imposed U(2) in 182 gen quarks |

ZU ZU

10 10

E Ratios, real EW / perfect EW g
2 - = 2
15F 415

1“ o uu&l_uu e wwy — i Ve wwy
S i . ] J 6gF 69y 0% 69y
10 Ratios, real EW / perfect EW

—

o,
llllllll|
IlllIIll

—

(&)

o9z o™ ,Z,y g, ; Ok,
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Impact of Z Pole Running

B CLIC 380GeV A ENEl light shade: CEPC/FCC-ee without Z-pole

oV//350GeV I CLIC 380GeV/1 5TeV X CEPC/FCC-ee W“"W %
50CeV500GaV Ml CLIC 300GV SToVI3TV R oo S Gocad w ErLIeC & et

P(e",e*)=(¥0.38, 0) imposed U(2) in 182 gen quarks

real EW / perfect EW

'IlllllllL|_|_|_|_m|_|J
.

nry
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Z Pole Running?

|l HL-LHC S2 + LEP/SLD

Bl CEPC Z/WW/240GeV

Bl FCC-ee Z/IWW/240GeV

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

Bl ILC 250GeV 4@ ysie:\Y

B ILC 250GeV/350GeV
Bl ILC 250GeV/350GeV/500GeV
P(e-,e*)=(¥0.8,+0.3)

Il CLIC 380GeV gd@EiMeRY

B CLIC 380GeV/1.5TeV

[l 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 ?

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

10 10
E Ratios, real EW / perfect EW %
2t 12
15F 415
1 M My — nnlzﬂ_lun My " oy = mb; —XVv--—-n yyy — :1
-0 69, 6, (o + 6% g, 09 H 09 6Qk 001z OKy Az
10| Ratios, real EW / perfect EW
2L =
15F 415
1L — 11

6gy

e FCC-ee and CEPC benefit a lot
from Z pole running

e measurements are quasi-perfect
as far as Higgs couplings are
concerned

Zy

o at ILC and CLIC, the absence of
Z-pole running is a limiting factor
for Higgs precision (~30%)

e measurements via radiative
return to the Z help mitigate the
issue, especially at high energy

6g1,Z

oK,

o at ILC, the 500 GeV run is
important to reduce the impact
of electroweak measurements on
Higgs precision
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Z-Pole Running Fit Correlations

CEPC/FCC-ee with or without Z-pole running

e without Z-pole running, large
correlations between Higgs and
EWK/TGC observables

« with Z-pole running, only
correlations between EWK and
TGC observables remain

Z-pole running at circular colliders isolate
Higgs and electroweak measurements

current EW measurements Z-pole run

240 GeV (CEPC)
8
\i
’ §
: ]/[I
g
g
g
N’
8
~-8&
Y
&
g
\
g

L
695% — = / X [ 4]
with Current EW measurements: with Z-pole run: P \ S ' 59 P \\\. s ‘ a9
@D CEPC @ 240 GeV C—> CEPC @ 240 GeV oo AN 1693
@D FCC-ee @ 240 GeV C—D FCC-ee @ 240 GeV PR ool A oolf
@D FCC-ee @ 240 & 365 GeV C—D FCC-ee @ 240 & 365 GeV L~ I “"5-"\\. X I N
Correlation < 50% e Correlation > 50% O  Perfect EW L 093 LSS oo

Az

03<|p/<05 M05<|p <06 MM06<|p/<08 M08<|p <10

_-—— _— fp

Higgs
aTGC
EW
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Sensitivity on Electroweak Couplings

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

[l FCC-ee Z/IWW/240GeV/365GeV

@250GeV S1

21V J -\ =)
L (D LS8V .

Bl ILC 250GeV

Bl ILC 250GeV/350GeV

Hl ILC 250GeV/350GeV/500GeV
P(e".e*)=(70.8,£0.3)

Bl CLIC 380GeV/1.5TeV

P(e™,e")=(¥0.8, 0)

1

Il CLIC 380GeV MEdcEsscis

o
Nl

Il CLIC 380GeV/1.5TeV/3TeV

light shade: CEPC/FCC-ee without Z-pole
X CEPC/FCC-ee without WW threshold
T Higgs measurements excluded

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

1072
1073
107

107°
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ZL ZR

107~

107>
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107°

T v uu
ZR w ZL

at circular colliders

Z-pole running improves Z¢¢
couplings by a factor 10

at linear colliders

radiative return to the Z improves
22 couplings by a factor 3

at high-energy linear colliders
Higgs coupling measurements
improve electroweak

measurements

—510'2

I ;10-3

;10“1

;10"5

- - _ - :1o*‘
ZL ZR ZL ZR

at linear colliders
radiative return to the Z has a
large impact on Zqq couplings
that depends on assumptions
on systematics
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Beam Polarisation at the ILC

+80% electron  ¥30% positron o = 200 (ﬁeﬂ:/[,)(l — Peﬂ-‘ALR)

2 ORL — —
= J. =1 s-channel Z/y exchange
3 OLR —_—— —— ; Y S
S H
O /
= ORR ——
5 7. =0 SM: RL, LR
'g OLL —————
] NP: RR, LL
- 1
l d
Cesection 00 = Z{URL+0LR+URR+0LL} /
: 2
. 1 1 —4sin6
effective ~ w ~
luminosity Leff/L — 5(1 - 7De—73e+) AR 1 — 4sinf 5 L 8sind 7~ 0.15
w w
ffecti
pﬁla?icsg’riin Peff — (Pe_ o e+)/(1 T 7De_73e+)
t-channel W or v exchange
~ 14 1%
7 O(—-80%,+30%) ~ 1.200 o
e‘e” .
0(+80%,—30%) ~ 1.1 00
------ H
~ O (—80%,+30%) ~ 2.3 00
e*e- = Hvv

O (+80%,—30%) ~ 0.14 0

typically: (RL,LR,RR,LL) = (45%,45%,5%,5%) 66



Impact of Polarisation at the ILC

Electroweak interactions have O (1) parity-violation
signhal and background x-section depend on polarisation

Positron polarisation has a marginal
impact: it does not play a significant
role for Higgs measurements (<10%)

Electron polarisation

 leads to a large improvement of
hVV determination (>50%)

e benefits from polarisation less
important at high-energy (<10%)

In the EFT, the gain from polarisation is
higher than the mere increase in
statistics because polarisation removes
degeneracies among operators

) dgk
ogiy o9y
EW K daly aos o9 H ] ggs
40%
baiy 20% S
d97n 8aj
897 r dgi? H Z Z
89t L
HWW
o971
N e » 5o
ILC 250 GeV:
e Statistical Gain S dqff 5.6% Gain
- 80%,+30% 091,z — Current EW
e 50%,0% == ===« Perfect EW
ILC@250 GeV
improvement in constraints with polarisation
(¥80%,+30%) (¥80%,0%)
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BAU, Higgs Potential and Self-Coupling

Higgs potential: Vi = —pu*|¢]® + \|o*

T>T. NP . T>T.
A
=T,
1. i
[ | T=T<T,
T<T,
A ~ T<T,
=0 C T=0
- . d) sl
2d order |st order \?
Baryon Asymmetry of the Universe (BAU 1 1
yon Asymmetry (BAL) V(h) = = M2Zh%>+As0h® 4+ —A4h’
e baryogenesis requires 15t order phase transition 2 4

to sustain out of equilibrium condition during EWSB tri-linear  quartic

e My > 80 GeV — 2d order -
« EWK BAU implies a modification of the Higgs potential n ey X — Mg
e New Physics must modify the potential and the self-coupling 5 202

The direct measurement of the tri-linear self-coupling A is
a key goal of future colliders

w first order EW transition implies large deviation from the
SM prediction (ka = 1) 68

in the spirit of the k-
framework, define
Ka = A/ Asm




HH Production & Self-Coupling at LHC

pp — HH

HH production at 14 TeV LHC at (N)LO in QCD

My=125 GeV, MSTW2008 (N)LO pdf (68%¢l)

o(nyLolfb]

agF

MadGraph5_aMC@NLO

0.2 — .
[ 7/ \\
[ Fy N LHC 14 TeV
o~ I p s box
> o - \\
> 0.1 [ ~
O /7 sum \\\\
= ' _________ tri| 00 —Is=e-e_ '
EE 00¢ T T .
O | PP -
o] - e® — Sum
iy h ,"’ - == Box
-S -0.1 . """" \__,,*" - «= Triangle
: interference | \ ~°°°° Interf .
-2r-————
300 400 500 \ 600 700
Large box-triangle Largest sensitivity to A
cancellation at threshold Q(GeV)

from interference

box

% Kt
Kt

N\

-@
Kt

triangle

7/
7
7

K

N\

e 6(pp — HH) = 30 fb at /s = 14 TeV
e 6(pp = HH)/o(pp — H) = 1%0

YY
e bbbb: 32%
e« bbWW: 25% i
e bbZZ: 3%
— ag
e bbtt: 7%
— WW
e« bbyy: 0.3% "

Decay %

4.97 3.80 2.78

—32|.38 251.38 9'|70 7.|10 3.127 3.114

0.00

bb WW g9 1T ¢c ZZ 7Y

m- lots of information from differential
Cross section in mun

10

107

102
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Events / Bin

HH at HL-LHC

m fOor most channels,

ttH is the main
background

bbbb

exploit resolved and

boosted b-jets

bbtt B
irreducible bkg: Z(tt)bb

I N L B B I UL L L
A+LAS Preliminary —— SMHH — bbe't
1 07 Projection from Run 2 data Top-quark
Vs =14 TeV, 3000 fb"' Jet - 1, fakes (Multijets)
6 ThadThad 2 b-tags Z — 1t + (bb,bc,cc)
10 I Jet— 1, fakes (tf)
I Other
1 05 SM Higgs
7] Uncertainty
10*

///////////

PRI PPN PSP (PO ISP PP (PO o rorerm vt RO
-1-0.8-0.6-04-02 0 02 04 06 08 1

BDT score

bbyy

peaking ttH and
non-resonant bbyy

CMS Phase-2 Simulation Preliminary 3000 fo ' (14 TeV)
m ||||I |I\| T Illll!l!lllllllllllllll T valv]lll—
c HH — bbWW, ue + ep channels
Q407 Signal (x2000) Il tt e
w —K, =10 M Drell-Yan 7
105 _KA=4 -ﬁH —
—¥x,=-5 =
—SM (k, = 1)
10° B P

0 01 02 03 04 05906 0.7 08 09 1

NN output

— 4
., CMS Phase-2 3000 b (14 TeV) Q0 | 10
£ 9 ESimutation Preliminary Muliiet D —
2 HH — bbbb B :
=
c 10 [ Single Higgs Y
o SN Bkg. uncertainty
- l SM HH (x 100) A
§2] ; (.
g 10 ANNNNS X T
Laooaoaoao. R
ﬁ SIS SN
~— 3
o 10

0.4 0.6 0.8

BDT output

L L

ATLAS Simulation Preliminary 'S = 14 TeV, 3000 b’

B SM HH—bbyy

@ Single Higgs

[ bbyy

I Reducible
Others

N Stat. Une.

NS

Events /2 GeV

_ N W pp OO N O ©

160
m,, [GeV]

CMS Phase-2 Simulation Preliminary

3000 fb' (14 TeV)
TT TT TTT1]

03—

bbWW*(2vev)
main bkg: tt

Events/0.1 GeV

bbZZ*(4¢)
very rare but
clean final state

CMS Phase-2

TTT T[T T T[T T T T T TT T[T T[T ooTT

o
[ WH
[ VBF(H)

Jud

T TTT

—— HH— bbzz(4) |

0 1
920 121 122 123 12{ 125 126 127 128 129 130

3000 ft' (14 TeV)

Simulation Preliminary

- ——Dbbbb —bbrtr
-~ bbVV(lviv) —— bbyy
—» bbZZ*(4l) -e- Combination

' Theoretical prediction

= ‘ . S.M | /’.’,‘

95% CL upper limits - Median expeted

2k

Assumes 1o HH signal

.....

| | | —— I | —— | | —— | | —— I

-4 2 0 2 4 6 8

CMS-PAS-FTR-18-019

ATL-PHYS-PUB-2018-053
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Ky
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053
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Self-Coupling: ATLAS+CMS Combined

o ATLAS and CMS 3000 fb' (14 TeV)
i HL-LHC prospects

10'_ * —— ATLAS

i —— CMS

8_— =g== Combination

I combined

°r CMS

7S |\ S s
o ATLAS
_________ __.__._._._._.____._.__._.._.__._.___._.__.____‘
B \

OIIIIIIIIII lllll IIIIIIIIllIIIlIIlIllIIIllIIlII
-2 -1 0 2 3 4 S} 6 7/ 8

kx

ATLAS and CMS HL-LHC prospects

Ka= 1 and 4, with different kinematics
e this results in a second minimum in the

HL/HE-LHC WG2

likelihood ratio versus k) around K = 5-6

12
= [ SM HH significance: 40
c [
Z 10 0.1<Kk1<23 [95% CL]
Y 0.5 < K1 < 1.5 [68% CL]
994%cL O N |
I combined ‘
6~ bhyy
95% CL 4:—‘j___r N
bbWWH(2vey = == 1
2*1 | ) b | | bbbb,
68% CL [ s 1 SY .. bbZZY(4e)
0 _| Lo |~|~|~|:L P /d "‘—‘-I:I-I-I-l-L-L-L-I-'I'I'l'!JH‘“JHd:J‘
2 414 0 1 2 3 4 5 6 7 8
K2
« approximate cross-section degeneracy between
71

« best sensitivity: bbyy and bbtt (then bbbb)



https://arxiv.org/abs/1902.00134

Self-Coupling: ATLAS+CMS Combined

bbWW*(2vev)
bbZZ*(4¢)

combined

HL/HE-LHC WG2

expected measured 68% CI, channel by channel

ATLAS and CMS 3000 fb' (14 TeV)

I I | I I I I I I | I I I I I 1 1 1 1 I 1 I I l I 1 1 I 1 | 1
— Ii 2.00 HL-LHC prospects ATLAS HL-LHC
¢ 8o —— ATLAS 3 ab!
| —— CMS
o A 210 = ! Combination
F ~— n — 140 F I'—I—' Stat Uncertalnty CMS HL'LHC
3 ab-1
———— —_ 0.60
- 1 1.00
—
e ; —.
- o
| 0.60
= ; i
! | I 0.40
f——H > 00 combined significance: 40
i 1 4.00
| l | 1 1 [ L l L l 1 1 1 l 1 L 1 l 1 1 1 l 1 1 1 l L 1 1 l 1 | 1
—2 0 2 4 6 8 10 12 14
K
HL-LHC (/s = 14 TeV, L = 3 ab-1) « only 90k HH pairs produced

Kx measured with a precision of +40-50%

e ultimate goal = observation of

trilinear coupling: not impossible,

but challenging
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HE-LHC: Self-Coupling

expected sensitivity

T e T T L L L L L LI ] 4o
2 - N
C - HL-LHC/HE-LHC .
~ 14 . —
| B ____HL-LHC combined i
1oL Vs =14 TeV, 3 ab™ =
N __ HE-LHC combined -
B Vs =27 TeV, 15 ab™ :
10— —

e X S g - 30
8 HE-LHC -
N HL-LHC n
6 —

4; ......................................................................................................................................... 26
o :_ using only bbyy and bbtr _:

O W O 1o
O_I | I | | 1 1 1 11 1 | | I I | | I I | | I I | | I I | | I I | | | I | I—
-1 0 1 2 3 4 ) 6 7/ 8
Ky,

HL-LHC (/s =14 TeV, L = 3 ab-") e« more than 1M HH pairs produced
Kx measured with a precision of +40-50%  clear observation of trilinear

HE-LHC (/s = 27 TeV, L = 15 ab-1) coupling

Ka measured with a precision of +15%

HL/HE-LHC WG2
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Self-Coupling from Single Higgs at LHC

= [(rrrrp T T T T T T T T T T T T T T T T T T T rrT

w constraints on the Higgs self-coupling via single 2 ™' production E

Higgs measurements £t E
1

_N

0.8

e Ka-dependent NLO

i ggF ggF A
. - 0.6 — Gype / OM 7
electroweak corrections 5 _GVBF/ GSVJF
AN 0.4 wH’ YwH -
modify Higgs boson 1t 4 " I ! — 0/ O3 :

. R il SM ]
production rates (also g - 0%.”.“.,11.‘ll..[f.stf'f./[(f‘."f..l....
branching fractions) crme s e R ®

A

ATLAS 2016-1017 > 1.5_' LR I L Il lllllllllllllllllllllll lll_ ('8 1.5_1 1T I T II Illllllllllllllllllllll 1T

25_80 fb_1 - - ATLAS Preliminary | . - ATLAS Preliminary |

1.4 (s=13Tev,36.1-79.81b" KF =11 1.4 (s=13Tev,36.1-79.81b" Kv = 1|4

135_ M, = 125.09 GeV, k = 1 E 135_ m,; = 125.09 GeV, k = 1 E

» by reanalysing the rate 120 e IR —— :
measurements, obtain 11 ' A 11 N
limits on ka that are i3 ; i3 5. P
competitive with present O X E O X A

. - —68%CL ] - —68%CL RRETINPEY ’ ]
direct HH analyses 08 e ; OB e —
0.7-ll'llllllllllllllllllllllllllllllllll— 0'7'11111”1111.1]11.1111111111111111111.‘
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assuming that NP only affects Ka: Ky Ky

-3.2 <Kr < 11.9 @ 95%CL
ATL-PHYS-PUB-2019-009 74



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009

Self-Coupling from Single Higgs at HL-LHC

- constraints on the Higgs self-coupling via single

Higgs measurements

e NLO electroweak corrections
also affect kinematics
e HL-LHC statistics needed

nice, but still not competitive
with HH production

CMS Phase-2 Simulation Preliminary

Yyt A

3ab’ (14 TeV)

>
8 ——4$—— Stat + exp. syst. + ggH+VH theo. uncert.
8 102 | Hadronic categories only
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7\. —
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o i
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0 45 80 120 200 350
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Summary of Self-Coupling at HL/HE-LHC

HL-LHC

68%CL
[[_0(5?3,‘1?;?3]] 95%CL 4 bbyy
[[_%..24,5%.]25)[6.3,7.2] | -
1.di-H, excl.: [-05.58] | <
di-Higgs production -12.74] &
2.di-H, glob.: [1:2‘.51”18(5?21] 1 bbww
d]'H]ggS + glObal fit %8?;3% [.:’ { combination
%:1?,?;3% 4 tth, h-yy -
[-0.1,23] 7 v/, | L 9
4.single-H, glob.: ¢ (2591 e e Teeenog
) ) } e 7 { globalfit
single-Higgs + global fit = M1 /A
£
%8?}%% n { combination é:
[[_0(;11’312"62]] A M 1 exclusive fit 5
o HL.LHC 4| MW {oman 8
e 40 evidence of HH prod. -10 -5 0 5 10 15
e Ka: 50% @ 68%CL (>100% @ 95%CL) Kx
w HE-LHC
» observation of HH prod. method 1 (di-H, excl.) is the

most useful at hadron colliders

o Ka: 10-15% @ 68%CL / 95%CL

HE-LHC



FCC-hh: Self Coupling at 100 TeV

) ) o(hh—bbyy) [fb] Significance
Factor 40 in cross-section / HL-LHC LA SN 2 5
I = A C
2.00 — SIS
| > :
1.00+ | e
> )
0.50} = Q!
<, I
o T
7 020] & Lg/
5 0.10¢ i ~140 fb

0.05) | |
e |
0021 - 30fb
001}

10 15 20 30

Vs [TeV] FCC-hh Simulation (Delphes)

m- HH — bbyy is the Golden channel the FCC-hh
* ttH is a resonant background

T T l LI I LI
- — HH(k=1.00)
3500 Vs = 100 TeV W jy + Jets 3
L=230 ab-1 yY + Jets .

2 W VH =
3000 - o ttH ]
C I goH ]
2500 —

events / 0.5 GeV

bbyy | bbZZ*[—4¢] | bbWW*[—2jlv] | 4b+jet : :
2000 .

0Ky | 6.5% 14% 40% 30% : :
1500 N
o o 1ooof—m__ ,:;&ﬂ —____.—

______ H /H C - 7
requires Vi 500 -
-y
at % level! 1t It ST
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Di-Higgs Production at Lepton Colliders

||||||||

ILC'i")OO CLIC1.5 CLIC3

-40.8 fb

i 1
= = 30.04 fb
_I ZHH|
0 1000 2000 _ 3000
\/E[GeV] N AT B EPEPEE B B |
500 1000 1500 2000 2500 3000
/s [GeV]
_|_ _
e 1%
~H
__":
e - 1%

e+e- = HHvv

CLIC e+e- — vVvHH

m 3.60 at 1.4 TeV (2.5 ab-1) and »50 at 3 TeV (5 ab-") 8



Self Coupling from Single nggs at ete-

w Up to 1.5% effect on ozn at /s = 240 GeV
e ozx With 0.5% accuracy
« degeneracy between 0kj and 0Kz

Two energy points are necessary to
break the degeneracy

FCC-ee (21IPs) : modelindependent constraint
on 0Ky at the +35% level

see also arXiv:1711.03978

vvvvvvvvvvvvvvvvvvvvvv
_, lllll

<N
e 20¢
@ _|
B 1.5¢
< |
1.0}
0.5}
0.0}
=0 5
250 300 350 400 450 500
Vs [GeV]
FCC -ee, from EFT global fit
- = 5/ab at 240 GeV 1
el — +1.5/ab at 365 GeV ]
NN, 350 GeV alone 1
NN 365 GeV alone ]
0.01¢ Ax*=1 1
& 000!
I.Q . L
-0.01 correlation
- due to
_o02l interference
- effect
-4 -2 0 2 4

(5KA



Self-Coupling, Summary

e di-H, excl.: di-Higgs production

e di-H, glob.: di-Higgs + single-Higgs couplings (global fit)

e single-H, excl.: single-Higgs production

« single-H, glob.: single-Higgs + single-Higgs couplings (global fit)

Higgs@FC WG | di-H, excl. Bl di-H, glob. [ single-H, excl. [l single-H, glob.
All future colliders combined with HL-LHC

50:/? T T
HLLHC © [ .
20%d 2 : : 2 £

10-20%

HE-LHC .-

50%

FCC-ee/ehvhh | [ e ee: ~20%
FCC-68500 5 GEDD) PN
FCC-eey; ...

34%

ILCpsg ...
LCas0 .
CEPC .

CLIC,, .

50/ ............

36% : :

CLIC, 500 ' @b ~10%
M e oo I s

CLICSOOO ;{éi . I | |

0 10 20 30 40 50
May 2019 68% CL bounds on x5 [%]

...............................................................................................................................................

__________________________ :Ip .
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Se |f-c O u p l i n g ] S u m m a r'y 5% sensitivity needed to get sensitive

to quantum corrections to the Higgs
potential (Ch.Grojean)

from di-Higgs production indirect (single Higgs)
Higgs@FC WG |Il di-H, excl. M di-H, glob. | Higgs@FC WG | single-H, excl. [l single-H, glob.|
e All future colliders combined with HL-ILHIC -~ Bl : f\ll flutulre colllidelrs clomlbined lwitrl1 HIL-LIHC =
HL-LHC ™ g ; g HL-LHC .. ' f f !
HELHG ™ HE-LHC .
FCC-ee/eh/hh * [ FCC-ee/eh/hh |—_
FCC-eeyyp =P FCC- “€€240 33
FCC-eeyg5 = Fcc- ~©O36s 1
WO | oo B S L Ml = Gy
o0 | e g L = Gy
[Ee M _ [Tl
CEPC = CEPC,
CLICsg = CLICqy, 4
CLIC, o, . . . CLIC o
CLICso-(;SMl,,l=,,,,’,l,,i,,,li,,,,i,, CLIG;590 . ' : i : e
0 10 20 30 40 50 0 10 20 30 40 50

May 2019 68% CL bounds on x, [%] May 2019 68% CL bounds on x, [%]

« single-Higgs analyses relevant for
lepton colliders at /s < 400 GeV
below the ZHH production
threshold

 global analyses to get more
robust results

« small impact from global analysis

e at FCC-hh, a 1% uncertainty on the
top Yukawa K: induces a deviation
of the HH rate comparable to the

uncertainty on Ka
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Higgs Couplings: Sensitivity to BSM Models

Deviations to SM Higgs boson couplings (in %)

models consistent with no
discovery at the HL-LHC
(incl. Higgs partners)

Model bb cc gg WW 117  ZZ vy L
1 MSSM [3§] +48 -08 -08 -02 +04 -05 +0.1 +0.3
2 Type Il 2HD [39] +10.1 -0.2 -02 00 +98 00 +0.1 +98
3 Type X 2HD [39] 02 -02 -02 00 +78 00 00 +738
4 TypeY 2HD [39] +10.1 -0.2 -02 00 -02 00 0.1 -0.2
5 Composite nggs 140] 64 -64 -64 -21 -64 -21 -21 -64
ILC-250 ILC-250+ILC-500
20 ¢ ©
o ILC 250 GeV, 2 ab”' [ 18 ¢ > ILC 250 GeV, 2 ab” =
PMSSM g € P +350 GeV, 0.2 ab’ c
PHOMI Higgs and cTGCs S aoma +500 GeV, 4ab" 2
SHDMX EFT interpretation 14 g OHDM.X Higgs and cTGCs 2
12 ¢ EFT interpretation f=
2HDM-Y T 2HDMY =
Composite SM EFT 10 % Composite SM EFT 8
8 T o
LHT-6 — LHT-6 —_—
¢ T g
LHT-7 4 ¢ LHT-7 3
Radion E Radion E
Singlet 42 : 2 Singlet
0

Sy P MSSA?,/‘IDM 2/‘1044

X

HDM CO’TI HT.G Ly > Radionsinglet

T. Barlow et al., arxiv:1708.08912 82



Higgs Boson Width as Probe of BSM

w The Higgs total decay width 'y contains information on the interaction with

all particles, including possible BSM states L oMs 3597(13TeY)
£ 10 #
|
m- Direct 'y measurements from line- R
. . . CMS 201 6 8__ -------- Expected ]
shape limited by typical 1-GeV mass L = 36 fb-1 :
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/

Indirect Higgs Boson Width

0

ZZ production = qq — ZZ 10 g | | | | [T T T 1]
E 4—lepton production, CMS cuts, Vs=8 TeV
but also 10l 7 77 qq - 4leptons
88 — 2L ; H gg » h - 4leptons
g 4 o = gg - 4leptons(cont)
10'25— T - gg - 4leptons(total)
5 F
C 107
g F S
g A _g 107 B _l_'_'_r
" =
and s : g9 — H — 4/
g 8&H~-ZZ ;107 off-shell
F on4shell \
H 0E WW, ZZ {t 9g — 40NN
10-"_ N r | | | | N ? 5
100 200 500 1000 2000
9 Z my[GeV]
off-shell destructive interference
Ugg—>H—>ZZ T
on-shell ~ 1 H by studying the high mass ZZ region
99— H—22 CMS and ATLAS are able to set indirect limits on 4
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Higgs Boson Width from Off-Shell at LHC
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/

Higgs Boson Width at HL-LHC

Three approaches explored

w interference between Higgs yy signal and QCD background

e weak contraint: 8-22 x SM
w- fit in the k-framework (with assumption)

e ['H 100% correlated with Burt and: Burt< 4.1% @ 95%CL

w- H — ZZ off-shell vs on-shell
« 20% precision, but model dependent

interference between
gg = H — yyand gg — yy
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Rint induces a mass shift of =35 + 9 MeV for 'y = 4.1 MeV

ATL-PHYS-PUB-2016-009

Fundamental difference

between hadron and lepton

colliders:

« hadron collider not directly
sensitive to the width 'y

« an additional assumption is
needed (e.g. |Kv|<1) when
untagged decays are allowed

ZZ off-shell vs on-shell
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ATL-PHYS-PUB-2015-024

combination ATLAS/CMS = 800 MeV 86


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-009

Higgs Invisible Decays at (HL-)LHC

Higgs portal:

Connection between Higgs and Dark Matter (mpm < mu/2) window on the Dark sector?

e SM: Binv = 0.1% from H — ZZ* —4v
e signature: large Etmiss

« sensitivity dominated by VBF channel .
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PRL 122 (2019) 231801
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Run-1 + 2016 (36 fb-1)
o ATLAS: Binv < 26% @ 95%CL (17%)
e CMS: B < 19% @ 95%CL (15%)

CMS-PAS-FTR-18-016

HL-LHC, using VBF and VH channels
o ATLAS+CMS: Binv < 2.5% @ 95%CL
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/

Higgs Invisible Decays at FCC-hh

BR(H—Inv)

10

107

w Exploit Higgs production at very large pr

w- Constrain the background HZ (Z — vv) at the 1% level using NLO QCD/EWK
to relate to measured HZ (Z — €+€-), HW and Hy spectra
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Invisible Width

Typical current LHC limits: 20% at 95%CL

Hadron Colliders: limited by MET uncertainties
Lepton Colliders: from Z recoil in HZ events

FCCee/eh/hh I 0.024 E l[—?iitr:tBS:irch
FCCeesss [ 0.19 Higgs@FC WG
FCCeerqo  |0.22

CEPC 0.26
CLIC3000 1 0.30
CLIC;500 0.41
CLIC3g 0.60
1.9

0 0.5 1 1.5 2 2.5 3
95%CL upper limits, in %

Hadron Colliders cannot measure
the total width. An assumption is
needed to close the fit, e.g. |Kv|<1

« Lepton Colliders would
improve upon HL-LHC
limits by one order of
magnitude

e FCC-hh would gain
another order of
magnitude, reaching
close to the SM sensitivity

ECFA Higgs Study Group 2019
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Constraints on Dark Matter

Dark matter production
through Higgs portal

SM DM
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HL-LHC: improvement of these limits by one order of magnitude on owimp-n ™ 1047 cm?
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/

FCC-hh: Impact on DM Constraints
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Complementary to direct detection experiment to reach the neutrino floor
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