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The Higgs field
and
the Higgs boson




The Higgs boson

LINIVERSF

HISTORY OF THE

Cosmic Microwave
Background radiation

Particle era
is visible

Accelerd@ers

isible universS
Inflation

Big
Bang

WIOLSNOZIAN

Particle Data Group, LBNL

3

Dark energy
accelerated
expansion

Structure
formation

s
© o
"
5l
Sy
s

~

2015 Supported by DOE










The Higgsboson “ ,.»’i x }f

The W and Z boson acquire mass, the photon remains massless




“Thus, the elementary particles interacting with the
- BEH field acquire mass.

The impact is far reaching: for example, electrons
become massive, allowing atoms to form, and
endowing our Universe with the observed
complexity.” |

‘Nature 607, 60-8 (2022)



Special quantum numbers

In the SM, this mechanism, labelled as the Brout-Englert-Higgs (BEH)
mechanism, introduces a complex scalar (spin-0) field that permeates the
entire Universe. Its quantum manifestation is known as the SM Higgs boson.

JPC= O++




The long road to the Higgs boson



The Standard Model: a long journey

54 Yang & Mills

61 Glashow

64 Brout, Englert, Higgs et al

67-68 Glashow , Weinberg and Salam

70 ‘t Hooft et Veltman

73 J/Y¥ (charm)

73 Gargamelle : discovery of the week neutral current
75 7 lepton

76 Y (beauty)

83: Ua1 & UA2: W and Z discovery

89-2000: LEP and HERA: the triumph of the SM
95: Tevatron: top quark discovery

2012: LHC: discovery of a Higgs like boson
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The LEP journey

Jura 'I—'EP 1 km
Mountain e ™~ .
/’ ALEPH N
oPAL¥
f .: SLH:-I'tIz-erlnn{l
A\ L3 SPS /3

DELPHI /

]
France \
\\.\._. [} - ," . .
- \:' - ) P

\PS

Geneva Airport

Large Electron Positron collider

the 27 Km circumference RING, 100 meters below ground
1983: the beginning of the excavations: the biggest European Eng. work
august 1989: first interaction at E=91 GeV

1995 - 2000: E=130 — 209 GeV 11 years for construction

12 years of data taking
~350 x 4 physics papers
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LEP

It is hard to remember how little we knew about the ElectroWeak physics
and QCD before LEP started!

LEP did a gigantic leap

as an example:

*  We did not know how many fermion families there are

»  We measured quantities at the per mille or better precision
(We could measure changes in the LEP circumference of less than 0.1 mm)

*  We excluded many BSM models

12



The combined limit on the Higgs boson
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AtLEP2 : 1995-2000,
E,., = 130209 GeV
£>25" @E, > 187 GeV

100 102 104 106 108 110 112 114 116 118 120

m (GeVic’)

Exp Obs
ALEPH 113.5 111.5
DELPHI 113.3 114.1
L3 1124 112.0
OPAL 112.7 112.7

LEP 1153 1144

4-jets 114.5 113.3
I+v+1 114.2 114.2

Direct Searches:
LEP was the perfect machine to
search for the Higgs
IF m(Higgs)<E,  —Mz
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End of LEP

2000 last year of data taking at LEP
We insisted a lot to continue, but we failed.

1995 At the Research Board in June 95, Siemens proposed to produce
32 Superconducting RadioFrequency cavities for 32 MCH (they were producing the

SC for LEP2, and after that they would have dismantled the production line)
With those cavities LEP could have reached Ecm=220 GeV

(thus m(Higgs) <E_,—-M, ~ 129 (+I,) )

The CERN management decided not to increase the energy to more than 200 GeV

An “historical” sentences from the 2000 « battle » :
Sam Ting: « At LEP every event is signal, at LHC every event is background »

15



The end of LEP - Toward LHC

Dec 2000 LEP stops
and it is dismantled.

LHC starts engineering work
20009 first interactions
2010-2011-2012

LHC run at
7 TeV center-of-mass energy

16



The discovery
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The LHC Cross Section Working Group

In 2008 Giampiero Passarino had the idea of the group for the first time, underlying the urgency, since a
discovery could come sooner than expected!

In August 2009 we met at the cafeteria of B40 (Passarino, Mariotti, Murray, Nisati, Qian and Stoeckli)

In Torino, in November 2009 (the exact day LHC delivered the very first pp interaction !) the group was
formed and the program was discussed.

Jan 2010 the experiments formally recognize it.

17-Feb-2011 First Yellow Report:
- Since day-0 the Higgs analyses from Atlas and CMS have been
using the LHCHXSWG prescriptions and results

18



Higgs production at LHC

l T T T T T T T E
= 5., 3 8 ggF: NNLO+NNLL QCD + NLO EW
_Q&m Son,, \s=7 TeV —é/ 2010_2011
< ZE g
J-E / 3
I v
g1 E -— H
Z =
107" E g
|~ qqH: NNLO QCD + NLO EW the
102 ~ » _
T q « LHC H XS WG
100[ 000 KnnLonto Scale PDF+ag Total
-—— H (KnrosLo) error
ggF +25% | +12%- | +8% | +20-
q q (+100%) | 7% 15%
VBF <1% +1% +4% +5%
(+5-
10%)
WH/Z +2-6% +1% +4% +5%
H (+30%)
ttH - +4% - +8% +12 -
(+5- 10% 18%
20%)

ttH: NLO QCD
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Branching Ratios

[y — [HP _ pHD _ pHD -, pProph. . pHD sQED 2010-2011
H — 77 WW 4f YY vfFf

T 1T Ef
- I 3

§ 18 MH Decay THU PU Total
S 40 t 8 120 | Hoyy | £2.9% | £2.5% | *5.4%
g . GeV
e i Hobb | +£1.3% | +1.5% | +2.8%
6102 = HoTT | +3.6% | £2.5% | +6.1%
é 2 150 H>WW | +0.3% | *£0.6% | *+0.9%
b . GeV

10} = H>ZZ | +0.3% | +0.6% | +0.9%

10% 750 200 300 400 500 1000 HD=HDecay NLO QCD +NLO EW

M [GeV]

Proph = Prophecy4f NLO QCD+NLO EW
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The first spectacular event, Sept 2010

\\
N\ At e,
e
T
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17241

CMS Experiment at LHC, CERN

Data recorded: Fri Sep 24 02:29:58 2010 CEST

Run/Event: 146511 / 504867308

2
|

[1H 130 GeV/c?
Il H 150 Gevic®
I 1 200 GeVic®
D77 +jets

Events / (10 GeV/c®)

g

10%

10%

Prob = 23% to observe ZZ->4l
in 35pb*at 7 TeV

m(4f) GeV /e

m(2f) [GeV/e*] | pr (u) (GeV/e | plso | S

) 19.56 0 | 0537

o1 - 92.12 25.88 0 | 1029
! — 48.14 0 | 0.994
e 43.44 y 0.411
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seriment at LHC, CER!
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Grenoble EPS Conference July 2011

CMS Preliminary 2011 Vs=7TeV L=166fb"
od + T T 1 | T 1T 1 ‘ T 171 | 1T 171 | T 171 .|_ ° .
% 6 . baTA g We/HZZ41 went into « panic » mode
S Il z+iets 1 In July 2011: we had to defend all the events,
o r ] o o
SO Mz . one by one, we scrutinised all the backgrounds
S af Elm=350 Gevie’ and their simulations
o F [ m,=200 Gevre? -
3 [ m,=140 Gevic*]
B ] > LA [T T T T T T
oF E 8 of * Backgrouna  ATLAS Preliminary ;
B 7 © [ [ Signal (m =150 GeV) ]
i i gy 8— [ Signal (mH-220 GeV) =
1E B 2 [ Signal (m, =480 GeV) . 1
- i 0 7:_ H-zz0—41
- ] W oel Ldt=1.11f" -
Q00 200 300 400 500 600 5 Ns=7TeV
M, [GeV/c?] 4 $ E
. 3; 'Y 4
We/HZZ4] were under heavy review from | ¢ |
the collaboration, to be finally approved & 5 )
and able to present the result at EPS-11 150 200 250 o s 0 T a0 S5 500

m,, [GeV]
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95% CL Limit on o/og,,

DEC 2011: Towards a discovery

LHC: Dec 2011: very important results:

The Higgs boson is excluded in a large region of mass

_
(=

| ATLAS Preliminary | 2011 Data |
bl f Ldt=1.0-4.9 "
Ef;‘; Vs=7TeV
10 1 & 10} cMs,\s=7TeV —=— Observed
...... ® L=4.6-48f0" = Expected (68%)
c e Expected (95 /)
g L
- L
E |
CLs Limits : ]
10—1‘\H"\H“\‘...l....l....l.. ®) 3 g
100 200 300 400 500 600 1 2
M,[GeV] & %
Yol i e/ p
o e o o
v,
v
Vet d
-1 =
10’v\..\\..1\Huuy.‘\.u...uh il d
100 200 300 400 500

Higgs boson mass (GeV)

Local P-Value

and it is NOT excluded in a small interval

F 40 ATLAS Preliminary * 3
--Exp. Comb. ---- Exp. H—=yy 1
—0Obs. Comb. — Obs. H-yy
- Exp.H— 4l Exp. H-wh 2011 Data
*Obs H—-4I Obs. H— kv JfLu ~20549 1 -

, L L
115 120 125 130 135 140 145 150

M, [GeV]

Local p-value

.
10-4 - = Combined observed
E | easas Expected for SM Higgs |3
R P AR e ——— H->bb (4.7fb‘) 4
sl — Ho 1t (4.6 o)
10° RGN i
E s — -5
F CMS‘\S‘7T9V H>ZZ -4 (470"
L 46481b H-)ZZ—»2|2q (461b)

10°
110 115 120 125 130 135 140 145

Higgs boson mass (GeV)

LHC 2012 blind analysis focused on m~115 - 130 GeV: Optimisation of
the analyses with MonteCarlo, without looking at the data.




Where we stood 3 weeks before the 4 of July

March 2012
M M 80,5_....|...-I....I.H.,....[....|-..-l....
1 ° to VS ° W L. O LEPEWWG (2011) 68% CL (excluding Mw‘mm&dimt Higgs exclusion)
p - @ 68% CL (by area) M, 2009 m 60\1
— Tevatron My, Tour de Forcell [ @encllyman,omm,, o

8045 -
* my = 80385 * 15 MeV r
( World Ave — Mar 2012)

2. Colliders leave little space

803 |- 1‘ i .
EW precision measurements 155 160 165 170 85 180 185 190 195
m,f(GeV)
Ap = f(sin’ 6,,G, m?, logm,) LHC Excluded a wide range of

Higgs masses in 2011

This is the main story of the
year 2011

@Joe Incandela




The D-day

The 14 of June of 2012 at 19hoo0:

The analysis was ready. It could be no more optimised.
We could finally «open the box», i.e. look at the DATA.

We did run the analy51s on the data, and we projected on the screen:

- BCMSP;ehmuina"y Vs = ]TT \.I‘II_I f':u(}f':-llbI |'{_|[a|T|V|I|_||5(2|6{_b‘

3 £ * Data E

2 Bz _

% 61 [zr.zz =

o sC []m,=126 Gev :
4F

L 140150
m,, [GeV]




H->vyy, 14 June 2012

atthe LHC, CERN
12-May-13 20:08:14.621490 GMT

3 Rina/;em 194108 / 564224000 %.:2000 ? CMS Preliminary —e— S/B Weighted Data
(O1800F Vs=7TeV,L=5611f"  ~ EEBI?:C t
N~ © Vs=8TeV,L=53f" 0T
©1600 =
1400
%) C
-'GEJ 1200 -
>1000
L C
© 800
2 :
5.’ 600 =
D 400}
=
200
m ] | ] I | I
, 0 120 140
We look for an excess of events in GeV
, (GeV)
the 2 photons mass spectra m,, Dots — Data
pp SH-D VY Lines - Simulation
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4 July 2012
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The 4t of July 2012

combination

2400 T T T T T (= L L L B e

> Z E E E J E
835 igati 4720 ATLAS & 22000 Selacled diphaton sample e % 5‘ ATLAS 2011 2012 — Obs o
ackgroun p E . Data 2011 and 2012 E i . . L
0 -Back%round Zijets, | ﬂ Ho77"' 4l T 2000E" Sig » Big i::|usiue|i|{mH=1zaseev} = § E 15=7TeV: [Lat=464810 ---- Exp. :
230 Eglgn Iém }gga v 2 e a1 order peynomil = b 1s=8TeV: [Ldt=5.8-59 1" M=o i
§ [ mSignal(m e 1600F- -~ s ssesss e =
Signal (m’=190 GeV) 14005 e TTE"’J- Ldt-48fo" 3 o =
1200 \s=sTev.de|=s.9fb‘ = 0N N ”
E = o
7TeV: |Ldt= 48 1b" 1000~ 3 104
BUD;— — 19—5!_ 4a
600 —| 0%
400F- = 107k —
2002_ ATLAS Preliminary = 1(}'8%' _
E , ‘ ‘ ‘ , 1 10° - my=126.0 £ 0.6 GeV
o 100:_ T T T T T = 10"0!
i E E 0 e e
3 0 + T 110 115 120 125 130 135 140 145 150
0 ® o=t ¥ = m,, [GeV]
100 150 200 m [Ge6]50 100 110 120 130 140 150 160
41 m, [GeV] o 1l s
" S, 4F El
E—1 10 = —
cMs NE=7TeV,L=511"\E=8ToV,L=53 1" <2000F §102i %0
> pr Ty = T CMS Preliminary —+— S/B Weighted Data al0F \\ j//w%%
F ] - _ _ g S4B Fit — E =
g 165 —e Data ] 1800 — s = 7TeV,L=5.1 ﬂa_1 ______ S it Gomponent 100 3 \\\7/ E
-~ - B z+x ] 516007 Ve=8TeV L=53 CJ+is o 10°¢ Fdo
2 L Mzrz ] - 3 2o THOOETT 3
CMS e | 1005,
E ; E 10—7 ? ‘0.“ 7%
] F 108 E[— Combined obs. T =
8 ] E . Gf [s=ExpforsMH | TTteeee EGG
= r 107 e == Hyy =y
6 = F 1 0_1[) ;_ — s 77 CMS Combined _:
" - o o VE=7TeV.L=511b" 3
C Bl S
= B e e/
2 u 116 118 120 122 124 126 128 130
0 o . " B my, (GeV)
80 100 120 140 160 180 ot ! . ] . . ! ] . .

m, (GeV) 120 14?% (GoV) my = 125.3 &+ 0.6 GeV



The Nobel Prize
The Nobel Prize in Physics 2013

The Royal Swedish Acadermy of Sciences has decided to award the Nobel Prize in Physics for 2013 to

Francois Englert Peter W. Higgs

Université Licre de Bruxellas, Brussels, Belgium University of Edinburgh, LI

“for the theoretical discovery of a mechanism that contributes to our understanding of the
origin of mass of subatomic particles, and which recently was confirmed through the discovery
of the predicted fundamental particle, by the ATLAS and CM5 experiments at CERN's
Large Hadron Collider”

/’~ Congratulations to Professors e
_ Francois Englert & Peter Higgs **

Higgs Press Material from CM




A second big break-through (2013-2014)

CMS 19.7 10" (8 TeV) + 5.1 1b ' (7 TeV) F (SM)I 4 MeV
- Following the work of Zeol T e T H
; @ I [ gg+VWV — 22 1 .
Kauer, Passarino: JHEP 1208 (2012) 116 2 sor ] Hai-2z E Detector resolution
. %) + 4
Caola, Melnikov: Phys. Rev. D88 (2013) 054024 5 | . ] ~GeV
m B 14 1
2 o2 - ]
0.01'1 —Sheu ~ gggHgHZZ &8 J 1 c CMS‘ | 19i7fb"(aT‘sV)+5‘1Iib"(?Ts\aI'_)
o g . ] E [P
4 q Kol e Data 1
gg%H%ZZ* m 2 i1 1 E o All contributions (T, = 10xTS™, p = 1)
O%10 120 130 140 150° | € [ MWewW o2z, =1 u=1) 1
2 2 MGV R o Elwa-z i
1 1 -z > 0.
goffshell _ Jeniiizz LRI YE B S ELA w058
2 200 300 400 500 600 700 800
gg%H* — 77 (2mz ) m,, (GeV)

This method assumes that the
couplings at the pole and .
off-shell are the same

The Higgs width, T'y; , can be constrained from off-shell production: M (GeV)
We can go from few GeV > tens of MeV using off-shell Higgs

production

RUN1: T';; <13 MeV obs (26 MeV exp)
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After 2012, towards RUN2

[—pp event with 11 primary vertices

S s ,

/0.1]

CMS Average Pileup, pp, 2018, .5 = 13 TeV

= ATLAS Online Luminosity 3000 3000 3
a 70! - <> =32
- E [ \s=8TeV, [Ldt=63m" q>=195 ] B
> A oved : > S 2500 (K
2 60 ; \ B \s=7TeV. [Ldt=528" g = 9.1 =
s 2 2000
g 50 z
Ed | &
3 E 1 8
g 1 ] 1500
g 3
e} 3 o™ =G9.2 mb
8 3 1000
- B
2
S S so0
1
| =
%5 10 15 20 25 30 33 40 3 °
o 20 0 ) o A°
Mean Number of Interactions per Crossing Mean number of interactions per crossing
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Cross Sections & BR: the LHCHXSWG results - 2017

-9 1__\|\\‘|\\|\I\\I\\I\I\\I\\I\I\\I\\I\II\I\\I__E
————————— e 2 1L 2k
—10°E =h 8 - g
T E i eo0co- o Vs=13 TeV EW: NNNLO+NNLLQCD + NLOEW & [ 5 i
= F - £ [w s ¢
< | _§ 2 '§10"7 g9 |8
T + S Fw =
£
T 10} - T -
g F 3 1021 £ -
% k pp — qgH (NNLO QCD + NLO EW) ] -= H E s
[__pp— WH (NNLO QCD + NLO EW) ‘ _— —_—
1 pp 4¥H (NNLO QCD + NLO Ew) - 107577 -
ttH (NLO QCD + NLO EW) - g F g
[ ppfbbH (NNLO QCD in 5FS, NLO QCD in 4FS) 1 qqH: NNLO QCD + NLO EW T
r /I\ 7 10:1“2(‘)I “1‘211‘ “IIZ‘ZI ‘1‘2;3‘ ‘1I2£-I ‘1‘26‘ “1I2E‘5I ‘1‘27I" “1I2‘8I I1‘2!I3‘ “1I30
M, [GeV]
107 : q g "
III 1 I 1 1 1 I 1 I,I I 1 1 1 I 1 1 'I ; 102" II"”II‘Illl‘llllllII[I.IIIHIIIIIIIIHIII’%
120 122 124 | 126 128 _ 130 d: g e
MH [GGV] __ H ; :W:g
ez 4
WH: INNLO QCD + NLO EW EE I
ZH: NNLO QCD + NLO EW I = i | From 8 to 13 TeV
ff q 3 : o= H(NNL :
Wz 5 W
¢ ‘ 1E o ——— | o (ggF, VBF, VH)
E : ] ~2 times larger
- H 101 E
: ] o(ttH)
H g i A i ~4 times larger
107 3

. (FEENE ENERE FRENI RRRNE FERE SARTE SRTNE ANl SAun|
ttH: NLO QCD 6 7 8 9 10 11 12 13 14 15
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The huge leap of theoretical calculations

Higgs cross section: gluon fusion 30 Fiducial XS | arXiv:2102.08039v2
= 70 o -
£ | meies ey [ ATLAS Prelimi 139 b 1
© [ LHC13Tev 28 reliminary ( ) ]
B0 =my2 e ATLAS™ L _[ ]
g = 26 I3 —
: + L T ot B f N°LO 1 ! NLLaNiLo
ggH T + . R - 24 NLLANNLO
a0 3 22 -
- z C NNLO A | NNLL+NLO ]
AR ® 9ok -
*E + Of A Avecum® Aro .
- (— &FO —
g Y R4 18; NLO 99— H — v (13 TeV) |
o . | | i ‘ | | . F rEFT, my = 125 GeV -
0 Lo Mg MVLD Mo MG‘WLL NMGW/VLLWD“NQL B 1 6
A huge improvement in the gluon PDF understanding
_ gg luminosity at LHC (s = 7 TeV) LHC 13 TeV, NNLO, ag(M )=0.118
42 (@S .Dawson arXiv:1606.00840y1 5 V25— T T T T 13 _ e -
L S sl == usTW0 //'1// / 125 2??: Hrcteprer
. 5 157 v iy VN 250 .
ass| VBS @ 13 TeV - 5 by e VW)L 212k s nwporso Including
r E o L HERAPDFLO | /7 Q _§1.15 -0 MMHT14 LHC data
H bl | E‘ ‘I.OSg 4 X ! £ ‘ § 1
qq g | ] PDF g i §1.05
E: 405 - N g 3 Y iﬂ- Z QRN E 1
o | E | — RN 50.95
L = AN e
T 0 NNLO | : 78O\ e +2-3%
NSLO | R A Wl i (VR s SN Sttt
r NLO f ¢ 1 ® \s/s 10 10° M, (Gev) 10
39 PDF4LHC-2011 PDF4LHC 2022

'\q%b‘ fLQQO 10'\'0 10'\'6
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From the 4 of July 2012 to the end of Run2

. Main production: ggH, VBF, VH, ttH
Higgs story at the LHC Main decay: Yy, ZZ, WW, 11, bb

Run2 wrt Runl

pp— H
4 ggH, VBF ttH VH
YY, ZZ, WW 1 bb
Fy
10 fb-1 | 25 fb1] 36 fb-‘T 80 fb-1T
STXS iageOﬂ

width, lifetime, fiducial xsec

V. . .
mass, Spin CP, anomalous couplings
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Lumi x10 more
c x2—4 larger
Higgs %30 more

pp
14(1 fb-1

l

Zy
Dalitz 1y

©Meng Xiao




From the 4 of July 2012 to the end of Run2

~ 5% precision

Main production: ggH, VBF, VH, ttH per exp.

Higgs story at the LHC  ,,,;, decay: Yy, ZZ, WW, 11, bb

~10% precision
per exp.

i
14(1 a width

-1
107 fiducial xsec
l STXS
STXS stage0,1 Zy
width, lifetime, fiducial xsec Dalitz lly

v L] .
mass, Spin CB/anomalous couplings
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The Higgs mass from yy and 4l decay channels

Once the mass is known, all other properties are precisely defined.

YY

Choice of the primary vertex
Energy calibration

4 leptons;: mass measurement performed with a 3D fit

- four —lepton invariant mass m,;;
- categories per-event mass uncertainty dm,
- kinematic discriminant MELA/NN

- lepton momentum scale

ATLAS+CMS Runi

CMS 4Il Runi + Run2

ATLAS 4l+yy Runi+Run2

125.090 + O

125.08 + 0.12 (+ 0.10 stat + 0.05 syst) GeV

125.01 1+ O

.24 (£ 0.21 stat + 0.11 syst) GeV

11 (£ 0.09 stat + 0.06 syst) GeV

36
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The Higgs width from off-shell production

Both experiments observe Higgs off-shell production at > 3¢

" ’ QQ%,
""i
, "
signal (S) background (B)
g9 - H" - 2ZZ 99— 2Z

-1
;‘1OEY1‘YYYTYI'"T‘YYYTVf"E
)] F . " ]
[0} t ATLAS simulation 5=8Tev
= L
£ 1024 y

= F — g H* - 2Z (S) 3

£ ' f * 99~ 2Z(B)
% 2 | ‘q‘i ——gg (H*—) 2Z

-3 Lo, ceeggs (H*—)2ZZ (u =10)
S 107H|J R 0 ataves 4

et

SBI = S

6 [ . g g poght sy 3 ¢ i oAl
100 400 600 800 1000
’”ZZ[GGV]

+ B 41

‘ Known at NNnLO [Matrix] ‘

-2In(A)

LHCP 2024

UL B RN R [TrTT T [TTTT

|
20 ATLAS

1851+ — 77 — dhlivy
13 TeV, 139 fb™

T
- Obs-Stat. only —
Obs-Sys
- Exp-Stat. only

-2AIn L

| cms-Pas-Hic21-019 |

138 fb" (13 TeV)

CMS Preliminary
L T T T T I T T

T ] [

Observed
Expected

4| off-shell + on-shell

4l off-shell + on-shell + 212v off-shell




SM Higgs Spin and CP properties: JFC

ATLAS and CMS Spin O
many analyses, > Positive parity

lots of results at > 99.9% CL
ATLAS H—=Z7"—=4]
— e+ Observed {s=7TeV, 45 fii’
-——- Expected 5=8TeV, 203 "
B 0'SM=1c
-U'Shﬂ:zc H—*WW*—*evpv
C10°SM=3a (s=8TeV,203 '
. =10 H—vyy
(=]

-jp"g" 5=7TeV, 451"

- e 5=8TeVv, 203"

ML

88503883

i i ! i i i 3
=g WF=o Pzt Sz -z SF-z JF-2
s =0 =0 A
p‘_-nﬂal\l' p‘_-tIEBI\I' urﬂnﬁuU n'-nEBM

CP structure of various Higgs couplings probed
for fermions (top, t), gluons, EW vector bosons,
with a variety of production and decay modes

» Measurement globally in accord with

SM CP-even hypothesis
* Pure CP-odd ttH coupling excluded 3.9 o
* Pure CP-odd Hrt coupling excluded 3.4 ¢
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Bosonic channels

CMS 138 fb' (13 TeV)
e e
[ H-vyy 4 Data

[ S/(S+B) Weighted — Signal

[ B uncertainty:
- +18D

110 120 130 140 150 160 170

m,, (GeV)

o

TT T[T T T [T T[T T T T [TT T [ TT T T[T TTT
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The coupling with the 2md generation

Force carriers nggs boson

Boosted Decision Trees,
Deep Neural Network,
Advance Machine Learning ...

Ingenuity 1s giving us access at these

.. ) «exquisitely small sienals »
Efficiency and Purity 7 ’ & ©Andre David

improve
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT

Higgs to muons e

SM BR(H— pp) ~ 2.2 X 1074

Exploit all production modes.

R
>
AV Z
[ AV
; CMS Experiment at the LHC, CERN
q-’ T qf Data recorded: 2016-Jun-04 20:33:48.969022 GMT

o] Run/Event/LS: 274420 / 119660942 / 136

top quark
products

Candidate events compatible with
different associated production & ooy,
modes and H°(125)—uu decay. t,b 4

Kt,b




The coupling with the 2md generation

Weighted Events / 2 GeV

Data - Bkg.

Force carriers

e Wizl
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Background-subtracted data / 1 GeV

Higgs boson

ATLAS: PLB 812 (2021) 135980
CMS: JHEP 01 (2021) 148

138 b (13 TeV)
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sf B uncertainty:
+18D
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Higgs to charm

SM BR(H—cc ) ~ 0.028

Search for H>cc
in VH events (and gg)

Background efficiency
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Higgs boson candidate mass [GeV]
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Agreement with the SM: the signal strength

fitting data from all production modes and 3 o -BR
decay channels with a common signal strength H = ]
o -BR
parameter ( ) oM
ATLAS

n=1.05 + 0.04 (th) + 0.03 (exp) + 0.03 (stat)

Nature 607, 52-59 (2022

CMS
w=1.002 + 0.036 (th) + 0.033 (exp) + 0.029 (stat)

Nature 607, 60-68

TOT: 14% Runl =2 6% Run2
TH : 7% -2 4%
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(2022)

th — exp — stat uncertainties
are of the same size



Higgs boson production modes and decay channels
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Cross sections and Branching ratios

— 10° ]
n L p—
= -
s f ATLAS Run 2 -
O u .
8 105 ]
g - — -
o B ;
o s,
1§_ — & =
- _$ Data (Total uncertainty) .
- [ Syst. uncertainty N
—1__ B
10 = 1 SM prediction —
N | | | [ _
— | {
= 1.5_
"g 11— * %
-lt_—ui B
T 05 | | 3
ggF + bbH  VBF WH ZH ooy -

Production process

10

- 410

1-10

46

Branching fraction
T <

¥

Ratio to SM

ATLAS Run?2

"

%

_¢ Data (Total uncertainty) —*— %
[I Syst. uncertainty
=1 SM prediction

Ry
PLJ

4 Zy T

Decay mode



Differential distributions

Theory/Data

Pr, Y, @, Dy... describe the Higgs production at LHC
and help understanding QCD effects.
pr = perturbative QCD
+ resummation of the leading logarithms,

+ probe of new physics at high values.
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The couplings & the coupling modifiers: the ¥ framework.

J ]
Higgs boson production modes J O'j J F] Higgs boson decay channels
a) b) c) SM SM h)

Alternatively, the loop could not be resolved/ Invisible (v, DM...) or Undetected decay

and an effective coupling could be used: y
9 7
7 2
¢¢¢?&+__ o FH _ K‘H
5 kg FEIM (1 = Biny — Bundet)

%




The K framework
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Kr

Luminosity, energy and .... ingenuity

1.15
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1.00
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0.85
0.80

~30 times more Higgs events in Run2
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The portrait of the Higgs boson

m,
or VK vy

e
vev
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SM test over many orders of magnitude
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The Higgs couples with the particle mass !
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The search for Higgs boson pair production

1.2 42 3 1 4
The Higgs potential V((P) — EmH(P +VA/ 2mH(P + ZA(P

A= m%l/(sz)‘

Higgs
potential

Our Stable
vacuum = =y
_ ~~—

.\ Metastable

i H.iggs
field
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The search for Higgs boson pair production

The Higgs potential

we measured the minimum, we should measure the curvature

V(p) = 3mZ¢? + VA 2myd® + JAg*

A= m%l/(sz)‘

Higgs
potential

Our

i H.iggs
field

vacuum

Stable
T
Metastable

& (HH) [fb]

GHH ~10-3 GH

Higgs boson pair production
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Results on HH production

WW vy
Expected: 52
Observed: 57

bb WW
Expected; 18
Observed: 14

bbZZ &
Expected: 40
Observed: 32

Multilepton &

Expected: 19
Observed: 21

bbyy &
Expected; 5.5
Observed: 8.4

bb 17t &
Expected: 5.2
Observed: 3.3

bb bb &
Expected: 4.2
Quserved: 7.2

Comb. of &

CMS Preliminary
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T T
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B 8% expected
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CMS-PAS-HIG-21.005

—e— Observed

Ace: by JHEP (2206.10857)

Ace. by JHEP (2206.10268)

JHEP 03 {2021) 257

Aco. by PLB (2206.00401)

Nature 607 (2022) 60

Nature 607 (2022) 60
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95% CL upper limit on HH signal strength iy
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/
/
H s
- — @K
Kt,b \
\
Ay

oc(HH) < 2. +3. SM

Oggr+ver(HH) [fo

at 5 s.d.

ATLAS +CMS will observe
HH production at HL-LHC

101k

EmEmEmm
ATLAS Preliminary
Vs =13TeV, 126—140 fo!
HH combination

— Combined —— bbt*r"
—— Multlepton —— bbyy
~—— bbif +EJiss —— bbbb

Observed limit (95% CL)

Expected limit (95% CL)
" {Unn =0 hypothesis)

Expected limit 1o
Expected limit +20
Theory prediction
SM prediction
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95% CL limit on o(pp — HH (incl.)) / fb

VVHH indeed exists
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= Theory prediction - 68% expected ]
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Single Higgs production modes sensitive to self-

coupling through loop corrections

-1
138 b (13 TeV)
T T T -
CMS e Bestfit
B 1o interval
[ 2o interval
pp — HH - i Standard Model
pmducuoﬂ :
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production y
| : 1 | |
= 0 5 10 15 20
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k, from single Higgs production
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The end of LHC

Extrapolation of the current

measurements to 3 ab™
under assumptions on the evolution
of the systematic uncertainties
and detector performance as VL
and th-syst/2

Most couplings known at
a precision of 2-4%

with theory uncertainties as the
dominant ones

stat. uncertainties remaining relevant
for very rare processes

* Run-3 goal: ~300fb-!
by 2025

* HL-LHC goal: ~3ab"!
by 2038

Vs = 14 TeV, 3000 fb™ per experiment

T

| | Total

ATLAS and CMS
b Statlstlcal HL-LHC Projection Current
—— Experimental precision
I Theory Uncertainty [%]
Tot Stat Exp Th
KY — 1.8 08 10 13 6%
Kyw = 1.7 08 07 1.3 6%
K; = 15 07 06 1.2 6%
Kg = 25 09 08 21 7%
Ki = 3.4 09 11 31 11%
Kb — 3.7 13 13 32 11%
K B= 1.9 09 08 15 8%
Ky —=— | 43 38 1.0 17 20%
Kz B 198 72 17 64 30%
0 0.02 0.04 0.06 008 01 012 0.14
Expected uncertainty
B 2.5% <11%

inv
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Precision measurements

g s
We are now measuring with high precisions all % o'k g
the characteristics of the Higgs bosons. 5 10— ]
By measuring with high precision all the quantities 102;— J
related to the Standard Model we can observe deviations, 10} :

if there is new physics.

effect of a Z’ in the dilepton spectrum

LI B L e B

b [} == RN ISR A M AUAI SIS ST SR
500 1000 1500 2000 2500 3000 3500 4000 4500
Dielectron Invariant Mass [GeV]

No resonance seen
but deviations wrt SM

Increasing precisions is like observing with a magnifying glass:

Four-Fermi interaction and the weak bosons

Before 1960
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H

Various UV
physics can

give same
EFT op

The future




SMEFT

Effective Field Theory reveals high energy physics through precise measurements at low energy.
The validity is for E<<A

from Lagrangtan

AN A

SM EFTas EFTas
Linear EFT cross-sections: Quadratic EFT cross-sections:
interference SM-EFTas squares EFTde
to cross-sections . \ /
l \ m,n=1 /
evaluate at (N)NLO QCD + NLO EW evaluate at NLO QCD . .
with SMEFT@NLO @Rwhard Ruiz

d5 - maiorana neutrino. The Weinberg operator can be probed at the LHC through the same-sign WW VBS channel,
with W, 2e,u,t, but W, = p,t
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EFT a way to identify
patterns of new physics

|dentifying patterns of new physics

T
P ]

D?'OWC’G’O’G

q

design sensitive observables
- precise SM predictions
- precise SMEFT predictions

- precise measurements

— leverage correlations

@Gautier Durieux

62

& W ﬂmm,f’H & i~ H
t - -« t
g H “H & o000 - --n
g 2 .- H g co - H g Cg AIII]IL,’ H
. . - --e
. - Ho o
g “H 8 H_ e H




Coupling deviations from SM [%]

Patterns of deviations

Different New Physics models lead to different patterns of deviations

The size of deviations depends on the NP scale.

MSSM

MSSM (tang = 5, M, = 700 GeV)

C ite H
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r o L o |- 3 k] ,
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_ 2 - == ] @
o o O (pecccesssscsscssscsnnssnssansansennee SN - = L ] F ]
- g °f L S T — 3
> § L p § [ ———— ]
i 1 3 ¢t : s ] g ]
=10 | 1C250 GeV, 2ab" + 500 GeV, 4 ab"; ZHOMMI example. T g’}—“O [~ 1LC250 GeV, 2 b + 50D GeV. 4 ab™: Singlel example -1 § -5% o - é -5% o =
i [ e procisions rom ron eFT 0 = [ [ wcrprecisions trom i err e I N T -
[ ——— a [ ——— ] oF - s -
i e predieons \ 8 20 L L T" “Th- s ! ] -10% i 6 Projected Higgs coupling precision (modek-independent] 4 -10%f ILC Projected Higgs coupling precision (model-independent) o
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After full ILC running
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2 A 5 Collider Type Vs P (%) N(Det.) Linst [10*] L Time
Proposed linear & circular colliders T . | W5 o]
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HE-LHeC ep 1.8 TeV 1 1.5 2.0 20
FCC-ch ep  3.5TeV 1 1.5 2.0 25




Hadron collider
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Electron collider
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Invisible Higgs width

In the SM, BRgy;;,, = BR(H2>4v) = 0.11%

Current limit: BRinv < 11% @95%CL. By the end of HL-LHC BRinv < 2.5%
hh-coll: ET
ee-coll: Z-recoil

uncertainties,

miss
ESM rec NCATC

FCCeeleh/hh | : I s

FCCeesss i} Higgs@FC WG

FCCCC};() ::]
CEPC

CLIC3000 -

CLIC)500 [
CLIC3g [ i |
ILCs00
ILCys0

Liec I
e-Lic

HL-LHC

=

— 5 0 05 1 15 2 25 3
M,=M;,, ,=s+ M;,— 2 E, \/E 95% CL upper bound on BR, , [%]
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Di-Higgs production & self couplings

FCC-eg, ILC, CECP

FCCitee, ILC, CLIC
HL-LHC HE-LHC FCC-hh L cLic cle
E HH production ht pp colliders at N v
10° :{MH=125GeV,MSTNZOOBNLOpdf(SB%C 430 g ‘IE R A B B B B B B
o) C
107
3 10%F
102 _§ E
103 L L 1 I I ® 1072 |||||
. Ll 58 e = (- 500 1000 1500 2000 2500 3000
Vs [TeV] /s [GeV]
g JH g osoon ===H - ZHH
t,b 4 t,b  [Kt,b
t,b = = Q;u t,b t,b
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K, at future colliders

68% CL uncertainties on «, with di-Higgs and single-Higgs, combined with HL-HLC

Higgs@FC WG November 2019
di-Higgs single-Higgs

HL-LHC HL-LHC HL-LHC
B =, | HL-LHC will exclude the absence
HELHG _ el N e of Higgs self-interaction at 95% CL
1L§;/}:CC htic
FCC-ee/eh/hh N B
o ) , ,
o et e FC will establish the existence of
O, NN il Higgs self-interaction at 5 ¢
_ ...... i ‘m ............ . ?ngj i.?.%.). .....
ILC 10% M 36% (25%)

N | Lo, o :
underHchreSho/d .............................................................. 27% ILCZM A CLICSOOO/FCC_hh can Start pI'OblIlg the

............................... 49% (29%)...... . .
e NN T B size of the quantum corrections to the
[ | e Mot Higgs potential directly.
AR Nk nsmay | | Sl e

0 10 20 30 40 50 Lo

509% (46%)
68% CL bounds on K5 [%]  aituture coliders combined with HL-LHG

CLIC
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New colliders and the Higgs couplings

Gauge Higgs v
Yu Ya yS Ye Yo Y& e y'“ Ve couplings Width couplings AS

i g)

EF benchmarks

LHC/ML-LHC | XX X/ | X ? v

ILC/C*3 X X X*

CLIC x x D
Fccee/cerc X X L} X
u-Collider x x D /

FCC-hh/SPPC D D D D D

Order of Magnitude for Fractional Uncertainty + < 0(.01) o(.1) / o(1) x > 0(1) D No data ¢ No target

¢

Higgs
Factory
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Energy

x
X<\ XX X X

X
X
v
X
H

@S.Dawson et al, Snowmass H report
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Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?

Fundamental
or Composite?

Stability of Universe
CPV and
Baryogenesis

Higgs signal
strengths
coupling
measurements

Multi-Higgs
resonances i 4

Higgs Mass

Higgs Width
7 Electric
Dipole
Moments

Differential
Cross Sections

Baryogenesis

Origin of Flavor? . \\ Nt Ll » - CPV and

Higgs Portal . Fs s Origin of EWSB?
to Hidden Sectors? &7

Thermal History of

“The SM will not be complete until we have enough Universe
precision in all its properties to verify that all SM
predicted couplings exist. However, that is not the
primary goal of precision Higgs physics program. If
there is a deviation measured in a Higgs coupling it
must have a cause, which is what we hope to find
and understand. “

| stability of Universe

@S.Dawson et al, Snowmass H report
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This last 10 years

Experiments have done much better than expected, both on the understanding of the
detector and on analysis techniques

Theoretical predictions have today reached a precision that was considered optimistic to
reach for HL-LHC

Theory & Experiment interaction has been a “game changer ” © F.Gianotti
“We have learned that signal and backg cannot be separated on the basis of
diagrams but only on the basis of cuts” © G. Passarino

LHC has gone from discovery to precision Higgs physics
“Precision Higgs physics is telescope to high scale physics”  © S.Dawson

by the end of HL-LHC we will have ~180 M Higgs per Exp
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Towards a new world
A

We have analysed up to now onl of the total number of Higgs boson
that we will have at the end of LHC

We have built huge and sophisticated accelerator
and detectors “the cathedral of science”,

to find an elementary particle that explains

how the elementary particles acquire mass.

It is a great success of a community
of thousands physicists: it is the result of a large group,
where each of us has given its personal contribution.
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It was not all roses and flowers !

The first hard moment was between Christmas 2010 and new years eve 2011
on the ggF results...

When we wanted to do the combination as well: VETO from Atlas...
« The white, the yellow and the black »....

The second hard moment was end of 2014. As J. Houston said:

« when the battle is won the generals are coming »
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LEP: the ideal place.

The simplicity of the initial states is transmitted

to the final state
Higgsstrahlung WWwW :E,
e 7 e ) A v,
+ w’ 10
positive @ )T7ooC h
interference w
e’ v,
Dominant possibility to go beyond ! :
mode E.,=206 GeV |
m(H) < \s-m(Z) )
Direct Searches: My
LEP is the perfect machine to Oyor(my=115) ~ 40 b
search for the Higgs
IF m(Higgs) <E_, — Mz

LEP2: 1995-2000, E_ =130 - 209

GeV
£ >25 fb! @ E_> 187 GeV



Branching Ratio

LEP: the ideal place (2)

The simplicity of the initial states is transmitted

to the final state
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The events

Expt Ecm  channel | M™ | In{l 4 s/b)
(GeV) | @115 GeV
T A 2066 4jet | 1141 1.76 T
2 | A 2066  diet | 1144 144 | L—T7]
5| A 2064 4jet | 100.9 059 (A 3
4| L 2064 PEmisz | 115.0 0.53 \4\
5| A 20501 Lept. | 1173 0.49
6| A 2065 Tau | 1152 0.45 8
7|0 2064  4jet | 1082 0.43 5
8| A 2064 4jet | 1144 0.41 9
o | L 2064  4jet | 1083 0.30 12
10| D 2066 4jet | 1107 0.28
11| A 2074 4jet | 1028 0.27 14
12| D 2068 4jet | 974 0.23 1
130 2015 Emiss | 1112 0.22
14 | L 2060 FEmiss | 110.1 021 17
15 | A 2065 djet | 1142 0.19
16| D 2066 4iet | 1082 0.19
17 | L 2070  4jet | 100.6 0.18

The first 4 events maintain

the highest weight in the final analyses
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One of the 3 Aleph events

S8 4 b cand.

HZ hyp.
m,=114.4 GeV/c?

NN = 0.997

jet b-tag:

1 0.99

ZZ hyp.
m,;=97 GeV

m,=94 GeV

A 22 GeV shower in SICAL that was giving Evis = 252 GeV
is rejected by a better algorithm: m,=112.8 —>m,=114.4
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mosl signilicanl Hyy candidale The L3

event

Secondary vix’s view

‘*\ mass=> .t'f Gf-"‘a’ L3

T..imui to prinL. vix

s ur

mceasurced 11 mass=114.4 GeV
I1 mass resolution ~3 GeV

With Ballestrero WPHACT ...
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Higgs discovery?
from end of 2000 to the final results...

- I A A AR ARA RN RAR AR NN O G U Sl I B e TS T R R T
) U R A - F 190 =1 [ fi o Wz
ol LEP Nov2oo | T AN IR L TR ek
: e /\/s : N 226
-2f 12 10 1
10 ; WN ; g_ .................................................... ._-% E %
10 _3_ ; _; ..................................................... i i_ i 3“
E —— ObSE}IVBd ; o | izl o ; -E % o Obseryes enalibad E
il e f ___________ im0 T Eman ;
3 5 1 E = 4o
_5:... . ,,,,,,:sf....................r'... -------i:... e ......:
10 100 102 104 106 108 110 112 114 116 118 12100 102 104 106 108 110 112 114 116 118 12100 102 104 106 108 110 112 114 116 118 120
m{GeVic?) i (GeVIc’) m(GeVIc*)
4.2 x 1073 ~0.03 ~0.09
m,>113.5 m,>114.1 m,>114.4
(115.3 expected) (115.4 expected) (115.3 expected)
Changes: Background Probabilities 1-CL, (my=115)
Nov 2000 — July 2001 —  final
LEPH: 0.00065 (to HWG) —» 0.0015 — 0.0024
0.0011 (publ.)
DELPHI: 0.68 - 0.77 - 0.73
L3: 0.068 - 0.32 - 0.32
ICHEPO2 Amsterdam OPAL: 0.19 e d 0.20 —> 0.50




The 4 of July 2012

We were ready to measure the characteristics of the boson in case we could reach
the 5 sigmas: mass and couplings

-2AInL

OHHIIH""""""“":'r----w-.
l CM‘S Prelliminary —— Combined

Of Vs=7TeV.L=51f" |~ ™7 (uniagged)

gl Vs=8TeV,L=563fb' | H - yy (VBF tag)
F —H = ZZ

7t // E

6p

4 /

23— E

1F :
E o R .

1022 124 126 128
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CMS Preliminary
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solid contour: 68% CL
dashed contour: 95% CL




Analysis Flow

Step #2 -

Step #1

P

Events/Bin Width [1/GeV]

kresolution, S/B, j

Reconstructed
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Step #3

Unfolded results

CcmMs

Hoyy

137fb "' (13TeV)

- MADGRAPKS AMC@NLO, NNLOPS ggH + HX
- MADGRAPKS AMC@NLO GO + HX
- POWALG GGH + HX
— HX = MADGRAPHS AMC@NLO VEF s VHo{
+  Dsta, statisyst unc
sy unc

- pvalue(nominal SM): 0.959
0 :F #

~

Haider Abidi

Step #4



Precision Higgs couplings measurements at HL-LHC

(s = 14 TeV, 3000 fb™' per experiment

[ Total ATLAS and CMS
ATLAS - CMS Run 1 ATLAS CMS Current |\ | HC —— Statistical HL-LHC Projection
combination Run 2 Run 2 precision —— Experimental
— Theory Uncertainty [%]
; Tot Stat Exp Th
K}, 13% 1.04 £0.06 1.10 + 0.08 6% 1.8% K, = 18 08 10 13
Kw 11% 1.05 +0.06 1.02 £0.08 6% 1.7% Kw E— 1.7 08 07 13
K, 1% 0.99 + 0.06 1.04 +0.07 6% 15% ¥z B 15 57 0% 18
K 14% 0.95 +0.07 0.92 + 0.08 7% 25% K4 = 25 09 08 2.1
g ]

Kf 30% 0.94 £0.11 1.01£0.11 11% 3.4% K= 3.4 09 1.1 31
Ky 26% 0.89 +0.11 0.99 +0.16 11% 3.7% K, == 37 13 13 32
K'T 15% 0.93 +0.07 0.92 +0.08 8% 1.9% K. =_ | 19 09 08 15
KM - 1067025 1.12+0.21 20% 43% KunB=— | 43 38 10 17
KZ}’ - 1‘38(1.3136 1.65 +0.34 30% 9.8% KZY — ‘ 9.8 72 17 64

0 002 004 0.06 008 0.1 012 0.14

119 0 ;
Binv <11% <16% % 2:5% Expected uncertainty
Nature 607, Nature 607, TH Uncertainties dominant
© M.Kado 52-59 (2022) 60-68 (2022) (assumed to be 1/2 of Run 2)
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¢ Sensitivity to the CP-odd hVV weak operators: studies both at the level of
rates/distributions and via CP-sensitive observables

¢ CP violation in fermionic Higgs decays: 1t decay channel — measurement of
the linear polarisations of both taus and the azimuthal angle between them

¢ CP violation in the top quark interactions: ttH and tH (rates and distributions):
- HL-LHC: CP-odd Higgs excluded with 200fb"! N .
. ame o Css
- CLIC 1.5 TeV : o, (ttH) better than 15 HLLHC | 8 | 0.45 (0.13)

- LHeC: Higgs interacting with the top quarks HE-LHC 0.18
with CP-odd coupling excluded at 3¢ with 3 ab™

N 0o CEPC 0.11
- FCC-eh: precision of 1.9% on o, FCC-cegyy | 10°
- current indirect limits from EDM bounds stronger TLCoso 40 0.014

than direct (though comparable for tau)

Car peut |14



Higgs boson width

¢ Three methods explored for HL-LHC
- diphoton interference can only provide constraints|~8-22*SM

- fits in the kappa framework: subjected to theoretical constraints (eg [k, |<1 and
B_=0)
— HZZ on-shell and off-shell{ 20%|precision, but very model-dependent

¢ Measurements in lepton colliders

— mass recoil: measure the inclusive cross-section of ZH without assumption on

the Higgs BR olee»ZH) _ o(ee>ZH) N[o(ee-)ZH)] r
- mild model dependence BR(H-»ZZ') T(H-zZ)/IT, T(H»2Z), "
Collider 0Ty [%] Extraction technique 0Ty (%)
from ref. for standalone result kappa-3 fit

ILCas50 23 EFT fit [3, 4] 2.2

ILCs00 1.6 EFT fit 3, 4, 14] 1.1

TLC1000 14 EFT fit [4] 1.0

CLIC3g0 4.7 r-framework [98] 2.5

CLIC;500 2.6 r-framework [98] 1.7

CLIC3000 2.5 r-framework [98] 1.6

CEPC 2.8 r-framework [103, 104] 1.7

FCC-eeqqq 2.7 r-framework [1] 1.8

FCC-ee3g5 1.3 r-framework [1] L 1.1 ) 15
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CPPM

= Higgs boson mass

¢ Current experimental precision ~0.1% (160 MeV)
¢ In lepton colliders m, needs to be improved to around 10 MeV to avoid any

limitation on ZZ/WW couplings

HL-LHC reach dependent on muon p, calibration with high statistics: 10-20 MeV

plausible (no formal study yet)
ZH recoil at lepton colliders: statistically limited

Collider Strategy dmpg (MeV) Ref. §(Czz+) [%]
LHC Run-2 | m(ZZ),m(vy) (160 | [96] 1.9
HL-LHC m(Z2) 10-20 [13]  0.12-0.24
ILC350 ZH recoil 14 3] 0.17
CLIC3gg Z H recoil 78 98] 0.94
CLICi500 | m(bb) in Huw 3020 8] 0.36
CLIC3000 m(bb) in Hvv 23 98] 0.28
FCC-ee Z H recoil 11 99] 0.13

CEPC ZH recoil L 5.9 2] 0.07
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