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o Why study the Higgs?

University

* The Higgs boson plays a central role in the SM and is linked to
many fundamental questions.

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

Source: Snowmass Higgs WG report (2209.07510)
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https://arxiv.org/pdf/2209.07510.pdf
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* The Higgs boson plays a central role in the SM and is linked to
many fundamental questions.
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*On July 4™ 2012, ATLAS and CMS announced = k.o
the discovery of the Higgs boson. Sep N o
" (a)
* And the 2013 Nobel prize was awarded to S
Peter Higgs and Francois Englert o, e
"for the theoretical discovery of a mechanism that 5 T
contributes to our understanding of the origin of T -
mass of subatomic particles, and which recently was 2
confirmed through the discovery of the predicted o Semz 7Ty
fundamental particle, by the ATLAS and CMS (. k- ATASPRONS
experiments at CERN’s LHC” SRS\ A ==
: . - /
* Since then more than 10 times 2 e
the data have been collected. CE sy
o ol PRI

* These have been used to map
the properties of the Higgs
with increasing precision.

* Is it actually the Higgs we were

searching for? Kt s
pdg 2013 "

{s=7and 8 TeV
JLdt = 25 "

December 2012
——— CMS Prel. C5
——— ATLAS Prel. A7

CEOS oo 0000 o0
B RS B oot oMok otk
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https://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf

& W,
S Q
R T

ol The LHC timeline

‘ HiLum ’
|ARGE HADROM COLLIDER -
We are here

HL-LHC .
EVETS 136Tev  |DUER 13.6 - 14 TeV
13 TeV . energy
Diodes Consolidation

splice consolidaticn

cryolimit LIV Installation ) ) HL-LHC
button collimators imberaction o ) innar triplat
RZE project regions Civil Eng. P1-P5 pilot beam radiation limit installation

510 7.5 x nominal Lurmi

2 x nominal Lurmi ALICE - LHCh | 2y porminal Lumi | HL upgrade

ATLAS - CMS

experimant upgrade phase 1
beam pipes

nminal Lumi

75% nominal Lurmi "/"‘—. upgrade
-1 -1 integrated [EIUUVRL
i m B0ib 4000 fb

luminosity
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY & PROTOTYPES

CONSTRUCTION

INSTALLATION & COMM. | PHYSICS /

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

* Higgs discovered with ~10 fb! of Run 1 data.
* Run 2 dataset is ~140 fb.

*~3 ab is expected by the end of HL-LHC (x20 current amount).

Fefor Hgyfjellshotell 6/1 2023
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o The SM Higgs fingerprint

University
* An elementary scalar particle (spin 0) with positive parity.

* Interacts with other particles with a strength
that is proportion to their masses.

* Also interacts with itself.

* As soon as the mass is determined, all properties
are precisely predicted by the SM.

“ggF” VBF g Higgs BR oy W
g :::::::l: q —V( '7_ / >7 .2 7/0
1 & - ok i uH, 2y, ...
J 88% g Vv _
g
uVHu “ttH!! t
q >‘L/‘ Voot
7 IR 000000 1
g 4% “H g o t
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* Production rates of Higgs bosons proton - (anti)proton cross sections

are several orders of magnitude 10° grem

33 2 -
events/secfor.=10"cm"’s

——rr——— - ——— ——rg 10’

smaller than for the backgrounds. et {10

* Challenge to extract the signal ‘°: Tevatron  LHC /i 17
and estimate the backgrounds ) 1"

. . . . 10 10

with the required precision. y o, -

Higgs bosons per fb—1 (13 TeV) oE £ o0 10°

produced | selected = - 10

H — ~~ 130 46 Sal o 10

H — ZZ* 1400 1.5 © 10 G;el(ETjet>1°°Ge‘;) 10°

H—> WW* 12000 42 10’ 10’

H — 1 3500 17 102 10°

H — bb 32000 66 10° 10°

Higgs symposium 10" o, (=125 GeV) : 10"

10° Oy (M =125 GeV) 10°

10° 10°

TS 10’

Vs (TeV)
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https://indico.cern.ch/event/1135177/contributions/4763035/attachments/2473637/4245670/HiggsSymposium-new.pdf
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o How did we find the Higgs?

* The Higgs was discovered in the ggF production mode using the

bosonic decay modes yy, ZZ—4I/ and WW—lvlv..,
O
%500:,
* The H—yy decay mode is rare but the g |
excellent mass resolution helps you. 1000
* Background is dominated by non-resonant ',:?500
yy production (after reducing the large jet &
and y+jet backgrounds). S g

Fefor Hgyfjellshotell 6/1 2023

CMS

fs=7TeV,L=5.1f6"ys=8TeV,L=5.31"
L] 1 LI | LI I ]

GeV

Unweighted

5
-
[4)]
=
[=]

Events / 1.

1000F

130
m,, (GeV)

| ¢ Dam ]
| = S+B Fit
| --+--- B Fit Component
| CJ+10
| 20
PRI IR S S NS TR T U T TN N S ATEN N
10 120 130 140 150
m,. (GeV)
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e How did we find the Higgs?
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* The Higgs was discovered in the ggF production mode using the
bosonic decay modes yy, ZZ—4l and WW—lvly., M EzrTul=51m"k=8ToVL=531

* The H—yy decay mod_e IS X > ;_,;ATLAS
excellent mass resolution hl gl . N 13 EXPERIMENT

N [ Run Numbe

* Background is dominated b
yy production (after reducin
and y+jet backgrounds).

Fefor Hoyfjellshotell 6/1 2023 p- 11
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o How did we find the Higgs?

* The Higgs was discovered in the ggF production mode using the

bosonic decay modes yy, ZZ—4/ and WW—viv.

* The H—yy decay mode is rare but the
excellent mass resolution helps you.

* Background is dominated by non-resonant
yy production (after reducing the large jet
and y+jet backgrounds).

* The H—~ZZ—4l decay mode is rare too
because of small Z—I/l/ branching ratio.

* Clean final state with main background
from non-resonant ZZ®,

Fefor Hgyfjellshotell 6/1 2023
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% } ) L]
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1000 —
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©® [ e Data ATLAS
g o5 [l Background 22" )
> T . H->ZZ -4l
2 [ - Background Z+jets, tt
L0>u>20-_ |:| Signal (mH=125 GeV) ]
" 7% Syst.Unc.
{5L1s = 7 TeV:JLdt = 4.8 fo ]
“\s=8TeV:|Ldt=5.8 fb! } i
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S How did we find the Higgs?
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* The Higgs was discovered in the ggF production mode using the
bosonic decay modes Y, 77—4] and WWw—Inhly. CMS ¥s=7TeV,L=51f"s=8TeV,L=5.3f"

/1.5 GeV
o
o
S
H

¥4 CMS Experiment at the LHC, CERN
4| Data recorded: 2016-Aug-05 04:52:09.150784 GMT
Run / Event / LS: 278240 / 338025446 / 168

Fefor Hgyfjellshotell 6/1 2023
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* The Higgs was discovered in the ggF production mode using the
bosonic decay modes yy, ZZ—4l and WW—lvly., M EzrTul=51m"k=8ToVL=531

Unweighted

GeV

5
-
[4)]
=
[=]

1500 )

Events / 1.

1000F

Events/ 1.5 GeV

* The H—yy decay mode is rare but the
excellent mass resolution helps you.

1000} -
) m,, (GeV) ]

* Background is dominated by non-resonant
yy production (after reducing the large jet
and y+jet backgrounds).

| ¢ Data
— 5+B Fit

[ ----- B Fit Component

| CJ+10

| 20

o 1.
110 120 130 140 150

S/(S+B) Weighted
an
o
S

o

i m,, (GeV)
* The H—ZZ—4Il decay mode is rare too: e T T S e e
because of small Z—II branching ratio. ,8 1200 o oTov L s —l
:n E — —evuv/uvev + 0 ets-zl D:ﬁi:‘:fz‘ne
* Clean final state with main backgroundg " WW+ ey o

from non-resonant ZZ®. 805—

* The wWw—hvlv decay mode is challenging jz
due to the neutrinos in the final state.

* Much worse mass resolution and large &% e %0
backgrounds from W and t. my [GeV]

Fefor Hgyfjellshotell 6/1 2023 p- 14


https://arxiv.org/abs/1207.7214
https://arxiv.org/abs/1207.7235

& W,
Swiw Q

a3
7 N
’V/)!‘s‘l*

Stockholm
University

How did we find the Higgs?

* The Higgs was discovered in the ggF production mode using the

bosonic decay modes yy, ZZ—4/ and WW—viv.

* The H—yy decay mode is rare but the
excellent mass resolution helps you.

* Background is dominated by non-resonant
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o What does it weigh?
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* The mass is the only Higgs property not predicted by the SM.
* Was measured with a precision of 0.5% already at discovery.
* Use decay channels with best mass resolution: yy and ZZ—4I.

* Relies on precise energy/momentum calibration of muons,
electrons and photons.

* Run 1 combination (ATLAS+CMS):

> -
125.09+0.21(stat.)£0.11(syst.) GeV &, [ATAE ., s swwmmimen
- 0.19% uncertainty [ ] :100“/ —Ev
CIC) — Z 7% Uncertainty 7
+yy and ZZ—41 Run1+2016 data (CMS): £ _ ! _
125.38+0.11(stat.)+0.08(syst.) GeV :
— 0.11% uncertainty [ ] i
e 77—41 Run1+2 (ATLAS): i
124.94+0.17(stat.)+0.03(syst.) GeV 20
— 0.14% uncertainty [ ] 7410 120 130 140 150 160
. m,, [GeV]
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* The mass is the only Higgs property not p

e What does it weigh?
redicted by the SM.

* Was measured with a precision of 0.5% already at discovery.
* Use decay channels with best mass resolution: yy and ZZ—4I.

* Relies on precise energy/momentum calib
electrons and photons. &

* Run 1 combination (ATLAS+CMS): £ oo
125.09+0.21(stat.)+0.11(syst.) GeV %%

0.03

0.0155m,.,

- 0.19% uncertainty | 1 e
vy and ZZ—4l Run1+2016 data (CMS): °*

125.38+0.11(stat.)+0.08(syst.) GeV o=

— 0.11% uncertainty [ ] 0005

* 77Z—4] Runl1+2 (ATLAS):
124.94+0.17(stat.)x£0.03(syst.) GeV
- 0.14% uncertainty | ]

—h

Data
Simulation
o
e

ration of muons,

z 0.05
= 0045“

D'_lnn

/s =13 TeV, 139 b

||||||IIII|IIII|III||||II[

— 2212.07338 B MC

ATLAS Prellmmary : I

Y — pp
£ = up

—8— Daia

I|IJ]J|IIII|IIII|IIII|IIII|II I|IIII|IIII|IlII

g -9 @- =..___j__'_T.'_TT._T___._________.______..____._____

10 10?

> Reduced systematic uncertainty thanks to improved
calibration of the muon momentum scale down to low pT.

Fefor Hgyfjellshotell 6/1 2023
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o Does it spin like a Higgs?
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* The spin-0 nature was already demonstrated at discovery by the
fact that it decays to a pair of photons.

* The spin and parity quantum numbers were determined by CMS
and ATLAS in 2013 [1212.6639] and [1307.1432].

* As predicted by the SM, the data followed J°=0* hypothesis.

cMS JE =7 (8) TeV, L=5.1 {12.2) fb"

—TTT I ™TTT I —_ I  ——— l T I TTT N i | | | I I I I I I I I I | | | I | | | i
manun_— — E Sosl Il;)ati . ATLAS i
— i ackgroun * i
5 mo- g [ EllBackoron  HoZZ'4l
£ 2500 - = [ [l Background Z+jets, tt
.E e DhEEW'Ed LI‘:J 20— o JP _o" | ) _
g I _ - 00 \s=7 TeV JLdt=4.6 " 1
@ 20001 . - =0 \s=8 TeV JLdt =20.7 fb'
= 15[~ -
@ 1500 - .

K, ]

1000 -

5001 -
% 20 -0 0 10 ) ﬁ' P 30 ) 05 0 0.5 1
-2in(Ly /Lgr) BDT output

* Most recent results [1411.3441] and [1506.05669].

Fefor Hgyfjellshotell 6/1 2023 p.- 18
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* ggF production mode and
vy, ZZ—4l and WW—lvly
decay modes established
from start.

Fefor Hgyfjellshotell 6/1 2023

o Does it couple like a Higgs?
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* ggF production mode and
vy, ZZ—4l and WW—lvly
decay modes established
from start.

* Production via vector
boson fusion and decay
to fermions (zr) was

established in ATLAS+CMS Run 1

combination in 2016 [1606.02266].

* Tau

C

use a BDT to identify.

eptons can decay either
hadronically (~70%) or leptonically.

Look like narrow jets in the detector,

* Largest irreducible background

comes from Z/y*—rr.

Fefor Hgyfjellshotell 6/1 2023

o Does it couple like a Higgs?

“VBF” . CC
d | Higgs BR 2.9% § VY
q 27 9.2%
Vv 10 696
70/0 V H — M2
q
9|
“ttH tH] t
g 030000 ¢
H
1% t
::. : | I | '|' T T |' T 1T :
¢ £ CMS .
G 9F ﬁ 3 E
— C N
" C N
= 30 4 Observed o -
% F — Herr (u=1.09)
I 1. _
o 25: B wsiets ]
E C 0CD multijet 0. i
E‘J 20 L Otherg 3 .
@ L DBHg. unc. j 4]
= 0 50 100150200250 300
o) C m., (GeV) J
+ C B 1] i
EJ% 10 :— -‘UEF. W, et ey ]
75 5 A
SE N
: 11 1 1 | L1 I 1 | 11 1 1 I 1 1 1 1 I 1 1 1 1 I 11 1 1 :
0 a0 100 150 200 250 300
m.. (GeV)


https://arxiv.org/abs/1606.02266
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o Does it couple like a Higgs?
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CcC

* ggF production mode and “ggF” “VBF” o

9.2%

d | Higgs BR
vy, ZZ—41 and WW—lvly QW>H qo—v( L1
decay modes established |9 sl gy
from start. vy

* Production via vector LA
boson fusion and decay a7 ** “H
to fermions (zr) was
established in ATLAS+CMS Run 1 ATLAS and CMS Olton
combination in 2016 [1606.02266]. = °fHHe R (22

» Already then quite stringent tests on |
the couplings to bosons vs fermions. '

e Remember that the boson couplings
come from the EWSB while the Higgs’ |

couplings to fermions are explicitly !
added to the SM. ;
. | -
* Still no measurement of bb decay and | —88%0t +Bestit «SMexpected |
. . 0 1 2 3
no direct measurement of top coupling. T

Fefor Hgyfjellshotell 6/1 2023 p.- 21
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e Does it couple like a Higgs?

University
* ttH and VH P roduction, ‘g VBF q Higgs BR 2.9% o
the latter in the bb 9mm> 70/ T
decay mode alone, 9 sassssl~ a0, 4( 2 *
were observed in 2018 “VH” G
11804.02610], ANV | L0 ,
1806.00425], e | oy
11808.08238],
C MS-PAS-H IG 18-016 ] “The WH channel will be very difficult... e discovery potential for... the WH production
. B e o teulnr e s e e mode at the I:HC is marginal.... For ZH—lIbb a
Oth ttH an d VH were assumptions.” similar signal-to-background ratio is expected as
L . ’ for the WH channel.”
originally considered
— ATLAS-TDR-1999 — Int. J. Mod. Phys. A 20:2523-2602 (2005)

Run3+ measurements.

* The Run 2 observations e salcoudbelobsenedlor 4y ana wh) are centely hghrumincsy
were made possible by %" |
excellent b—tagging N T — ATLAS-TDR-15 — CERN-PH-TH/2004-103
both experiments.

Fefor Hgyfjellshotell 6/1 2023 p. 22
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* ttH and VH production,
the latter in the bb
decay mode alone,
were observed in 2018

11804.02610],

1806.00425],
11808.08238],
[CMS-PAS- HIG 18-016].

* The bb decay mode is very
challenging because of
large backgrounds from tt
and Z/W+jets.

Fefor Hgyfjellshotell 6/1 2023

Weighted events / 10 GeV

Data - bkg

100—

80

e Does it couple like a Higgs?

Weighted by Higgs S/B Bl Z+jets

Bl VH, H — bb (u=1.06)

-~ ATLAS —o— Data

- Vs=13TeV, 79.8fb™

a " Diboson
0+1+2 leptons H

| 2+3 jets, 2 b'tags - S|ng|e top

~ Dijet mass analysis Bl W+jets

Uncertainty
----- Pre-fit background

— VH,H > bb x5

I|II|\III|III|

N\
N

40 60 80 100 120 140 1

|
60

L
180 200
m,, [GeV]
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o Does it couple like a Higgs?

University

* At present, ATLAS and CMS have established the coupling of
the Higgs to all massive bosons and all® 37 generation fermions.

* Next milestone is to establish the coupling to the 2" generation
fermions.

°The uu decay mode is on the verge of being observed.

> Evidence by CMS in 2020 o e et (15 TeV)
| ] $8°F cms + Data -
. 4\9700;— All categor!es —— S+B (u=1.19) —
° The cc decay mode is more 2 goof S+E) welghied e
challenging. Current limits are = 3sw; )
0<31:0sv (ATLAS, ) §4oo
0<47-osm (CMS, ) > 500
(\/)tZOO
b
100:
0:
oD O
é N
@ O
S s

110 115 120 125 130 135 140 145 150
m,, (GeV)
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o Does it couple like a Higgs?

University

* At present, ATLAS and CMS have established the coupling of
the Higgs to all massive bosons and all® 37 generation fermions.

* Next milestone is to establish the coupling to the 2" generation
fermions.

°The uu decay mode is on the verge of being observed.
102= = 1005 =
= ATLAS . = =
i - - - .
e Nature 607, 52-59 (2022) - 10_1' 1
8 F ERE R —--
5 f : s [ —=— :
|5 i Z % 1 2 1072 =
3 100:_ T = -S = =
3 = 2 ZZ ] - B % 0
8 C ¢ Data (total uncertainty) 7% i 1 3 r.%j - o i
il Systematic uncertainty T 10°E~ 3 Data (total uncertainty) E
1 — = i i e ]
10 = ESM prediction — - E]Systema‘tlc:.uncertalnty 5
- | | I | = - &1 SM prediction ]
= 150 ! | | | Z 410 s | | -
I . ] = . l
? 1 oftien : e e
= L O % .
o par 2 = 1
T 051 | | s - | | | | I
ggF + bbH VBF WH ZH ttH tH bb ww 4 4 ZZ vy Zy 277
Production process Decay mode
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* In the SM, the Higgs is expected to decay to a fully invisible
final state with a BR of 0.12%, through H—ZZ—4v.

* But there are several BSM scenarios that given invisible BR of
O(10%), e.g. Higgs decays to DM pairs.

* ATLAS and CMS put upper limits on BRin:
°0.18 (0.10 exp.) [CMS, ]
°(0.145 (0.103 exp.) [ATLAS, ]

Fefor Hoyfjellshotell 6/1 2023 p.- 26
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* Always measure O,r0dXBR — need total width to disentangle.

* The total width of the Higgs boson is predicted to be 4.1 MeV.
Impossible to measure directly (detector resolution too poor).

* First indirect measurement by CMS in 2022 | ].
* Compares on- and off-shell Higgs production; ceffshell ~ en-shell™,

CMS <140 fb' (13 TeV
* Use ZZ—212v and ZZ—4I decays. L e
CMSSJmuIanon 18 Tev 14_——2I2v+4l off-shell + 41 on-shell 4
° Cha”enging Since 10E ' = - —— 2I2v off-shell + 4] on-shell
. " EW ZZ(-4)+q production (=, ) - 12]- — 4l off-shell + 4l on-shell
qq_)ZZ prOd uction 1? — SM H signal (HP) -5 i
iS much Iarger = 1£r1é- SM contin. (|CP) —; 10k Observed
than off-shell 5 102k — SMtotal (H+CP) 7 _ ﬂ Expected _'
H-ZZ. = 109 = °lry = 3.2+24 MeV s
F \ si .

* Binned maximum
likelihood fits to
>100 kinematic otk |
dlStrlbUt|OnS. 100 200 SUOmj{Egev)1OUD 2000

* Recent CONF note [ ].

10°F

95% CL
68% CL
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* The agreement between the observed signal yields and the SM
expectations can be quantified by fitting the data with a model
that introduces signal strength parameters.

* These are generically labelled «, and scale the observed yields
with respect to those predicted by the SM, without altering the
shape of the distributions.

* Thus x = 1 means perfect agreement with the predicted SM yield.

* Fitting the data from all production and decay modes with a
single signal strength parameter yields:

cu=0.387+023 (CMS, 2012)
°ou=1.002=+0.057 (CMS, end of Run 2)

°ou=1.05+0.06 (ATLAS, end of Run 2)
= 1.05 £ 0.03 (stat.) £ 0.03 (exp.) £ 0.04 (s1g. th.) £ 0.02 (bkg. th.)

* Can also derive the signal strength for individual production and
decay modes.

Fefor Hgyfjellshotell 6/1 2023 p. 28
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cocinom Production and decay summary

CMS 138 fo-' (13 TeV) CcMS 138 b1 (13 TeV)
® Observed || £1s.d. (stat) ® Observed || +1sd. (stat)
m +1 5.d. (Stat ® syst) | #1s.d. (syst) w11 s.d. (stat @ syst) ] +1sd. (syst)
— 12 s.d. (stat @ syst) — 12 s.d. (stat ® syst)
B | Stat Syst B : Stat  Syst
) : +0.07
HooH W@ 0.97:00% =004 B0 & s 1132008 0% —o0e
i W o DaTRE AN B
o —— os0s BB 4 :
B | W —@— 0.97+0.09  +0.05 +0.08
a —i— 144328 w0z 1218 & §
- : Ut —@-g- 0.85+0.10  +0.06 +0.08
Hzn — 120992 w020 1308 N g
N 5 uo® ———— 1.0525%; 015 1313
U _.E_ +0.20 +0.13 :
i : 0944 0% I m L — 4045  +0.42 4017
| Iz —4;_._]'—, 1212040 o038 o016
g ; — 60558 % U u?t ; E— 25978 0% 503
L1 1 1 I | I | i 1 1 1 | L1 1 1 | L1 11 I | L1 1 1 I L1 1 1 i 1 1 1 | L1 1 1 I L1 1
0 0.5 1.0 1.5 2.0 2:5 3.0 3.5 4.0 4.5 0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Parameter value Parameter value
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The k framework

* A modification of the coupling strength between the Higgs and
another particle can affect several processes.

> E.g. the modification of the Higgs-top coupling strength affects
both the ggF production and the yy decay.

* This is handled by introducing coupling strength modifiers «.
* Observables such as ¢ and I become proportional to 2.

nggs boson production modes
g TTTTT0)
o T DA
g TTTTTT

Higgs boson decay channels

Higgs boson pair production

n

g +H g TvrTTe ---H q q q q q q

t,.b / t,b Ky
H / ¥ e k, _~-H v 5Ky - -H Vet .. —=H

t,b b | K, t,b t,b - - & i ~ \
tb S \Yj ~H Y = M V&g ~~—H
t!b X t:b Ktb ’ ’ ’ ’ ’ ’
g “H g woooo =--H q q q q q g
.|
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| ATLAS Nature 607, 52-59 (2022)  ,,s Nature 607, 60-68 (2022) .00\ o
Z -
B ® Observed || +1s.d. (stat)
Ky ——
= +1 5.d. (Stat @ syst) D +1 s.d. (syst)
B — 12 s.d. (stat @ syst)
K &
: A W Leptons Quarks B | Stat Syst
— Ve || Yu Ve u g Ky —ews— 1.0240.08  +0.05 =0.05
o 2 | B
B Force carriers Higgs boson Xz '5' 1.04 007 4005 *0.05
K —— .
IR - - RIS
L K, —=— 1.10+0.08  #0.06 0.0
Ku === === —---- + -.-. --------- ! ; [ E
B kq ‘E_I 0.92 +0.08 +0.05 +0.06
Kq - —— Binv. = Bu. =0 | E
F - e | 1
B - - - Binv_free,.Bu'_zo, K, <1 K, —'E'— 1.01 18;]3, 1007 40,08
—— SM prediction .
K - P ter value not allowed B EE
i arameter value not allowe Ky I 0-99t8;12 _— iS;}S
KZ}' el s e S _._._ __________ 9 B i
i) sowgy pewdllon sopaagy | vg sl gy o il PEErE Kz —— 0.92+0.08 006" 4006
0.8 1.0 1.2 1.4 1.6 | 5
- === = = - Ky ————— 1.12:02] 4019 450
Bf— -~ ——— - . K2y ———————— | 16593 03 0%
L ' | PR T T I TR TR TR TR NN TR TR T S R i i T esped il e g lopd ¢ 8 lg 5
0 0.05 0.10 0.15 0.20 0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
Parameter value
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sl The Higgs fingerprint

* At the heart of the Higgs mechanism is the prediction that it
should couple to other particles in proportion to their masses.

-1
B E ’CC - Kt clws 1 mrriri I 1 L) 1 v rri I 1 I 1I3I8Iflt)l ] |(13 -I-Iev‘)
T ; > = Fog=
10° = + givlls a freje Parameter s 1 = m,, = 125.38 Ge W Z ’E. :
= - prediction i
: 2 | o
-1 — “.v"
g UE ATLAS S —;
< N g | 2 3
6 10_2 = Q‘ b r
S = Leptons Quarks 102 F T ¥ =
w — Ve Vy Ve u e - *
= ” ' § Vector bosons
— — , ) i Third-generation fermions
— Force carriers Higgs boson 10%F u g
_104;_ 5 gl | H '}.»"' i Second-generation fermions
- Ll m Lol L z === SM Higgsboson ’
14—
: 123_: :_I 1 I 1 1 11 1 111 I 1 1 1 L1 111 I 1 1 1 11 111 I 1 _:‘
1.2 | NiNma T T T T T T T T T TT7T . ]
= x < 3 | | | ; ;
5 W e . [1 - %) 1.2 : 1.05 - ﬂ ]
& 1.0 +—3 g L | [T IR SR 1.00F--- §_.
_ : S-SR : :
- = "CB' 0.8 0.95 — -
0.8 [ B - ]
—IIII|" 1 | IIWIIII 1 1 IIIIII| | 1 IIIIII| | | 06 ||| 1 1 ||||||| 1 1 1 llllll 1 1 1 IIIIII
10 100 10! 102 1071 1 10 102
Particle mass (GeV) Particle mass (GeV)
Nature 607, 52-59 (2022) Nature 607, 60-68 (2022)
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* Currently our precision on
the measurements on the
coupling strengths between
the Higgs boson and the
other Standard Model
particles is 5-10% (some

cases even as bad as 25%).

* Percent-level precision is
expected on these
measurements by the
end of HL-LHC.
> Will give sensitivity to

BSM particles with
masses in the multi-TeV
regime.

Fefor Hgyfjellshotell 6/1 2023

o Higgs precision at HL-LHC

(s = 14 TeV, 3000 fo "' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

—— Theory Uncertainty [%]
Tot Stat Exp Th
Ky B 18 08 1.0 13
Ky = 1.7 08 0.7 13
K; = 1.5 0.7 06 12
Ky =__. 25 09 08 2.1
K = 3.4 09 1.1 3.1
K, B= 3.7 1.3 13432
K: = 19 09 08 15
Ku — 43 38 1.0 17
KZy A 9.8 7.2 1.7 64

0 002 004 006 008 01 012 0.14

Expected uncertainty

ATL-PHYS-PUB-2022-018
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I I | .02
Kw Kt K Ku = Brip,
I ] | . e I
free & N B I | |
K| <1 . I ] ]
] I I I
1.2 16 20 0o 04 08 1.2 1.6 2.0 0.0 08 1.6 24 3.2 ] 1 2 3 4 3 00 06 1.2 1.8 24 30
] I ] I
Kz Kb K¢ ZY Bry
Il . ] T 4 =N
free & ] ] ] I frek: X
! ] I I N K| [< |
I I ]
00 04 08 1.2 16 2.0 00 06 1.2 1.8 24 30 0 1 2 3 4 00 25 50 7.5 10.0 () | 2 3 4
M FCC-ee+FCC-eh+FCC-hh B 1LCo00+ILCsop+ILC350+ILCy50
Kg i FCC-eey5+FCC-ee240 ILC500+1LC35p+ILCasp
FCC-eean ILC2s0 H iggs @F C WG
CEPC LHeC x| <1
B LHeC || Kappa-3, 2019
[ CLIC30pp0+CLIC | 50p+CLIC 380 B HE-LHC |lﬂf| <2 ] _ . . _
Al futare calliders combined with HL-LHC
] CLIC];:H#CLICAM[J HL-LHC |K1J| ‘4_: l Uncertainty values on Ax in %,
00 04 08 1.2 16 2.0 0o 06 1.2 1.8 24 3.0 CLIC3s0 Limits on Br (% ) at 93% CL.

.. i Physics Briefing Book
* O(1%) precision or better for many couplings

: . European Particle Physics
with future colliders. Strategqy Update 2019
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BSM impact on couplings

* Examples of coupling modifications by different BSM models.

20

o

Coupling deviations from SM [%]
|
S o

I
N
o

N
o

—
o

Coupling deviations from SM [%]
|
o o

|
N
o

| | | | | I |
fr——— —_— —— =
L E E e e e e g e N S E—— N E Sl = = . [
— ILC 250 GeV, 2 ab' + 500 GeV, 4 ab™': 2HDM-Il example —
i :l ILC precisions from full EFT fit i
B model predictions 2 H D M T

I I I ] I ] |

bb cC g9 ww 1w /7 YY Hu

| | | | | | |
[ ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': Composite example -
[ [ ] 1cprecisions from full EFT fit N
- ———=—— model predictions 7]
i e =
1= —— ——
- Composite Higgs -

] | | 1 ] 1 |

cC TT

bb 99 WW ZZ VY uu

N
o

—
o

iR
o

Coupling deviations from SM [%)]
o

|
N
o

N
o

10

Coupling deviations from SM [%]
o

ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™": LHT-6 example

|:| ILC precisions from full EFT fit

————— model predictions

Little Higgs

bb ¢ 99 WW 1T ZZ

aitt

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™": Singlet example

|:I ILC precisions from full EFT fit S|ng|et m
I ] |Scallar @|2.8

model predictions

odel:
ITeV-

bb ¢ 99 WW 1T ZZ 7

From:

u
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* In the early Universe,
the minimum of Higgs
potential was at ¢=0.

* All elementary particles
were massless.

* But O(ps) after the Big
Bang a new minimum
at ¢+#0 developed.

- EW phase transition.
* Particles acquired mass

by interacting with the #0 Higgs field.

* 2" order phase transition in the SM.
* 1st order transition can generate matter-antimatter asymmetry.

Fefor Hgyfjellshotell 6/1 2023
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*In the early Universe, An alternative
the minimum of Higgs poientis)
pOtential was at ¢p=0. Standard Model
* All elementary particles Potenta
were massless. v 6)

* But O(ps) after the Big
Bang a new minimum

Higgs field value
in our Universe

at ¢#0 developed. / Current

s experimental
- EW phase transition. ! knowledge
Particles acquired mass 0 » | Nature 607, 41-47 (2022)

by interacting with the #0 Higgs field.
* 2" order phase transition in the SM.
* 1st order transition can generate matter-antimatter asymmetry.

* To better understand this phase transition we need to
experimentally probe the shape of the Higgs potential.

* The best way to do this at the LHC is by looking for Higgs pair
(a.k.a. diHiggs) production.

Fefor Hgyfjellshotell 6/1 2023 p. 37
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Higgs self-coupling A:

The Higgs self-coupling

* One parameter affecting the shape of the Higgs potential is the

V(H) =

( @
.

- — = .

C L
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* One parameter affecting the shape of the Higgs potential is the

Higgs self-coupling A: 1
99 PINS V(H):im%H2+>\3H3+)\4H4+...

* Can be experimentally probed by measuring how often Higgs
bosons are produced in pairs. = Flagship analysis at the HL-LHC.

! H
g TETTETTEL - A H g r
H ,..""r
ry At tYy ~ ee====p ...
0 299999908} D S g l
i r H H

* Destructive interference of these two diagrams in the SM results
in a small cross section: osvw (ggF) = 31 fb [13 TeV]

* If the Higgs self-coupling has the strength predicted by the
Standard Model, ATLAS and CMS combined will be able to
measure HH production with the full HL-LHC data (by 2040).

* If the coupling is different from the Standard Model value, the
process could be observed earlier.

Fefor Hgyfjellshotell 6/1 2023 p. 39
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* The triangle and the box diagrams dominate in different parts of
the HH invariant mass spectrum.

* If one moves away from the K\ = A/Asw = 1 value in the SM, the
interference changes.

* Affects both the cross section and the invariant mass spectrum.

E U‘_“-I'-i'_: T [ L I L - 1 - ,,_
= - ATLAS Simulation 1
E“' ﬂ-12'_ T 1
£ B /s = 13 TeV
o] !
< ﬂ'1l K, =0 ]
- . —K}‘=2 -
0.08/
L & K, =0 ]
006 : 3
C L, 1
0.04/- - i 1
0.02 | i
[ - ‘-"‘I [ ]
{]'_ - L Lo Ll L.-_':-'l"ll'!'flft'l- -.::'.'L'i'.'ti'u'mv
200 300 400 500 0O FOO €00 300 400 500 600 YO0 800
m.,,, [GeV
ml-Pl-P[GE’V] m ]

1906.02025
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* The most sensitive diHiggs final states are bbbb, bbrr and bbyy.
* bbbb: highest branching ratio but large multi-jet background.
* ATLAS: ATLAS-CONF-2022-035

* CMS: 2202.09617 and 2205.06667

* bbrr: Intermediate branching ratio but clean final state with
moderate backgrounds.

* ATLAS: 2209.10910

* CMS: 2206.09401

* bbyy: Tiny branching ratio ob
but excellent m,, resolution
and small backgrounds.

* Lower trigger thresholds, so W
netter sensitivity at low mgx
nence to Higgs self-coupling.

* ATLAS: 2112.11876 L
*CMS: 2011.12373

ZZ

Credit: Katharine Leney
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HH decay modes

Nature 607, 60-68 (2022)

bb ZZ
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb vy
Expected: 5.5
Observed: 8.4

bb tt
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

CMS

138 fb' (13 TeV)

ll] )
Kl=xt=1
KV=!C2V=1

I IIIIIII

—e— (QObserved

) IIIII]I

----- Median expected
B 68% expected
----- 95% expected
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1 Illllll
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bb 11
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|
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codknom The Higgs self-coupling

 Current best limits from ATLAS and CMS:

oms Nature 607, 60-68 (2022) g4+ (13 Tev) 2211.01216
B L B L B L L I- IV B — N | | | I | | | | I | | | | I | | | | I | | | |
- K =k =x,=1 ——Observed = ----- Median expected - é - ATLAS Observed limit (95% CL)
=~ Theory prediction 88 68% CL expected ] B 1 Expocted limit (95% CL) ]
----- 95% CL expected 1 I - Vs=13 :I'eV, 126_1_39 fb~ o = ™ (unn =0 hypothesis) ]
- L 104 HH-bbT* T~ +bbyy+bbbb  E=3 Expected limitio .
10°F L - [ Expected limit +20 =
> B BE== Theory prediction ]
N Y¢ SM prediction
S
o 103

102:

102

bbyy
bbttT-
bbbb
Combined

O . — 1 [ A R N A N R R R B [ R N N N M R R T R B
1 - I_I6 L 1 I_4I 1 L I_é:\\-l L 1 6 L 1 L 2' 1 L 1 4' L 1 L é 1 N é L 1 1 1|0 | 1 0_1 0 _5 O 5 1 O 1 5

K5, K

-1.24 < k) < 6.49 -1.1 < K, < 6.6

Excluded Excluded 7
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end of HL-LHC.

12
= [ SM HH significance: 40
c [
< 10 0.1 <k1<2.3[95% CL]
Y 0.5 < k1 < 1.5 [68% CL]
99.4%cL 8 v\ /N
6|
95% CL 4% _ i\ emeet ]
Fo ,
2k
68% CL [ s % _: K
0 _| Loy |~|‘|~|:T- S d ..'|-'|-.|"-|"-|"-|'-:::'|'|'|_'|_'|_'| 'l"'l""l—'*Jdd.HJidJ_'l.‘
"2 1 0 1 2 3 4 5 6 7 8
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The Higgs self-coupling

* 40 discovery significance for SM-like HH production by the

ATLAS and CMS HL-LHC prospects

Ki

ATL-PHYS-PUB-2022-018

3 ab1 (14 TeV)

— Combination

"= bbyy
bbrtt

"~ bbbb
bbZZ*(4l)

= bbVV(Iviv)
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* CLIC @ 3TeV and ILC @1 TeV will reach O(10%) precision on A.
* FCC-hh can reach 5% precision.

Higgs@FC WG September 2019

di-Higgs single-Higgs
HL‘LHC HL-LHG HL-LHC

g, s N

HE-LHC . . — - e FCC-ee/ehvhh FCC-eelehvhh
o N N A S N A O, 5% 25%
Ny ", 13 Y o , , M

FCCeh,, FCC-ehy,,

FCC-ee/eh/hh

under HH threshold ) FEE-EE_
FCC-ee Lo 33% o

R FCC-ee

ILC

NN

under HH threshold Loy
C E PC __________________________ bt 40%

b st rmat i rETa TR ER IR R PR EATIEAAA IR EEAN PRI EEATIEEEATEESIIEEIATNEATIEEAATEEATIEEIATERIALE .G_Llcm g ':Llcm
cuc o N

CLIC CLIG
1500
h. ! . L

: | 36% 459
e e e e e e e e e e e e e e e e l 1

0 1 20 30 40 50 CLCom
68% CL bounds on Ky [%] All future colliders combined with HL-LHC

* 20 sensitivity to the quartic self-coupling expected at FCC-hh.

Fefor Hgyfjellshotell 6/1 2023 p- 45



& W,
> [@)

%:::‘;%@i? -
St%ciholm CO“CIUSIO“S
University

* \VVery productive experimental
program for the past 10 years! R, WY L

°96 CMS & 113 ATLAS papers. nature
> Spanning all production and HIGBS
decay modes possible.

> Targeting both SM and BSM.

Probingthe _

* \VVery impressive results! properties

of themost #~
elusive particle *_

°0.1% precision on the mass. inphysics

> ~5% (bosons) and ~10%
(heaviest fermions) precision
on couplings.

> Much progress in searches for
second generation couplings
and for diHiggs production. ——————“Fﬂ——

* HL-LHC and future colliders

needed to reach the precision necessary for many BSM scenarios.

'nll plants hiosynthetic pathways 1
Fefor Hgyfjellshotell 6/1 2023 p- 46
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S === Differential cross-sections
= - ATLAS ¢ Data .
S B * [ Syst. uncertainties -
= 5-H— 22" >4l ; B MG5 FxFx K = 1.47, +XH ]
S - Vs=13Tev, 139 « NNLOPSK=114,+XH - P -
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The Higgs fingerprint

* The coupling strengths to fermions and bosons are also of

Interest.
Nature 607, 60-68 (2022)
CMS

| I | | | | | | | | | | | | I
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* Steady progress by the LHC experiments in the 10 years since
the Higgs discovery.

March 2015: ATLAS+CMS Summer 2020:
Mass 125.09 at 2% CMS Evidence uu
March 2012 ~50fb” 7+8 TeV ATLAS 20
o EBvidance ~140fb" 7+8 TeV
~5fb" 7 Tev '
A

¢

2013
i in= August 2018:
E‘ggf;'??fgp";;\? 50 Observation: VH, bb
~25+80fb" 7+8+13 TeV

A

Y

July 2016: ATLAS+CMS
50 Observation: VBF, rr
July 201 2: ~50fb1 748 TeV y
50 H Elscovery June 2018 J
~10fb! 748 TeV —_—
¥ 5o Observation: ttH July 2022:
~25+80fb" 7+8+13 TeV '
2015: . Nature paper:

50 Observation: ~6% precision g, .-
ggF, yy, WW#, ZZ* ~150% sensitivity g, ,

~25fb! 7+8 TeV ~140fb™" 13 TeV

y

Higgs2022 talk
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https://indico.cern.ch/event/1086716/contributions/4968988/attachments/2545767/4384120/Higgs2022_Evolution_of_Experimental_Techniques.pdf
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*In the 60s, the Standard Model could successfully describe the
observed particles, and the forces between them, with the caveat
that it did not allow for massive particles.

* Solved theoretically by four independent groups of theorists
(Anderson; Brout, Englert; Higgs; Guralnik, Hagen and Kibble):

> The weak and electromagnetic forces

needed to be unified

Fefor Hgyfjellshotell 6/1 2023
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e Why do we need the Higgs?
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*In the 60s, the Standard Model could successfully describe the
observed particles, and the forces between them, with the caveat

that it did not allow for massive particles.

* Solved theoretically by four independent groups of theorists
(Anderson; Brout, Englert; Higgs; Guralnik, Hagen and Kibble):

> The weak and electromagnetic forces
needed to be unified, and a new field
had to be introduced that broke
the electroweak symmetry
at low energies (W/Z vs Y). F

°The new field came
with a new particle.

> The missing particle
became known as

the Higgs boson. m
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- Future colliders
1€ 1990 2000 2010 2020 2030
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European Strategy
Update
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Possible scenarios of future colliders = Proton collider mmmm= Construction/Transformation: heights of box construction cost/year
Electron collider

3 Electron-Proton collider

Preparation

,E { +yens ISR !.C: 250 Gev 500 GeV 1TeV

© 2 ab? 4 ab! = 4-5.4 ab?
31km tunnel 40 km tunnel

E CepC: 90/160/240 GeV

CLIC: 380 GeV

5 years 11 km tunnel 1.5 ab?

29 km tunnel 50 km tunnel

350-365 GeV FCC hh: 150 TeV =20-30 ab
1.7 ab?

8 years 100km tunnel] oo ]

CERN

FCC hh: 100 TeV 20-30 ab™

FCC hh: 100 TeV 20-30 ab™
8 years 100km tunnel

HL-LHC: 13 TeV 3-4 ab?! HE-LHC: 27 TeV 10 ab™!

‘ LHeC: 1.2TeV FCC-eh: 3.5 TeV 2 ab™?
2
years 1.7B/6 0.25-1 ab'1®

AEEEE TEETEEEE EEEElEEEE TR EEE N TN IR EEE EEEEE
2020 2030 2040 2050 2060 2070 2080 o0a/10/2019 2090
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Type Energy Int. Lumi. Oper. Time Power 1ILCU =

[Tev] [a}] Iyl [MW] 1USDin 1/01/2012

ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade

0.5 < 10 163 (204) 7.98GILCU

1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF

15 2.5 7 (370) +5.1 GCHF

3 5 8 (590) +7.3 GCHF
CEPC ee 0.09140.16 16+2.6 149 5GS

0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 441 259 10.5 GCHF

0.24 5 3 282

0.365 (+0.35) 1.5(+0.2) 4(+1) 340 +1.1 GCHF
LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh PP 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC PP 27 20 20 7.2 GCHF
LE-FCC pp. A 15 20 149 GCHF. New at request of ESG.

(For reference - LHC construction cost ~ 4 GCHF, annual CERN budget ~ 1 GCHF)
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