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Qutline

Current status of art

New Run2 Results: Single Higgs

New Run2 Results: Double Higgs and self couplings
New Results: Run3 measurements

Few slides on the future



Current status of art



Current status-of-art: Higgs boson couplings

CMS 138" (13Tev)
E>|p 1_ m,=125.38 GeV W Z t._ - .
E « 1 Reached precision per experiment:
Nature 607 (2022) 60-68 .
s 107k E
£l
SR . : .
102 o 1 Boson Sector (W,Z,y,9): 7-8%
f Vector bosons ]
10k ¢ 3" generation fermions _ Fermion Sector:
; ¢ 2" generation fermions
e SMHggsboson | @ Quarks : 10%(b) 15%(t)
10_4:_..| L v 4l L 4o syl L vl .
= 14— = e Leptons: 8%(1), 20%(H)
1.2F } 1.05F 3
o o E ]
T 10 e e 1.00:----H ----- e
'% 0_82_ * f 0.95F t ;
oc 0.6-..1 Ll Lol Lol
107 1 10 10?
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http://dx.doi.org/10.1038/s41586-022-04892-x

Current status-of-art: Production and decay modes

g e Nature 607 52 (2022)
ZD-—--— ATLAS Run 2 e Data (Total uncertainty) Syst. uncertainty P17 sM prediction
g v | | | | | | I | | | _I5 (I) ? 1I0 | | | |
" tH ——
..... ; # | ezl ——— Lt
wz ttH I-!i e
q 4
g "7 ggF+bbH F # +
w/z %
\
q \, VBF . “ s -
- b WH @ HezH —— —%—
..... ; (% 2 R
g 2 ¢ 55— 5
tb | | | | | | | | | | | | | | |
b t 0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 0 1 2 3 4
I ) bb ww T 7z Yy pu
" . o x B normalized to SM prediction
- Wiz ) W o 4 /e camnsll ) b/c - /U
Very good agreement T < 9 < ” i --<,m P < P <
with the SM Higgs - Wi N - "

boson! Paolo Francavilla - LFC24 5



https://www.nature.com/articles/s41586-022-04893-w

Current status-of-art: Higgs boson mass

CMS: using H—ZZ*—4l:
my = 125.08 + 0.10 (stat) £ 0.05 (syst) GeV

CMS-PAS-HIG-21-019
most precise single measurement! .

| T T T T T T T | T T T T l T T T T | T T T I | T
ATLAS e Total Stat. only | Combination
Runi1: /s =7-8TeV,25fb~!, Run2: \/s =13 TeV, 140 fb—!
Total (Stat. only)
Run1 H — vy F——e—1 126.02 + 0.51 (+ 0.43) GeV
ATLAS: Combining H—>4| +H—}Vy: Run1 H — 4/ e 124.51 + 0.52 (+ 0.52) GeV
Run2 H — vy i 125.17 + 0.14 (+ 0.11) GeV
my =125.11 £ 0.11 GeV (syst: 0.09 GeV) | ..., . =5 {24564 0S| 018GV
PhVS. Rev. Lett. 131 (2023) 251802 Run 1+2 H — ~y e 125.22 + 0.14 (+ 0.11) GeV
) Run 142 H — 4( (- 124.94 + 0.18 (+ 0.17) GeV
most preCISe measurement Up to date Run 1 Combined Il—o—l 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined Hl—l 125.10 + 0.11 (+ 0.09) GeV
HHYV mass resolution Systematics Run 1+2 Combined e 125.11 + 0.1 (x 0.09) GeV
| | 1 1 | | | | | | | | | | | I 1 1 | | | | 1 1 | | |
reduced by factor 4! 123 124 125 126 127 128
Phys. Rev. Lett. 131 (2023) 251802 my [GeV]

Paolo Francavilla - LFC24 6


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Current status-of-art: Higgs boson width

138 b (13 TeV)
T T T T | ]

SM Prediction:FSM — 4.1 MeV EMS Preliminary
H 201" CMS-PAS-HIG-21-019
Indirect measurement through the on-shell - — Observed
and off-shell measurement -
993 ... Expected
0_0n—shell - ;Hd o< 5 o_off-shell x 912) gﬁ o p, FH, N : p
- L
Assumes that Higgs production follows SM < 1o
N -

prediction

CMS: using H—ZZ*—4l: 5

FH p— 291_22 MeV CMS-PAS-HIG-21-019

ATLAS: combining H—4l +H—2I|2v: 0o~

F H — 4,51_3? Mev Phys. Lett. B 846 (2023) 138223

-
________

o

— e e . .=

T (MeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://authors.elsevier.com/sd/article/S0370269323005579

Current status-of-art: Higgs boson width

Top with on-shell and off-shell Higgs:

9

s=13TeV,36.1-140fb" -
+ Best fit X SM

Use full Higgs combination to constrain Sl n L S—
the other couplings. /s

S
L] S |
| I N | I N | L1 1

ttH is a tree level process, I'gp <110 FfIM (95% CL)

no BSM in the loop Expected: I'y < 18 T3 (95% CL)
=> complementary to the ZZ channel (small excess of 4t on data)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/#:~:text=e%2Dprint-,arXiv%3A2407.10631,-%2D%20pdf%20from%20arXiv

(some) open questions

e Are there anomalies in the interaction of the Higgs boson with:
o the W and Z bosons?
o the fermion sector?
o itself?
Does the Higgs boson decay into pairs of different flavour fermions?
Are there CP violating Higgs decays?
Are there new modes of the Higgs boson decay?
Is the Higgs boson width consistent with the SM prediction?
Can the Higgs boson act as a portal for an hidden sector?
Is there an extended Higgs sector?
... and many more!

Paolo Francavilla - LFC24 9
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(some) open questions

Directions:

Improve the analyses

Current Cover more elusive/rare

status channels

Analyse more data




c-jet rejection

An example of improvements in experimental techniques

Rapid progress in techniques:

The new GN2 algorithm

[¢2]
o

S
o

w
o

n
o

—_
o

o

=5
—| %5 |— —
e E

Intial track
representation

Pooled graph

representation
Jet flavour
— —[0 .
[ prediction

IR R D T
ATLAS Simulation Preliminary
V5=13TeV

tt jets, £, = 70%

FTAG-2023-01
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U
{pLir !

~

T L
2018 2019 2020
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2022

' 12500
2000
1500
1000

1500

2023

-jet rejection

Light

BDT => DNN => GNN,Transformers, etc.

c jet rejection

[ ~N o ©
(=} o O O
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o O

—_
o

[e2]
[=]

n
o

CMS simulation Preliminary
ool L I L Ll

13.6 TeV
———

o

: — 6000

- tt events, pr > 20 GeV, |n| < 2.4, ,=70% i =

- . c jet rejection x16 15000

- 0 udsg jet rejection i

L Run 2 Run 3 4000

[ CMS-DP-2024-066 ]

i = -{3000

3 32 2000

- x4.5 i
Sz 1000

X0 i

5 x10

DeepCSV DeepJet PNET UParT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://cds.cern.ch/record/2904702?ln=en

An elusive/rare channel: WH produced via VBF

q 5 F |.. T
= -
05F
B XSMpred. 4 (11 I
I VBF WH Higgs comb.
q Uny ® Best Fit OBestFit |
- Micobs. --1cexp. --1cobs. -
[ 20 0bs. 20 exp. 26 0bs. ]
—05 i © 5cobs. 5cexp. --560bs. _|
1 A _|
3TeV, 140 fo"
 TeV, 36.1-139 fb"! ]
R N N
. . -0.5 0 0.5 1

Thanks to the interference in the VBF WH >

) . ) HIGG-2021-21
production, we can determine the relative accepted by PRL - Editor selection

sign of K, and k..
g W Z Similar results from CMS

CMS-HIG-23-007

Different relative sign excluded with>5 ¢

Paolo Francavilla - LFC24 12
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-21/#:~:text=e%2Dprint-,arXiv%3A2402.00426,-%2D%20pdf%20from%20arXiv
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-007/index.html

The data we can use

T T T T

160 | w2010, 7 TeV, 45.0 pb™" |
CMS —— 2011.7 TeV. 6.1 fb~'
2012 8 TeV. 23.3 fb
140} f=—2015,13TeV, 430" Run2 l
[ 2016, 13 TeV. 41.6 fbo- K
120} fe 2017, 13 TeV., 49.8 fb" 139 fb i
b 2018 13 TeV. 67.9 fb'
100 | f— 2022, 136 TeV, 41 5 fb_1 3 a
b 2023, 13.6 TeV. 32.7 fb-"
5 2024. 13.6 TeV. 102.5

Partial Run3
176 b

60 |-

40

Total integrated luminosity (fb™)

20

N
,\P&)‘ \N\f&& \ W \PQQ \%eQ ,\00\ \\\\0\‘ \080
Date (UTC)
CMS Luminosity Public Results

Run3: 2022 - 2025 (?)
More integrated luminosity than Run2+Run1

Almost twice the number of interactions per
bunch crossing

e
o
o
o

T T T e e
ATLAS Online 0 2011121/, = 18/14
{5=7,8TeV,26.4fb"

B 2015-18:(uy/u, = 34/29

(|

§=13TeV, 147"
2022-24: (uy/p. _ =52/61

MPV
{5=136TeV, 1411b”

Run2 Ru

Recorded Luminosity [pb /0.1]

uoleiqed vz/L.

IIII]HIIlIIIIl\HIlII:\III|III1‘\III|IIII
w

10 20 30 40 50 60 70

o]

0
Mean Number of Interactions per Crossing

ATLAS Public Luminosity Results
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3

photon H gluon

Higgs boson elactron

Ve

V neutrino
e e
neutring

electron
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ATLAS Run 2 }e Data (Total uncertainty) Syst. uncertainty I sM prediction
-5 0 5 10
T

Higgs_top Coup”ng T ————— ,_"_é N e B I
;/,: : 1 | | 1
it | Hp " | +eh
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 01 2 3 4
138 fb™" (13 TeV) bo ww o zz Ty a
CMS Nature 607 52 (2022) 6 x B normalized to SM prediction
e Observed =——x1SD (stat @ syst) . .
Preliminary ttH = tree-level Higgs-top coupling
. +1SD (syst) . +1SD (stat)
B — =Exploit the different decay channels.
o
e .o o1 o [N 01T S Precisions per experiments in Run2 :
oo i o Hayy: V35%
tH

G181 = 030 9 42 o H=ML:v25%

e H=bb:"v26-27%,
ﬁﬁ) =S 10048 95T e H=bb has the largest Higgs BR (58%)
- BUT: it is a complex signature:

Ko 4b +2 W (1 or 2 leptons (el
Eu?':hys.J,Cm (2021) 378 -.- 0.9270% s019 517 ( p ( H))

R B! TR B!
0 05 1 15 2 25 3
Higgs PAG Summary Plots Parameter value Paolo Francavilla - LFC24 15

Can we do better?



https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://www.nature.com/articles/s41586-022-04893-w

Higgs-top coupling T L

ATLAS Run 2

}e Data (Total uncertainty) Syst. uncertainty 7 sM prediction
-5

0 5 10

Pre

bb
l'LttH
HIG-1

7Y
lvlttH
JHEP

mu

lylttH

Eur. PH

Improved b-tagging (DL1r)

Improved modeling of backgrounds (tt+b(b)...),
Looser selection for better control.
Use of transformer networks to separate signal and

background, reconstruct p_(H)

Overall uncertainty improved by factor 1.8,

4.60 observed

+0.22 (

Koy = 0.81 _

HIGG-2020-24

+0.20
~0.16 sySt-)

Farameter value
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24/

Higgs-top coupling

ATLAS Run 2

}e Data (Total uncertainty)

Syst. uncertainty 7 sM prediction

0 5 10

tH

=

—

b

bb
l'LttH
HIG-1

7Y
lylttH
JHEP

mu

lylttH

Eur. PH

Measure o (H) in p(H) bins up to 450 GeV.
Best single measurement to date.
= Test SM in extreme phase-space

pt €[0,60) GeV |- e |
pH €[60,120) GeV |-
pH e[120,200) GeV |

pH €[200,300) GeV |-

ph €[450, ) GeV |-

—e—
==
==
pt €[300,450) GeV [ ===
—
e |

Inclusive -

HIGG-2020-24

T T T T | T T
ATLAS i Total Unc. = Syst. only Stat. only SM + Theory
Vs = 13TeV, 140fb™", my=125.09GevV Total ( Stat. Syst.)

+0.69 +0.52 +0.46

1.25 -0.65 - 051 - 0.40 B
+0.54 +041 +0.35

0.77 g5 - 040 - 032 1
+0.46 +0.34 +0.31

0.88 -0.43 - 033 -0.28 N
+0.44 +0.36 +0.26

0.77  “oa2 - 035 - 024 N
+0.55 +0.44 +0.33

0.27 -0.54 - 042 -0.33 B
+0.89 +0.76 +0.47

0.63 -0.83 - 071 - 043 N
+0.20 +0.11 +0.17

0.81 -0.18 - 011 - 0.15 N
| | | | | | |

0 1 2 3 4 5 6

O/ oM

Farameter value

Paolo Francavilla - LFC24
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24/

Higgs-charm coupling

H=bb largest Higgs BR (58%)
H=cc largest BR to 2nd gen. fermions (2.9%)

(V=>lep)H most sensitive mode to access
both.

Require b-jets or c-jets,

split signal in Nleptons:
e O (Z»w),
o 1(W=lv)

o 2(z»l)




Higgs-charm coupling

ATLAS-CONF-2024-010 %

! .
T B e o e IR I o B | 138fh (13 TeV)
8> ATLAS Preliminary | @ BRI R R, T
g y 3 € N
I_ AT LAS = 200 Js=13TeV, 140 16" ! C M S § 1000~ CMS =+ ':.::v.q O :N«:u-m. sty
c h/cE | L] & =) * -
15? VH, H— bb/ct E : .g L Merged-jet = — s
b E ! @ 8()O>' All categories [ vviethen [ vaz-d)
— g E I £ S{S+B) weighted [ ]vziz-eb) [ VH(H-0B)
5F - : © i % B uncertainty
3 i = 800 b
| o -
' +
! n
5

—
-~
|
a
I

|~ Observed 95% CL. o SM
Expected 95% CL. + Observed Bestfit
_pQF.— Observed 68% CL. (a5)=(091,1.0) 3
[« Expected 68% CL. B
R Y| AN IS EPITI S BRI I
04 06 08 1 12 14 16

! L
1
: I—T— B subtracted
1 - —- . -
VH ! . | e
: | B S,

O

Sii Simultaneous fit with VH=bb -
. ! ~0™§0 80 100 120 140 160 180 _ 200
Best limit to date | PRL 131(2023) 061801 Higgs boson candidate mass [GeV]

With boosted H=cc (p,(H) >300 GeV)

Factor 2.5 improv. over previous

limit ! e
Best expected sensitivity

= lkcl < 4.2 @ 95% CL . =11<Ikcl<5.5
X2 improvement over previous . First observation of Z=»cc in had. coll.



http://cds.cern.ch/record/2905263
http://dx.doi.org/10.1103/PhysRevLett.131.061801

ATLAS-CONF-2024-010

Uncertainties reduced by “20%,

Higgs-bottom coupling

First observation of WH=bb (5.30)

[fo]

i
lep

B

o, x B x

Ratio to SM

10°
10*
10°
10°
10
1

—
| <
Lo_n L

_ +0.21 ( +0.15 )
Mywr = 0.95 Zg76( Zg13 SYst.
o +0.23 ( +0.18 )
Uz = 0.87 255 014 SYSt.
ATLAS Preliminary VH, H— bb, V - leptons cross-sections
Ys=13 TeV, 140 ! ® Observed == Tot. unc. Stat. unc.
== Expected DTheo. unc.
V=W V=2
0 21Ji 0J 21J1 0J =1J. i
—_ i) 1 ] I
T L= o
v l_l_'_ﬁ_| | |
1 | T | 1
— - : 1 :ﬁ & LT :
+ : | Lol
_ 1 : : T —s
= L 1 L L 1 _—
r - I 1 1 | T
. = ¥ N 5 S s S i, O
L A - AL [ ] * T = 1 X l L | -
- X | : R E
5 Ts, D5, Y, O, 2% 75 s 2, O
ke 0?;% 0?;% 0?; 4, ~6g, R , ov;%, 0%;%,, 037 “6,
506, R0 0,00 o1 Vg, o, " 0 Ol
L Gey Sep ey Sl oL Sy

Phys. Rev. D 109 (2024) 092011

Results compatible with SM
pwg = 1.31 +0.24 + 0.26

pzg = 1.07£0.17 £ 0.17
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138 b (13 TeV)
CMS e Observed
_ —_— 1o (stat @ syst)
VH, H-bb s +1o (Syst)
ZH, p (V) > 400 GeV R 1.83 + 0.63 + 0.42
ZH, 250 < p,(V) < 400 GeV - - 1,52 +0.36 + 0.33
ZH,150 <p (V) <250 GeV, > 1) | —mmmmmmmm | -0.56 +0.78 £ 0.72
ZH, 150 < p_(V) < 250 GeV, = 0J -—- 0.42 +0.37 £ 0.30
ZH, 75 < p_(V) < 150 GeV - .- 1.42+0.52 + 0.56
WH, p_(V) > 400 GeV - - 1.90 + 0.63 + 0.49
WH, 250 < p,(V) < 400 GeV | —— 1,88 + 0.47 + 0.38
WH, 150 < p_(V) < 250 GeV -—- 0.25+0.45+0.49
2 10 1 2 3 4 5 6 7 8
Best-fit u


http://dx.doi.org/10.1103/PhysRevD.109.092011
http://cds.cern.ch/record/2905263

ATLAS-CONF-2024-010

Phys. Rev. D 109 (2024) 092011

Higgs-bottom coupling

Uncertainties reduced by “20%,
First observation of WH=bb (5.30)

Results compatible with SM
pwg = 1.31 +0.24 + 0.26

pzg = 1.07£0.17 £ 0.17

i 138 o (13 TeV)
— +0.21 ( +0.15 i e Observed
— 0.87 +o.23( +0.18 ¢ ) VH, H-bb m— 1 (SYS1)
Hzi = P87 —020! —014 SYS i ZH, p,(V) > 400 GeV | —e—— 1,83+ 0.63 + 0.42
§ 105 ATLAS Preliminary VH, H— bb, V — leptons cross-sections E :
>|_.8- 10* Y5=13 TeV. 140 fo' ® Observed ==Tot.unc. == Stat. unc. | ZH, 250 < pT(V) <400 GeV i'_' 1.52 £ 0.36 £ 0.33
(g == Expected DTheo. unc. i ZH, 150 < pT(V) <250 GeV. > 1 | — omm— 056+ 0.78 4 0.72
x 10 V=W V=2z : :
Eg 102 E— 0J 21Ji 0J 21J1 0J =1J | | ZH, 150 < p,(V) <250 GeV, =0J —— 042 +0.37 + 0.30
T = T - : - | :
= — | | | 1 |
% 10 =] i o | ZH75<p(V) <150 GeV s 1.42 +0.52 + 0.56
a— 1 T— _I'I 1 : .
o s Bl o o E WH, p,(V) > 400 GeV —— 1.90 + 0.63 + 0.49
107 1[ 1 : : L | i
= L L L L TS ! WH,250<pT(V)<4OO GeV P = = 188+ 047 +0.38
2_ | . | - | | 7 | :
= e = . A c | :
% 3__ K5 O T E I EEE L E . }a | E o : WH, 150 < p_(V) < 250 GeV e — 0.25+0.45+0.49
-:é ‘1__)74 = _ ~ = > : = : :#‘ E 2 1 0 1 2 3 4 5 6 7 8
Z "4 e | .
b SV; %’vjov‘fﬂfov‘imO SV; 3 So?; N SOV; o ol ASOOO | Best-fit pu
S0 25, o, 6y Gey %0 ) oy " Y6qy Gep ! .
Gop 0091/0 Gko oL Gey oy o, Gy | Paolo Francavilla - LFC24 21


http://dx.doi.org/10.1103/PhysRevD.109.092011
http://cds.cern.ch/record/2905263

H H LN LA L L L L L
nggS'tau COUplIng HIGG-2022-07 ATLAS Hott Vs=13TeV, 140 b
=Tot. @Syst. \Theory  p-value = 6%

Tot. (Stat. Syst.)

+0.61 +0.38  +0.49
0.35 -0.61 ( -0.37 048 )

(o) gg—H, 1-jet, 120 < p: <200 GeV

H = 11 largest BR to leptons (6%) G (5 5
gg—H, > 1-jet, 605p¢<120 GeV 0.50 “yge (Tozn o072 )

gg—H, 2 2-et, m <350, 120 < pl! < 200 GeV 0.53 072 (048 05T

+3.09 +1.66  +2.61

Sufficient statistics and low enough

gg—H, > 2-jet, m 2350 GeV, P! <200 GeV L —— 5.09 549 (lies is7 )
backgrounds for precise o memen | w089 SR (%8 55)
. I gg—H, p 2300 GeV 1.51 tg:g (jg:g ﬁgg ) I
measurements for VBF: S g T o U . S i i
qq'—Hqqg', = 2-jet, 60 < mﬂ <120 GeV [ 0.94 065 ( ~0.55 : )
r ag-Hag', > 2-et, 350 <m. <700 GeV, p! < 200 GeV —— -0.96 131 (05t )
ag—Had, 2 27jet, 700 <m, <1000 GV, pl' < 200 GeV 1ot -0.24 050 (0% )
— 0 93 +0.17 99-Hqq’, > 24et, 1000 <m, < 1500 GeV, p¥ < 200 GeV K 1.68 ‘33 (0% )
—
” VBF 2 - 0.15 q9—Hag, > 2-jet, m_>1500 GeV, p” < 200 GeV tel 0.12 *33% (2% )
q9—Hag! > 2461, 350 s, <700 GeV, pl* > 200 GeV - 116 05 (2%
T 99'-Hqg’, > 21et, 700 <m, <1000 GeV, p > 200 GeV 0.98 0% (9%
—Haq’, = 2-jet, 1000 <m <1500 GeV, p¥ 2 200 GeV 140 0% (153
1 , py 1039, +0.35
Most precise measurement to date b it m, 1000 @, 200 G 12 s (o
ttH, p* < 200 Gev ———i 21 S5 (43
H H H H ttH, 200 <p" <300 GeV | pemmi 22 9% (4
First measurement in multiple m_ bins e i e e
f th h h H 1 | 1tH, ' > 300 GeV | = ijf 23 (o
r I r ( ) — — — — — — — — — auien | miss I i | selew | 1 sl Lowsin
O S g e I:)T 0 5 10 15 20
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/

H ig g S_ta u CO u p I i n g HIGG-2022-07 IAITAISI - I\ II | II—>Im:I li§l=l12’:'l'le\ll, I14|0 ;bl‘

A{s)

Sufficient statistics and low enough - 138fbT(187TeV

. > —— Observed
backgrounds for precise iz ggH (POWHEG) + XH
measurements at high p_(H):

| I 1

T T TTTI

S gg—H (NNLOPS) + XH

y
x
T
<
o
m
+
<
I
+
I
T
(o]
=
I
i
2}

T TTT

First measurement of boosted high
p.(H) using the H » 11

Dedicated reconstruction algorithm for

I IIIIlI|

Lol Liin

the boosted 11 topologies

Among the most precise
measurements in the p_(H) regime

1000 1500 2000
CMS-HIG-21-017 p:' (GeV)

Ratio to NNLOPS



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-017/index.html

Differential measurements

Combine measurements using

H=yy High-precision
H-ZZ*-4l channels
H->WW*

H-1t Sensitive to
H->tt boosted high-p:* region

Test of the SM over a wide p_(H) range.

Also Njets, pT(j1), Acpjj,

Good agreement of the distributions with

the SM

/>'\ T T [ A A Y D R N N B
> | ,
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html

Differential measurements

Combine measurements using

H=yy High-precision
H-ZZ*-4l channels
H->WW*

H-1t Sensitive to

H->tt boosted high-p:" region
Test of the SM over a wide p_(H) range.

Also Njets, pT(j1), Acpjj,

Good agreement of the distributions with
the SM
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An alternative
potential

Standard Model
potential

Current
experimental
knowledge




An alternative

Hi ggs pa irs at LHC Nature 607 52 (2022) potential

Standard Model
potential

pp»HH : 1000x smaller than pp>H

H Vig)

’ g Ky H
/
H 4
x;.-r'c,‘ Kl + 17 \ L 4
\

‘\ (destructive 9 % H /
H

A &

Higgs field value
in our Universe

~8

g . Current
interference) experimental
knowledge
Access the triple Higgs boson coupling (k) 0 1

=Probe the shape of the Higgs potential

Also accesses other interactions, e.g. VVHH (k,, )
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

An alternative

Higgs pairs at LHC potential

from N. Berger @ ICHEP 2024
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ATLAS Run 2 combinations

Combine HH=bbtT + bbyy + bbbb +
multileptons + bblI+MET:

My = 05270 ( 105 syst.)

Uncertainty comparable to SM signal!

-1.2<K<7.2@ 95% CL
Dominated by yybb + ttbb Best

constraint to date on A3 coupling!

0.6 <Ky<15@ 95%CL
Dominated by VBF HH=>bbbb Best

—e— QObserved limit (95% CL)
AlLAs Expected limit (95% CL)
Vs =13 TeV, 126—140 fb! (UuH =0 hypothesis)
SM _ [ Expected limit 10
Ogor +ver(FH) =32.8 o Expected limit +20
CERN-EP-2024-160
Obs. Exp.
bbiL + EMiss|— * 10 14
Multilepton— * 17 11
bbb \ 53 8.1
bbyy [~ * 4.0 5.0
bbt*t™ |- * 5.9 3.3
Combined|— i¢ 2.9 2.4
| o | I | | I | | I L1 1 1 I | | I | | I | | I | | I 1
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength Lyy

constraint from CMS: 0.67 < Koy < 1.38 @ 95% CL  ©MS HH Combination results:

Nature 607 (2022) 60-68
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
http://dx.doi.org/10.1038/s41586-022-04892-x

CMS VBF HH-bbVV

CMS-PAS-HIG-23-012

Search for VBF HH=bbVV production

Consider collimated hadron decays:

H=bb tagger and H=>VV tagger

q

o
q

Observe pun < 142 (69 exp.) ATLAS VBF HH=4b results: HDBS-2022-02

and '0.04 < sz < 2,05 @ 95% CL ' 0.55 S Kav S 1.49 @ 95%8%’5 Francavilla - LFC24 30



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02/

CMS Search for WWH(bb) in VBS i< = oo

CMS-PAS-HIG-24-001 [ ] +2c Expected

10°
Analysis of H(bb) + W*W*(I*vI*v) produced in
Vector Boson Scattering (VBS)

95% CL upper limit on p

Sensitive to Kow

Uil 0

Kww _ w#

/. "~ H

/

/

//{A:,\ v -3.33 < Kww < 5.33 @ 95% CL
% i F|r.st an.aly5|s targeting k,,,
using single H

H q
H(bb) reconstructed as a single Large-R jet _< B
q
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-001/index.html

New results:
Run3 measurements



CMS Run3 Hyy and H4l at 13.6 TeV

X103CMS Prel/m/nary 34.7 b (13.6 TeV) CMS Preliminary 34 7 fo”! (1 3.6 TeV)
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— = @ 80 D ]
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30}
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10}
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)
Measure Hyy and H4l in Run3 data (34.7 fb-1 collected in 2022). [ gimilar results from
Fiducial Ofia,yy = 78 £ 11 (stat.) tes (syst.) fb (SM: 67.8+3.4 fb) | ATLAS:

. — +0.53 +0.29 . +0.39 Eur. Phys. J. C 84 (2024) 78
X-SeCt.. 0ﬁd,4l — 2.94_0.49 (Stato) —-0.22 (Systo) fb (SM. 3.09_031 fb) Paolo Francavilla - LFC24 33



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-12130-5

CMS Run3 Hyy and H4l at 13.6 TeV

AO'ﬁd/Ap!i-| (fb/GeV)

CMS preliminary 34.7 fb~! (13.6 TeV)
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! p-value (powheg) = 0.95
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— ggH (POWHEG + NNLOPS + JHUGen + Pythia) + xH
xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia)
Data (stat @ sys unc.)

(o=

Measure Hyy and H4l in Run3 data (34.7 fb-1 collected in 2022).

Differential cross sections in p_(H), N

jets’

I Systematic uncertainty
E CMS-PAS-HIG-24-013
i s55555 i 5
— . L e |
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i o———p i
i IR T - TR TR N . :
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IYH

... iIn agreement with predictions
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Few slides on the
future



LHC schedule

From Liza's Brost slides

Js =13 TeV Js = 13.6 TeV ST

Js=7,8TeV
2010 2015 2019 2022 2026 2029 --- 2040
{u)=20 (u)=30 (u)=60 (p)= 140-200

Phase 1 upgrades Phase 2 upgrades

e Instantaneous luminosity: 5—7.5 times higher

o  Pile up will increase from 60 (now) to 140-200 (levelled)

o Beam induced cavern background increases linearly

o  Much larger radiation to detectors

o Larger data sample: big challenges for computing and data storage
e Require improvements for experiments in all areas

o Detectors, Electronics & Trigger, Software and computing Baolo Francavila - LEC24 36


https://indico.cern.ch/event/1135177/contributions/4878400/attachments/2474236/4245433/Brost%20-%20Higgs@10%20-%20Prospects.pdf

Projections: Higgs couplings

¥s = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental
e Theory Uncertainty [%]
2 : Tot Stat Exp Th
Ky — CERN-2019-007, 2019 1.8 08 1.0 1.3
Kw =— 1.7 08 07 1.3
Lva— 15 07 06 12
Lo — 25 09 08 2.1
LV —— I 3.4 09 1.1 3.1
Ly —— I 37 13 13 32
K: B 1.9 09 08 15
K, =— E 43 38 1.0 17
Kzy BV= 198 72 1.7 64
0 0.02 0.04 0.06 0.08 0.1 012 0.14

Expected uncertainty

Higgs couplings move into precision regime

e Bosons and T: <2% level
e 3rd generation quarks: 3.5%

Most of them dominated by theory uncertainties
ATLAS: ATL-PHYS-PUB-2021-039

_ATLAS-CONF-2024-010
2T T T B R B R R N e e
205 ATLAS Preliminary 1
E Vs=13TeV, 140 fb"
E Run2 VH, H— bb/ct
15; - E
10> =
5 .
s
10
F — Observed 95% CL. o SM
_15; -+« Expected 95% CL. + Observed Bestfit
oo~ Observed 68% CL. (1205:)=(0.91,1.0)
“EYE ..es Expected 68% CL. E
Y S I AN IR I I I
04 06 08 1 12 14 16

bb
l/LVH

CMS: PRL 131 (2023) 061801

3 VH( bb,cd)

E- ATLAS Preliminary
F  Projection from Run 2 data HL'LHC, but not

including Run2
optimizations

“*E” V=14 TeV, 3000 fb™!

Do we already know we can do better?
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https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2788490/files/ATL-PHYS-PUB-2021-039.pdf?version=3
http://dx.doi.org/10.1103/PhysRevLett.131.061801
http://cds.cern.ch/record/2905263

Projections: Higgs self-coupling

ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
12 T ; - -
%' [ SM HH significance: 40 | : T —— %" sl 'ATLAS P:elimirllary o
< 10] 0.1 <K1<2.3[95% CL] o b e I
gror . Sl ° ; _ ! HH - bbyy + bbt* T~ + bbbb
' i 0.5<k1<1.5[68% CL] : =7~ bbyy Projection from Run 2 data
—_— ' _ Asimov data (kj = 1)
0 8 “* bbre —_ . unc.
R O R T . SRRSO SR, e AT
i -~ bbbb Theoretical unc. halved
6 —+— Run 2 syst. unc,
B bbzz*(4l)
95% CL af=5 b\ [ o e T bbVV(viv)
P1ENN
68%CL [ s . and
Onulnn‘.:h.\ ?
2 - ATL-PHYS-PUB-2022-053 today?
CERN-2019-007. 2019 i
European Strategy (2018) Snowmass+ (2022)

based on partial Run2 results CMS updated bbyy, yyWW, yytr, ttHH

50% precision in self coupling
Likely 50 from back of the envelope

4o for SM HH (ATLAS + CMS) estimations
Paolo Francavilla - LFC24 38



https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2841244

Conclusions



Conclusions

Very broad physics program on the Higgs boson at the LHC.

e Reaching an unforeseen level of precision for the amount of data we analysed!

e Significant reduction of uncertainties on all the couplings,
o Second generation fermions are not anymore beyond our reach

Di-Higgs is already reaching the SM sensitivity with Run2 data
o And we have more Run3 collisions already on our disks!

Completing the Run2 physics program
o Final Run2 Combinations between LHC experiments

Run3 offers us a unique opportunity to improve the precision of our measurements,
o and surprises can always come....
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