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# See Carlos Wagner’s talk :)

& The LHC landscape
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# The enablers

& Higgs Studies - a perspective

# In a 20 min. nutshell

® A flavor of what has been,
and can be, done

e but not all that has been done.. The ATLAS EXlOerlmeﬂt

o AT e T Nature 607, 52-569 (2022)
|4Tmagnet|cf||ed Y T s\ A S NN T AT
* lllustrate w/ selected ATLAS and CMS —The CMS Experiment

results Nature 607, 60-68 (2022 H|gg§ 10th Anniversary publications
with legacy results from Run 2
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HIQQs studies include

Production Mass
Decays Widtn
Bosons Spin
Fermions CP
Self-coupling e Uecays

Exotic decays

Invisible decays
Anomalous couplings
Multiple BSM connections

Di-Higgs production
Resonant production
Other resonances

And more...

https://twiki.cem.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

https://twiki.cerm.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

Several hundred publications !



Why can we do so much?




Why can we do so much?
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B Increasing LHC integrated luminosity
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l Multi-purpose detectors + Novel analysis techniquesl ' '

4] o

Continuously improving
theoretical understanding

—

60
ol Mo e 15101 H xsec to QCD N3LO
 Trigger on and measure with precision - More precise
all final state objects: backgrounds

jets, u, e, tau, b, Et_miss tt+bb, di-V, etc.

o(pp = H) [pb]

ML at every stage of analysis HH cross sections
e Reduction of syst. w/ more data fDF’s
* More sophisticated triggers —te

 Mega likelihood combination fits
e Computing Adapted from M. Grazzini




Why can we
do so much?
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® | HC data The LHC Higgs landscape ¢4\ .

#Run 1 [2011-12]: 5/20 fb-1 @ 7/8 TeV
#Run 2 [2015-2018]: ~ 140 fo-1 @ 13 TeV K (v
# Run 3 [2022-2025]: started, ~ 300 fb-1 @ 13.6 TeV — _ - _ ——r
# HL-LHC [2029:40+]: x20 more data than most results here !

splice consolidati cryolimit LIV Installation d
7 TeV 8 TeV button co IIimato:I ineraction i inner triplet . il LH?
R2E project region Civil Eng. P1-P5 pilot bea radiation limit installation

— S Iy
T ™\ T\
I— | I 't . 'tl -tl | | ' l-t . f 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 mmm""
:> I S |nveS I a IOn S I In I S In anC - 5to 7.5 x nominal Lumi
g g g y experiment ‘I‘.\';I;E‘ﬁg P'gslvels1 ATLAS - CMS }/—”"-‘
es

. . inal Lumi HL upgrade
nominal Lumi w ALICE - LHCb . 2 x ominal Lumi

75% nominal Lumi | /_ upgrade

® [wo broad directions of exploration e o v e

HL-LHC TECHNICAL EQUIPMENT: _ We are here: Run3 has started

CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

% More precise measurements

* Jest SM consolidation and/or possible BSM deviations

Accelerator Complex

* By probing its couplings via production & decays Upgrades

e reach few % level... beyond that, new machines needed

* By measuring its properties: mass, width, CP, spin

* More granularity in
the silicon to deal with
the high pileup

* Precision timing (< 50ps
resolution) to separate
collisions in time as well
as space

% Detection of new interactions
* Move from third (heavy) generation to second (first)

* Faster processing of data
in real time for trigger using
modern high speed electronics

Detector
Upgrades

® Higgs self-interaction

* Higgs as probe of BSM physics

J- Konigsberg @ Aspen 2023 HL-LHC “pileup” challenge 9



Precision: Couplings g4\

# Using the many SM production modes and decay channels

* Allows probing couplings to specific bosons and fermions

+ Allows measurements of production and decay mode rates, with
good precision, relative to the Standard Model predictions
— and look for deviations

Higgs boson production modes Higgs boson decay channels
a b c
g ToTTTO q —_— q q 7 H
# Method ., v, N
tb = H ® H VWV o
* Analyze as many processes as possible I — —q o/ Yy
d e f ,
e ggF, VBH, VH, ttH, tH O Tyt A O
| tb| . W . _-H we fw
* With all observable decays tb+ “““ H > ! & w )
g 500 = t,b b Nt b t

o //,vy, WW, TT, bb,

* Measure event rates: estimate acceptance, background, and " K K2 =F,%W
uncertainties ) 3
N H
* Use a combined fit to estimate the parameters of interest . / T g

* Work of many teams: detector, MC, analysis, reviewers etc.

K- framework: effective Higgs couplings modifiers
J. Konlgsberg @ Aspen 2023 10



Precision: Couplings i%\«
# Using the many SM production modes and decay channels |
Higgs => bosons

. . . . Higgs => fermions
* Allows probing couplings to specific bosons and fermions 99

CMS 138 b (13 TeV)
i T g 40-amas U L T
+* Allows measurements of production and decay mode rates, with | go= semwnes  —soa E 350 s omesan
' ' . . s [ ¥ Q - 243 jets, 2 b-tags X B-only uncertainty |
good precision, relative to the Standard Model predictions =r “s0 | @ 300 et mass anae El
— and look for deviations g 28
.. H—yy £ 0 H—bb
% : i . b | '% T7
" R it s E
% Method & S 3
110 120 130 140 150 160 mr:'ztéev) 9
* Analyze as many processes as possible g Op RNy
_ oMs  1seel(3Tey L% 40 60 80 100 120 140 160 180 200
e ggF, VBH, VH, ttH, tH g " sona My, [GeV]
% & C_1qq-2Z, Zy*
. = om0k B 9922, Zy*
- B EW S e —— -
* With all observable decays o —K B of aiAs 4 o
: = - /s =13TeV, 139fb-" Uncertainty .
150} 5 140 - All VBF_1 SRs 7 (0:93SW -
o 77, yy, WW, TT, bb, H—=ZZ Baob 4
X ' 100 | -
[ 80
* Measure event rates: estimate acceptance, background, and : o o
uncertainties - “
_CoMs  138'(13TeV ) g
* Use a combined fit to estimate the parameters of interest 8 | o toma = OF
% I 5uniertainty: § -50 E -
+ Work of many teams: detector, MC, analysis, reviewers etc. g | I + H 2o BB e
T Howw
i ) .
Decays from many production modes

combined

J. Konlgsberg @ Aspen 2023 11




Many ways to interpret/slice the data COUDHHQS: H@hhghtg Z:A

ATLAS: cross sections w/ SM BR

2 . " "
10 ATLAS: production and decay mode combined
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b 10
P
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Uncertainties <10% for main production ano
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Branching fraction
S

I llllII

10°E~ ¥ Data (total uncertainty)
[ ] Systematic uncertainty

- & SM prediction

No significant deviation from SM expectations

Ratio to SM

Nature 607, 52-59 (2022) 15

. Kowigsb&r@ @ Aspen 20223 Decay mode



Many ways to interpret/slice the data COUDHH S Hianhliants AR

CMS: k coupling modifiers CMS: x uncertainty evolution
CMS 138 fb~' (13 TeV) CMS
W z :
® Observed +1 s.d. (stat) 12 E _"-05 -1.05 _
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Nature 607, 60-68 (2027
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& Key confirmation: Higgs couples to mass as predicted ! COUDHH s Hiahliahts AN

2 m
Y e A (N L
v v
ATLAS
CMS 138 fb! (13 TeV) | @k, =k,
LI I 1 L I 1 1 1 L L L I 1 1 I LI I 1 ” .
- 1F ) t e 100 + k. is a free parameter
g | = : my = 125.38 Ge W Z"’,o. a § — SM prediction
\g : "." :
L _ Jx 107
5 107F =
=3 ‘ =S - : < m
Q‘ b Lo 8 10_2:—
102k : ¥ - & § = Leptons Quarks
B Vv v, | v, u t
¢ Vector bosons < L n-
0 o -
i Third-generation fermions i
103F u i - - Force carriers Higgs boson
F 2 e Second-generation fermions B
¢ : ol ) o | |EAKA |+
= ---SMHigngoson - EIIII| | | IITIII' | | lIIllll | | llIlIIl | |
1.4
10_4:_“' 1 Lo el 1 Lol 1 Lo vl 1 —: :
2 1 .4 :l 1 I 1 1 1 L I 1 1 1 L I - : 1 2 '-'_
» 1.2F } 1.05F ﬂ - < |
o 0 S S 30 2 B o) I L 7
o 105 } + ;gg i : o 1.0_ I g x
g >0 _ | | | ot | _ : i * t
0.6 10-1 1 10 102 0.8-_||||(|)“1 L1 ||Y||||OO L1 II”“|1 L1 |||||||2 [
| 10° 1 10 10
Particle mass (GeV) Particle mass (GeV)
Natur .
ature 607, 60-68 (2022 Nature 607, 52-59 (2022)

ow amazing is this 7
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& [ ooking at rarer SM decays

% More challenging, so throw everything at them:

+ Use all production modes

Couplings to new SM particles iA

137 b (13 TeV)

137 b (13 TeV)

. . . . . . . > lllll l LI I LI I LI I LI I LI I LI l LI ]; > lllll l L I LI I LI I L l L L l L] I L]
* Characterize events by jet multiplicity, regions in the detector, etc 2 *F cus $Data  MlH-u & °*®F cms ¢ Data ;
: . : : P _ Post-fit Ezjew oy _ E) 700F All categories — S+B (u=1.19) s
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m
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n o 200
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O:l L1 1 I L 11 I L1 11 I L1 11 I L 11 I L 11 I L1 11 I L 11
o . I I L | 1 I L I | I | | L | | L
CMS Experiment at the LHC, CERN i g ° +
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Run/Event/LS: 319639/ 961085861 / 624 / - *(B
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A N B B AL
CMS Combined ji =1.197>%
L —— Combined best fit p = — % 700 ATl:AvS YYYYYY & ke MR
" | O E -
VBF-cat. | 1 =136y oW expectation ~ 600 ys=13TeV, 139" —Totalpdf ~ —
i I 68% CL | = | , : — Signal pdf
7] 95% CL = 500 H — up, In(1 + S/B) weighted Bkg. pdf =
ggH-cat. | u=0.63""% _ 4 :
-0.64 my, = 125.38 GeV T, 400} -
L - o -
| 2 300E ATLAS: 2.06 (1.7 exp) p=1.2 + 0.6
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ATLAS: PLB 812 (2021) 135980
CMS: JHEP 01 (2021) 148
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H=—CC

+ Hard to trigger: search using VH, with V => leptons: 0,1,2
<+ \alidate with e.g. VZ with Z—=cc & ZW with W—=cqg
* ATLAS: W/Z(cc) @ 2.6 (2.2) & ZW(cq) @ 3.8 (4.6) obs. (exp.)

times SM OxBR

* CMS: VZ(cc) observed @ 5.7 O significance | *

Charm tagging @3 Tev)

5 5
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-

----- H—cC vs. H-bb
— H—cc vs. V+jets

0.4 0.6 0.8 1
Signal efficiency

ATLAS: Eur. Phys. J. C 82 (2022) 717
CMS: arXiv:2205.05550

J. Konlgsberg @ Aspen 2023

BR(H—=cc)=2.9 %. ...

* Separate from light flavor jets and b-jets: ML c-tagging

Couplings to new SM particles iA

1 38 fb-‘l (1 3 Tev) I I 1 I I I I 1 1 1 | 1 1 1 I 1 1 I I I I 1
1% CIMSIIIIII
E B —4— Observed B VH(H-c0), p=17.7 _| +1
g T - [ ] Z4jets [ ] Wijets - A TLAS » - ; 2(;_
o - Merged-jet & : - Vs=13 TeV, 139 fb 1+
- i ged-J ’ [t =l Single top 4 0 | YT OET AR e Expected
Q 8001 All categories [ VV(other) [ ] vZ(Zz—co) ] VH, H — ¢t Observed
S - S/(S+B) weighted  [Jvz@z—bb) [l VH(H-bb) = I T
‘© o B uncertainty o 0 lept
el pton
2 600 = ' 5 Exp.= 40 x SM
2 i " _ Obs.= 35 x SM
E{l - Ak - | eesssss s s e se e e SR . .
7, 400_;_ H 1 lepton
. Exp.= 60 x SM
[ o= m —— i Obs.= 50 x SM
200 F—h e — .. N ...
= Lo B 2 lepton
é——__ - ___ I u Exp.=51x SM
s , f , : ; , Obs.= 49 x SM
100__ —+—| I B subtracted _ combinationl .IINB @409
50 = ombination
4 R+ | Eomena
Y " T e N R
06080 100 120 140 160 180 200 0 20 40 60 80 100

Higgs boson candidate mass [GeV]

CMS limit:
VH(cc) @ 14 (31) times SM oxBR

1.1 < |Kc| < 5.5 @95% CL

95% CL limiton n

VH(c?)
ATLAS limit:
VH(ce) @ 26 (31) times SM oxBR

Kc| < 8.5 (7.6) @ 95% CL

CMS 138 b1, (13 TeV)

> e LA L B B B LN B

, B 1.2x10 1~ 450 ¢ pr < 1200 GeV + Data  mm W(9) |

* NEW (CMS) 8 I DeeI)DoubIeX W Z(cC) mm H(bb) |
£ 10~ Passing Region W Z(bb) W H(cc)

§ i Z(q@) NN Other |

* Boosted ggH(H—cc) pr(H)> 450 GeV D gtod|- - o

Mzee) = 1.0 MHey =94 ]

+* W/ special ML double-c-tagger

/ —cc observed with y=1.00 (+0.19/-0.17) SM
oxBR - well over 5-0!

——

Bkg. unc.

| I | |
120

L Il |
140

160 180 20C
Jet mgp [GeV] 1 6

o(H)xBR(H—cc) limit 47 (39) times SM expectation S AT

40 60 80 100



& Decays through loops test for new physics: G____________________zi______Oup“ngS' —Ven rarer aecays %\«

—— Sig+Bkg Fit

Z
CMS 1 38 fb’ (1 3 TeV)
= = IEELE RN RN | ¢ & % 1T By & @ & & s > I D e | bR kel
q 3 8000 |- H—)Zy m, =125. 38 GeV ¢ Data _; 8 - ATLAS 1 -
H q H E 7000 F- All categories — S4B = < 80 Vs =13 Tey 139 fb ]
q § 6000 :— S(S+#B)Weighted . B component E - Al catadones . -
) i = Expected S x10 - o 704 IN(1+Sg4/Bgg) wWeighted sum _—
@ 2000 Weighted E o - ]
7 S 1000 =L - 3 -
9 25 N 60__ ]
= 3000 - RN
a : ~
BR(H—Z : . :
( v> -~ /I 1 6 X /I O 5 1000 :

The ratio of BR(H—Zy)/H—yy) can be affected by BSM effects

My, (GeV) 15 120 125 130 135 140 145

m, [GeV]

. | .
Use several production processes with Observed 2.76 (1.2 exo)

eey & Y final states Strenght = 2.4+-0.9 SM
BR(H—=2Zy)/H—=yy) = 1.54 (+065,-0.58)

consistent @ 1.50 w/ SM

Observed 2.20 (1.20 exp.)
Strength = 2.0 (+1.0,-0.9) SM
BR(H—2Zy)/H—yy) = 1.54 (+065,-0.58)

# ML discriminators for S/B improvements

Run 3 data will consolidate further the study of this process

J. Konlgsberg @ Aspen 2023 17



& Higgs and Quarkonia

* Br(H - Z]J/¥) ~ 2x107°,
e Br(H - /¥ ]/¥) ~ 2x10710

final state search with Z = ee/py and additional pp

sensitivities @ level of 3-4 orders of magnitude larger than SM

ArXiv: 2206.03525 = > no excess found...

J. Konlgsberg @ Aspen 2023

Couplings: BEven rarer decays i%\«

ATLAS

Br(H - J/¥y)~3x10"°
Br(H->Yy)~107"

final state search with ppy

Events/ 2.5 GeV

Data/Bkgd

T I T T T T I T T T T I T T T T I T T

- ATLAS .
35t (s=13 TeV, 139 fb” E
- 35<m,, <39 GeV .
30:— ¢ Data £
u — Background Fit .
251~ [ Exclusive Background =
. 7]y (nS) Background 3
20 [ Dimuon Background —
B T1B(H - y(2S)y) =1.1x10° -
15F [B(Z - y(2S)y) =2.3 x 10° 3
10F- /| =
> :_ l [ ......... il _:
1.5 M 41 ﬁ H 3 ll III“ E
1 X &H a i
0.5 & %# : F
50 150 200 250 300

m,., [GeV]

sensitivities @ level of 2 orders of magnitude larger than SM

ArXiv: 2208.03122 = > no excess found...

s H(Z) » wy - ;+n‘n°y
e H->K*"->K*ny

Channel 95% CL upper limit ATLAS
Expected Observed

H — wy [1074] ?).Of(l)'.%3 1.5

Z — wy [1077] N ey 3.8

H — K*y [107] 12249 8.9

sensitivities @ level of 2 orders of magnitude larger than SM

ArXiv:2301.09938 = > no excess found...

| | Tl |
KT ATLas Preliminary l R B
Hoay [ 15=13TeV ] 2t .
H-py = F=5 Expected + 1o . e of7b(-21018>127 ]
Hooy L 77 Expected + 26 l Bet? _
o
Hos vy | Observed l ; 39 gfzbogos - N
How(2S)y . SR —
HoY(1S)y |- l A —
H—Y(2S)y |— l S —
Hox@sy - l13|9fb| o
107 10° 10° 10* 10° 102 10"

95% CL Upper Limit on Branching Fraction
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& ook in more detail More detalled examination g 4\ _.
# More than event counting examine kinematical distributions

* STXS framework _Stage 1.2

e Measure different production modes in exclusive kinematic regions

arXiv:2206.09466 CMS 138 fb~1 (13 TeV)
ZH(Z - leptons); p%> 150 GeV - % o/osm = —0.1%53
i 544 0 = 010553 P
. C i +0
~ combine many decay channels for better statistics WH(W - leptons); p¥ > 150 GeV 1 = —S4sssapssiss 0= 0855 pb

o Splitin pT(H), pT(V), #jets, mjj...

e Sensitivity to BSM (e.g. @ high pT)

ZH(Z - leptons); p% <150 GeV A

WH(W - leptons); p¥ <150 GeV - —W— 0 =0.06X337 pb
VH(V > jj); 60 <m; <120 GeV - A S S A— © = 1511 b
ATLAS Run?2 by i e | c |
qaH; m; > 350 GeV; pH > 200 GeV - -m— 0=0.17335 pb
? qgH; m; > 700 GeV; pH <200 GeV - -ﬂ- 0 =0.023%5515 pb
500 3 s ] 5 qqH; 350 <m; <700 GeV; pY <200 GeV A m— 0=0.042510 Pb
) [ - o i © — .
2 ] 5 _—T T 0oH; pi > 300 Gev | ———SEALALLLLZZ | Olosu= —21'33
o . [ ] ! ,
Yl of = °F1 ggH; 200 < pf <300 GeV - |~ © = 0227510 P
ok | : ' . . ' 2L ' ' 0.0" . 10 i _ 1 5+07 H—-WW
0 10 200 0 60 120 200 0 120 200 200 300 450 o H: =2] - s 0= 1.5Z57 pb
p! [Gev] p! [GeV] p! [GeV] p! [GeV] 9 J i [ o <4 Total unc.
CTRLIL] ggH; 1); 60 <p¥ <200 GeV - % 1°" 0-5-04 PP s i;aeto e
: . u .
[<Tjet] [22jets] ggH; 1J; plf <60 GeV - | 5= 0= 26555 pb e ggH
® Data (Total uncertainty) I P  qoH
Syst. uncertainty — ggH; 0] 1 + : 0=4220% Pb m VH
== SM prediction — — —-—- Standard model
— 4 — 3 [ I ] — T — N I ] T T T T T T T
2 | _ N £ i € 100 _};—j —4 —2 0 2 4 6 8 10
o o[ —f—] o 2F - ]
S g 500 - I ol E O0/Osm
o T4 . 4 ¢ ; | |
o - ] 0 .
-2 [ 0L 1 ] O C ] \ \ )
VH-enriched VBF-enriched 350 700 1000 1500 350 1000 .
e o mylGeV] e.g. H=>WW: observed cross sections in each STXS bin
V(e bv)H
qq' > WH > Hév pp > ZH - He? tEH tH]
— 103 E T T T I = T f T = — | — 1000
g * E 021 1 Ea00h g
o w02l | o i .- E o o 750 - e
’ ¥ = 1 w0 T 3 S
10'E -@ - — N ] i . |
: E o N — 250 | -
L T 2 S D T = = Consistency w/ SM so far but a very rich
10 0 75 150 250 400 oo 0 150 250 400 oo 0 120 200 300 450 oo 0 ' ' '
pY [6ev) pf [6ev) pf eV environment to keep steadily testing
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS#Recommended_binning_Stage_1_2
https://arxiv.org/pdf/2206.09466.pdf

« Study differential cross More detalled examination i%\«

Sections VBF(WW) paper link
'A' d £ 00— T
SO measured in many £ so0E ATLAS Preliminary o =
: - = . . . . . =
d|ﬂ:eren't Chaﬂ ﬂe S ‘5 700:— m; Bin1 | m, Bin2 m;; Bin3 m; Bin4 |m,; Bin5 —
& 600E= x1 X2 X2 X2 X2 3
[= = =
O 500 N @ - -1
=09 TR \ = CMS 35.9fb"' (13 TeV)
S d />'\ 10g
S 2o T . = = O = Ac(p" > 600) / 250
() E ATLAS H Z7* E - i L9 !
O 2F Lo = O] = PR H
P - H->ZZ*,H->vyy Y H-ovyy = A = f% ;i AG(DT > 200) /120
2 1.8 Vs=13Tev,1391b" ¢ Combination — 1®) - R S5 SERE H
T — [ ] Systematic Uncertainty ] Q. B ‘i 14 AG(pT >600) /250
& 1.6 . — ~ 10 '
5 _ Total Uncertainty . _ 0 = o el ? ........
B 1.4F | ¢ MG5 FxFx K=1.47, +XH — © IQ_I— - + Combination ;
T - NNLOPS K=1.1, +XH - o&_) b . ff
1'25_ i1 wsswes XH=VBF+VH+tTH+bbH+tH = < 1072 = Syst. unc. 2
LEEE } ERE 2 = 4 Hobb
0.8 N — o -
: HZZ, Hyy - 108 4 Hown
0.6 H’l — =
0.4 * E - Y H-ozz 0 T RS
0.2/~ fr g"ﬁj e, = 107 aMC@NLO, NNLOPS i
Ok= frmmmm \K‘\“"‘F’f‘*\77\T*’fT*‘s\'\?*':;‘ﬂ?'\i\'\i”\'f'katf‘rf\'\i;'="""'===='-'L4..g_1_..4_|_,..4__ E o] SM from CYRM-2017-002 |
<  2F — 1 A _
= I 105'—f—lllIlllllllllllllllllllllllllllllllJlllllll
S 15F . ° : - -
;g 1'—0 """" ; """ §-=---d [ 2 LR ; """" | i~ s * i | ,9 55—
S o5 .t k3 g—
|'E O 10 20 30 45 60 80 120 200 300 650 13000 8 2%_ : ‘H |
Y 1GeV L STME. SRR 1 W 4]
! O T eeeeeeeeeny eemme
: . -+ E Il
GOHS'StencyW/SMSOfarbu‘ta\/eryHCh (DU _1;1lllllllllllllllllllllllllllllllllllllIll"ll
0O 15 30 45 80 120 200 350 600 *

environment to keep continuously testing

... keep and eye at high pl H(bb), Hiyy),H(Z2) p? (GeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-25/

& Channels with full final state reconstruction + great resolution Dr()perties: MAasSsS i%\/\

# Measure mass with: H—=//"—4 leptons & H—=yy
arXiv:2002.06398

. -1
# Combine all channels and Run 1 and [part of] Run 2 - cms . 359fb (13TeV)
8 30000 :—H_>YY All categories —
arXiv:2207.00320 @,k ¢ Data .
c 250001 —— S+B fit E
% :IIII|IIII|IIII|IIII|IIII|IIII|IIII|I||I|IIII|I|I|llll: Lﬁ : ______ Bcomponent :
5 80:_ATLAS + Data _: 20000:— Il 1o —:
a - * — Fit . . 20 .
= CH— 22" - 4l ] 15000 — 7
% 70 Vs=13TeV, 139 b Background - .
= - - 10000 - -
8 oo , : : H=Yyy
: - 5000 -
50 ] n 4
- | 4e,4,2e2U A ot
40F E 0 ] B component subtracted—
305 - 400 E
- _— 0
S )t : i ¥
10K + p 2 ; S0 =
N + 2 100 150 160 170 _ 180
||||||||||||||||||||||||||||||||||||||||||é||||||||_ mYY (GeV)

105 110 115 120 125 130 135 140 145 150 155 160

m,, [GeV] my = 125.38 £ 0.14 [£0.11(star) £ 0.08(sys?)] GeV
my = 124.94 £ 0.18 [£0.17(star) £ 0.03(sys?t)] GeV

2016 H—yy —— 125.78 + 0.26 ( = 0.18) GeV
Systematic Uncertainty | Contribution [MeV] 2016 H— ZZ—> 4l -.—I- 125.26 + 0.21 ( = 0.19) GeV
Muon momentum scale +28 5016 Combined — 125.46 + 0.16 ( = 0.13) GeV
Electron energy scale +19 |
Signal-process theory +14 Run 1 +2016 = 125.38 = 0.14 ( = 0.11) GeV

). Konigsberg @ Aspen 2023 0.1% uncertainty (stat dominated) will improve with more data (also syst) o1


https://arxiv.org/abs/2207.00320
https://arxiv.org/abs/2207.00320
https://arxiv.org/abs/2002.06398

- . | .
& Direct width measurement iIs difficult due to detector resolutions I’OD@FJ[IGS. W|dth d >f(\«

# T'(H)is 4.07 MeV( PDG) but...

# Using off-shell H—=ZZ (41 and 2I2v) production makes it possible

#  About 10% of H—=ZZ is off shell (mzz> 200 GeV)

y) y)
gomshell SggHSHZZ
—H—->ZZ*
g8 mHEHJ
2 2
off-shell SggHEHZZ

gg—~H*—Z77 ™ (2mz)2

ATLAS-CONF-2022-068
S ——— T T

T I L I L I L I T

(D —]
c  10°  ATLAS Preliminary * Du =
Lﬁ E E= 13 TeV, 139.0 fb.1 |:]Systematicuncertainties E
105 = |:|qq—>ZZ =
E -gg—>(H*—>)ZZ E
104 = |:|OtherBackgrounds —=
— [ Jaa— (H—) 224 -
3 _
1008 L, =
10° 8 E

10 &
U= =
. N N R S R R e W=
o 14t * T ‘ =
I3 g W D
CDU 0.8F | + 4 l—:
o6 .., . -

300 400 500 600 700 800 900 1000

_J. Konigsberg m,, [GeV]

CMS Nature paper <140 fo" (13 TeV)
14 _ —— 202y + 4¢ off-shell + 4¢on-shell
| 202y off-shell + 4¢on-shell
12 I —— 4/ off-shell + 4/ on-shell
10 i Observed

Expected

-2 AInL

95% CL

68% CL

CMS

ATLAS

Dy = 3,21%‘; MeV  excludes no off-shell at 3.6 sigma h

'y = 4.61%:2 MeV excludes no off-shell at 3.2 sigma

Ma

Uncertainties will improve with more data (also syst)

22


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/
https://www.nature.com/articles/s41567-022-01682-0

An alternative
potential

V(@) ¢?+ 0"

Standard Model
potential

Vig)

test this experimentally

Higgs field value

in our Universe
Current

/ experimental
%~ knowledge

LD _V(¢)7 V((I))

|

|
=
IS
o
©
_|_
>
o
=
o

EW symmetry breaking l

1
V(H) = 5mi,ltﬂ +A\vH3 |+ ZH*,

>

As “usual” include as many process as possible:

e bb,bb /bb,yy/bb,TT <= nhighest sensitivity
e bb,WW /Dbb,ZZ, WWyy
o« WWWW /WW,7T /77,77

J. Konlgsberg @ Aspen 2023

g To0o)

t,b

n

ggs selfi-coupling ¢4\ .

® Di-Higgs production probes the tri-Higgs (quartic) coupling Ka (K2v)

BR ( HH — XXYY ) [%]

4.580

- WW-

33.872

12.455

ggHH dominates w/ xsec ~31 fb

So 3 orders of magnitude smaller than
single Higgs production !
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One case: HH=>4b (resolved and boosted)

https://arxiv.org/abs/2301.03212

HIggs seli-coupling ¢4\ .

] ] o 3 I I L | L I L | L I I | L I L S‘ 105% | | L | | T I 1L ] I Ig
e Trigger and b-tagging are critical =10 ATLAS —Omeneslmt 3 T F e —— ObservedLimit 7
T - . oo - T - . o -
e Background shape (QCD) as well => data 5 [ Vs=13TeV, 126" ExpectedLimit 510 VS=13TeV, 126 fb" Srpectedimt
dri + 105 Combined ggF and VBF Regions I Expected Limit£10 _| © £ Combined ggF and VBF Regions W Expected Limit 1o 3
”Ven bg § Expected Limit +20 § S B Expected Limit 20 |
¢ Flt MHH (ATLAS) or BDT (CMS) 5 - = Theory Prediction - g 103§— = Theory Prediction —=
. = 10 icti — ~ icti =
» Boosted CMS uses GNN for tagging = W SMPredofon 24 F . SMPredeion -
. - &\‘; 102
' ' ' 3
* Perform scans for K (Kov) - set interval limits 2 1 >
o .
. L . i 10 & =
* Set cross section limits for HH production 102 ~ - E
; Observed: k) €[-3.9, 11.1] K‘}\ - o0 :_ Observed: Koy €[-0.03, 2.11] KZV _:
Expected: k) €[-4.6, 10.8] 7] = Expected: Koy €[-0.05, 2.12] E
101 :_I |1 | | I I | I I | | I I | | | I | | I I | | I I | | I I | - | | | | | | ] | | I | | | | | | | | I ] | | | | | ] | ] a
CMS 102 fb™’ (13 TeV) -20 -15 -10 -5 0 5 10 15 20 -2 -1 0 1 2 3 4
1.0, ky=1. =1.0, ky=1.
% 700~ HH —bbbb ¢ 2017-2018 Data 9 (ov=1.0, kv=1.0) 2 k=10, kv=1.0)
o - ggF high-m_ . mmmm Bkg. model : y p
D 600f- A% region " s mig. unc Resolved (no merging of b’s) 25 13810 (13TeV) _

—— SM ggF-HH x 100
——— VBF-HH (k,,=2) x 100

500 Cross section upper limits: obs (exp)

IIIIIIIII

400

CMS: 3.9 (7.8) times the SM
ATLAS: 5.4 ( 8.1) times the SM

300

200

10
100

Boosted: two “fat” [bb] jets
w/ ML tagging)

—]

0 NBRO

Data/Bkg.

6102 03 04 05 06 0.7 08 0.9 1 E 10
BDT Output :
Phys. Rev. Lett. 129 (2022) 081802 CMS: 9.9 (5.1) times the SM. | 0.5 10 20 3o 107
K
Phys. Rev. D 101 (2020) 056019 https://arxiv.org/abs/2205.06667 K}\

J. Konlgsberg @ Aspen 2023

boosted

K2V = 0 excluded

1w/ significance of 6.3 o

24


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://arxiv.org/abs/2301.03212
https://arxiv.org/abs/2205.06667
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.056019

HIggs seli-coupling ¢ 74\ .

Another case: HH=>4b (V

“Associated pair production” "
/' 'h
h
HH=> 4b and V to leptons {0,1,2} h
- . h
Not very sensitive... but worth checking
'E | I 1 I 1 I I I ! I I I I 1 I 1 I 1 I I I I LI
—_— : = - ATLAS — Theory prediction ]
CMS: 95% CL Olbserved (exp.) upper limit on o/o(SM) is 294 (124) T 4| Vs=13TeV, 139 fb! —Observed imit (95% CL)
< 10° POEE T e Expected limit (95% CL) —=
> = [ Expected = 1o =
) N [C]Expected = 20 ]
N a0 IS Preliminary 1381 B10 . 5 10?2
» [ ¢ SMHiggs e Bestfit (kywky) = (7.1,123) | _ j=2
11 <
10 °
; 105 -
I ATLAS E | :
1= \"\..\ / =
- \ :
. https://arxiv.org/abs/2210.05415 I R I T BT R
10 -10 -5 0 5 10
CMS Kav
1072

https://cds.cern.ch/record/2853338
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https://cds.cern.ch/record/2853338
https://arxiv.org/abs/2210.05415

Just updated: CMS public D‘_H‘ S COmblﬂaJUOﬂS %(\«

- -1 ' ' ' ' '
CMS Prolminary 1S8R (13 TeV) Di-Higgs cross section limits
6, =K =1 —e— Observed @ ----- Median expected
Ky =Koy =1 SRS 68% expected
----- 95% expected
B . ATLAS —— Observed limit
WWwW .
ExpethdY: 52 CMS-PAS-HIG-21-014 Vs =13 TeV, 126—139 fo-t Expectgc::l |Iml':h _
Observed: 97 B N Oggl':q.VBF(HH) ~3271fb (IJHH = ypO eSIS)
bb WW [ Expected limit x10
Expected: 18 CMS-PAS-HIG-21-005 [ 1 Expected limit £20
Observed: 14
bb Zz * Acc. by JHEP (2206.10657
Cbserved: 32 BT Obs.  Exp
Multilepton o vl * 45 5 7 Another remarkaple
. Acc. by JHEP (2206.10268 YY : :
Expected: 19 y ( ) :
Observed: 21 I unexpected achievement
bb vy o Y. { 4.7 3.9 for the LHC experiments. ..
Expected: 5.5 JHEP 03 (2021) 257 :
Observed: 8.4
ob ot N bbbb|- * 54 8.1 How far can we go'’’
Expected: 5.2 Acc.by PLB (2206.09401) | | o .
Observed: 3.3
—| Combined~  #: 2.4 2.9
bb bb ||§||I|11111111I|111]1111I111|
(E)):;ee(:‘tlee(; 47_ 22 Nature 607 (2022) 60 0 5 1 0 1 5 20 25 30
.................................................................................................. —] 950/o CL upper Ilmlt on HH Slgnal Strength uHH
Comb. of &
Expected: 2.5 Nature 607 (2022) 60 p— — - —— N ———— —
Observed: 3.4 l I " 1
100 1000 : *
95°% CL lmit o o(pp — HHo. | CMS: 3.4 observed (2.5 expected) |

Theory W

95% CL limit on o(HH)/o(HH)sm
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http://Just%20updated:%20https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma

CMS 138 b (13 TeV)
i I I 1 I I I 1 I I | I 1 1 I I I 1 I I I I I I I I I I I I I 1 I I I 1
L K =Ky =Ky =1 —— Observed ~ -==-- Median expected -
~—— Theory prediction ¥ 68% expected
----- 95% expected

—
o

w
T

95% CL limit on o(pp — HH (incl.)) / fb
2

Excluded

N

Excluded

1 0 __ 1 I 1 1 1 I 1 1 1 I\l 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I\l I 1 1 1 I 1 —_
6 4 =2 0 2 4 6 8 10
. N - K,
CMS 138 fb”' (13 TeV)
103 :— I I I I I I I 1 I I I I I I I I I I I I I I I | I I I I —:
K=K =K =1 —— Observed ~ -=--- Median expected -
I ~—— Theory prediction B8 68% expected ]
- e 95% expected .
- X i

-
o
N

Excluded

95% CL limit on o(pp — HH (incl.)) / fb
o

1 | 1 1 1 I 1 1 1 1

Excluded

I.N.I..\.I....I....

2 1
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DI-HIQgs combinations ¢4\ _.

Setting interval limits on K / Koy

ATLAS: HH + H combination

T Y QOOQO >
/ N H |
H----- = \m;---- H A boo---- H
. A H!
i 9 \QQQQQ ) —————
9 (0000 +— o q > - q
N “H
tA Yo - H vy lse---- H
o i
9 Q0000 —— ¢ — —
g 1 .4 | | | | I | | | | I | | | | I | I | | I | | | | I | | | |
. ATLAS —— 68%CLHH+H
. Vs=13TeV, 126—139 b ==+ 95%CLHH+H 7
1.3 Al other « fixed to SM — O8%CLA
| Observed == 95%CLA i
u — 68% CL HH |
- — =+ 95% CL HH -
1.2F S M orediction — Another remarkable
B op BestftHH+H - '
i i unexpected achievement
1.1 - for the LHC experiments. ..
' E How f ?
: : ow far can we go”
0.9F : E
| | | ' | | | ] | | | I | | | |
-10 15 20
KA _\ |
Combination assumption Obs. 95% CL Exp.95%CL  Obs. value*' | T
1 1 —_ —_ — +1.9 . ' '
HH combination 0.6 <k;<6.6 21<k3 <78 k1 =3.1*, S|ng|e_|—| helps JUSt a b|'|:
Single-H combination -4.0<k3 <103 -52<ky<1L5 k3 =2.5%3
HH+H combination —04<k3<63 -19<k<76 k3 =3.0"3
HH+H combination, «, floating -0.4 <Ky <6.3 -19<k; <76 Ky = 3,04:11-2
HH+H combination, k;, Ky, kp, k; floating —-1.4 <k, < 6.1 22 <ky <1 Ky = 2.3’3'_%) 27




_ Single experiment sensitivity i
Nature 607 (2022) 60-68 S }S ) 4
w— below the SM @ HL-LHC DI-HIggs reach EAR

CMS

How far can we go”?

> * Expected self-coupling modifier 95% C.L. constraint:

2 10 | —= : A . .
o~ E ] e Single- and di-Higgs current combination: [-1.9, 7.6] vs HL-LHC projection: [0.0, 2.5]
S~ = —
= - =
= i
T 1: <10 I T T T T T T T T I T T T T I T T T T g : IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
o F c [ ATLAS —— H kg only ] £ 20f ATLAS Preliminary =
Q Vs =13TeV, 126—139 fb-’ N . _ _1 , -
\6' A - ’ = HH K only . | - Vs =14 TeV, 3000 fb , -
CC) 102 - | 8 _— Expected SM HH + H K> only —— 17.5 :— [;on_:'esonant HH ' —:
— I -l - aseline -
£ i HH + H kj only: AIH + H K generic ] 15 Asimov data (k) = 1) —
j 6l 95%: K € [-1.9,7.6] _ - —— bbT*T" -
o 10 3 R HH + H k; generic: . 12.5F —— bbyy E
I?r\: - 950/0: K/\ e [_2-2’ 77] .......................... Fjssssnssnnnnnnnnn sLLLLLL . —— bBbB 7
o N

't - [
| ) _ Sla
77,- —o— Observed i Bl 95%
arf, 1s HL. o -
J/L/‘/C Ry, pape,. LHC --Medianexp. | 200 NN S 68% __| 2.5 ¥
b e 0 ' p— S S ga%
95% exp. -5 0 5 10 A a—
K\ K\
Run2: [arXiv:2211.01216] HL-LHC projection [ATL-PHYS-PUB-2022-053]

We’ll combine ATLAS and CMS + (improvements)n

5-sigma evidence for di-Higgs production at the HL-LHC
quite possible [...3-sigma after Run 3 - why not}
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https://www.nature.com/articles/s41586-022-04892-x

& |s there room for decays to undetected/invisible particles”

% given all that has been observed/measured...

One way to do that would be to consider the Higgs
coupling measurements and then see how much
space is left for “left-out” decays (“undetected”)

(a) VBF topology

BSM new interactions

AR

Can also search directly:

(b) Z + H topology

Hadronic recoil for many channels

138 fb~! (13 TeV)

CMS ttH categories SR B(H-inv) = 0.10
i, single top tEX B Total bkg. (S+B fit)unc. == VH - ttH
105 Z(w) + jets B QCD multijet == VBF == ggH —— Total bkg. (CR only) [}
- W(Iv) + jets m Multiboson
2Boosted 1t 1w 5j
10 1b . 2b 1b . 2b 1b ; 2b

1 1b , 2b

—— Total bkg. (S+B fit)

1b

Data

6j
.2

g g
t
H
- o -
t
g
(c) tH topology (d) VBF + photon topology (e) H+jet topology

Imits for I\/Ilssmg Transverse E channels

—

0.9F ATLAS — Observed —:
= Vs=7TeV,47f' ... Expected 3
- s=8TeV, 20.3fb' I +1o
o Vs =13 TeV, 139 fb' [ ]+2c

D
':l )
b -
n -

— QObserved

-2 InA

Vs=13TeV, 36.1— 139 fb™

my = 125.09 GeV, |yH| &25 -- SM expected

95% CL

68% CL

S0 quite a bit of room still. ..

J. Konlgsberg @ Aspen 2023

Owimp-nucleon [€M?]

[ : I B R kL | i L L | . LR AL |

- ATLAS E
= .
1 0—37 - \\\ Vs= 7TeV, 47f' —
i \\ V5= 8TeV, 203" -
aE \ ' Vs=13TeV, 139fb" =
107" = =
Frmiia.. o, \ —
— e e e gt ; -
R ff; ,,,,, 5 —
io%E e : _
= eesm=====c LI B TJ.’_T- oL LA '—"'.‘—_
I B —
10—49 :_ """""""""""""""""""""""""""""" ) ,_:
= .oherent elastic m'ulrilm-nm'luu.\' scatter mg__
105 £ -
L lll L LA lll | ! ll-l

107" 1 10 10°
Mye [GEV]

B
All limits at 90% CL

<0.093

H — inv

Higgs Portal WIMP:
Scalar

Majorana

VectorEFT

Other experiments:
- Xenon1T-Mig
KEELY DS50-MigNQ
— — DS50-MigQF
- = = - PandaX-4T
LUX-ZEPLIN

95% CL upper limitonB,, .
. I_

ATLAS:arXiv:2301.10731
CMS: arXiv:2303.01214

(cm?)

DM-nucleon

Sl

(0

Vectoryy model, o = 0.2

A\
A
)N

O

0 .
*
k)

491fb" (7 TeV), 19.7 b (8 TeV), 140 fb™ (13 TeV)

.,
0' CMS

.
---------

IIII T T ll|lll|

90% CL limits
B(H — inv) <0.14

Higgs portal models

= - - Majorana fermion DM

Interpretation
iIN DM models

~ - Scalar DM
V-
= = - Vector DMUV™
Vector DM radiative
m, = 100 GeV
radiative
Vector DM m, = 65 GeV
--------
------

L
lllllllll
.t
''''''''''
.
llllllll

Direct-detection
«ss CRESST-IIl
sss DarkSide-50
ssx PandaX-4T
sss LUX-ZEPLIN

1 1 1 L

10
mpy, (GeV)

10?
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= j | [ i |
Does the Higgs violate lepton flavor” BSM new interactions A

% needs 1o be tested

1‘ ATLAS Search for H - et and H - |.|t arXiv:2302.05225

1x CMS search for H — eH for M 110 160 GeV 22002 ,  H-etassuming BR(H - pt)= 0

or for

H- pt assuming BR(H-et) =0

|
:
|
|
|
o CMS Preliminary 138 fb' (13 TeV) I _
_ CMSrreliminary 138 o' (13 TeV) g T AR | Simultaneous search for H . etand H - pt
=R gﬁ{cl;tog:oz o gwwgécwgeés,smmggs § e observed : BR(H — 6'[) < 023% (012% exp)
o -t Bl DY+Jets ross Sec. tat. Unc. 7F chesrv - |
S} mm tedets ¢ Data  — H(125)—ep (B=1.0%) T F expected £ 1o < V. 0 . 0
3105 . | . L < 6;_ !ex:c:e:;; E i BR(H — |..|T) O 17/0 (0 09/0 eXp) BR(H . e.[) < 020% (012% exp)
5" 5 %5 1513 R ! - BR(H - put) < 0.18% (0.09% exp)
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But not the end to the questions Self <& strengths >SS b octric

coupling S N e Y 3 Dipole
measurements L 0 9 W . % 4 > ¥ Moments

Stay tuned for more and more
innovative results / techniques
from Run 2 and Run 3

e 1 <, . As we prepare for the surprises
T o that the HL-LHC will yield

Origin of EWSB?

Multi-Higgs
resonances @

Differential
Cross Sections

Higgs Portal
to Hidden Sectors?

Thermal History of < > Stability of Universe
Universe

“So “new physics” [beyond bump ,o/ots] IS much more o’ee,o/y aboutnew phenomenaano’

‘new principles. The discovery of the Higgs particle - especially with nothing else
accompanying it so far - is unlike anything we have seen in any state of nature, and it is

‘profoundly “new physics” in this sense...”

Snowmass Higgs Report

“... It s the first example we’ve seen of the simplest possible type of elementary particle.
It has no spin, no charge, only mass, and this extreme simplicity makes it theoretically

perplexing’.

“ ..measure the hell out of these crazy phenomena!

|
— N. Arkani-Hamed April 2079 CERN Courier
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