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HIGGS MEASUREMENTS AT THELHC

- Wednesday’s lecture by John Ellis:

, , , Outline of today’s lecture:
Historical perspective and

theoretical implications . Brief introduction

e Thursday’s lecture by Marumi Kado: - Measuring Cross sections and Branching ratios
CMS, ATLAS, the Higgs discovery
and Run2 - Higgs properties

- Today: the future! - Rare Decays

- Higgs Couplings

- HH
Not possible to cover all ) . : - BSM Higgs
: : | won't have time to discuss
future prospects in detail: detector unarades!
general picture P9 ' » And beyond?
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FROM DISCOVERY TO
PRECISION




ONLY? ALREADY?10 YEARS AGO...
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Mass m = 125.18 + 0.16 GeV
Full width ' < 0.013 GeV, CL = 95%

HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 4+ 0.11
W Ww* = 1087718

Z7* =1.147013

vy = 1.16 £+ 0.18

bb = 0.95 + 0.22

pTpT =00+1.3

TV~ =112 + 0.23

Zv < 6.6, CL =95%

tt H? Production = 2.31’8:%

As Marumi explained yesterday, we have really come a very long way since the discovery plots
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CMS Experiment at the LHC, CERN at the LHC, CERN
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« Measurements of Mass (to 0.11%!), Width, CP

« The main production modes have been
explored in detail, with precise
measurements of the signal strength/cross
section (down to 10% precision)

» The coupling to the SM particles is well
established for the main decay modes, and
already at evidence level for several of the
statistically dominated ones

« Extensive list of searches for BSM
properties, so far finding good agreement
with the SM, but with ample phase-space to
probe in the future
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Ratio to SM

35.9-137 fb™' (13 TeV)

= CMS Supplementary

. m, =125.38 GeV
= p-value = 44%

Leptons and neutrinos Quarks

ﬂlﬂ :

Force carriers Higgs boson

particle mass (GeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

STILL, WE HAVE ONLY ACCESSED A 5% OF THE FULL LHC
DATASET. WHAT IS AHEAD?

2021
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Long Shutdown 3 (LS3)
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Last updated: January 2022

protons physics By the end of Run3, double the current dataset!
ﬁg?;n\;;szoclgnmgmv:;g:o:?:;;magnet training Ru n4+RU n5 - HL'LHC -> 20X
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HIGH LUMI & HIGH PILEUP

e High statistics does not come for free: extremely challenging
&-IE-!T ﬁ NST conditions

e High luminosity = 200 soft pp interactions per crossing

e Detector elements and electronics are exposed to high radiation
dose

at <p>=200

Extensive upgrade program by ATLAS and CMS underway, with the
goal of at least maintaining the current performance despite the
hard conditions

G Gparmart o LG G / Effective pileup mitigation & extended capabilities with new

“Data recorded; 2016-Oct-14 09:56:16.733952 GMT
Run./ Event /L. S:283171./. 142530805 /254",

\ Wildgp algorithms
S\ Increased detector acceptance

Increased spatial granularity to resolve signals from individual
particles

Precise timing measurements to provide an additional dimension
for discrimination
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The next 20 Years of LHC: Towards HL-LHC

HL-LHC

HL-LHC
installation
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ATLAS - CMS
HL upgrade
A
Phase 2 (Major ATLAS and CMS upgrades with deployment during LS3) 2024-2026
ATLAS CMS
- Full Si tracker up to 4 (with HW track trigger). - Strips and pixels replaced with higher granularity up to 3.8 (and HW trigger).
- Calorimeter electronics upgrade - New EndCap calorimeters HGCAL (High granularity) Silicon Pb/Steel 26 X0 and
- Timing detector with partial eta coverage (2.4 -  Scintillator/Steel 9 Int. Lengths.
4) LGAD silicon: 30 ps resolution. - ECAL Barrel: New shaping with faster time rise to reach 30 ps timing resolution!
- Muon coverage (also possibly at LS4) - Full coverage timing detector (up to eta 3) LGAD silicon: 30-40 ps resolution.
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Upgrades planned and
under discussion

REMEMBER YESTERDAY'S LECTURE!
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https://indico.cern.ch/event/1139772

EXPLORING THE FUTURE DATA OF THELHC

- Do we really understand how the Higgs boson is produced? And how it decays?
- What is the nature of the Higgs? (Properties: Mass, Width, Spin)
« How does it couple to Standard Model particles?
- Does it couple to the second generation?
« Does it couple to itself?
- Does it decay unusually? (BSM, eg: Dark Matter?)

 |s the Higgs alone?
The data of the Run3 of the LHC and of the

HL-LHC era will be fundamental in
. Where does the Higgs mechanism come from? characterising the Higgs boson

 |s it really an elementary particle?
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MEASURING CROSS
SECTIONS AND
BRANCHING RATIOS
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CROSS SECTIONS TODAY

How well will we know
cross sections (and
branching ratios) by the
end of the LHC?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

arbitrary units

INGREDIENTS OF A HL-LHC PROJECTION
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG

arbitrary units
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INGREDIENTS OF A HL-LHC PROJECTION
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A CHALLENGE FOR THE FUTURE: THEORY UNCERTAINTIES

-Theoretical uncertainties (on signal and backgrounds)
already very important in Higgs measurements. As statistics
iIncrease and our handle on experimental uncertainties gets
better, they will become dominant

-The data of the LHC will feed into our understanding of
some of these uncertainties: eg, PDFs

*HL-LHC projections usually assumes improvement upon
current (YR4): flat factor of 1/2

-Experimental uncertainties are also assumed to improve
in the projections (taking into account the upgraded
detectors future performance)

In practice, the improvements needed depend heavily on the
process under study and the phase space (eg, high pt)
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ANALYSIS EVOLVE!
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CROSS SECTIONS AND BRANCHING RATIOS @ HL-LHC

ATLAS+CMS
combination

Extrapolating the current
analyses, and combining
CMS and ATLAS,
precisions of few
percent can be reached
for all production modes,
and for all branching
ratios (except for rare
decays!)

Large impact of theory
uncertainties (except for
rare modes)

Maria Cepeda (CIEMAT)

ggH

VBF

OwH

Oz

O4H

(s =14 TeV, 3000 b per experiment

Total ATLAS and CMS
—— Statistical HL-LHC Projection
—— Experimental
—_— Theory Uncertainty [%]

Tot Stat Exp Th

1 2% 1 4%

1.6 0.7 08 1.2

” |11

3.1 1.8 1.3 2.1

5.7 33 24 40

4.2 26 1.3 3.1

4.3 13 1.8 3.7

Expected uncertainty

16

0 002 004 006 008 01 012 0.14

Total

—— Statistical
—— EXxperimental
—— Theory

4%

s =14 TeV, 3000 fb™' per experiment

ATLAS and CMS
HL-LHC Projection

Uncertainty [%]
Tot Stat Exp Th
26 1.0 1.5 1.9

29 12 15 22
28 1.1 12 23
29 14 13 22
44 15 13 4.0

8.2 74 15 3.0

19.114.3 3.2 12.2

T L

0 005 0.1

015 02 025
Expected uncertainty

10th June 2022



OVERALL AGREEMENT IN RATEISONLY THE BEGINNING

do /d P+(H)

Pr(H
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OVERALL AGREEMENT IN RATEISONLY THE BEGINNING
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002

FROM SIGNAL STRENGTHS TO DIFFERENTIAL CROSS SECTIONS
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With the Run2 data we are already exploring Higgs production in depth. We need more

statistics! Run3 and HL-LHC will be a game changer for many of these measurements
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-08/

DIFFERENTIAL CROSS SECTIONS @ HL-LHC

Measurement limited
by systematic
uncertainties except
at very high pr.

Expected precision
of ~ 10% for pt(H) >
350 GeV
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Ac/Ap” (pb/GeV)

Ratio to prediction

10

107

107

10—5 =111
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CMS Projection

3000 fb' (13 TeV)
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Ogy from CYRM-2017-002
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Ao(p] > 600) / 250
Ao(p] > 200) / 120
Ao(p: > 600) / 250

18

lllll

—
-
-
—
—

0.5,

18y La¥ "ﬁ--ﬂ“ii—---—-ﬁ---ﬁ—-ﬁi—-----&Q-----%‘{---4,{4}--

19

0 15 30 45 80 120 200 350 600
p™ (GeV)

o)
=3
lz30
‘_g T L
o5 -
- ATLAS Preliminary
- Projection from Run 2 data
- {s=14 TeV, 3000 fb™
20— Hoyy+H-SZZ >4
E [} HL-LHC No Sys
15— I HL-LHC Sys. + Stat -
- [ HL-LHC Scaled Sys. + Stat.
A RN NN WA (N TN TN M NN TR NN SN NN TN S S NN N T N S S,
©1.05
® 1
@Tp 95 .
0 0.30 0.60 0.90 1.20 1.60 2.50
yH
’; . __—
% —
a F e e
=§- - [ e e
8|°  ATLAS Prelimina
ry
Projection from Run 2 data
101 Vs=14 TeV, 3000 fo’’ —
- H-oyy+H-ZZ-> 4l
B [} HL-LHC No Sys
| [ HL-LHC Sys. + Stat.
HL-LHC Scaled Sys. + Stat.
| SR HLAC Scaled Sys. + St L eeempm—
o 1.1
% DRI R R R
o
0 30 55 75 120 ; 350
P [GeV]

10th June 2022



VBF + V(— qq)H
[60, 120] [350, oo

[350, oo

[120,200] [200, 300][300, [ [0, 200]

gluon fusion + gg — Z(— qq)H
[0, 350]

[60, 120]
> 1

[0, 350*

m, [GeV]
N(jets)

p_(H) [GeV]

T

SIMPLIFIED TEMPLATE CROSS SECTIONS

R

T

ATLAS Preliminary H- g, ly [<25
Projection from Run 2 data HL-LHC, {s = 14 TeV, 3000 fb

= Total

— Stat.

Theo.

ATL-PHYS-PUB-2022-003

Tot. (Stat., Syst. )

+0.18
0.15)

+0.07
“0.07)

+0.10
—0.10)
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( -0.07
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-0.08 )
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+0.15
—0.14)

1.00

+0.20 ,+0.10 +0.17

1.00 (o 47)
IIIII-ITI-TIII|IIII|I_IO-I20I|_OI1IOI_?1|7II

o
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(0xB)™™ / (oxB)™™
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Already with individual
channels (Htautau, Hbbb):
10% in high pt bins , <10% in
high mjj VBF

| I | | | I | | I I | I | I
ATLAS Preliminary
Projection from Run 2 data

VH, H — bb Vs=14 TeV, 3000 fb™

ATL-PHYS-PUB-2021-039

® Exp. =—Tot. unc. -Stat. unc. Theo. unc.
Tot. (Stat., Syst.)
WH, 150 < p." < 250 GeV oy o
WH, p." > 250 GeV ‘006" 0,09
ZH, 75 < pZ' < 150 GeV e Toee
ZH, 150 < p>* < 250 GeV —-¢ —i 1.00 “07° s, o
ZH, p>' > 250 GeV ————i e ooa
1 I 1 | | | | | I | 1 | I 1 | |
0.8 1 1.2 1.8 2
o X B normalised to SM
NEW FOR SNOWMASS!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039

CMS Projection 3000 fb™' (13 TeV)
| — Combination| W/ YR18 syst. uncert. (S2)
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HIGGS PROPERTIES



THE NATURE OF THE HIGGS

Total W|dth’7

[" lzfetzme

Mass? Spin?



THE NATURE OF THE HIGGS

Mass
Free in the SM, now known to 0.1%

(H— ZZ — 4land H — yy)

%180__I | | | | Illll | I‘Ill:)tl | | I I_
0 - ATLAS Preliminary o o s cey
LD'IGOLH%ZZ — 4] B 22 ]
N - Vs=13TeV, 139 fb” oL VWY
E 140 s B Z-jets, tt _
§ 120 E 77 Uncertainty i
L C
100
80F
60F
40 F
20|
O80 100 120 140 160
m,, [GeV]

CMS : 125.38 £0.14 GeV (0.11%)

ATLAS : 124.92 £ 0.19(star)* )0 (syst) GeV (0.17%)
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THE NATURE OF THE HIGGS

Free in the SM, now known to 0.1%

(H— ZZ — 4land H — yy)

> 180 __ | | | | | | | | | | | I | | | I | T

8 '°'F ATLAS Preliminary & 02 -

LO16O—H%ZZ — 4] B z2) ]

N - Vs=13TeV, 139 0™ oL VWY -

_,\9 140 :— | - Z+jets, t.f _:

§ 120 - 77/ Uncertainty i
LLI _
100
80F
60F
40
20

O80 100 120 140 160
m,, [GeV]

CMS : 125.38 £0.14 GeV (0.11%)

ATLAS : 124.92 £ 0.19(star)
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+0.09
—0.06

(syst) GeV (0.17%)

Total Width

Very small in SM! (4 MeV)

Direct measurement: <1.1 GeV (95%CL)

Offshell/onshell H — Z/Z — > 4]

CMS <140 fb' (13 TeV)
B I I | | | I | | I | I I | I
14~ — SM-like (fai=0)
12__ - 1:a2 (U) _
. fa3 (u)
10 — fa1 (U) g
— Pl
C s
- 8 - ;i—
< Observed s
QA I 4
' 6 Expected o
af 4 -
- / /" 95% CL -
D -
SN 68% CL -
O B \\\\ J_.-—-r’//l/ | | | | | ! | ]
0 S 10 15

24
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THE NATURE OF THE HIGGS

Mass Total Width Spin: O+ (SM-like)

= i I el S Sl AL S
Free in the SM, now knownto 0.1%  Verysmallin SM! (4 MeV) T
7, 77 4] dH Direct measurement: <1.1 GeV (95%CL) £ | e
— — — 5 008
( an }/7) Offshell/onshell H - ZZ — > 4l g I ~
2 0.06_ E
> | | | | | | | | I | | | I | | | I | _ CMS S1 40 fb_1 (13 TeV) -
O 180 — . . ® Daa — i T T T T | T T T T | T T T T 0,04_
O - fl LéZS* Prillmlnary W Higgs (125 GeV) - 14~ — SM-like (f =0) l
0 1601~ 7 PO . z2) — i ai | 0.02f
o - Vs=13TeV, 139 fb XX VW - - — 1, (u) i -
21401 e - er - O35 10 20 30
qC) ] 77/, Uncertainty - - f3.3 (U) ’ ) 2xIn(L_/L,.)
Lﬁ120;_ _E } 10—_fA1(u) —;
100" : 2 | s T T
80 ] < | Observed 4 o TF T 56 ]
- - Ql I i S s T e E
- i ' 6 Expected ] j: ’ -
60~ - A i 05F & 3
- - : - oF- -
40t : Y 7" 95% CL - ; ;
B _ { / | 0.5 —
20 _ 2 y - - T S ]
0 o e N N RS B 2\ /// 68% CL ~ _15_ ATLAS _§
80 100 120 140 160 oL é_—q—/’. L 1|0 L 1_5 —1 -55— Vs=13TeV, 139 fb" O
m,, [GeV] I, (MeV) 245 s 0 05 1 H.li(;c;s'(é)
CMS : 125.38 £0.14 GeV (0.11%) FH — 3 2 2.4 17 MeV Does the Higgs sector have a new
+0.09 - — 1. : : -
ATLAS : 124.92 % 0.19(stat)7y oo (syst) GeV (0.17%) source of Charge-Parity violation?
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MASS MEASUREMENT @ HL-LHC

eRelieson H — ZZ — 4land H — yy:
narrow peaks, good mass resolution

- The precision with which we can measure
mu is directly linked to precision with which
we can measure photons and leptons
(energy scale and resolution)

« How well can we measure mH in the future?
And how well do we *need* to measure it?

e Precision of few tens of MeV reachable.
The ultimate HL-LHC will combine

H— 7Z7Z — > 4/ and H — yy and with
ATLAS. Can we get to 10-20 MeV?

Maria Cepeda (CIEMAT)

Mass uncertainty (MeV) Width upper limit at 95 % CL (MeV)
H—ZZ Combined 41 e 2024 2ue Combined
Stat. uncertainty 22 28 83 51 59 04
Syst. uncertainty 20 15 189 94 95 150
Total 30 32 206 107 112 177

Top pole mass M, in GeV

25

Reminder from John Ellis’ Lecturel
- Buttazzo et al, arXiv:1307.3536;

[nstability

Franceschini et al, 2203.17197

Measured

Stability

124

126

128 130

Higgs pole mass M;, in GeV
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HIGGS WIDTH @ HL-LHC

3000 fb™' (13 TeV)
J_IIII|IIII|IIII|IIII|IIII|IIIIJ_

. CMS Projection ] ® Remember: Very small in SM! (4 MeV)

] p— w/ YR18 syst. uncert. (fai=0) __F

- w/ Run 2 syst. uncert. (f =0) | e Exploit / — ZZ measurements:
i ;T ® Direct width: 177 MeV @ 95% CL (CMS, Snowmass)

--- w/ Stat. uncert. only (fai=0)
o 4L Offshell: 25% precision at 68% CL (20% assuming
CMS+ATLAS: +-0.8 MeV)

101

® From couplings: 'Hif kv<1 —> 5% precision at 95% CL

e 1 — yy interference study: <40-50 'sm (old, ATLAS),
reduction of the on-shell rate by 2% (Campbell, Carena,
Harnik, Liu)

= ot R B I
1 2 3 4 5 6 7
r. (MeV) ® Completely different picture in lepton colliders! (~1-2%)

0

Maria Cepeda (CIEMAT) 26 10th June 2022



CP IN THE HIGGS SECTOR

 Does the Higgs sector have a new source of Charge-
Parity violation? CMS Supplementary Projection, 3 ab” (13 Tev)

- FLELELES B
- Constraints based on HVV, ttH, HTT D 60 — With YR18 syst. uncert. : Gy, 2045
. o <a [\ — With YR18 syst. uncert. + bbb : Olese. =0+5
- For example, using H — 77 decays: scan the mixing N 50\ — With Stat. uncert. only : &%, =0+5
angle «H™™ where O (90)° corresponds to a pure scalar : — With Run 2 syst. uncert. : 4. =0 +5
(pseudoscalar) coupling 40[- ‘ ,
. Run2: aH1T = -1+19° (0+21° exp) at 68%CL 20k /-
. S N N AN :
- Expect AaxHT™ = 5° with 30Q0 tb-1 Z : :
pept (PCP,?_ . ¢ept 20 5 B
4 Al L4 : '
/ / (0] =< N 2 3
o — \ ; ;
\ T \A+ o] I P B +F IR PRI R
40 30 -20 -10 0 10 20 30 40
T . . o (degrees)
/Tn /?n T /?n
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RARE DECAYS




COUPLING TO THE SECOND GENERATION: H— |

CMS 137 fb' (13 TeV)

Do all SM families
get their mass from
the same Higgs

Local p-value

field?

§ O amas T T T o 1 | Highlight of 2020: _ _
o 600 Vs=13TeV, 139 fb" — Totalpdf = — . .
% 500; H — uu, In(1 + S/B) weighted .._.S:?gﬁa;dadf —; eVIdence for the 10 é_ — Combined — VBF-cat. —g
D 400 = coupling to the E Observed — ggH-cat. ttH-cat. :
E 300 = . ! — VH-cat. |
®  200E- = second generatlon! T o) TEET PR FEUTE FRTE FURTE FEUTE U SUT PR N
= = = 120 121 122 123 124 125 126 127 128 129 130

100E” - m,, (GeV)
2 2
| 0
5 CMS: 11=1.19+0.40_g 39 (stat)+015.014 (syst) — 3.0(2.5)c

110 115 120 125 130 135 140 145 150 155 160

. [GeV] ATLAS: p=1.2:0.6 —» 2.0(1.7)c
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COUPLING TO THE SECOND GENERATION: H— |

3000 fb~1(14 TeV)

14 TeV, 200 PU
D' 0050 J ' I T [ | | T T | , T r ' - 01 O

., 0.30 e 1)

: g PUETgrs X - CMS :
Statistically limited: Run3 and HL-LHC game S g os| Phase-2 Projection Preliminary -
changers 5 I :

o : . | with Run 2 syst. uncert. (S1):  with HL-LHC syst. uncert. (S2): _
Upgrades qlso very |mpor.tant_. CMS example, tracker 0.20f® e e e A
upgrade brings on resolution improvements & Yellow Report 2018 ¢ Yellow Report 2018 -

. Observation by the end Of Run3 015 -©- Snowmass 2021 -@- Snowmass 2021 -

< 0.045 E_ CMS Phase-2 Simulation _i %

0.040 f— barrel-barrel category H—u*u’, Phase-2 —f 0.05 FTR-21- 0 8 ~8~ % ]

—  mass resolution: 0.65% ] :
0.035 Gauss Fit, Phase-2 = 0.00 (30 -35% |mprovement wrt YR study) | | i
0030 E — - Gauss Fit, Run-1 = 0 500 1000 1500 2000 2500 3000

= - 1
0.025 |- = L [fb™]
0.020 |- =

- - | | stat
0-015 - - B =— CMS+ATLAS 8.2 7.4 15 3.0
0.010 = —
0.005 - = B == 191143 3.2 122
0.00910 ' 190 | 140 0 0.05 0.1 0.15 0.2 O.2§

m,, [GeV’ Expected uncertainty
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/

HOW CHARMING IS THE HIGGS?

« What about the coupling to second gen quarks?
« Charm quark: only up-type quark for which we could possibly measure the branching ratio (~3%)
- Do up-type quarks get their mass from the same Higgs fields as down-type quarks and charged leptons?

. Difficult measurement (not only statistics, we need to be able to identify charm jets!)
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HOW CHARMING IS THE HIGGS?

« What about the coupling to second gen quarks?

« Charm quark: only up-type quark for which we could possibly measure the branching ratio (~3%)

- Do up-type quarks get their mass from the same Higgs fields as down-type quarks and charged leptons?

. Difficult measurement (not only statistics, we need to be able to identify charm jets!)

138 fo' (13 TeV)
el i S

—
N
o
o

N I —

§ - CMS —4— Observed I VH(HobD) -

T B e [ ]vz(z-ce) [ ] vv(other) |

S 1000 — Pre//ml_nary Bl single Top [t ]

< - Merged-jet. [] Wsjets [ ] Z+jets -

'% 800 All categories Bl VH(H—ce), 1=7.7 55 B uncertainty _|

= _ S/(S+B) weighted _

m B ]

b 600 i —

%) B g i

400 e —

4 i

% n — —— —— |

EXPERIMENT
Run: 309892 5ol | | | | , |

Event: 4866214607 60 80 100 120 140 160 180 200

2016-07-16 06:20:19 CEST

Higgs candidate mass [GeV]

CMS:
H(VH, Hee) < 7.60(14.4)xSM
(95%CL)

ATLAS:

u(VH, Hee) < 26(31)xSM
(95%CL)
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CAN WE MEASURE THE CHARM COUPLING AT HL-LHC?

» The projections of the latests Run2 results bring a large jump In

sensitivity with respect to the previous prospects

- Future innovations in jet reconstruction, c-identification and

analysis can have a large impact here !

ATLAS 3000 fb-': p < 6.4
CMS 3000 fb-': u<1.6
LHCb 300fb'. u<O(10)

3000 fb' (14 TeV)
ELL AL R

CMS Phase-2 Projection Preliminary 3000 fb' (14 TeV)

CMS Phase-2 Projection Preliminary
ISR B B B L L L

= 1.5 i }_40 4 .
7 14: ¢ SM : ¢ SM
T T —zt10o E 3 —zt 1o ]
=~ 13 e +20 - ; CMS-HIG-21-008 --= t20c
1.23— _ 2:— N
HE e T : 1:_ _
1E < ¢ > . )
oof e E Jy .
0.8| E o i
- My HHE-bb) = 1.00 £0.03(stat) + 0.04(syst), 1 i
0.7} E : : .
06f MVHH-cE) = 1.0 £ 0.6(stat) + 0.5(syst). E =r - Aim for kc at @(1)
L T R e S E— ‘3-;2""—1|.5" = '—o|.5" (I) 'o.|5" 4 '115" 2 atHL'LHC
MVH(Hecc) Kb
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http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008

- The large datasets collected in Run3 and HL-LHC will be fundamental to
search for rarer decays of the Higgs and to probe the lighter yukawa
couplings

- H->Zy already discussed by Marumi yesterday. A very good example of how
analyses outpace projections!

» Other examples:
* H->J/Y y ( probe c coupling )
« H->®y / py ( probe light-quark couplings )
« H->yQ, ZQ, or QQ (could arrive at values of several 10-5, close to
the SM or reducing the range for several BSM scenarios)

 Light Yukawa: Indirect constraints (eg from differential distributions,
off-shell couplings, or from the global coupling fits) complement the
direct searches

« What about H->ee? Very small Br~5x10-° in the SM: at the LHC we
can look for deviations in the yukawa. Run2 limits ~3x10-4 at 95 % CL
(CMS, similar in ATLAS) and statistically limited
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OTHER RARE DECAYS

1

HL-LHC projection
1.7

global (95% CL)

direct search (95% CL)
1 kinematic (95% CL)
B width (off-shell, 68% cL)
_ width (int., 95% CL)
Bl cxclusive (95% CL)

3.0 x 10?

83

1.4 x 10°

3000 b~

i

B

I
projected coupling limit

U
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HIGGS COUPLINGS



HOW WELL DO WE KNOW THE HIGGS COUPLINGS?

- In the Kappa Framework (simple parametrisation ATLAS Preliminary s GL
widely used by LHC experiments), already known (s=13TeV, 24.5- 139 fb’ ’
to 6-15% (still with partial Run2 statistics) my =125.09GeV, ly | <25 959, CL
K ——— \ =
i(k) - Tk O el -
. i\Kj J i il
ot —>H—> )= = =
( /) ['y(k;) | ] il
Kb  ——— D —
202V, M 2~ SM - § 2 '
O =K, (K) O I =k (k) T/ - I S i
W, Z “g I ; ] :
Ky ——— ———
___________ B, B.=B,=0
H B, | Pgy=92% )
| | | | |
0.8 1 12 0 0.5 1
W, Z

ATLAS-CONF-2020-027
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

HOW WELL WILL WE KNOW THE HIGGS COUPLINGS?

s =14 TeV, 3000 fb™' per experiment

T I T T T I T T

Precision of 2-4% can be Total ATLAS and CMS
reached for the non- — Statistical HL-LHC Projection
« L. . — EXperimental
StﬂtlStlcally dominated —— Theory Uncertainty [%]
mOdeS = 4 Tot Stat Exp Th
Y — | 3 1.8 08 10 13
Ky 17 08 07 13
KZ 1.5 07 06 12
Kg = 25 09 08 21
K; 34 09 11 3.1
Kp 3.7 1.3 13 32

1.9 09 08 15

]11

Ky { i 43 38 10 17

Kz i 1 9.8 72 17 64
L

0 002 004 006 008 01 012 0.14
Expected uncertainty
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HOW WELL WILL WE KNOW THE HIGGS COUPLINGS?

_ 1 -
s =14 TeV, 3000 fb™' per experiment ——— '{'E'_ 14TeY 3000 fb. per elxpe'nrpe'nt

Precision of 2-4% can be Total ATLAS and CMS Total - ATLAS and CMS
reached for the non- — Etatist.ical _ HL-LHC Projeciion — g&gﬁiﬁ@:mm HL-LHC Projection
. . . —— Experimenta S
StﬂtlStlca"y dominated —— Theory Uncertainty [%] — Theory Uncertainty [%]
mOdeS - . Tot Stat Exp Th » Tot Stat Exp Th
Y = 1.8 08 10 13 gZ ; ; 1.8 06 07 15
Kw 17 08 07 13 }’Zg 26 1.2 09 21
- Rz 1.5 0.7.06 1.2 7‘19 3.4 09 1.2 30
If uncertainties Kg= ] 25 05 05 o . -
) ] ' ' ' WZ i t 15 07 08 1.1
are a bottleneck: K — | 24 00 11 31 S
. . t ; i N 7“72 i i 1.5 07 1.0 08
exploit ratios. K, — 27 13 13 20 -
| | 7\.12 ; ; 1.8 09 10 1.2
K: =_ | 19 09 08 15 A
| 1 ' : 3.1 13 13 26
Improved K, ﬁ ra 56 10 1s }Lbz E E
precision through Ky, — 08 75 17 ca nz 42 38 1.0 15
cancelation of 0 005 004 008 008 01 043 oia rMozm—m——_  |es 721883
Uncertainties Expected uncertainty 0 002 004 006 0.08 01 012 0.14

Expected uncertainty
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HOW WELL SHOULD WE KNOW THE HIGGS COUPLINGS?

/ \_

SMALL CORRECTIONS EXPECTED IN MANY BSM MODELS

If new physics is at | TeV:

Singlet <6% <6% <6%

2HDM (large tp) ~1% ~10% ~1%

MSSM ~.001% ~1.6% ~- 4%

Composite ~-3% ~-(3-9)% ~-9%

Top Partner ~-2% ~-2% ~1%

Patterns of deviations can pinpoint specific BSM physics
2
: : : U

 Generically new physics effects on couplings ~ 7z~ O(6%) for M=1 TeV
* Only now are we approaching sensitivity where we expect deviations Sally Dawson
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GLOBAL FITS

-Higgs results tells us only part of Higgs couplings + DY + Diboson observables
the story: we need to think sol [EEEfi|] ~  WLHC+LEPISLD W HL-LHC --- ecuswebownd i
globally about all LHC B e Fit by J. De Blas et al
measurements 10— il O R B B e | R 0.01
«Slow move to EFT approaches i > | BEER TR 1 E—] 1l - 04 E
that eventually will involve all I% i s
precision data available R R R R - 1
10N = l,

\VVery complicated to do well:

long experimental process, .

through Run3 to the HL-LHC ~ Ow Ooc Own O Oww Oue Owe Owo Ou Oy O:w Oz O

95% probability limits on the new physics interaction scale
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CHASING
THE SELF-COUPLING



THE HIGGS SELF-COUPLING

A4 V()
/ —Does the Higgs couple to itself?
( )
This costs too much ] ]
<= energy! | think Il —Access the shape of the Higgs potential!

® @ hang out down there.

. v,
Higgs
/ \ potential
N Re ¢’

S T g

L =|D,®|* — p*d°

For 1 < 0, minimum v =

Caterina Vernieri
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LOOKING FOR PAIRS OF HIGGS BOSONS

- Main avenue at LHC to probe the self-coupling:
HH production. Very small cross section!

 Deviations in the Self-coupling:
_ SM
Ky = Agrn! Aggn

« Current reach (at 95% CL):

o
HH,S3and—1,SK;L,S6
5SM

HH
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» Two Higgses: many possible decays
- Golden channels: bbyy , bbtt, bbbb
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- Exploits the excellent diphoton resolution of the detectors . -
- Categories designed to probe larger and smaller ranges of ka, kav 2 -
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

H — bbrr
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ggF+VBF: upper limit at

95%CL limits on kx

95% CL on 0/0sm observed
4.2 (5.7) [-1.5, 6.7]
HH=bbyy 7.7 (5.2) [-3.3, 8.5]
4.7 (3.9) [-2.4, 9.2]
HH=bbrT 3.3 (5.2) [-1.8, 8.8]
HH-bbbb 3.9 (7.8) [-2.3, 9.4]
9.9 (5.1) (boosted) [-9.9, 16.9]
HH-bbZZ 30 (37) [-9, 14]
HH->WWWW, HH—-T1TTT,
AR 21.8 (19.6) [-7, 11.7]
Partial combination 3.1(3.1) [-11, 6.6]

More channels (eg, bbWW) and final Run2 combination coming soon!
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STATUS OF FULL RUN2 SEARCHES

ATLAS
CMS
Obs(Exp)
E 104 | ATILAS I|:>IrIe|lir;]ilnlalryI IIIII ;l (I)blsér\lleld Ilinl1itl (S'BSI%I ClL) B
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é B Theory prediction
+ SM prediction
‘5 103
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102}
' Observed: Ky € [-1.0, 6.6] - EEW -
i —— bbttt™ |
| Expected: k) € [-1.2,7.2] —— Combined -
101 .......................................
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VBF HH AND Kav

- Cross Section:very small in the
SM, experimental limits still two
orders of magnitude over

oy pr = 1.72670%%% (scale) =+ 2.1% (PDF+ag) fb

- Example CMS bbTTt : upper
limit at 95% of 124(154)xSM

e Constraints on Koy

(HH — bbbb) [fb]

H)B

95% CL upper limit on o(pp — qgqH

q | q
Ry - -- H
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—/ —— -/
—/
138 fb' (13 TeV)
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- Ky =K, =
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o <
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—
TTTT

4b

CMS Preliminary

bbtr, 138 fb (13 TeV)
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¢ Standard model

s===: 68% expected

Excluded (expected)
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DIHIGGS @ HL-LHC

ATLAS and CMS 3000 fb' (14 TeV) ATLAS and CMS HL-LHC prospects 3 ab' (14 TeV)
1 I | | 1 I.I ] I | | il | 1 I I I I I | | | IHIL IL,-IICI I | | | t | 1 12 - -
— ; - prospects 5} o nifi .
bbyy o  ATLAS = I SM HH significance: 4o — Combination
| —_ 8M8b, ' 3 10l 0.1 < k1 < 2.3 [95% CL]
- — = —_  — Y
bbtt . : — . — S%T L:ggelgtg.inty o i 0.5<k1<1.5[68% CL] "~ bbyy
k 4 —t
| l : 99.4% CL S N N bbrr
g . 4 B ' o
bbbb — | » o bbbb
_ ;-7////////J,/////////////////////////////////- S o —
bbVV(Iviv) Hil . - i bbZZ*(4l)
| 95% CL 4 :—ﬂ R Y APt i e 2 I bbVV(Iviv)
_ VI i ‘ K
bbZZ(4l) - . - - ‘ ' ,
| p— 2.
combined II L 68% CL B . T T T Te) ey
o b by by by by by _l L | |~|~|“|:T. ) ¢" _1_‘,.',-:-—|-|:|:|'|'|'|'|',",-|-,-,.,.,_I i | 1417
—2 0 2 4 6 8 10 12 14 %30 1 2 3 4 5 6 7 8
Kl K2

Combining CMS and ATLAS data, in 2018 we projected a significance of
40 and a 50% uncertainty on k) by the end of HL-LHC . This is likely to
be outperformed, and the HL-LHC will reach 50
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UPDATES TO THE HH PROJECTIONS

CMS Phase-2 Simulation Preliminary
—r r 1 r r 1 1 1t 1 T 71T 1

3000t~ (14 TeV)
— R Ucre

Updates to the projections done in the context of Snowmass: improvements per channel

(ATLAS and CMS both improved by ~20-30%) and new channels incorporated

(WWyy ,TTYY)

Full CMS+ATLAS combination not yet redone: on track for the 5 sigmas

First ttHH projection (Third largest cross section among the HH production models,

interplay between ttH and ttHH)

Significance [o]

Combined signal

— .
| m  YRI18 (x10) # YR18 conservative (x10) m  Stat. only (x10)
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) i = +0.34 +0.2 +035
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oL
) I +0.53 +0.56 +033 ]
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| |-
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ot } | 3.14_ 3.26 ., 216_ .. |
ttHH [ ' o
i | —e—— |
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Uncertainty scenario bbyy bbrtr~ Combination | strength precision [%)]
No syst. unc. 2.3 4.0 4.6 —23/ + 23
Baseline 2.2 2.8 3.2 —31/ + 34
Theoretical unc. halved 1.1 1.7 2.0 —49/ + 51
Run 2 syst. unc. 1.1 1.5 1.7 —57/ + 68
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INDIRECT CONSTRAINTS

HH searches dominate the self-coupling hunt, but Single Higgs measurements
can also yield interesting constraints on the self coupling, and be combined with
HH production.

Run2 examples: Single Higgs constraints from STXS, combined analysis of H
and HH in Hyy modes

HL-LHC projection example: constraint from ttH Hyy

. . .. 1
CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV) i f’"’,"‘f’af’o," Pr ,‘9”,'""”‘? S 3,3? (14 Tev)
—~ - ] ’ —
> c = : ' =
8 —— Stat + exp. syst. + ggH+VH theo. uncert. - - i w/ YR18 syst. uncert. -
g 1072 :_ l Hadron.ic categories only g 5 :_ ------. Stat. uncert. only _:
— [ Leptonic categories only ' B ~
o — i - - -
2 ot Expectation x, =10 C Hadronic categories only N
g L Ty Jﬂ- -------- Expectation x, =-5 41— ' _
E B | | I ttH+tH theo. uncert. ':QSTCL' ‘ Leptonic categories only 7
jT: - : N _
i~ ’ ; 3 K =1 —
m I B
x 10°—  wememeeeee- ]ﬂ- EEEEEEEEEE: - a
£ = t (0" > 350 GeV)/150 GeV ol ]
Iz [ T - -
- B ' 1 - _
° T : - i
| wH CLLLLLOLET | | TEELLELELT 7
M <25 E H —sswer n
L Hoyy: p} >20 GeV, 'l <25 ' = i
>=2 jets: pl >25 GeV, Il < 4, at least one b jet : _ | . ~ | | _
I i o 5 5 10 15 20

0 45 80 120 350 "

p? (GeV) A
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IS THE HIGGS THE PORTAL
TO NEW PHYSICS?



MOVING BEYOND THE SM

1 . N
Dark Matter U;’aiil::;le‘::y
Higgs portal HIGGS .

Higes DM mediator heavy new physics

& Relaxation
Inflation :
Higgs inflation Phase transitions Fate of thbe‘ ;Jnlverse
Inflaton vs Higgs Baryogenesis Stability
J gravitational waves Veronica Sanz i
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MOVING BEYOND THE SM

1 \o
Dark Matter Ugaﬁ::;;‘::y
Higgs portal HIGGS .

Higes DM mediator heavy new physics

i Relaxation
Inflation :
Higgs inflation Phase transitions Fate of thbe‘ ;Jnlverse
Inflaton vs Higgs Baryogenesis Stability
gravitational waves Veronica Sanz i
J ‘

We have found and measured a Higgs boson with my=125 GeV
But do we really understand what it is, what it means, where it comes from?
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CAN THE HIGGS BOSON DECAY “UNUSUALLY"?

- Why should we assume the Higgs boson follow the SM rules strictly?

- We can also search for Higgs — BSM . eg: Dark Matter, LFV, light (pseudo)-scalars...

ATLAS Preliminary

(s =13 Te\, 245 139" %% o

my, = 125.00GeV. ly, [ <25/ 959, cL——
" L =
ey | i DU 0.02
e - Bry Bri,
Kp | ———— ——— |
. i s free ky
Kg _ ———— —"-— —
Ky —-—o—— —-o-— HL-LHC

| Bi=Buso I _ 00 06 12 1.8 24 3.0

pg,, = 92%

B, o | | % Bu<19% J. High Energ. Phys.
2020, 139 (2020
0.8 1 12 0 0.5 1 r F%M : KI%I (RO,
ATLAS-CONF-2020-027 H (BR;,,+ BR, ;..)
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http://J.%20High%20Energ.%20Phys.%202020,%20139%20(2020)
http://J.%20High%20Energ.%20Phys.%202020,%20139%20(2020)

DOES THE HIGGS BOSON COUPLE TO DARK MATTER?
‘Higgs = BSM particles?

Direct searches for Higgs decays to undetectable
particles (‘invisible decays’) — search for Dark Matter!
(Higgs Portal)

0_25— I I IIIIIII 1 I lllllll 1 I IIIIIII I I LI
B _ <0.127 ATLAS

_________ Current Sensitivity:10% level
pem T (95%CL)

18 neutrino-nucleus scattering
arXiv:2202.07953

E -
—27 [
o 107 E
[ _— r
S = Alllimits at 90% CL / {s =13 TeV, 139 fb
m B Ll
S e
2 10°® F - . |
4 Y ",..-*" Higgs Portal WIMP: Other experiments:
S = °y _.»~M,=0.01GeV 44444 Scalar <« =« DarkSide-50
b; i e, = Majorana == PandaX-4T
- T~ 4 - -
; 0_39 = el xRS Vectorper Cresst-llI
I L
= s L Ry

o CMS: Br(Hinv) < 0.18 (0.10)

o 1w w0 o ATLAS: Br(Hinv) < 0.145 (0.103)
mW.Mp‘ e |
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https://arxiv.org/abs/2202.07953
https://arxiv.org/abs/2202.07953

HIGGS INVISIBLE @ HL-LHC

Remember: Run2 sensitivity ~10% @ VH: ATLAS, 2013: <8%’ e 95%’(“-
95%CL (dominated by the VBF channel) VBF: CMS, 2018: <3.8% @ 95%CL

HL-LHC
The challenge here is the high PU : the (#ver.vH - BRiny) < 2.5%.

upgraded detectors will be instrumental

30
- I I IIIIIIIIIIIIIIIIII l I ] 1
- CMS Phase-2
Simulation imin

s 18 Preliminary

16 " = Median exp. vs E?"‘
- [ 68% exp.
- [ ] 95% exp.

~ 4 Median exp. smeared E?"’

)

N

o
o

A Delphes analysis for the VBF analysis show
that with optimisation, changing the MET
thresholds, we can maintain the sensitivity

— ) =

Adding H->Inv to the global coupling fit: limit
better than 2% @ 95 %CL (ATLAS+CMS)

95% CL upper limit on ¢ x B(H— inv)/csS (%

llllllllllllllllllllllllll 1
0 150 200 250 300 350 400

Minimum threshold on ET"** (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html

OTHER EXOTIC HIGGS DECAYS

Exotic Higgs decays beyond invisible, LFV, new (pseudo)scalars, LLP, dark photons, ALPs,...

Huge phase space to probe, analysis typically limited by statistics... however very few available

projections

Large potential gain from
detector upgrades: track
triggers, timing, long lived

decays

Maria Cepeda (CIEMAT)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-035/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-002

H/A — 77~ expected exclusion (95% C.L.) _
S 1 ATLAS3ab ' @ CMS3ab™! == ATLAS 36.1 fb~! [JHEP 01(2018)055] Is the Higgs alone?
+1o = = CMS 35.9 fb~! [JHEP 09(2018)007]
+20 ) _
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5) rates Myp#(125 £ 3) GeV d
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! .
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] 4 . . .
30 E ' L K ] any sign of a new Higgs-like
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LA 4 - ]
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[ | VA4 4/ | 4 A A ‘ .
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500 oo - 1900 2000 o0l S0 range in depth P J
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EXTENDED HIGGS SECTORS
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-22-006

IS THE HIGGS BOSON COMPOSITE?

(13 TeV)

i%yl [ | | I [ | [ I | [ I | | | |

CMS

[ Indirect search (Oblique W), 101 fb™

£ Direct search (SSM W'), 138 fb”
[ Direct search (HVT W), 101 fo

X
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BEYOND THE LHC



HIGGS AT THE END OF THE HL-LHC

(s =14 TeV, 3000 fb™' per experiment

ATLAS and CMS HL-LHC prospects

3 ab-! (14 TeV)

Total ATLAS and CMS 12— ,
— Statistical L — - ' SM HH si ifj - 4 !
HL-LHC Projection = L sSigniticance. 40 | : L
— EXperimental ‘ c | 9 : — Combination
—— Theory Uncertainty [%] <10 ¢ 0.1 <k1<2.3[95% CL] : B
o= for st n S | 05<ki<1.5[68% CL : "=~ bbyy
y = 3 18 08 10 13 - ' ;
Kyw = 1.7 08 07 13 09 4% CL 8 - _I‘,‘ _________________ _ :: bbrr
K, = 1.5 07 06 12 I “. '." “==" bbbb
Kg = 25 09 08 21 4 ' ; b5 ZZ* (41)
Ki = 34 09 1.1 3.1 ) - ' B "/ 1 -
3 ; 9% CL af= o\ T oo bhVV(Iviv)
Kp D= 3.7 13 13 32 ' y
Ky =~ 1.9 09 08 15 2'1 Y : ;. .
K = 43 38 1.0 17 68%CL [ no_S_3\__ o I
Ky —_— —— 9.8 7.2 1.7 64 oL B ST PR L e PeE :
i B e et R E 2 1 0 1 2 3 4 5 6 7 8
0 0.02 004 006 008 0.1 012 0.14
Expected uncertainty K2
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BEYOND HL-LHC

2030 2040 2060
H couplings to: O(5-15)% O0(0.1-1)% O(1)%o
H self-coupling to <O(50) % 0(20) % Oo(M)%

From C. Vernieri - EF Workshop - Brown U. - March 2022
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THE FUTURE IS BRIGHT

a1

mf’t B HL+p coll.y oy - 1 ot B HL+p coll.ygroy _ 100~
1
68% probability bounds on «;
arXiv:2203.07261 :

10} — Muon Collider
9
‘s ] -

Kw Kz Kg KY sz K¢
10 " I Improvement wrt. HL-LHC I
1E —1 JE 1 JB 1 II[j 1
Kz Kg

Examples taken from the summary
talks at the Snowmass EF workshop:
https://indico.fnal.gov/event/52465/

and Laura Reina’s talk at SM@LHC
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https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2107.02686
https://arxiv.org/abs/2203.07535
https://arxiv.org/abs/2203.09512
https://arxiv.org/abs/2007.01296
https://indico.fnal.gov/event/52465/
https://indico.cern.ch/event/1101427/contributions/4714945/

‘In 2012 we knew we had found a new particle that looked like
the Higgs boson, but we did not yet know what it was

10 years later, we have measured its properties, observed it
couple to bosons and fermions, and studied of its kinematics
with increasing precision. It is now one of our best tools to
understand the standard model and go beyond. We have a lot
of work ahead.

It is a Higgs Boson, but is it really the one and only SM Higgs
boson? Do we understand what it is, what it implies for the
universe? Measuring precisely its properties is one of the keys
to the unknown BSM realm, and one of the main goals of
experimental particle physics today

CONCLUSIONS
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CMS and ATLAS Higgs results:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

‘We have only explored a very small fraction of the full LHC
dataset, we have a lot of work and data ahead to understand
the particle properly

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
European Strategy Yellow Report 2018: CERN-LPCC-2018-04
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
https://cds.cern.ch/record/2650162?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/

Everything about Higgs 1s Puzzling

yHy + p?|H|? — M\ H|* - Voll+ ... ‘Many questions

~|* Pattern of Yukawa couplings y: .l ahead: _ATI—AS_ clgle
— Flavour problem CMS will continue

e Magnitude of mass term p: puzzle-solving during
— Naturalness/hierarchy problem Run3 and the HL-LHC
* Magnitude of quartic coupling A:
— Stability of electroweak vacuum *The next chapter of

» Cosmological constant term V;: "Higgstory” awaits us
— Dark energy

Higher-dimensional interactions?
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