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Recap

@ | ong-lasting search for the Higgs boson at LEP, Tevatron and LHC
® | ast missing particle predicted by the Standard Model

® W and Z boson @ SppS in 1983
® Top quark @ Tevatron in 1995
® Tau neutrino @ DONUT in 2000

@ Finally observed by the ATLAS and CMS collaborations at the LHC in 2012

® Main discovery channels: H — v+, H — ZZ(*) — 4£ (mass peaks)
® Other channels contributing: H — WW(*) — Ivlv,H — 77, H — bb
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Higgs-Boson Mass my: Run 1 Combination

3/49

L e LA e o e I e o e e e e o s e s s
ATLAS and CMS ——iTotal Stat. =3 Syst.
LHC Run1 Total  Stat. Syst.

ATLAS H—yy F——e——+ 126.02+0.51 (*0.43 + 0.27) GeV
CMS H-yy | 124.70 + 0.34 (+ 0.31 £ 0.15) GeV
ATLAS H-ZZ -4 A 124.51+ 0.52 (+ 0.52 + 0.04) GeV
CMS H-ZZ -4l ——— 125.59 + 0.45 (£ 0.42 + 0.17) GeV
ATLAS+CMS yy I—El—l 125.07 + 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4l '_PE_| 125.15 + 0.40 (+ 0.37 + 0.15) GeV
ATLAS+CMS yy+4l I-IE-I 125.09 +0.24 ( +0.21+0.11) GeV
co b by by b b by by
123 124 125 126 127 128 129
m,, [GeV]
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® Measurement precision: 2 - 10~ — one of most precisely known SM parameters, still statistics limited
@ Breakdown of systematic uncertainties: =0.11 (scale) + 0.02 (others) + 0.01 (theory) GeV

— energy scale uncertainties dominant
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Higgs-Boson Mass my: Uncertainties

ATLAS and CMS  Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result

ATLAS ECAL non-linearity / | | ]
CMS photon non-linearity

Material in front of ECAL 1
ECAL longitudinal response [T 7 ]
1
|

ECAL lateral shower shape

Photon energy resolution

ATLAS H - yy vertex & conversion
reconstruction

—1
Z - ee calibration

CMS electron energy scale & resolution

€08161 (5102) ¥11 “HoTAdY SAUd

T

Muon momentum scale & resolution [.1]

ATLAS H - yy background modeling

UHUHUHJHH

Integrated luminosity
Additional experimental ATLAS CMs Combined
systematic uncertainties Observed Observed Observed

Theory uncertainties [CJExpected [CJExpected [CJExpected

0 0.05 01 O 0.05 0.1 0 0.02 0.04 0.06
om,, [GeV]
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Higgs-Boson Mass my: Combination

@ Combination at level of likelihoods: minimise negative logartihm of profile-likelihood ratio

A(me) = L(my, é(mH)) O(my) : values that maximise £ for given my
L, 0) M, @ : values that maximise £ globally

& A function of mass-dependent H — ~~ and H — ZZ — 4/ signal strengths

T 3 3T
£ [ ATLAS and CMS Hoyy ] = r ATLAS and CMS 1
Z s —H-zZ -4 = > [ LHC Run1 b
c [ LHCRun1 —— Combined yy+4l 1 2 & 25 v CMS H-2Z -8l —| 3
Y o Stat. only uncert. 7 @ = T Le====- < —— All combined 18
" 5 : : A 3 2 r - T 12
C L H g1 = [ C R X Bestfit 1=
C K H g1 2 5 2 . —— 68%CL g
4 -‘ / 7 o [ 1z
E : { J 12 [ 1=
£ /1R L\ 1w
3 ElE 15 %, e
2t 47 1% : -
C ; 1 8 . S 18
C 3 ] 1 ]
1F ] [ ]
0;‘ N I /‘,///\ 1 o Y S R S AR AN WP
124 1245 125 1255 126 ! 124 1245 125 1255 126 126.5 127
my [GeV] m,, [GeV]
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Higgs-Boson Mass my: Status Summer 2023

® Most precise measurement in H — ZZ — 4/ and
H — ~7v decay channels by the CMS
Collaboration

® my = 125.38 + 0.11 (stat) & 0.08 (syst) GeV
® Precision: < 0.1 % level
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CMS
Run 1: 5.1 fo™ (7 TeV) + 19.7 fo™ (8 TeV) —— Total Stat. Only
2016: 35.9 fb™ (13 TeV)
Total (Stat. Only) -
Run 1 H-yy —_—— 124.70£0.34 (+031) GeV | §
i
o
Runl1H- ZZ- 4l —— 125.59 + 0.46 ( + 0.42) GeV ;
3
Run 1 Combined 125.07 £ 0.28 (£0.26) GeV | o
S
S
5
2016 H-yy ——h 125.78 + 0.26 (+0.18) GeV | 3
&
b
N
2016 H- ZZ - 4l --l- 12526 +0.21 (+0.19) GeV |
2016 Combined -l—- 125.46 + 0.16 ( + 0.13) GeV
Run 1 + 2016 -T- 125.38 + 0.14 (£ 0.11) GeV
\\1\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\
122 123 124 125 126 127 128 129
m,, (GeV)
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Higgs-Boson Width [y A“(IT
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3 )

5 F

I 15

SR:

® Reminder: natural total decay width I'y of Higgs - 13
boson in SM only 4 MeV 10;
® Typical mass resolution in H — ~y/4¢: F ]
1-2.5% (1-3GeV) 1
® Measured Higgs line shape entirely resolution F / ]
dominated 107E / |
10-2y 3
10’3 | | | | L ]

80100 200 300 1000
M, [GeV]
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Higgs-Boson Width 'y
3 )
= 10 ET ER
8 it
=107
@ Reminder: natural total decay width I'y of Higgs . 13
boson in SM only 4 MeV 10¢
® Typical mass resolution in H — ~y/4¢: F ]
1-2.5% (1-3GeV) 1E
® Measured Higgs line shape entirely resolution F / 3
dominated 1071 .
a |deas for Higgs-boson width measurement B / ]
® Direct (model-independent): fit of Higgs line shape 102E E
® Indirect (model-dependent): off-shell effects J ;
8L | | | | L
1080100 200 300 1000

M, [GeV]
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Higgs-Boson Width [: Direct Measurement
® [nvariant mass distribution of unstable particles with decay width I': Breit—-Wigner distribution
do 1 r—o T 5
am & (g2 — m?)? + mr2 mré(qz—m )
® g: momentum transfer
a [ — 0: narrow-width approximation
— production and decay factorize
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Higgs-Boson Width [': Direct Measurement
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® [nvariant mass distribution of unstable particles with decay width I': Breit—-Wigner distribution

do 1
dn? * (& — nPy t nere
® g: momentum transfer
a [ — 0: narrow-width approximation
— production and decay factorize
® Experimentally accessible: convolution of decay width
and detector resolution
@ Decay channels: H — v, H — 4/
® Likelihood fit to signal model: consistent with 'y = 0
® Upper 95 % CL limit (Run 1):
'y < 1.7GeV (2.3GeV expected)
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Higgs-Boson Width [,: Indirect Measurement

@ |dea: ratio of on-shell and off-shell Higgs-boson production sensitive to Higgs-boson width

14 CMS 19.7 b (8 TeV) + 5.1 fb* (7 TeV)
a H—>ZZ—> 4€ _Cj ——— H -~ WW (observed) ~ ------- H — WW (expected)
’ 2 12 H - ZZ (observed) ~ -=-eee- H - ZZ (expected)
® On-shell: 105.6 < my; < 140.6 GeV ~ s ,
1 H - ZZ+WW (observed)  ------- H — ZZ+WW (expectet
= Off-shell: 220 < my, < 1600 GeV 10/ e oo |
a H-WW— (viv: 8i 1.
® On-shell: me < 70 GeV B 12
= Off-shell: mg > 70 GeV or i B
® Combined 95 % CL limit: 'y < 13 MeV (26 MeV oL : L ;:ﬁ"‘i’% ‘g’
expected) b B
I
60
r, (MeV)
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Higgs-Boson Width [: Status Summer 2023

I'y(GeV)

L10 (L102) L1 d3HP

10/49

CMS
5

+

CMS <140 fb* (13 Tev)

14- — 212v+4l off-shell + 4l on-shell

359 b (13 TeV) — 2I2v off-shell + 4l on-shell

— L
i= 12~ — 4l off-shell + 41 on-shell
< L
o 3 10 Observed
? Expected
w 2 P
£ 8-
<
o

95% CL

15
off-shell
He

68% CL.

62€} (2202) 81 'shud 1eN

0 2 4 6 8 10 12 14 16 18 0 5 10
m, (GeV) 2AINL T (Mev)

@ Direct measurement: 'y < 1.10GeV (95% C.L.)

2.4

® From on-shell/off-shell ratio: My = 3.2753 MeV, first evidence (3.60) for off-shell contribution
& Assuming same couplings at high ZZ mass, no BSM particles, ...

14.7.2023
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Higgs-Boson Spin and Parity

® SM prediction for the Higgs boson are J” = 0%
@ Can be measured from angular analysis of decay products in H — ~v, H — ZZ — 4/

& Probes CP in HVV couplings
® First measurements in Yukawa sector from ttH with H —
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Higgs-Boson Spin and Parity (H — ZZ — 4/)

& Kinematics fully determined by

@ Decay planes of Z »:
5 angles‘ Q= (67, 1, 0,04, 62)

® Polar angle of Z bosons (6*)

® Azimuthal angle of Z4 plane (¢1)

® Azimuthal angle of Z, plane relative to Z1 plane (¢)
® Polar angles of leptons relative to Z1 2 (61,2)

soliadold sBBIH "¢ :suondag ssoi) sBBIH DHT JO YoogpueH
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Higgs-Boson Spin and Parity (H — ZZ — 4/)

@ Prediction of angular distributions for decay of spin
0/1/2 particles to ZZ: hypothesis test: Spin 0 _Spint Spin 2

+ H ,
aJ E . |
+ with hi i : PXOOK
® J" with higher-dim. operators b1 ] Py
i
— b
e J . £ |
Spin 0 Spin 1 Spin 2 ST G TS SRS S
. : ! . . :
mz1 & - i | A W \\‘,N j
© P i cos 64 :; ’ 4 s
* E) 4 o
B
o oo o G R S
m ‘ A p
M | s i £
mz2 . 1 Zj - €OS B2 F e
° : ' 15 % o
N | H 4
% m s TETE TS s 13 2 3 52 08 02 02 06 08 02 02
m, [GeV) m, (GeV) ™, (GeV) “eost, T oo,
2| = 4} 20|
cos 6* W “ “
F q : E
ol af
PR B SVRSIFE B .40, A ARSIV [ SRR I S——
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Higgs-Boson Spin and Parity (H — ZZ — 4/)

14/49

® Measurements favour J© = 07 hypothesis (i. e. SM) with high confidence level
@ Admixtures of other states still well possible

14.7.2023
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Matrix-Element Method (MEM) A“(IT

@ Entire parton-level kinematics of a process contained in squared scattering amplitude
— “matrix element” (ME)
a Matrix-element method (MEM): construct event-based likelihood discriminant that fully exploits all
information from matrix element

a Likelihood function for a given process contains hard-scattering ME for that process (see next slides)
® For each event: ratio of likelihood functions for observed set of kinematic variables X under signal hypothesis
S and background hypothesis B;

— L(7|S)
R(X) = L(X|S) + Y, ciL(X|B))
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Matrix Element and Phase Space

® Main ingredient of event-based likelihood: parton-level cross sections for signal and (main) backgrounds

1. Consider cross section for all processes pp — y under hypothesis H with parton-level kinematics y that
could have led to the reconstruction-level final state x with kinematics X

partons dzdz
U<k .
ouop > y) = > [ o2 @)ila) | Mutik - E [ @riesn
K ZiZkS | e — || —— || ~Y———
PDFs matrix element phase space

@ Approach uses QCD factorisation theorem:

® PDFs fj, fx
@ Hard-scattering matrix element My
@ |orentz-invariant phase-space volume element ddy
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Matrix Element and Phase Space

® Main ingredient of event-based likelihood: parton-level cross sections for signal and (main) backgrounds

1. Consider cross section for all processes pp — y under hypothesis H with parton-level kinematics y that
could have led to the reconstruction-level final state x with kinematics X

partons dzdz
U<k .
ouop > y) = > [ o2 @)ila) | Mutik - E [ @riesn
K ZiZkS | e — || —— || ~Y———
PDFs matrix element phase space

@ Approach uses QCD factorisation theorem:

® PDFs fj, fx
@ Hard-scattering matrix element My
@ |orentz-invariant phase-space volume element ddy

& Current implementations: LO ME, first attempts at NLO
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Matrix Element and Phase Space A“(IT

Karlsruhe Institute of Technology

® Main ingredient of event-based likelihood: parton-level cross sections for signal and (main) backgrounds

1. Consider cross section for all processes pp — y under hypothesis H with parton-level kinematics y that
could have led to the reconstruction-level final state x with kinematics X

partons

dzdz .
oulpp > y) =Y / os | 1@ || [Mul = ) | (27) dn
- —_——— | —— —— [ ——
Ik ! PDFs matrix element phase space

@ Approach uses QCD factorisation theorem:
® PDFs fj, fx
@ Hard-scattering matrix element My
@ |orentz-invariant phase-space volume element ddy
& Current implementations: LO ME, first attempts at NLO

a Integration over all unobserved variables in the event: parton momentum fractions, phase-space element
— often numerically expensive (limiting factor)
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Transfer Functions

2. Transfer functions W(X|y): translation from parton-level final-state to reconstruction level
® Account for limited detector resolution and combinatorics in matching parton-level and reconstruction-level
objects (esp. quarks/gluons — jets)

on(pp — x) = / o7 owu(pp — y)| W(F)F)

@ Transfer functions determined from MC simulation
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Transfer Functions

2. Transfer functions W(X|y): translation from parton-level final-state to reconstruction level
® Account for limited detector resolution and combinatorics in matching parton-level and reconstruction-level
objects (esp. quarks/gluons — jets)

on(pp — x) = / o7 owu(pp — y)| W(F)F)

a Transfer functions determined from MC simulation
3. Normalisation to (fiducial) cross section o}

of = / d%d7 ou(pp — )| WF) [[a(®)

with acceptance a(X) € [0, 1] for single event with kinematics X
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Transfer Functions

2. Transfer functions W(X|y): translation from parton-level final-state to reconstruction level
® Account for limited detector resolution and combinatorics in matching parton-level and reconstruction-level
objects (esp. quarks/gluons — jets)

on(pp — x) = / o7 owu(pp — y)| W(F)F)

a Transfer functions determined from MC simulation
3. Normalisation to (fiducial) cross section o}

of = / d%d7 ou(pp — )| WF) [[a(®)

with acceptance a(X) € [0, 1] for single event with kinematics X
4. Likelihood of event under hypothesis H = S, B;

orH(pp — X)

(o3

L(%|H) = T2
H
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MEM Application: MELA

CMS \'s=7 TeV, L=5.1 fb” \s=8 TeV, L=5.3 fb”!

@ Application of MEM to angular analysis of a 1
H—ZZ — 4/ X
® MELA: Matrix Element Likelihood Analysis
— already applied for CMS Higgs boson
discovery analysis

cqlprqr coded:
bkg. expectation
@ Purely leptonic final state: no phase space v

intergration and transfer functions
required

0€ (2102) 9128 Wo1'shud

T S 5=

0 i
100 110 120 130 140 150 160 170 180
my, (GeV)

@ MELA discriminant .
L(mZ1 , Mz, , Q; m4/|HS)

Kp = = —
L(mgz,, mz,,Q; may|Hs) + L(mz, , mz,, 2; ma|Hg)
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MEM Application: MELA

CMS \s=7 TeV, L=5.1 fb" \s=8 TeV, L=5.3 fb"

@ Application of MEM to angular analysis of a
H—2Z 4 X
@ MELA: Matrix Element Likelihood Analysis
— already applied for CMS Higgs boson
discovery analysis
@ Purely leptonic final state: no phase space
intergration and transfer functions
required

colour coded:
signal expectation

0€ (2102) 9128 Wo1'shud

0
100 110 120 130 140 150 160 170 180
my, (GeV)

® MELA discriminant .
L(rnZ1 ) rnZza Qv m4I|HS)

Kp = = —
L(mgz,, mz,, 2 may|Hs) + L(mz, , mz,, $2; ma|Hg)
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What Should We Do With the Higgs Boson? ﬂIT

The Standard Model Higgs Boson:

Branching ratios

Coupling to gauge Yukawa coupling WW* (21.9 %)
bosons to fermions
77 (6.2 %)
v b,T,u _
cc (2.9 %)
H H 27 (27%)
"""""""""" Pl (02%), 11 (0.02 %)
o m\2/ v X My b7, " others

bb (57.8 %)

Measure properties as precisely as possible!
Probe all possible couplings

— Test of the SM and probe of new physics
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Higgs Boson: Status Summer 2023

@ Higgs-boson signal firmly established
® Main discovery channels: H — v+, H — ZZ(*) — 4/ (mass peaks)

® Other channels contributing: H — WW(*) — Ivlv,H — 77, H — bb

a Full dataset of LHC Run 1 (2010-2012) analysed

® Many results from LHC Run 2 (2015-2018) published, still a few more to come

® LHC Run 3 (2022-2025) currently ongoing

a Observation (5 o) or evidence (3 o) in many individual decay channels, often combining several production
modes
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Higgs Boson: Status Summer 2023

@ Higgs-boson signal firmly established
® Main discovery channels: H — v+, H — ZZ(*) — 4/ (mass peaks)

® Other channels contributing: H — WW(*) — Ivlv,H — 77, H — bb

a Full dataset of LHC Run 1 (2010-2012) analysed

® Many results from LHC Run 2 (2015-2018) published, still a few more to come

® LHC Run 3 (2022-2025) currently ongoing

a Observation (5 o) or evidence (3 o) in many individual decay channels, often combining several production
modes

a |n the following: recent Higgs-boson production results and current topics
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Production and Decay Modes Studied
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rate

ggH VBF VH

rate

H — bb

H— 77

H — cc
H— WW* — 2/2v

H— vy

H—Zy

H— up
H— ZZ" — 4]

v
v

v

v
v

v

SSENENENEN

SN

Nils Faltermann:

Teilchenphysik Il - W, Z, Higgs am Collider

KIT

Karlsruhe Institute of Technology

KIT -ETP



Direct Coupling Measurements

@ Couplings to bosons observed with 5 o significance during Run 1

® Run 2: direct measurement of Higgs-fermion couplings

a® Observation of couplings to 3rd-generation fermions

H — 77 (2017)

[PLB 779 (2018) 283]

35.9 fb? (13 TeV)

2 ”CVNVI‘S”H‘H” e
4

O 4] 35| E
@
g 30f-+-observed 2.5 3
g R 2

o 3
3 Wves
£ Qcomutie 04
S 200 ones o =
9] [ ﬁ ToreL O T
2 0 50 100 150 200250 300 ]
o F m (GeV)
+  F m =
o f I VBF: LT, e, el E
o F

|

23/49

v e b Lo Lo ba
50 100

250 300
M (GeV)

14.7.2023

Events

Obs. / Bkg.

.t CMS ¢+ Observed
10 [ Background
Supplementary [ Uncertainty
10° {TH (u=1.26)
tH (u=1.00)
10*
10°
10°
10
i . . . . .
T T T T T
25
2.0
15 . S
1 T n T

ttH (2018)

[PRL 120 (2018) 231801]

5.1fb™ (7 TeV) + 19.7 fb (8 TeV) + 35.9 fb™ (13 TeV)

-3.0 =25 -2.0 71‘.5 -1.0 70‘ 5 0.0
log, (S/B)
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H — bb (2018)

[PRL 121 (2018) 121801]

77.2 0 (13 Tev)

1000 -

CMS ¢ Daa
I vHH-bD
[dvzz-vb
S+B uncertainty

60

I I I
80 100 120 140 160
mj) [GeV]
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Direct Coupling Measurements

@ Couplings to bosons observed with 5 o significance during Run 1
® Run 2: direct measurement of Higgs-fermion couplings
& First sensitivity to 2nd-generation fermions

H — cc (1 < 14, 2022) H — pp (first evidence, 2020)
[CMS-HIG-21-008, Submitted to PRL] [JHEP 01 (2021) 148]
o 137 fb* (13 Tev)
138 fb™ (13 Tev) S ARARaRRRARa=aSEES: A RAReEas ERE L
) T T T T T F 3
§ 1000 CMS B V-9, w77 ] & %F cms § Data
s [ wergediet E | "® 700E Al categories — S+B (1=1.19)
B gool_ Allcategories S S S/(S+8) weighted .-~ Bg. component
g E sis+e) weighted B V- B) ] o K m,, = 12538 GeV 1o
S r ] +
2 s00 — g sof =20 E
@ r 1 £
@ r ] =3
L o M 3 2
& o0 | E
L = ] [y
200 ] &
L ] a
100~ B subtracted |
= -+ ] g
0 @
& O
60 80 100 120 140 160 180 200 T T T
Higgs boson candidate mass [GeV] 110 115 120 125 130 135 140 145 150

m,, (GeV)
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Probing Yukawa Couplings

@ Entirely new sector of the SM:
® Higgs boson is the only fundamental boson of the SM to exhibit Yukawa couplings
® Fermion interactions illuminate nature of Higgs sector independently from gauge bosons

@ Measuring Higgs-fermion couplings probes the mechanism that generates the masses of the fundamental
fermions, including the electron
— Responsible for the stability of atoms!
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Example: Bottom-Higgs Coupling

® Measured in H — bb decays
® H — bb dominant decay channel but huge QCD
background at the LHC
— Most sensitive channel: associated W/Z

production
q

q

® Background reduced by requiring high-pr V boson
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77.2 b (13 TeV)

820000

= ¢ Data Bl WHbb

S CMS [ ggZHbb B ZHbb

- Supplementary = yys+r B VV+LF

ngOOO r [ . B Single top

k=) [ W+bb EWw+b

‘1;) [ W-+udscg [1z+bb

~ [OZ+b [ Z+udscg

310000 L 5% S+B uncertainty — VH,H-bb 2

5
&

5000 = 5

B
B
R

a 1.05 8

u)j =

- 1 T TP T 71

8 + ——

O ool v 1 P R Ly

60 80 100 120 140 160
m(jj) [GeV]
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Example: Bottom-Higgs Coupling
® Measured in H — bb decays o 41317 (13 Tev)
_ 2 10 _
® H — bb dominant decay channel but huge QCD £ CMS $ Daa B ogztbb
w Supplementary [l zHbb [CJvv+HF
background at the LHC 108 E 24 Highp,, [Jz+bb z+b
— Most sensitive channel: associated W/Z =\Z/;'ff;g =‘S‘
. 10* ingle top
productlon 3% s+B uncertainty — VHH-bb |
a 10? jzﬂ
q o 10% g
- . o 15 Y JH_P_H:A
@ Background reduced by requiring high-pr V boson 2 e g T
O o5 : oy

® Signal extraction using MVA-based observable: o 02 o4 o6 o8 1
® 4.4 (4.2 0) observed (expected) significance DNN output
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Further Channels Sensitive to H — bb
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Events / Bin

Data / Pred.

14.7.2023

CMS 35.9 b (13 TeV)
T T T T T T T T T T T T T T
SL (26 jets, 23 b tags)
{iH node
Post-it

 Data

[Msignal
Single t

W Vsiets

v

[l Diboson

N uncertainty

rotbod

PINN

S

iy

ot

P I N A W W
04 05 06 07 08 09

DNN discriminant

920 (6102) €06} dIHI

Events / 10 GeV

Data/MC -1

56 oo

SRohs

50 100

150 200 250 300
Regressed m. (GeV)

q

q

Data (set A)

8002€0 (5102) 260 ey 'shud

Events / 7 GeV

8000

7000}

6000

5000

4000}

3000

2000

1000
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35.9 b (13 TeV)
T I

T
CMs

T T T
450<p <1000GeV - W
z

i
-~ Multjet
52 Total background
I H(0D)
+ Daa

double-b tagger
passing region

+
e
e - ST "
-

Common approach: Higgs boson recoiling against other objects
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Example: Top-Higgs Coupling

@ |mportant property of the Higgs boson
® By far the largest Yukawa coupling
— Strong impact on SM and BSM physics
® |ndirect constraints from gluon-fusion production and
H — ~v decays (— later)
® Model dependent: assuming only SM contributions in loops

ttH production

tt associated Higgs boson production (ttH):
best direct probe of top-Higgs coupling
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ttH Measurements at the LHC

® Small production cross-section: 0.5 pb at 13 TeV/13.6 TeV
® Multitude of possible final states with many objects

tt decay channels

lepton: electron, muon

29/49

14.7.2023

Higgs boson decay channels

‘ H — bb

Ui

Karlsruhe Institute of Technology

‘ H— WW* /77 /72"

“multi-lepton analysis™

EEGE—

pIaIA
Alnd

| Hozzr >4

Different challenges — dedicated analysis techniques per channel
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Combination of ttH Searches
® Analyses with 2016 data

cus 35910 (13 Tev)

o
Tog(518)
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Combination of ttH Searches
@ Analyses with 2016 data

35.9 b (13 Te

B Background unc
[ otal background
L

4 Daa

Events / bin

J

5

orp

W
9|

o
1og, (558)
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Combination of ttH Searches

Events

30/49

& Analys

es with 2016 data

35.9 b7 (13 Tev)

< F T -
2 jef OMS R Background uno
27 359" (13 TeV)
& c T T T T
G 1sp—e——2 FCMS « Data
E 3 ok — Background 4
£ H [ Signal (1=0.72)
0t %m‘ —sMu=1 4
cus E
s F i3
__ 10°p 10
. = 0F
L E w0k
WE_ L.
g oF B
Q I | | | |
4

9 140 E
-25 m 12

. S
B oo E

a 06F 4

I I I I
25 20 15 10 05

£ ; Pre-fit expected log, (S/B)
5 = 1

14.7.2023

o
1og, (558)
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Combination of ttH Searches

KIT
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5.1 (7 TeV) + 19.7 b (8 TeV) + 35.9 fb? (13 TeV)

® Analyses with 2016 data

0
N . E CMS ¢ Observed
@ + Run 1 bb, multi-lepton, vy analyses g 10°f Supplementary [ Background
w Uncertainty
35913 Tey) 10° ttH (u=1.26)

BB Background unc

Events / bin

359113 Tev) a
c T T T T 10
@ fcms « Data

- wk — Background 4 3
z [ Signal (u=0.72) 10
S —sM@u=) 4

Events

ttH (1=1.00)

o 14F E| .

3 il 2 a5t

S

S osf R om

<4 2.0¢

0 0%E | | | 3 ~

25 20 s 0 -os %  15F
E i Pre-fit expected log, (S/B) _8 10
T -3.0
==

o
1og, (5/8)

@ Experimental uncertainties largely uncorrelated between Run 1 and 2
@ Signal and some background theory uncertainties correlated
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Combination of ttH Searches

® Analyses with 2016 data
@ + Run 1 bb, multi-lepton, vy analyses

35.9 b7 (13 Tev)

BB Background unc

35,9113 Tev)

T T T T
CMS + Data

L — Background 4

[T signal (1= 0.72)

—sM@=1y

Events / bin

i 4__._.—t—'=.#':£;
h

3
[ R ) ) ) E
BT T B T Y B H

Pre-fit expected log, (S/B)

o
1og, (5/8)

Events

Obs. / Bkg.
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5.1 (7 TeV) + 19.7 b (8 TeV) + 35.9 fb? (13 TeV)

o CMS ¢ Observed
10°F [ Background
Supplementary [ Uncertainty
10° ttH (1=1.26)
ttH (u=1.00)
104 L
10°F 3
2
102F 8
B
10F >
>
1 L L L L L g
T T T T T * 9
2.5¢ E|
2.0F 3
1.5¢ .« S 3
1.0 T T I 1 T
-3.0 -2.5 -2.0 -15 -1.0 -0.5 0.0
log, (S/B)

& Experimental uncertainties laraelv uncorrelated between Run 1 and 2

@ Signal and

5.2 0 (4.2 o) observed (expected) significance
Observation of ttH production process
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Combination of ttH Searches
5.1fb™ (7 TeV) + 19.7 fb™ (8 TeV) + 35.9 fb™ (13 TeV)
@® Ob d
CMS — ﬂcrs?sntl:t 0 syst)

= +10 (Syst)
—— 20 (stat O syst)

EHWWH) e
H(ZZ9)
tEtH(yy) ——-——
t{H(ﬁr) ——_—— -
i ‘ 3
ttH(bb) —ce— E
E
7+8 TeV N
13 Tev R —
Combined —p— i = 1.26t%g16

-1 0 1 2 3 4 5 6 7
ttH
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Example: ttH with H — bb

@ Among the most sensitive channels

® |arge branching ratio of 58 % — large rate (o - B ~ 295fb)

32/49

14.7.2023

t

t

H
\‘j
LN

b

8
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Example: ttH with H — bb

@ Among the most sensitive channels
® |arge branching ratio of 58 % — large rate (o - B ~ 295fb)

b

)

tt + bb
(10—20 x signal)
KIT -ETP

@ But challenging final state:
® Many jets: no unambiguous event reconstruction

® Large (irreducible) background due to tt + bb with large uncertainties
Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider
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Example: ttH with H — bb

@ Among the most sensitive channels
® |Largebranchina ratio of 58 % — larae rate (7 - 3 ~ 295 fb)

A A

@ But challenging final state: B
® Large (irreducible) background due to tt + bb with large uncertainties
® Many jets: no unambiguous event reconstruction
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Example: ttH with H — bb

@ Prime example of machine learning in LHC analysis

® Discriminating observable — separate signal from background

@ Categorisation — background control regions to constrain uncertainties
@ Many other applications:

® Obiject identification

a Jet-flavour tagging

a B-jet energy regression

& Event reconstruction

Much progress since first ttH analysis
e.g. binary-classification BDT — multi-classification Neural Network

Active development testing more advanced concepts
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Typical Multivariate Analysis

® Various input variables — single discriminating observable
a Kinematics of jets and leptons, b-tagging information, event topology

® Additional information from correlations

background signal

Events

MVA observable

KIT -ETP
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Typical Multivariate Analysis

® Various input variables — single discriminating observable
® Kinematics of jets and leptons, b-tagging information, event topology.. .
® Additional information from correlations

Example: Artificial Neural Network 2
(feed forward fully-connected network) L%’ background signal
A
Input Output
variables Hidden layers values
Output values

KIT -ETP
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Typical Multivariate Analysis

® Various input variables — single discriminating observable
® Kinematics of jets and leptons, b-tagging information, event topology

@ Additional information from cori
F(Q_ Wi Yni+b)=
Example: Artificigj#€ural Netw (22w Yini +B) = You 2
(feed forward fullfconnected netwaoin, I_%’ background signal
A
Input Output
variables Hidden layers values
Output values
Typically supervised learning with simulated data
to find optimal values for w;, b
KIT -ETP
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Typical Multivariate Analysis

® Various input variables — single discriminating observable

34/49

KIT
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® Kinematics of jets and leptons, b-tagging information, event topology.. .
® Additional information from correlations

Example: Artificial Neural Network
(feed forward fully-connected network)

Input
variables

>=‘O

Output
Hidden layers values

R" — R : g(input variables)

14.7.2023

Events

background signal

Output values

it \_/
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Application in tt Single-Lepton Channel
Events preselected by lepton and jet multiplicity
» tt+H signal region
» tt+bb
Event
» tt+b background control regions
----- >

Artificial Neural Network (ANN) for multi-classification:
Several output values: how compatible is event with certain process?
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Application in tt Single-Lepton Channel
Events preselected by lepton and jet multiplicity

CMS simulation Preliminary SL (6 jets, = 3 b tags) Pre-fit expectation

ti+lf node ti+cT node ti+b node
S/IB=0.0077, /(B = 0.71 S/B =0.0108, SNB = 0.58 S/B=0.0125, SINB = 0.54
ttH
W i+
tt+ctT
tt+2b node ti+bb node tiH node . tt+b
S/B=0.0148, S/(B= 0.79 S/B=0.0221, SNB = 0.95 S/B =0.0589, S/VB = 2.86 _
Bt+2b
B t+0b
Other Bkg

45% tt + bb 6% S/B
Artificial Neural Network (ANN) for multi-classification:
Several output values: how compatible is event with certain process?
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Application in tt Single-Lepton Channel
Events preselected by lepton and jet multiplicity CMS Preliminary s 3 Tey
@ o [ e e
S SL (=6 jets, 23 b tags) e Data 15 x tiHg,,
- ttH node _ W+ [l Single t
NP g 104 Pre-fit expectation Otirec  [JVHets
tt+H o Wt [tV
w [ tt+2b [l Diboson
10° Wb [ Uncertainty
» tt+bb
Event
> tt+b
el
(9}
. &
e s
' ©
[a) IR RTE:

il
055 0.6 0.65
iscriminant

Z of
o

Artificial Neural Network (ANN) for multi-classification:
Final discriminant: ANN output in chosen process category
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Events preselected by lepton and jet multiplicity

CMS Preliminary 415 fbo! (13 TeV)
™ T T O OO O T T[T T[T r T
g 10° ET'SL o6 jets, >3 b tags) | « Data 15 x fiHg,
—| > SH nfode _ W+t @@ Singlet
N - = 4 re-fit expectation l:l ti+cT l:l V+ets
tt+H = 1.0 Wib iy — -
L ’ background expectation ‘ @i Mo | Signal expectation
Wb junc
» tt+bb
Event
» tt+b
el
L
H o
beeep S .
' ] =
[a] Bl b bonn been b b b Lo L 3
02 025 03 035 04 045 05 055 0.6 065
ANN discriminant

Artificial Neural Network (ANN) for multi-classification:
Final discriminant: ANN output in chosen process category
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Application in tt Single-Lepton Channel

Events preselected by lepton and jet multiplicity

CMS Preliminary 415 fbo! (13 TeV)
8 10 T T [ O T T[T T [T [T 7o
S SL(26jets,23btags) | e Data [Jsignal
3 SH nt:_de W+t @@ Singlet
N 2 10t ostfit Dtiscc  [Jv+iets
tt+H § 10 I LY
w [ ti+2b [ Diboson
10° Wtibb  [JUncertainty
» tt+bb 102
Event
o| fi+h reduced background uncertainty ‘
W f|tted Signal
N
& TR SN RN
[ = B = NN TP SN ST ) 4l ;
: > £ osf ! " [AAE
' o 06E Lo b oo b bon b bl
0.2 025 0.3 035 04 045 05 055 0.6 0.65
ANN discriminant

Artificial Neural Network (ANN) for multi-classification:
Final discriminant: ANN output in chosen process category
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Signal-Strength Modifier

® Simplest measure of SM compatibility with product o - B: signal-strength modifier p

a Narrow-width approximation: production and decay factorise
(good assumption for SM Higgs boson: total width 'y, = 4.1 MeV)

o(i—=H)  BH-=f) .

M(I_>H_>f):Cfsm(i*)H).lf‘,"sy\ﬁ(H—)f)EMI’.'u
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Signal-Strength Modifier

® Simplest measure of SM compatibility with product o - B: signal-strength modifier p

a Narrow-width approximation: production and decay factorise
(good assumption for SM Higgs boson: total width 'y, = 4.1 MeV)

o(i—=H)  BH-=f) .

M(I_>H_>f):Cfsm(i*)H).lf‘,"sy\ﬁ(H—)f)EMI’.'u

® Reminder: branching fraction = fraction of total width, i. e.
BH— ) =B =TI"/Iy
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Independent Production xDecay Results
ATLAS and CMS -e- Observed 10
LHC Run1 Th. uncert.
Yy >
L zz| .
o ww <
| .
L it e
a Independent products of cross sections and a WZVS, -
branching fractions | o
® Most sensitive combinations of production mode T W‘x— e
and decay channel: e e
® gg fusion (ggF): 33 .
H— vy, H—=ZZ,H— WW T ww|
® Vector boson fusion (VBF): N w| e
H—~yy,H—>WW,H— 77 o as
T ww | — e

| —e—fF—

bb ——

-6 -4 -2 0 2 4 6 8 10
o [B norm. to SM prediction
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Combined Signal Strengths
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ATLAS and CMS @ ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS
[ —zlo
%% ———— —*20
ggF o
H ————
VBF —
L o
uWH Y ——
N S
L —
IJuH
H =
ceccdbec e ] e e e b B
-1-050 05 1 15 2 25 3 35 4
Parameter value
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uVV
'JZZ
uWW
u'['[

ubb

ATLAS and CMS -@- ATLAS+CMS
LHC Run1 - ATLAS

il NN FE RS FRTTE FEEN SRR ST SRR RN S

-+ CMS
H —z*lo
———— — 20

-1 -05

15 2 25 3 35 4
Parameter value
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Kappa Framework

a COnSiStenCy CheCk W|th SM in |eading-0rder framework [(Handbook of LHC Higgs Cross Sections: 3. Higgs Properties)]

a® Assumption 1: single Higgs boson with narrow width
® Assumption 2: deviations from SM only affect production rates and branching fractions, but not kinematic
distributions
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Kappa Framework

a COnSiStenCy CheCk W|th SM in |eading-0rder framework [(Handbook of LHC Higgs Cross Sections: 3. Higgs Properties)]

a® Assumption 1: single Higgs boson with narrow width
® Assumption 2: deviations from SM only affect production rates and branching fractions, but not kinematic
distributions

a® Coupling modifiers « for Higgs-boson coupling vertex to SM particles

agj 2 rf
Rf = ——

SM f
rSM

2
K =
Jj

® g; ¢ = 1: coupling as predicted by SM
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Kappa Framework
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a COnSiStenCy CheCk W|th SM in |eading-0rder framework [(Handbook of LHC Higgs Cross Sections: 3. Higgs Properties)]

a® Assumption 1: single Higgs boson with narrow width
® Assumption 2: deviations from SM only affect production rates and branching fractions, but not kinematic

distributions

a® Coupling modifiers « for Higgs-boson coupling vertex to SM particles

® g; ¢ = 1: coupling as predicted by SM

g
SM

Jj

2
R =

K2 = —rf
f = rf
Msm

@ Combine all available production and decay channels

® Each channel depends on one or more coupling modifiers
® Processes with same final state interfere

f
oi-B =

ai(ki) - T'(k")

Mn
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Kappa Framework: Production
Effective Resolved
Production Loops Interference scaling factor scaling factor
a(ggF) v t-b K2 1.06 - 57 +0.01 - k7 — 0.07 - K¢k
o(VBF) — numerically insignificant 0.74 - K3y +0.26 - K%
o(WH) = = iy
o(qq/ag — ZH) = = Ky
(g9 — ZH) v -7 227 k% +0.37- Kk — 1.64 - kzre
o(ttH) — — K7
a(gb — tHW) — W 1.84 - k72 + 1.57 - kY — 241 - Kekw
a(qq/qb — tHq) W 3.40 - K7 4 3.56 - K3y — 5.96 - Kekw
o (bbH) — — K2
q qa g ~H 9 TOOOO—<—— 1,b
¢ "O00000N o wz Uy kwz kwz 7~
>->--H Wiz ->-=-H A Kgp - > - —H
9 000003t q a q WZ 9 00— tb
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Kappa Framework: Decay
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Effective Resolved
Partial decay width Loops Interference scaling factor scaling factor
rzz - - 2
rww — — s
o ' =W K2 1.59 - Ky + 0.07 - 57 — 0.66 - Ky Kt
e . . K2
rbe - - 2
[N — — nﬁ
K K
w,
H->-
Kw/z wiz w Y Kf f
H=>- H—->-
¥ _
w/z Kt f
H- »-
t 7 JHEP 08 (2016) 045
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Kappa Framework: Interference Effects
a |nterference of couplings in Higgs-boson production
® g9 —+ ZH
+H Kt
9 g 00000 ---H
~ 2.27K% +0.37k% — 1.64K 254
g . g 0000 > 4
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a |nterference of couplings in Higgs-boson production
® gg — ZH

Kt
g 00000 --—-H

~ 2.27K% +0.37k% — 1.64K 254

g Q0000 z

~ 3.40x% + 3.65k%, — 5.96xk

b w
K
s ~1.84k% +1.57x%, — 2.4 Kerw
9 t
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Kappa Framework

a Effective coupling modifiers may be used for loop-induced couplings to gluons x4 and photons «.,
(loops not resolved)
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Kappa Framework

a Effective coupling modifiers may be used for loop-induced couplings to gluons x4 and photons «.,
(loops not resolved)
@ | HC data so far:
® insensitive to couplings to light quarks
a [ittle sensitivity to couplings to p
@ Usually assume:

B ke = Kt
® Ks = Kp
.Ku:KT
B Ky =FKd=Kg— =1
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Kappa Framework

® Changes of couplings cause change of the total width
@ Most general case: introduce additional modifier for the total width:

DL
K2 = Z ﬂ/?BéM _ S T pew SM decays only
: (1 — Basw) : SM+BSM d
/ @( — Basum) : SM+ ecays
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Kappa Framework

® Changes of couplings cause change of the total width
@ Most general case: introduce additional modifier for the total width:

w2r
2 Z 2 Z}Shﬁr = rrs—'ﬂ,. : SM decays only
Ry = K = H H
e T4 (1 — Besu) : SM+BSM d
J @( — Basum) : SM+ ecays

a Currently: total width not constrained at LHC in model-independent way
— only ratios of coupling modifiers accessible
® Total width accessible only indirectly at the LHC, directly at future ee colliders in e e~ — ZH (later)
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x (Resolved Loops)
ATLAS and CMS -®- ATLAS+CMS > T T L T T T T
LHC Ruznl -~ ATLAS € |: 1§ ATLAS and CMS E
i ~cws ¥ [ LHC Run1 :
— lo interval - r 4
K, _ :: — 20 interval o r 1
——— — L -1 -
B £1]> 107 ]
w F ]
Kw o = x [ ]
Ky inealll 107 3
i o } ATLAS+CMS |
[kl o ke £ T SM Higgs boson |
B ; — [M, g] fit ]
K —— == 1
b — == [ 68% CL ]
* [ ]95% CL 1
—_— 107k E
|Ku| — L | |
S P 107t 1 10 102
2 1 0 1 2 3 Particle mass [GeV]

Parameter value
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r (Loops — Effective Couplings)

46/49

ATLAS and CMS
LHC Run 1 -~ ATLAS+CMS

—_—t10
—~+ATLAS —+CMS — 20

il
.

L k=1 '

Bggy 20 [ —

P S Y Y s Y I PO

M‘MWM

Bgsw =0

-15 -1 -05 0 0.5 1 15 2

-15 -1 -05 0 0.5 1 15 2

Parameter value
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Karlsruhe Institute of Technology

a Effectively allows contributions from
BSM particles in the loops

@ Case Bggy > 0: BSM contributions
allowed also in decays
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r: Fermion/Boson Coupling

@ Sensitivity to relative sign of fermion
and boson coupling from interference

terms in H — v decays

® Opposite sign of fermion and boson

couplings excluded at almost 5 o
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Beyond the Kappa Framework

a Kappa framework only allows modification of coupling strength,
i. e. can modify rate but not kinematic of a process

a Effects of BSM physics may be more subtle
— LHC Run 2 (and beyond): more sophisticated approaches
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Beyond the Kappa Framework

a Kappa framework only allows modification of coupling strength,
i. e. can modify rate but not kinematic of a process

a Effects of BSM physics may be more subtle
— LHC Run 2 (and beyond): more sophisticated approaches

@ [nterpretation: effective field theory (EFT)
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Beyond the Kappa Framework

a Kappa framework only allows modification of coupling strength,
i. e. can modify rate but not kinematic of a process

a Effects of BSM physics may be more subtle

— LHC Run 2 (and beyond): more sophisticated approaches
@ [nterpretation: effective field theory (EFT)
@ Measurement:

® Fiducial cross sections in easy-to-reproduce phase space

a Simplified template cross sections (STXS): fiducial cross-sections in exclusive phase-space regions (“bins”), e.g.
in pr (H), separately per Higgs boson production channel

@ Differential cross-section measurements
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Summary

a After the discovery of the Higgs boson in 2012: extensive measurements of its properties at the LHC
a Mass, Width, Spin, Parity, Couplings
@ New analysis techniques such as the matrix-element method and neural networks allow to pursue difficult
channels or observables
@ Global combination of different coupling measurements allows to derive a consistent and uniform picture of
the Higgs boson
® So far, everything looks like a SM Higgs boson
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