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https://indico.cern.ch/event/897005/

C

aas  Higgs boson associated production (&

W.Z  Higgs-Strahlung (associated production)

> 4% of Higgs production mechanism

> Full EW corrections known: they decrease
the cross section by 5-10%

> For ZH at NNLO, further diagrams from gg initial state
> Important at the LHC (+2-6% effect up to +14% at high-p+)

Experimental advantages:
> Vector boson (V) decay leptonically: = Benefit from lepton triggers
> V-Boost: Further reduce background requiring high vector-p;
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atas H—bb physics case and VH role

> Unique final state to measure coupling with down-type quarks

> H—bb has the largest BR (58%) for m,,=125 GeV

> Drives the uncertainty on the total Higgs boson width
e Constraints potential BSM contributions

> Only recently observed by both ATLAS and CMS

High BR * Highly efficient b-jets identification
Low mass resolution * Improved resolution on m(bb)
* Full event information to increase S/B

VH production plays a crucial role

> W/Z decays leptonically

> W/Z produced generally back-to-back wrt Higgs
> Possible to exploit the W/Z transverse boost

=» Provides the highest sensitivity to H=>bb
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ATLAS VH(H->bb) Analysis Strategy o)

SIGNAL PROCESSES IRREDUCIBLE BACKGROUNDS
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1-lepton [e,u] :
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> 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets .

! @
. Target Z(vv)H(bb), W(Iv)H(bb) and Z(I)H(bb) V = <
> Signal region designed to increase S/B /Q 0 !
* Large boost for vector boson » @ [biboson

* Multivariate analysis
* Exploiting the most discriminating variables (m.;, AR5, b-tag)

> Control regions to validate backgrounds and constrain normalizations
> Signal extraction: binned maximum likelihood fit of final MVA/mass distribution
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ATLAS

EXPERIMENT

CMS - Event Selection+Categorization

N/

= Control regions designed to map
closely each signal region

= Selections (jets, leptons, b-tagging)

optimized separately by channel
Inverted selections to enhance
purity in targeted backgrounds:

I
I
|
i
i
> 4 analysis categories: ¢ >
I
|
i
I

e O-lepton: p;(Z) > 170 GeV
tt, V+light flavor, and V+heavy flavor
e 1-lepton: p;(W) > 150 GeV ’ & ! y
e 2-lepton High-Vp;: p;(Z) > 150 GeV
e 2-lepton Low-Vp;: 50 GeV < p;(Z) < 150 GeV
1
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| §aTLAS

EXPERIMENT

CMS - Improvements in m(jj) resolution

CEfW
\\_/

Improvements in di-jet mass resolution:
> Better b-jet identification vs 2016

=» Improved b-tagger (2017)

=2+ new pixel detector (2017)

> b-jet energy regression + FSR 1

> Kinematic fit in 2-lepton channel

= Sjgnal extraction:

> Use of (DNN) to discriminate sig. from bkg. in SR + various bkg in CRs
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ATLAS CMS - Combinations D)

= Combination of VH(H->bb) im  Combination of VH(H->bb) with
measurement i  other H2>bb measurement
Significance (0’) <51f'(7TeV)+<198f "' (8 TeV) +<77.2 ' (13 TeV)
Data set Expected Observed Signal strength Sl\gg . S%s?;c:@ )
3 - m— +15 (Syst
2017 3.1 3.3 1.08 +0.34 ; : ot syst
Run 2 4.2 4.4 1.06 +0.26 =1 = #e0=208 130
Run 1 + Run 2 4.9 4.8 1.0140.23 i | i—— SRt
: tH | — 0.85 + 0.23 + 0.37
5.1fb" (7 TeV) + 18.9 fb" (8 TeV) + 77.2 f' (13 TeV) : i - 1.24:5020:£0.24
_é 107 CMS + Data ZH| - 0.88 +0.24 + 0.16
= - I Background : :
(g 10°F VH. H-bb = VH«Hg—>b5 . Combined .- 1.04 £0.14 £ 0.14
- | I I I e o o
:, g Best fit u
10*F . . (e
Significance:
10°F
5.50 expected
107§
; 5.66 observed
10
s . Measured signal strength:
o 1.5 ]
I n=1.04+0.20
= 0.5 IR RN N IS N M M T A MY Y N N MO Mt S Y G S T M B
-3 -2.5 -2 -1.5 -1 -0.5 0

log, (S/B) Phys.Rev.Lett. 121 (2018) no.12, 121801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

atas ATLAS VH—Dbb - Full Run-2
= Physics case:

> VH(bb) analysis with full run-2 dataset, provides best constraint to Higgs
boson width

> Provides best sensitivity to WH(bb) and ZH(bb) decays

> Interpretation within the STXS framework and EFT

= H->bb analysis strategy

> Full Run-2 dataset (~139 fb!)
- MET and single-lepton triggers

> Categorization based on lepton multiplicity (targeting Z(ll), Z(nn), W(In))

> MV2c10 tagger, based on BDT, receiving as inputs the tracks d,, displaced vertex
collection, and the topological decay chain reconstruction to identify b-jets

> Higgs boson reconstructed via 2 AK4 jets

25/10/2020 L. Mastrolorenzo - Higgs 2020



awas  ATLAS VH—bb - Full Run-2

0 Imgrovements

>

>

Events /0.13

Data/Pred.

Enhanced object calibrations z2

More coherent categorisation (selection
vs STXS binning)

Re-optimised multivariate discriminants  §
Redefinition of signal and control regions

Significant increase in MC stats o

fl
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https://arxiv.org/abs/2007.02873

awas  ATLAS VH—bb - Full Run-2

= Results:

TT [T T T [T T T [T T T[T T T[T T T [T TT]T
f I I I I T I I

40F aTids SN E
C (s=13Tev, 139" B VH, H - bb (1=1.17) E
. . . ] . 35; 0+1+2 leptons Diboson :
> Signal extraction: Likelihood fit to MVA qor. 2e3ets 2b-tags [ 8-only uncertainty

I Dijet mass analysis

o . o o . . . . F  Weighted by Higgs S/B 6
discriminant in signal regions + normalization 25- &

taken from fit in control regions. 200

15

» Inclusive analysis dominated by systematics 10;

> Reached >50 in ZH channel and >4¢ in WH

vents / 10 GeV (Weighted, B-subtracted)
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ATLAS VH H— bb V_ 13 TeV 139 fb1 o B 1 ® Observed ==Tot. unc. Stat.unc. |
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o} - . _ .
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~ Sanas ATLAS - VH—bb in boosted category
= Physics case: 2008.02508

> The previous ATLAS analyses were mainly sensitive to Higgs boson with a
100<p;<300geV

> For higher Higgs boson p+, the Higgs decay product can be so close that it
results difficult to reconstruct them as two distinct jets

= H->bb boosted analysis strategy
> Full Run-2 dataset (~139 fb1) 2 selected by MET and single-lepton triggers

> Categorization based on lepton multiplicity (targeting Z(ll), Z(nn), W(In))

> Higgs boson reconstructed in a single large calorimeter jet (R=1.0) with >2
constituents and a p;>250 GeV (same threshold also for vector p+)

> The b-tagging algorithm used to identify b-jet is the same as in the resolved
analysis

> Dominant background: V+jets, tt+jets, single-top, di-bosons
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https://arxiv.org/abs/2008.02508

$amas ATLAS - VH—>bb in boosted category

= Results:

> Signal extraction: Likelihood fit to large-jet mass, combined in signal and
control regions

: 2 : 740.29( cpup VF0.260 o
Measurement of the signal strength Ky = 0.72503¢ = 0.7277 3¢ (stat.) 555 (syst.)
STXS analysis + constraints on anomalous Higgs boson interactions

Significant overlap with the “resolved” H(bb) analysis, difficult to combine

vV VYV V VY

The analysis still dominated by statistical uncertainties

"{417'1’-3:4{3\/ . . Boosted VH,(Z - % ) ATLAS Vs=13TeV, 139 fo”
S= ev, —Total tat. ot. tat., Syst. _
________________________________________________________________ e —68% CL ---95% CL Boosted VH, H — bb
oL: 250Sp¥<400 GeV 0.70 *068 ( +0.50 +0A46) A=1TeV
. _0.66 0487 -0.44 . = e
OL: p!'2400 GeV 0.80 088 ( 4075 4045 ) | Linear (obs.)
- 0697 -0.4
oL :%’_ii 4043 +0_3i Linear + quadratic (obs.)
............................................ 0.77 s . \oaz; o3 ) e Bestfi
1L: 250<pY<400 GeV 061 7 ( 1?'5512 fg'ff ) est-fit (obs.)
. -0.67 .51 .
1L: p'>400 GeV +0.84 +0.71 +0.45
pT> © 1.46 -0.75 ( -0.66> -0.36 ) C(3) [>< 10 O] o | - - ——- - 4
N .
i s (Sees) | T
2L: 250<pY<400 GeV 004 92 (e o) Cyy [X5.0] (EEEEEEEE . Tt 1
o2s (445 2 . *
........ —e— - == -
3 e 01038 (28 98) | S DO .
osi 28 (229 L pos NN W— ;
Gomb.: p/2400 GeV 099 02 (4. 0x)
+0.39  7+0.29 +0.26 O5] |- e e e e —] bommmeeemmannn]
Comb. 0.727)55  (Co28r 022 IC, | [x 0.05] e
L1 'é""4|.""5 ||||||||||||| ||||||||| ||||||||11
-3 2 -1 0 1 2 3
ubb Parameter value
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atas CMS - H>ZZ7->47L Full Run-2 (STXS)

15t CMS analysis with full Run-2 data!

" Analysis strategy: HIG-19-001 CMS Preliminary 137.1 o (13 TeV)
> Measurements of inclusive and rln | rofliledl o lH—>|ZZ|—>4|
differential cross-sections H P s (fb)
> Measurements of the stage 1.1 in ggH-0j/pT[0,10] 0.87% 7 0.80
STXS framework: ggH-0i/pT[10-200] 1.06%'° 2 53
- ggH-1j/pT[0-60] 0.787:° 0.88
e 22 sub-categories ggH-1j/pT[60-120] 0.821%: 0.57
* Different production bins defined ~ 99H-1i/pT[120-200] 1-521)1.9:62 = 0.10
ggH-2j/pT[0-60] 1.47% .5 | FT=— 0.16
by LHCXSWG ggH-2j/pT[60-120] 1.59' % |  H-m— 0.23
ggH-2j/pT[120-200] 1.16%2% | Hm— 0.11
> Requiring 4 identified and isolated ggH-2j/mJJ>350 0.00>2 : 0.10
leptons: 4e, 4y, 2e2u ggH/pT>200 0.47%; - 0.07
qqH-2i/mJJ[350,700] 1.71; » | 0.05
» Kinematic discriminants built using ~ aH-2/mJJ>700 0937, |—4— 0.07
. qqH-3j/mJJ>350 2.897, - = | 0.04
the matrix element agH-rest o.oofgg*(f:: | 0.5
- . . qqH-2j/pT>200 0.00*%73 0.02
- !Explmtmg the full kinematic VHIPTVI0-150] 3272 I - : 011
information of H decay and VH/pTV>150 0.00%) = m—| 0.03
production qqH-2//mJJ[60-120] 0.577, |-aH— 0.05
tiH’tH 007:‘-000970 IIIIIIII|IIII|IIII|IIII|IIII|IIII|IIIIOI'IQ§IIII
All results consistent with 01234567 8/ 910
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http://cds.cern.ch/record/2668684?ln=en

mas  ATLAS - H>ZZ>4€ FullRun-2 (@)

n Higgs boson properﬁes Eur. Phys. J. C 80 (2020) 957

> Inclusive cross section measurement

> Cross section measurements for different production mode (STXS)
> Interpretation of coupling modifier and tensor structure within EFT theory

> Re-analysis with full run-2 data to increase the sensitivity

ATLAS s - 137ev, 139 1b"

Production Particle-level STXS Reduced Reconstructed event categories : Reconstructed event categories

Mode Production Bins Stage 1.1 Signal Region Sideband Region

p," <10 GeV i 2 P, <10 GeV
= O4et | 992H-0j-p,*-Low 0f-p,“-Low N=0 ° N, =0
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- "} gg2H-1j-p,"-Low 1/-p;“-Low
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- 9F T | 9g2H-1/p,"-Med 1}-p,*Medium
' e .
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: = gg2H-1-p,"High 1/-p;*-High a1l SB - 1] =
5 :
E .
H 2 2jets
x! ag2H-2)j
+
=! /> 200 GeV T p," > 200 GeV
O ' gg2H-p,High 17p,-BSN-like
;E 60 < m, <120 GeV m, <120 GeV or p* < 200 GeV
o

VBF -

[ qq2Hag-vH 2 :
m, <60 GeV or 120 < m, <350 GeV &l / N,.22| N, 22
e e m > 120 GeV, p.* > 200 GeV : -/

:
E f ‘l or m > 350 GeV, p" <200 GeV qa2Hqq-VBF 2/BSM-like
1§ [m >350 GeV, p> 200 GeV
= | qq2HaeBSM |
g .
TR N, =0,p">100Gev| :
-p;"-Hi 3 =5
S VH-Lep e N 25| : |SB- VH-Lep-enriched Noxs

VH-Lep-enriched

. 1tH Hadronic Do ]
ttH-Had-enriched 1XX-like

[ ] itaperic| | | B+ boxenricnes

%

11
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https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9

ATLAS ATLAS - H>Z7Z->47¢ Full Run-2

= Higgs boson properties

> Extensive categorization used to target different production mode

> Categorization based on decay of Ws in ttH mode, lepton multiplicity (VH)
and number of jets (ggH, VBF)

> MLP and RNN used to separate signal from background in final fit

IIIIIlllIIllIlllllllllllllllllllll]IIII

2]
+— |— — zz.0) ———
Gc) 25 . ATLAS ¢ Data . - ATLAS P - |
L|>J - H—> ZZ* -—-)4' VH Wz ij H— ZZ* - 4] 2z ——.— i
[ Vs=13TeV, 139 fb' gaF=boti EEUC VUV /s = 13 TeV, 139 fo" s i
20 [-115 < m, < 130 GeV VBF  EZdetsft Reduced Stage 1.1 - |y, | < 2.5 P
i 2/ WA NN 0.2 MttH+tH 77 Uncertainty 1i —&— Observed: Stat+Sys SM Prediction M
// = | [m] Observed: Stat-Only p-value = 77% o-B [fb] (0B, [fb] |
1 ggZH-Oj-p:’-Low L] 170 + 55 176 +£ 25
15 / : % =] 9g2H-0;-p""-High : . 630+ 110 550+ 40 :
& 2 : 4 ] gg2H-1j-p"-Low ™ : 50 + 80 172 + 25
L - 9g2H--p"Med | = 170450  119+18 |
10 B i gg2H-1j-p*-High : - gl 20+ 4 :
= - gg2H-2j [ ] : 40+ 75 127 + 27
— . ggZH-p‘YtHigh i E [ ] 38 _fé 15+4 7
- 2 1i qq2Haq-VH —m 21+ 35 13.8"%4
5 //// /////; i — | qq2Hqqg-VBF E =] 150 ii; 107-60:%:; |
| i qq2Hag-BSM - E 0572 420+0.18 |
7% % i — b - pp 28 16.4 + 0.4 |
- " = — : TR IEECTU
92 03 0.4 05 06 07 08 09 1
. 10 1 2 3 4 5 6 7
NNy, o-B/(c-B)
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aas  CMS - H>yy Full Run2

= Analysis strategy

> The di-photon signal is very well reconstructed thanks to the excellent energy
resolution of the CMS ECAL

> Select events with 2 isolated photons from full Run-2 dataset (137 fb1)

> Categorization to tag ggH, VBF, VH and ttH production mechanisms

Classify Fit data per category
100 EMS Preliminary 137 fb~! (13 TeV) X1oscMS Pre//mlnary 137 fb (1 3 TeV)
& g T T T T T T T T E > vvvvvvvvvvvvvvvvv [TT T r[rrrr[rrrr[rorort
ﬁ [ Z— ee simulation ] 8 E H—)’Y{ m = 125 38 GeV A” Categones E
by Simulation stat. & syst. unc. — 50 ~—ﬁ =1.03 S/(S+B) weighted  —
£ 1%k  Data v 2} C -
g ] s C ¢ Data ’
“o 1 L%’ 40 — S+B fit -
107 -—-—’_‘_ . - e B component ]
| £ af B3k -
l - R E +2
10% & - [0} r |:] G .
: ] = 20 ]
| TL*I* e ‘
& + -
10° & E <2 C
: 1 @
! ! | | 1 ! ! |
14E T T T T T T T T 3
1.2F : : . =
I.()é- o . L @RS * . . o
(J..\g_ : : ke ; <
“~“5_ i L 1 SRR Tl el RS M S 3
= o — = = ™ = 3 =
Al Al Al

Predicted STXS class
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aas  CMS - H>yy Full Run2

= Results

> Assuming SM couplings, an 8% uncertainty on the signal strength is achieved (neglecting
theory uncertainties)u = 1.037(35 = 1.03*0{7 (theo) "33 (syst) T ge (stat)

> All u’s targeting specific production modes are in agreement with the SM
> Analysis start be limited by theory uncertainties

CMS Preliminary O Observed — 1o (stat @ syst)

H—yy, 137 fo' (13 TeV)
my = 125.38 GeV, p_ =53%

[ ] +lo (stat)
Th. Exp. Stat.

Moo EaF 0987015 0% oo loos

My 0 11555 015 fooe ose

Moy B—e—3 0.7155  ‘ooa  ‘ooo 026

Moo o 140705 Doe loos oo

ul P, =74%  fEF 103000 008 loos  oos
IO.I5I — 1 - |1.I5| — 2I - |2.I5| - IIS - |3.5

Parameter Value

20/10/2020 L. Mastrolorenzo - Higgs 2020



aas  CMS - H>yy Full Run2

= Results

> Analysis designed to enable measurements within STXS framework (stage 1.2)

> All results are found to be in agreement with the SM expectations
CMS Preliminary 137 b (13 TeV)

L |
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= ﬂ 09 ] I 0.67" ¢ | 4108 16 12012 ;
i 443 1434 07997
- H—-yy, |YH| <25 ﬂ i 0,530 0.40'0% 0:55' % |
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ATLAS ATLAS - H>yy Full Run-2

I I I [ I 1 1 | I I I I I I 1 I 1 I I I I | I I

=  Analysis strategy ATLAS-CONF-2020-026 ATLAS Preliminary  e4Total [ IStat. = Syst. ' SM

Vs=13TeV, 139 fb"

. . . . H""W: m = 125.09 GeV Total Stat. Syst.
> Analysis optimized to measure x-sec in - s 93 oz, 08
. —HOJpH > 10 1.17 +0.20 (£ 0.15 '013)
- < . ) b T (’l 0.19 011
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https://cds.cern.ch/record/2725727/files/ATLAS-CONF-2020-026.pdf

aas  ATLAS - H>yy Full Run-2

= Results
> Inclusive cross section measurement: | (o X Byy)obs = 127 + 10fb = 127 + 7 (stat.) + 7 (syst.) fb
> ZH and WH: |—> SM expected: (O'XByy)exP= 116 £ 5fb.

* Higher uncertainties
* Small tension if compared to SM, but still compatible within 2 sigma

IIIIIIIIIIIIIIIIIIIIIIIlIlIIlIIIIIIII

ATLAS Preliminary

(5-13TeV, 139 f!  FedTotal [ Istat EISyst. | sm * |f VH is considered, the
H-yy, m, = 125.09 GeV T . o
Total  Stat. ~Syst compatibility with SM 50%
9gF + bbH |.|§1 1.02+0.11 (£0.08,+ °7) (p-value)
VBF e 1.34+ 050 (£0.18,% 0%
WH —&— 233+ 53 (5% .+ o3) * High correlation between
/H and WH =41%
ZH  —— 064+ 0% (£ 0% % oo )
ttH + tH e 0.92% g5¢ (% g% % 007 )

2 4 0 1 =2 3 4 5 6
OO}
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anas  ATLAS - Searches: VH(cc) (2016) (&

Phys. Rev. Lett. 120 (2018) 211802

= VH(cc) search:

> Targeting VH(cc) process in the di-lepton Z final state
> Exploit lepton trigger + boost of Z boson to reduce background
> Categorization in number of c-tagged jets

> T T T T T T
- ——TTT —0.5> @ T hera
LS .. .| ATLAS Simulation Preliminary e S ATLAS Preliminary ~ * D&%
5 10 / . e By 6 10.45 .© 2 300 ys=13Tev,36.1 1" o ek =]
S s=13TeV, tt suss cefficlency 30% b & P 2 c-tags, p? > 150 GeV . ZH(ob) ]
e ----- fliciency 20% 0 4 % E mZz j
. — J > -IZW -1
Q o b © w | -Zt +jets .
- iy It =
g .‘03 —0.35 O — ZH(ct) (1000xSM)
0.3
102 : 025
0.2
0
60 80 100 120 140 160 180 200
0.15 Pt ha Sk S M da S ki
10 5 12
) 0.1 o om0
10 ® 06B L. ..t .| P PSP R B e
) o o 60 80 100 120 140 160 180 200
b jet rejection m, [GeV]

> New search for ZH(cc) production exploiting new c-tagging techniques provides
95% C.L exclusion limit of (pp—=2ZH)xBR(H—=>cc)<2.7 pb

> Excluded 110xSM prediction with 36.1fb™! of data collected

21/10/2020 L. Mastrolorenzo - Higgs 2020



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802

awas  CMS - Searches: VH(cc) (2016) &)

N/

JHEP03(2020)131
= Combination: resolved-jet: p(V) < 300 GeV / merged-jet: p+(V) > 300 GeV

> Systematics: correlated, but: c/cc-tagging efficiency & PDF, uR, uF for V+jets
= Validation with VZ(Z—cc) : yzz 5= 0.55708¢ 4 54 With 0.70 obs. (1.30 exp.)

95% C.L. Exclusion Limits

pr(V)<300 GeV pr(V)>300 GeV 1L 2L All. Ch.
+18 +34 +31 +25 +16 (+35
4577 45 73%% 5, 727 5, 5747 37+16( )-11 (-17)
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13 TeV - = Appe B
5 lIl[III$|) oL pp—> VH(H- co) CMS
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é 1.2[~ Preliminary Merged (AR <0.8) | E%ngaﬁon U G
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i * |—'°—l_._ 1 a u=37t3:
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0.4 h Res :I 3 _ .................................................. “_30 .
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= 1 - XD.=37x = === Median expected
0.2 : i (E)bZ:;Z)xi'\h,/ll E gg; exzzz::g n=46+29
VN PRI rwwrs FEREL SRS SRS PETT STET ST P L e .
% 50 150 250 350 450 0 0 s oL imit 200 -50 0 50
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https://link.springer.com/article/10.1007%2FJHEP03%282020%29131

ATLAS Conclusions &

> The excellent LHC performance has delivered an enormous
dataset:

e With full Run-2 dataset, we are measuring precise features of the Higgs boson,
with particular focus on its couplings and CP properties

> During Run-2, ATLAS and CMS have both achieved a >50
observation of the H—>bb decay
* Combination of several channels: sensitivity dominated by VH(bb)

> Exploring more detailed kinematic regions sensitive to BSM
effects through STXS and differential distributions

* VH production mode has been investigated by ATLAS and CMS in H>yy and
H>Z77>4¢

e ATLAS carried out the measurements of the VH(bb) process with full Run-2
data, targeting the resolved and boosted regimes of the Higgs boson

e ATLAS observed ZH production mode and reached a strong evidence of WH
with the full Run-2 analysis

 CMS VH(bb) full Run-2 will be out soon as well
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ATLAS

EXPERIMENT

Back Up
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Introduction

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC H H
180 aamcue/r’om, el | |0 — }————180 . Data'taklng N Run'z

: LHC Deliv d: 162.85 } .
& 160 et TR 160 > LHC outperformed expectation,
> . o .
7 j10 delivering 163 fb* (>8x10° Higgs
s = 1™ boson produced!)
3 100} 4100
B ol lso > CMS recorded more than 92% of
% - l6o the delivered luminosity
E aof {40 > Thanks LHC!
g 20| 120
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> Great challenge for CMS event
reconstruction
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Biggest achievement during Run-2

= Couplings to 3" generation fermions

> In 2016, CMS observed H>1t. It was the first evidence of such decay
by a single experiment (previously observed in 2015 by ATLAS+CMS)

> In 2018, observation of ttH
> In 2018, observation of H>bb

ttH H->bb

H E 11 Y 5.11b" (7 TeV) + 19.7 16" (8 TeV) + 35.9 fb™ (13 TeV) 490" (7 TeV) + 19.8 fb™ (8 TeV) + 35.9-77.2 b (13 TeV)
35917 (13 TeV) @ Observed ® Observed
AL U I $::8:8 ¥ I LI I B I | =R 55 L I | SR RS R | I LI A B CMS ::::Ez;‘—;tnfs),s‘) CMS _i16 (Stat@syst)
CMS 1 6F —#— (Obs. - bkg)/bkg. HHWW?) ® =220 (sat Quysl) _ Pr eI/m/nary = t1o (syst)
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oo 04 5 ‘ :
_-_'."‘”—...;-o— 0.2 ¢ be :
-—.}: 3 tiH(yY) e ——— vor |
-, HHH(zT) [ — Mo ————
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E 3 L., : — e ——
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e uE——— - 1
" B 748 TeV : ‘
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https://www.sciencedirect.com/science/article/pii/S0370269318301035?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

Biggest achievement during Run-2
= Couplings to 2 generation fermions

> CMS evidence for H> uu decay 35.9-137 fb (13 TeV)
..GL_.D _"I L LR ' """'It 'L
> Searches for H=>cc decay : 'E CMS Preliminary 2 b
. . €\ [ m,=125.38GeV e
= Non-universal coupling 8 il |
o g e -
. . >\ _
> Function of the particle mass s ]
> Run-1 assessed for vectors 3 f,/’ E
&
o
I

¢ Vector bosons
¢ 3" generation fermions -~
3 2" generation fermions -

> Run-2: assessed for fermions .

= Last frontier /) 7 SM Higgs boson

> Higgs self-coupling S R RN

» Production mechanism

Ratio to SM
&
o
\

» Differential distributions

particle mass (GeV)
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Event Selection+Categorization - ATLAS

= Selections (jets, leptons, b-tagging) = 6 Control regions:
> 2 W+HF CRs

> 4 top CRs

optimized separately by channel

> 4 analysis categories + split in 2- and 3-jets:
O-lepton: p;(Z) > 150 GeV

1-lepton: p(W) > 150 GeV

2-lepton High-Vp+;: p1(Z) > 150 GeV
2-lepton Low-Vp;: 75 GeV < p;(Z) < 150 GeV

> 1200 x5 _WW
3 i ATLAS +3H H - bb (i=1.16 3 = +3;mr1 bb (j1=1.16 8 E ATLAS +3nun bb (ji=1.16
9 L {s=13ToV, 798" -Db o ) S 1600[ 15 =13 Tev, 79.81b" .-mr;om; W £ 250 {s=13Tev, 79.81b" -mmon (u=126) 3
= 1000— oep n, 2 jets, 2 b-tags i j = - E _ 2leptons, 2 jets, 2 b-tags B Z+jets -
;5, - pY 505 v 2 Single top 4 g 1400 Y = 150 Ge C pY = 150 Gev I
> E . W+jets ] > 200 | Single
RS S .t B Zojets ] W 1200 + Uncertiny

2"?' | Uncertainty o + Pre-fit background _{

00k -+ Pre-fit background _| 1000 150 = — VH,H —bb x 5
o - ——VH,H —bb x5 - |
:

8‘1A5—+‘ ‘ ARE faad 3 g15F g15F + ; +
o o = A= e P
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Signal extraction — CMS

= CMS

O-Iepton 1-Iepton 41.3 7 (13 ToV) Z-Iepton 4137 (13 TeV)

41,367 (13 TeV)

g 10 8 10°F CMS ¢ Data  EEWHLD ¢ 1085
. = = r al = —
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] e ‘ {2 Diboson E @ 5 ' B Diboson . - S b e, 254 1 Diboson E
3 0lepton, 2 jets, 2 b-tags " _ E | 1lepton, 2 jets, 2 b-tags " A ] 2 ptons, * ags B Z+jets 3
@ pY = 150 GeV 2 Single top 3 @ qgtf Py = 150 Gev B Single top - @ pY = 150 GeV i .
Bl W+jets 3 3 Multijet 3 ) Single top -
B Z+jets g & B Wejets 4 [ ]Uncertainty E
[ Uncertainty T FortrAn B Z+jets «+s+ Pre-fit background ]
«» Pre-fit background —j o 2 "l Uncertainty . e VH,H = bb x 10 -
~—VH,H —~bb x10 10 -ws+ Pre-fit background "3 -
| - ——VH,H —=bb x20 3 3
: e T ™r T o o 15 F T q ; 1.5 F7 T T T -
R ] ® | 4t +
1 X SEP N AT P P I I PR PP DO = S 05 & | .t el o) ®05 B tiiiti.y) ! + s
0 08060402 0 02 04 06 08 1 -1 -08 -06-04 02 0 02 04 06 08 1 S 1 08060402 0 02 04 06 08 1
BDT ,, output BDT,,, output

BDT ,, output

20/10/2020 L. Mastrolorenzo - LHCP2019 - Puebla (Mexico)




Observation of H>bb decay mode

= Combination of VH(H->bb) with other H=>bb measurement

<51 fb"(7TeV)+s19.8 fb’ (8TeV)+<77.2 fb'1(13 TeV) SN
CMS e Observed ATLAS

I T 1 T [ LA I LI ] ¥ 0, @ ] L ATA AR ] 0,0, F I T T 1
H—sbb Ys=7TeV,8TeV, and 13 TeV

hbD +10 (stat @ syst) 4.7 16", 20.3 fo™!, and 24.5-79.8 fb™'
—— Ll (5yeh —Total Stat. Tot. ( Stat., Syst.)
: stat syst +2.26 [+1.59 +1.60
ggF : 2.80£2.08 +1.30 VBF+ggF Runl|  p———e—m -0.78 7,5 (Tiss 164 )
! VBF+ggF Run2 ———1 2.47 +1.38 (+1 30 +0.46 )
VBF —_——— 2.53+0.98 +1.17 481 =128 5029
. | +1.22 (4073 +0.98
tH | — 0.85 +0.23 + 0.37 tH Runf Hre== 150 Gis (715 0so )
| ttH Run2 a4 0.85 j,?_'gf (f8:§’3 ; fg.'gg )
B 1.24 £0.29+£0.24
" | VH Run1 1o} 0.51 T8 (2. %92)
ZH -—- 0.88 +0.24 +0.16 VH Run? 1.15 f::; (tgqg ’ jg )
Combined | 1.04£0.14 +0.14 Comb.| 101 % (03,00
0 T 2 e a5 e T 8 40 2 4 e 8 10 12 14
Best fit u
. . (e . . (e uH—>bb
Significance: Significance:
5.506 expected 5.50 expected
5.60 observed 5.40 observed
Measured signal strength: Measured signal strength:
n=1.04+0.20 n=1.01+0.20
Phys.Rev.Lett. 121 (2018) n0.12, 121801 Phys. Lett. B 786 (2018) 59
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https://doi.org/10.1016/j.physletb.2018.09.013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

Simplified Template Cross Section

Adopted by the LHC experiments as a common framework for Higgs measurements

Purpose: reduce the theoretical uncertainties that are directly folded into the
measurements as much as possible

Allowing for the combination of the measurements between different decay
channels as well as between experiments

When combining measurements in different decay channels, one can either assume
the SM branching ratios or consider the ratios of the branching ratios as
additionalfree parameters.
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Simplified Template Cross Section

> 2-jet

Stage 1.1 _
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Simplified Template Cross Section

Stage 1.1 _ = VBF+V(—qq)H
[ | ]
= 0-jet = 1-jet > 2-jet
|
[ |
mj,- [0, 350] m,-j [350, oo]
mi; |
p , [ 1
: p¥ [0,200] pH [200, oc]
350
- , 23]
| 700
350 :
0 25 , .00 1000
pT 17
1500
Hjj oo
Pr— 0 25 o0 0 25 oo

Figure 2. Stage 1.1 bins for electroweak g¢gH production, VBF+V(— gq)H.
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Simplified Template Cross Section

Stage 1.1 - = V(— leptons)H

qq’ —>WH qq - ZH gg—}ZH
v
Pr
0
75
150
250
400
oo

O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet

Figure 3. Stage 1.1 bins for VH production, V(— leptons)H.

20/10/2020 L. Mastrolorenzo - FSP CMS 2020




Simplified Template Cross Section

Stage 1.2 _

[ |

py [0,200] py [200, oc] -
| Pr
' ' ' 200
= 0-jet = 1-jet > 2-jet
[ 300
mjj [0 350] M [‘350 o0] 450
pT mj
B
700 o
5 0.15
1 3
pr’/py
1500
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Simplified Template Cross Section

Stage 1.2 _ = VBF+V(—qq)H
I | |
= 0-jet = 1-jet > 2-jet
|
I I
m;; [0, 350] m;; [350, oc]
mjj |
0 . | |
: pH [0,200] pH 200, oo]
60
120
350
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Simplified Template Cross Section

Stage 1.2 VH = V(— leptons) H
Stage 1.2
[ | Py
qq¢ — WH qqd — ZH g9 — ZH 0
Pr
0 . . . . . y : 60
(- — I —_— 120
150 [ — — 200
250 | ___ — S 300
400 f-=--- R et I S #omme et T s emoes amemne 450
55 : : : : : : .
O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet
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ATLAS

EXPERIMENT

ATLAS - VH—bb

STXS results

ﬁ é ATLAS VH, H — bb, V — leptons cross-sections é g 12 :—A TLAS Boosted VH, H — bB, V — leptons _:
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>m_ 108 & ’ = Expected [ | Theo. unc. — >m_ - == Expected [_]Theo. unc. =
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ATLAS

EXPERIMENT

ATLAS - VH—bb

= EFT interpretation

ATLAS Vs=13TeV, 139 fb™ ATLAS Vs=13TeV, 139 fb
—68% CL ---95% CL VH,H —> bb, A =1 TeV —68% CL ---95% CL Boosted VH, H — bb
m Linear (obs.) m Linear + quadratic (obs.) B Linear (obs) A=1TeV
e Best-fit (obs.) Linear + quadratic (obs.)
Linear Linear + quadratic ° Best-fit (obs.)
68% CL 68% CL
Chgs [x 10.0] - [-0.017,0.029]  [-0.018, 0.026] o [x 10.0] . Y S
Cyyy [X 5.0] —— [-0.081, 0.22] [-0.19, 0.10] Gy, [X5.0] fommmnnn- o —ooioee 1
Crw [x 2.0] e [-0.17,0.21] [-0.24, 0.18] Cpy [x2.0] I------- ~ @ - - - - - - - = 1
Coyg [X 0.5] R [0.46,13]  [-0.44,1.1] S X 051 o o 1
e, | [x0.05] f-=-uoo- ey [-|13, 3.3] I[-10, 3.8] u|[29, 43]| | [x0.05] b i 3333 e e SRS
-2 0 4 6 8 -3 -2 -1 0 1 2 3
Parameter value Parameter value
26/10/2020
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H>7Z->4+¢ Full Run-2 (STXS)

HIG-19-001
- News:

STXS stage 1.2;
rare signal included: bbH, tHW, tqH (then bbH merged con ggH e tH con ttH);

electroweak bkg included (VVV e tt+V(V) e VBS);
signal strength mu_WH and mu_ZH splitted (always VH merged).

- Kinematic discriminants: combining information of production and decay;

- Objects and event selections common between HIG-19-001 and HIG-19-009;
- Background estimation: qqZZ/ggZZ/EWK =>MC, reducible ZX => Data-driven.
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H>7Z->4+¢ Full Run-2 (STXS)

HLT path prescale | primary dataset

HLT_Ele23_Elel2_CaloIdlL_TrackIdL_IsoVL_vx* 1 DoubleEG

HLT_DoubleEle25_CaloIdL_MW_vx* 1 DoubleEG = . s
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8_vx* 1 DoubleMuon Event |S reqU|red to trlgger On at
HLT_Mu23_TrkIsoVVL_Elel2 _CalolIdL_TrackIdL_IsoVL_vs# 1 MuonEG

HLT_Mu8_TrkIsoVVL_Ele23_Caloldl_TrackIdL_IsoVL_DZ_vx 1 MuonEG .
HLT_Mul2_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_vx 1 MuonEG |eaSt One Of I'Sted HLT paths
HLT_DiMu9_Ele9_CalolIdL_TrackIdL_DZ_vx* 1 MuonEG

HLT_Ele32_WPTight_Gsf_vx 1 SingleElectron

HLT_IsoMu24_vx 1 SingleMuon

CMS Preliminary 59.7 fb (13 TeV)

LAY (LN L B L L L L L L L L L L L L L L

@ Trigger eff. measured using TnP
approach on events triggering single
lepton HLT paths.

0.95 :F

0.9 =

Efficiency

@ Propagated to systematic uncertainty. B E
08 sk =
0.75 r j— Zzi ::z (matching) ]
0.77. T R B .

10 20 30 40 50 60 70 80 100
p,(3rd probe) [GeV]
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H>7Z->4+¢ Full Run-2 (STXS)

ZZ CANDIDATE SELECTION 17

Z candidate = any OS-SF pair that satisfy 12 < mup) < 120 GeV

Build all possible ZZ candidates, define Zi candidate with myy) 21
closest to the PDG m(Z) mass

® mz1 > 40 GeV, pr(l1) > 20 GeV, pr(I2) > 10 GeV

@ AR>0.02 between each of the four leptons

@ mi >4 GeV for OS pairs (regardless of flavour)

@ reject 4u and 4e candidates where the alternate pairing | / \

satisfies Im(Z:)-m(Z)l<im(Z1)-m(Z)l and m(Z:)<12 GeV ,
® Mg > 70 GeV
Zz

If more than one ZZ candidate is left, choose the one of highest D‘g’lf‘
If Dy, is the same, take the one with Z1 mass closest to m(2)*

I*For fiducial measurements take the one with Z; mass closest to m(Z) |
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H>7Z->4+¢ Full Run-2 (STXS)

PRODUCTION DISCRIMINANTS 19

a s - :(:) 0'35— —ggH 5_, —ggH
Used in categorisation of events to§ 3__ | “w | B wn
. g a. . s . T i ZH = il ZH
provide discrimination between | £ ,.: = | E™ ey
c i c0.081- _
different production mode 015} o - rd
oflf
. ~1 i
D 14 Prayy (A7 |myy) 00541 o
2jet — = L. e =i ™ [ 1 pE i
° ’PVBF(()H'HJ |m4g) % 02 '0.4’W 0 02 04 06 DME%; D1
— =] VBF / ggH+2j VBF 1j/ ggH+1j
Py (O |m . -
Dy = [14+ st = N -
J dnyPype (O |myy) g wh 3 | w
B = ZH ﬁ ZH
- 1.5 ,PH]](QH_H]'WME) §10‘] N 22 | gw-& N =2 |
WH —— — il 1 f:
P T Ak
Pry (QOF|m | 2| W{‘q o
Dars = |14 2O ) i W
Pzu (O [myy) Ll

Ly P PR

0 0.2 0.4 0.6 0.8 1
DMELA
ZH-h / ggH+2j
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H>7Z->4+¢ Full Run-2 (STXS)

OBSERVABLES 27

@ Production + decay discriminants used in VBF-2jet and VH-hadronic
categories and their sub-categories exploit jet information to provide
separation between different signal production modes

2 i VBF+VH-+dec (& VBF+ VH+dec| (3
)DVBF+dec - Psig (€2) 'Dg’}zledec - Psig ()
bk N I VE+dec/ A == 7 = . g VBF+VH+dec (& : VBSTVVV [ 3 D+dec/ 3\’
8 vps\l/gF VH dcc(Q) + CVBI‘Z]et(m“) X (Pl:]kB;;S ; VVV(Q) xE 'Pg((éD+dQC(Q)) Psig t‘C(Q) + chad VH(nm) X (Pbkg + (Q) + PS(E; ec(Q))
i e —
CMS simulation 13 TeV CMS simulation 13 TeV CMS Ssimulation 13 TeV
& ’ . g T e MU
o | o [ o |
S r o o |
» 08 - » 0.8 - » 08}~ =
= [ s - s I
@ 1 — & I — o5, ] b | —
< o6 Ous - S o6l Loy - F os| ol -
T 1 T * T
> 3 > L S A
> 041 = S o4f - S o4l i
02 . H : ] 02 ' ki
i )VBF yg Ddec | s | vs Ddec 7 [ DVH ys Ddec]
L . ) N ) ! A ) ) A ) ) . : ) : : : .
% 05 1 0— ' Y % 05 1
gg — 41 SM sig. eff. qq — 4l eff. gg — 41 SM sig. eff.
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ATLAS - H>ZZ>4¢ Full Run-2 (STXS)

= T 1 I |

F CP
m OF ATLAS o
£ b H=ZZ—-4
= | &
m [ Vs=13TeV,139fb"
6 3 -_ ¢ Data : CHG = 0004
~ F -ss-cy=-75  ==--c,y=0.85 e
2 S5 O = 04 Crwg = 1.0

----------------------
- -

= 18
B
- —
K
’
.'I
LT
E
1
S—1
I
llllllllll ]llllllllllllll[lllllll

O
-1= | | | | | | | | | |
o, Vo, Vo, Vo, By B, B R, Ro, By %
S S X K TSR S TR K TSA T,
% 9 L xR 0 % %, % X
0 0 0 0 0 /) L L & <
XA A PSS YR O K &S‘@ %
24 (O 24, 'S} 24, (O 24 @ 2Ky /s; 0 6 (/4-
4 ©&B b S Y e

Particle-level production bin
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ATLAS - H>ZZ>4¢ Full Run-2 (STXS)

=
2

I | | |
ATLAS

H—-ZZ*—4|

Vs=13TeV, 139 fb™

¢ Data Cg = 0.02
“sn" Gy, =26 el =13 ®
----CHé=O_4 C ~ =07

| -—r..* FOCOEITT :.:;.i.:.;.: :.:.;#:.—. Yy —}'—L:‘- _-;-—- T -l--_._--l‘

CP-odd

llll]lllllllll[llll'lj

lllllll!lllllll[lllllll

o
[TTTTrrrT
_._

—1 | | | | | | | | | | |
o, Vo, Vo, Vo, By B, B R, Ro, By %
S S X K TSR S TR K TSA T,
% 9 L xR 0 % %, % X
0 0 0 0 0 /) L L & <
XA A PSS YR O K &S‘@ %
24 (O 24, 'S} 24, (O 24 @ 2Ky /s; 0 6 (/4-
4 ©&B b S Y e

Particle-level production bin
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ATLAS - H>ZZ>4¢ Full Run-2 (STXS)

CP-even CP-odd
A TLAS Expected: Stat+Sys A TLAS Expected: Stat+Sys
H—ZZ" - 4l m— Observed: Stat+Sys H— ZZ" — 4l = Observed: Stat+Sys
s=13TeV, 139 fb™ =13 TeV, 139 fbo
gMEFT o Observed: Stat-Only gSMEF:'?' © 8 5] Observed: Stat-Only
Best-fit 95% CL Best-fit 95% CL
W - 05 [3.4,2.1] Cai = . £06  [24.24)
HB . -0.03 [-0.62,0.59] CHé . 0.00 [-0.56,0.56]
. , 0.1 [-1.1,1.0] Ci—l\7VB , 0.0 [-1.0,1.0]
. é 102 0.001 [0.008,0.007] Cia o 102 0.000  [0.029,0.029]
WH = ow -5-10%  -6,18  [-18,30] G @ S | .5.102 + 21 [-50,50]
P TR | .. S T T TR | R N R R Ly P S ) e ) o ]
—2 0 2 4 6 —2 0 2 4 6 8
Parameter Value Parameter Value
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H>yy Full Run2 — Higgs boson properties

HIG-16-040
2016
ggH, VBF, VH, ttH

HIG-18-029
2016 + 2017
ggH+VBF STXS Stage 1.0

HIG-19-013
Full Run I
ttH

1
CMS . 35.9 o (13TeV) CMS preiminary 774" (13TeV) > 9M$,  AREREEEEEeEEEE RS 13.-{ fp! .(,1.3|T.ev_! = CMS Preliminary
H- od 68% ; L TR . @ _F 4 Dat S ] £ T
Tt BB combined 68% CL Hosyy P e 9 of * sa. aB _:1‘:15* S‘::c:,; H s
-~ Per process 68% CL ggH oJ |11 3] [ - eevven Background o_un! SM expected ‘ ]
ggH 10 e Bep . SM Prediction % 50: [ B3l 304 6o
3 ggH1Jlow | 133} LI>J Do 2& 514:
= 118 0 -1 - " — a0f = (A 3] L w—"
- Hoampived ™ 118 024 ggH 1Jmed | o773 "y proflied E | i § ;' e
08, m,, profiled — = .g, aof4 | [ . ,A:_;: N
- ggH 1J high | 173! = o u’_‘; §
ttH | 227 ggH GE2J | o082 z 200+, 3 1 "
- L ootgou | e e s &
At : i B (‘7; L. [P | RS 202 l.‘.‘:ﬁ" : ' : E ;
. ‘ ¢ TN 3 5 2 i i 00 710 120 130 140 150 180 170 180
# Ooro Tpno m,, (GeV)
- - - - -
e evolving from measuring 4 signal strengths («) in HIG-16-040 to over 20 parameters in HIG-19-015

Not covered in this analysis:
Higgs boson mass measurement (m, )
differential cross-section measurements
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H>yy Full Run2 — Higgs boson properties

Aim: to have a pure sample of diphoton events, fit the invariant mass _ CMS Preliminary 137 fb™! (13 TeV)
distribution, exploiting the narrow H peak > F Hew | Al Categories
. . G0000 - /i, = 126.0 GeV S/(S+B) weighted
Analysis targets ggH, qqH (VBF and VH hadronic), ttH and tH, VH = ¢ Data ]
. . #0000 — S+B it —
leptonic Stage 1.2 STXS bins I - Boomponent
Categories defined to target as many STXS bins as possible in each 5 s
production mode, category splits made depending on available oo
statistics o000 E
Background reduction, and contamination from other H production % 0 A
modes reduced through the use of MVAs moop B component subiracted J
Data from all years is merged together 1000 i
Simultaneous fit to the diphoton invariant mass distributions in all ”
categories, with the background determined from data 100025 g e e '10('8, ' v)
m,, (Ge
[:> ttH It(:;;tsonic ¥\/ VH iaigm kQ>J| '.,,/‘ri :p’] [%> ttH I::tgi;onic —N [:‘r; ggH tags
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H>yy Full Run2 — Higgs boson properties

e Triggers
- 2016: HLT_Diphoton30_18_R9Id_OR_IsoCalold_ANDHE_R9Id_Mass90 (p”'- > 30 GeV, p*% > 18 GeV)
- 2017+2018: HLT_Diphoton30_22R91d_OR_IsoCalold_ANDHE_R9Id_Mass90 (p?”T > 30 GeV, p‘/2T > 22 GeV)

e Trigger efficiency
- measured using the tag-and-probe method on DY events (less than 1% uncertainty)
- weights from the trigger efficiency are applied to simulated events in bins of » and R,

. . 1
.. 1.05 CMS Preliminary 35,9 f 2016 (13 TeV) 1 05 CMS Preliminary 415 " 2017 (13 TeV) 5, 1,05 IS Profiminary ML sota (e Tay)
c . R > o L Ll 1 T ' I ) |l T ] T 4 0
2" L5 .
S B bee a8 I g ' ' & FIl gpeted ¥ il
= r : o'® Y ¢ - £ r . - : , ' 7 ‘© ‘- s b
@ 0.95+— . : — ® 0.95 .’ . © 0.951 .
o r ® . o r (o)) F
= . B @ o of 2 09f
o 0.9+ = ; 0.9} © R .
Q L -~ . ) 5 8 .
D 0.85 . B 0.85f 085 :
& r S n -
081 = 0.8f 0.8f
F ¢ EBR,>0.85 ] E ¢ EBR,>0.85 = 075T ¢ EBR>0.85 ‘
075, § EER0.90 3 S # EER,0.90 ] E 4 EER;>0.90
0.7F g ¢t EB 0.85-R,>0.50 33 07—_ B EB 0.85>R_>0.50 3 _— 0.7F ¢ EB 0.85>R>0.50 |
- ¢ EE0.90-R>0.80 | - & EE0.905R,>0.80 Fo9 . ¢ EE0.905R,>0.80 |
0.65 - ] 0.65 - 0.65[
2 P g ] gegrg g & B [ B e 4 d S IV T PRI il [T
062040 60 80 100 120 0656 30 60 80 100 120 06540 s0 80 100 120
probe electron E_(GeV) probe electron E_(GeV) probe electron E_(GeV)
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H>yy Full Run2 — Higgs boson properties

Ingredients: diphoton BDT score + ggH multiclassifier

generator-level bins defined with p_", N ot M —

- dedicated BSM region with p_" > 200 GeV
- VBF-like ggH region with N.,, > 2, m, > 350 GeV
I 0 -jet | I = 1 -jet | -> 2 jet

reconstructed STXS 1.2 categories g = 5 | [
- events assigned using a multiclass BDT: predicts
probability that an event belongs to a given STXS bin
- inputs: jet, photon and diphoton kinematics

200

300

- training: ggH simulated events with standard pre-selection
and m. <350 GeV cut
(VBF-IiJf(e region considered in VBF categorisation instead)
- pTH > 200 GeV events treated as a single class in

multiclassifier
(further splits made using reco p."” value)
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H>yy Full Run2 — Higgs boson properties

R

: L

. o 1 H
CMS Preliminary 137 fb™ (13 TeV) 9gH 0J low p o
g F = ] GoH O high p | s CMS Preliminary
[24] 10° = 57'; PAPER I 1o = — | ooH 1Jl0wp" oo 08
4 +1o (stat ® syst) T -1
© s | =2 3 . 137 b (13 TeV)
-~8.57, 123 . B 1o (syst) ggHIJmsde 01 000 Q02
3 10 & 1
10 .|. _% S5 _— — Uncertainty on SM pred. a ggH 1J high p'; 0ot am 00 nm. H—)‘Y’Y
E r 27, 4" 0.56, 2 20 . 3 ggHﬁJlowp:‘ 0m 000 08 o002 wo. 0.4
e ! 145, 091, wea o .
H=yy, ly, | <25 : - PR e MEea 0'82‘:""‘ ogH 220 mndp;’ 000 000 002 ‘Q 0o aal. PAPER 0.2
1 " 05288 0425y 0545, :
= STXS stage 1.2: maximal ey = ggH >2J high p': 000 001 000 003 A 004 0.00
Ps“=62% T ‘ ggH BSM |cor oo oo1 002 0oz co2 04 003 0
i e ggH VBF-like |080 001 001 002 405 408 007 008 001
% 33;-_— _; qqH VBF-like |0s0 001 001 003 902 005 006 005 001 -0.2
Q 23_ ‘ ~ qQqH BSM |ose o0 001 001 001 001 000 000 “ 001 900 04
1.5E -2 .
% A= o 7 Hhor ik % . S -l[ -— qqH VH-like (0o o001 002 004 008 007 018 02 O ooz 001 007
055 ’ ' =
st O B I T B o - = WHlep |00 001 001 002 900 900 001 €01 002 001 400 001 002
:Q.'- :'n.h xd' xa;- xc.‘- xd- ;Q'_ :Q.- g 3’ g g ‘% _8' g‘ :t:: T ZHlep (o000 00t 000 000 000 €80 000 000 001 000 400 -000 0.00 419
8 & 3 ¥ 5 & ¥ & 4 ® 4 £ B T =z
- = el E = o E : § Jé g > Ig = N ttH |00 000 001 001 901 0ot 002 002 005 003 00t 003 008 011 001 B
g 3 A 2 = o I
:é é 5 T :é ; g z Jé; Ig & tH oo ooz 001 003 083 002 003 005 008 06 003 002 008 A 002
> [=}
@ o [=] [~ L _1
2 - XQ-' xn> ZQP ZQD- xn> XQ’- an xn> ‘% g -g % g g_ 3 § ;
= = £ o e 5 " @ o o
§g§§g§§sx§§§§§5
. 223:223933%zz"%%
e simultaneous measurement of ttH and tH 8 3 Ef5zgz ©8°9
3 &€ 8% 8

best tH measurement to date _ . .
e observed (expected) 95% CL limitis 12 (9) x SMvalue ®  two pairs of parameters highly correlated (2D fits in backup-S56)
BSM bins (in qqH and ggH) : in agreement with SM
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ATLAS - H>yy Full Run2

H — ~~ : Categorization

All processes considered simultaneously, maximising global STXS
sensitivity. Replaces sequential categorization.

e Stepl: signal: Multi-class BDT with output discriminant for
each STXS bin splits signal into classes, aiming to minimise
determinant of the covariance matrix.

® Step2: signal vs continuum background: binary BDT in
each class.

Event Fraction

26/10/2020

1=
107"

10255

107k

Signal

LI B

selected

-----

| B

!
ATLAS Simulation Preliminary |
Vs=13TeV, 139 fb", H->yy 3

qq' —= Hag (= 24ets, m = 700 GeV P > 25 GeV)

|

ot i. IR N T G
0.3 0.4 0.5 0.6
Multiclass BDT output
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Event fraction

0.09F ™
0.08}
0.07f
0.06f
0.05f
0.04f
0.03f [:
0.02f [
0.01:-5 i

%01 02 03 04 05 06 07 08 08 1

2l

vvvvv

Wi

ATLAS Preliminary
Vs=13TeV, 139 fb", H->yy

qq — Haq' (= 2-jets. m_ = 700 GeV, p." > 25 GeV) ]

Targeted STXS region
o 0 0 T, Other STXS regions 1
L ] Data sidebands

i "HM_ .

1 ! |
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ATLAS - H>yy Full Run2
H— ~v:VH

WH and ZH anti-correlated

» s 60 T T T T lv i —:
main source: WH events Moo ATLAS Frabinary "2
50 e Continuum Background  Vs=13TeV, 139 fb" 3

----- Total Background m,, = 125.09 GeV =

populating 0 charged lepton
category (targeting ZH).

A (s=13TeV, 139 fo’'
ATLAS Preliminary m, =125.09 GeV, ly | <2.5
1

e Signal + Background Al categories

In(1+S/B) weighted sum
S =WH

LIl

Sum of Weights / GeV
=)

ATV ITeTI IR ERRT ( AYERA NN

& 10
x
0.8 &
= 10
0.6 Lt
o3 5
c
Oyee ; ~0.4 8 0
—o2 M '
’ .g 110 120 130 140 150 160
Fini o [a m,, [GeV]
—-0.2 > T T T T T
o o 8 35 ¢ Data ATLAS Preliminary
2H : 2 s Continuum Background Vs =13 TeV, 139 fb”
06 £ 30 ... Total Background my, = 125.09 GeV
O 3 % 25 -~ Signal + Background All categories
= 20 In(1+S/B) weighted su
-1 S S =ZH
5 E
C> 3

Measured WH+ZH cross-section:
ovy = 5.9+1.41fb

OVH, expected = 4.53 £ 0.12fb
(p-value: 50%)

Data - Cont. Bkg.
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ATLAS - H>yy Full Run2

=  Uncertainties

ggF+ bbH VBF WH  ZH  tH+ tH

Uncertainty source Ao |%] Ac(%| Ac(%| Ac|%| Ac|%]
Underlying Event and Parton Shower (UEPS) +2.3 +10 <#£l1 £9.6 +3.5
Modeling of Heavy Flavor Jets in non-tt H Processes < +1 < +1 < +1 < +1 +1.3
Higher-Order QCD Terms (QCD) +1.6 <+l <+1 1.9 < +1
Parton Distribution Function and ag Scale (PDF+ag) < +1 +1.1 A | +1.9 < #+1
Photon Energy Resolution (PER) +2.9 +24 +2.0 +1.3 +4.9
Photon Energy Scale (PES) < +1 < %1 < +1 +3.4 +2.2
Jet/ B +1.6 +55  +1.2  +4.0  +3.0
Photon Efficiency +2.5 +2.3 +2.4 +1.4 +2.4
Background Modeling +4.1 +4.7 +2.8 +18 +2.4
Flavor Tagging < +1 < %1 <=l k] <%l
Leptons < %1 < +1 < +1 < #1 < +1
Pileup +1.8 +2.7 +2.1 +3.8 +1.1
Luminosity and Trigger +2.1 +2.1 +2.3 +1.1 +2.3
Higgs Boson Mass < =1 < #*1 < *1 +3.7 +1.9
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Searches: VH(cc) (2016)

JHEP03(2020)131 RWTH.
> o 1eY) - w - Resolved-jet topology |
S 1'4:_C.MS : = e # > Higgs decay products resolved in two
T i Slmqlqt/on s Merged (AR<15) | ~ . .
= 1.2 Preliminary Merged (AR <0.8) | AK4 (R—0.4) jEtS (dl-jet)
® | ZHevents “merged-jet” regime 1 > Probe larger fraction of the available
- | , ; signal cross-section (95% of events have
0.8 L_J | —— p(V)<200 GeV)
0.6:—_._,_._,_._|""i - > DeepCSV tagger (CvsL, CvsB)
| ; |
: ! = Merged-jet topology
0.2} | ]
: il L ] > Asingle AK15 (R=1.5) jet to reconstruct
W BRI I I, e | I T A e
% 50 150 250 350 450 the H—cc decay
Higgs boson p.. [GeV]

> Allows to better exploit the correlations

) ) between the two charms
Resolved-jet Merged-jet
» DeepAK15 tagger
Z(vv)H(cc): OL -
W(£v)H(co): 1L or(V) > 200 Gev o =
Final results: combination of the two
Z{£6)H(co): 2L pr(Z) > 50 Ge topologies to maximise the sensitivity
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https://link.springer.com/article/10.1007/JHEP03(2020)131

Searches: VH(cc) (2016)

= Combination: resolved-jet: p;(V) < 300 GeV / merged-jet: pr(V) > 300 GeV
> Systematics: correlated, but: c/cc-tagging efficiency & PDF, uR, uF for V+jets

= Validation with VZ(Z—cc) : pyzz_sc= 0.5570-8¢ 4 g4 With 0.70 obs. (1.30 exp.)

95% C.L. Exclusion Limits

pr(V)<300 GeV p:(V)>300 GeV 1L 2L All. Ch.
+18 +34 +31 +25 +16 (+35
4577 45 73%% 5, 727 5, 5747 37+16(+35) (-17)
86 75 110 93 70
3591 (13 TeV) 35.9 fo™' (13 TeV)
13 TeV 5. e
5 lIl[III$|) oL pp—> VH(H-> c) CMS
[ e 1.4 55 CMS ——®— Resolved ] Exp=roxsm pp— VH(H— cc)
Q " Simulation o  Merged (AR<15) | Obs=83xSM
é 1.2[~ Preliminary Merged (AR <0.8) | E%ngaﬁon U G
° — ZH events “merged.jet" regime 2l L IR Y [ o e S
1t o Bxper2esm ZH(H- co) |a B
- 1 [ - J : Obs.=110xSM n=36+24
0.8} : I —— WH(H— ct)
i * |—'°—l_._ 1 a n=37+36
0.6 :‘_’_‘_,_._,_‘1 | Exp=57xsM 0L20 N
r 4 Obs.=93xSM n=20+
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Heavy flavour tagger for AK15: DeepAK15

= DeepAK15 tagger — cornerstone of the boosted VHcc analysis
> Reconstruction of moderately to largely boosted Higgs
> DeepAK15: good compromise between signal purity and acceptance p;>200 GeV

More information

= Boosted jet tagger “DeepAK8” adapted on AK15 jets > Huilin talk

> DNN multiclassifier for top, W, Z, Higgs, and QCD jets CMS-DP-2017-049

> Mass decorrelation techniques to mitigate mass sculpting  NIPS 2017 paper,

> Validation in data using proxy jets from g=>cc CMS-JME-18-002
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score(Z — c¢) + score(H — c¢) + score(QCD) [Even larger @high p+]
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http://cds.cern.ch/record/2295725/files/DP2017_049.pdf
https://indico.cern.ch/event/796574/contributions/3539037/

Heavy flavour tagger for AK4: DeepCSV

= Define two discriminants to separate c-jets from light and b-jets
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> Taggers working point used in the analysis allow for ~28% efficiency for charm
jet while keeping the rate from b-jet ~15% and from light ~4%
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https://indico.cern.ch/event/796574/contributions/3521683/

Resolved-jet: Search Strategy

= Higgs boson reconstruction

> Pair of jets with the highest CvsL-score = build Higgs candidate 4-vector
> Further require: CvsL(max) >0.4 & CvsB(min)>0.2 for the leading jet

™
.

Baa

FSR candidate |

= Final State Radiation (FSR) recovery

> Improve dijet invariant mass resolution by a few %

35.9 o' (13 TeV)

= Multivariate analysis for final signal extraction

2onf T e om | mved
> BDT to further discriminate signal from 3101:?%:‘\92&’7;’{ %w Ea __
backgrounds e S S
> Dedicated training in each channel i _
> Input variables: H properties, V boson properties, 1°2i

1E

c-tagging discriminants, event kinematics & object
correlations
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Resolved-jet:

Background estimation (Il)

35.9fb7 (13 TeV)
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Resolved-jet: Background estimation (lI)

Combination: https://cds.cern.ch/record/2725733

Results Included in Combination

v Included, will full Run 2 dataset (139 fb™")
Included with 2015-2016 data only

ZZ4 vy bb m T WW | multi-lep inv
w [ v [ v Y,
VBF V W W
wlyiviv]iv
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