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The Higgs boson searches at the LHC @

= Main Higgs boson production mechanism at the LHC:
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CMS,

—— Higgs boson associated production @

Higgs-Strahlung (associated production)
> 4% of Higgs production mechanism

W,Z

> NLO QCD corrections can be obtained
from those to Drell-Yan: +30% (also NNLO
QCD)

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

> For ZH at NNLO further diagrams from gg initial state 500y ---H
» 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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“* VH production mode: State of the art@

> Combined measurements of Higgs
production cross-sections in the ZZ,
vy, WW, bb, Tt, and . decay modes > ATLAS observation of VH production

35.9 fb' (13 TeV)
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Generally consistent with SM predictions
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H—bb physics case and VH role

s\

> 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
* Limits the sensitivity to 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

> WI/Z decays leptonically

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

= Provides the most sensitive channel for H=>bb
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VH(H%bb) Analysis Strategy - ATLAS and CMS@

SIGNAL PROCESSES IRREDUCIBLE BACKGROUNDS
z b
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), # O-lepton (MET) 5 " bbJ\ \w{ single t
1-lepton [e,u] + b t
y 2-leptons [ee,pp] 5 ; 9 K b
)
> 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets /f\e
« Target Z(vv)H(bb), W(lv)H(bb) and Z(I)H(bb) ) - <
> Signal region designed to increase S/B f@ 0 !
* Large boost for vector boson v @ [
Di-boson

* Multivariate analysis
* Exploiting the most discriminating variables (m,;, AR,;, 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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> EventSelection+Categorization - CMS ~ []

= Selections (jets, leptons, b-tagging) i- Control regions designed to map
optimized separately by channel : closely each signal region
> 4 analysis categories: : > Inverted selections to enhance
+ 0-lepton: p;(2) > 170 GeV : purity in targeted backgrounds:
* 1-lepton: p{(W) > 150 GeV : tt, V+light flavor, and V+heavy flavor

* 2-lepton High-Vp;: p;(2) > 150 GeV
* 2-lepton Low-Vp;: 50 GeV < p;(Z) < 150 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:
* 0-lepton: p;(2) > 150 GeV
* 1-lepton: py(W) > 150 GeV
* 2-lepton High-Vp;: p;(2) > 150 GeV
* 2-lepton Low-Vp;: 75 GeV < p;(Z) < 150 GeV
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M

S, . . . .
— Improvements in invariant mass resolution @
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CMS =>» Use of (DNN) to discriminate sig. from bkg. in SR + various bkg in CRs
ATLAS = Use of (BDT) in each signal region

74 e Y4 Xk
e ° FUFHITS .e.: u"‘ ; it ..!-:--'-‘-« gt
= Signal extraction: R

18/05/2019 L. Mastrolorenzo - LHCP2019 - Puebla (Mexico)




Entries

Obs / Bkg

Signal extraction - CMS
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Combination of VH(H—bb) measurements Q

= Combination of VH(H=>bb) measurement

Run-2
Signiﬁcance (‘7) ) Signal strength Signal strength Po Significance
Data set Expected Observed Signal strength Exp. Obs.  Exp. Obs.
2017 3.1 3.3 1.08 +0.34 0-lepton 1.04%03  95-10* 51-10% 3.1 33
Run 2 49 44 1.06 + 0.26 I-lepton 1.0970:3  87-107 49-107° 24 26
' ' ' ' 2-lepton 1381946 40-107 33.10% 26 34
Run 1 + Run 2 49 4.8 1.01 +0.23

VH,H — bb combination ~ 1.16*037  73-10° 53.1077 43 49

5.1fb™" (7 TeV) + 18.9 b (8 TeV) + 77.2 fb" (13 TeV)
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—  Observation of H—>bb decay mode @

\

= Combination of VH(H=2>bb) with other H=>bb measurement

~J

<51f"(7TeV)+<19.8fb" (8 TeV)+<77.2fb" (13 TeV)

LELEN AL ELELELES NLELELE LA BLELELE BLUALEL ELLL

CMS e Observed ATLAS H—bb {s= 7 TeV, 8 TeV, and 13 TeV
HobD +1o (stat @ syst) 4.7 1" 203 b, and 24.5-79.8 fb™
o (syst) —Total Stat. Tot. ( Stat., Syst.)

: stat  syst +2.26 ,+1.59 +1.60
ggF 2.80 +2.08 + 1.30 VBF+ggF Runl| jp———e—H -0.78 227 (Z158 5 164 )

. 1.38 1.30 0.46
VBF 2.53+0.98 +1.17 VBF+ggF Run2 —e—1 247 L5 (G 024 )

| H R 1 | 1.50 +1.22 1-0 73 ’ +0.98
ttH | — 0.85 + 0.23 + 0.37 ttH Run o s (071 -0s )
, ttH Run2 e+ 0.85 fg_'gf (fg.'gg , :?.'gg )
: VH Run1 Y 0.51 :)'37 (2o 33 ) _o.2g )

0.88 +0.24 + 0.16 0.2 +0.16 40
il s £024 VH Run2 I 115 02 (308,005 )
Combined : 104+014+014 | come | & T 101 ¥0.20 (402 401167y
.l-‘1|1|1|1 Comb. | | | ..I.1|01I _0'.29.|(._p'?2.-_P'|15|)
L S LA A -4 -2 0 2 4 6 8 10 12 14
est fit u
MH—>bb
Significance: Significance:
5.50 expected 5.50 expected
5.60 observed 5.40 observed
Measured signal strength: Measured signal strength:

b =1.04 £0.20 p=10120.20

Phys.Rev.Lett. 121 (2018) n0.12, 121801 Phys. Lett. B 786 (2018) 59
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CMS,

— Simplified template cross section (STXS) @

= Re-interpreting observation result, measuring cross section in bins of p;(V)
separately for WH and ZH production:

» Modification of cross section in bins of p(V) could point to new physics
> Reduces amount of extrapolation to inclusive result
> Following analysis categorization: split at 250 GeV exploits BDT shape

> N

HIGG-2018-50
ATLAS Simulation Vs=13 TeV
V(lep)H ey g g e : 0
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! : ’ ! 1 o)
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. v e L ] l ............................ , ............. 9
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| TR S U O |, &
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A .. ............... - .......................................... . ............. :
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' f-lep3etp"’>150 GeV,SR{ 8.34 | 59.02 | 29.67 034 | 167 | 091 | —|0
» gg/qq— HIl, 150 < prV< 250 GeV ' ERENARE T O S—— E—— W
: i-lep2-jetp;’>150 GeV.SR | 5.86 | 60.95 : 31.33 © 0.5 © 111 | 059
L 1 1 | _0
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— Simplified template cross section (STXS) @

o
é § ATLAS VH, H—bb, V—leptons cross-sections: E
o [ {s=13 TeV, 79.8 fb ® Observed ==Tot. unc. == Stat. unc. ]
>m£’ 103 §_ : = SM [JTheo. unc. _§
X — : _
— V=W X V=2 -
E = :
10% = ' T =
< —1 -
o} = ! = ]
10 &= _% : T —=
— . : * =
- ! : I -
% B 1 —— — -
e L T T * T * ]
o Tr * L= s :
e 0- X : . -
150 SN 75ep> 750 oSN
<pWw r =250 S <02 r=<50p
r <250G Geyy 75750 Ge r<250G ’ Gey,

* First STXS in VH(H->bb):
> All bins have obs./exp. significance between 1 and 2 sigma
> Still dominated by statistical uncertainty

* High p; bins particularly suited to study effects from new physics
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CMS,

“® Measurement of VHHOWW) - cMS (@]
SF: Same Flavour (ee/up) E"umberof Iepton% 101016/]phVSIth201812073
Of: Pifferent Flavour (k) 15t observation of the H=WW process in CMS

3 leptons

@ > Higgs production via ggH, VBF and VH

o ZH-4l

> Analysis based on the 2016 data (35.9 fb™)

0 jets 1jet 2je

> Categorization in Nr.-leptons and Nr.-jets
ot | v s o 0, ]
SF DF SF DF

) ) ) e () ()

e WH->3 leptons

> WZ and Zy normalizations estimated from data with CR
> Shape analsysis

« ZH->4 leptons

> Categorization in the flavor of leptons from the Higgs
> ZZ bkg normalization taken from data with CR.
> Cut&Count analysis
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Measurement of VHH->WW) - ATLAS  [B]

Measure of the VH production cross section using H>WW*>2[2v HIGG-2017-14
> Higgs production via VH
> Analysis based on the 2015+2016 data (35.1 fb™)

* WH=>3 leptons + ZH=>4 leptons
> Z+jets and Zy estimated with data-driven techniques
> Normalization of the main background from CRs
> Cut&Count method used in ZH
> BDT used to maximise the sensitivity in WH

> 180i""l“"l""““""""I""\“"I“"""
O 160F ATLAS —4- Data
% 6r T T I T ) T ) ] & [ Vs=13TeV, 36.11b" 777 Uncertainty
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s | p B WH (u=2.3) @ ZH (u=2.9) § 120F zzcR m zz
s 5 Vs=13TeV,36.1fb"  [JOther Higgs M WZWy* R
C | WH = Iviviv Jvwy mzz . 100F
4 |Z-depleted [CJtop-quark i 80;
C ] 60F
Z// ] 401
/ ] 20¢
% 1 7"" BRI LTI LI AR 00 0V . U0 W00 O P00 L LA
— e 2
7777777777777777 < .1 ?==‘3.¢¢+ ++ '.,“ ® ".lr
5 o5 [ X) b ;
O o T T T T T
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0 - - - : - : - -
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Measurement of VH(H2>WW) - Results @

CMS 35.9 fb' (13 TeV) . . .
; | CMS combining all categories:
: —— Combination = 3.27%+1-88
M, =138 T Hwn = 3 +1.57 ~1.70
1 SM Hzy = 1.0
w029 sl o1z ATLAS signal sytrength for VH processes:
- 1.2
5 Hwh = 2.3" -1.0
n, =327 i Uy = 2.9*1°
; . . IR
5 p associated to the main
Hyg = 100 Zaw [ —— Higgs production modes
oidecicciteiiiiecca .l * simultaneous fits are performed to probe the Higgs
o 1 2 3 4 5 6 boson couplings to fermions and vector bosons
SM
g 3ATLIAS o fsg/lCL ] > 3CMS 35.9fb" (13 TeV)
%2-5;— (s=13TeV, 36.1 fo’ S5 CL — =
o 2 ® sM E 25
: 1* Comparison of the WH

| and ZH productions
< 1

0 05 1 15 2 25
Oz1 * By ww [PD] By
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£

X Measurement of VH(H=>11) - CMS @

The H> 17 decay is the second most sensitive channel to establish VH production

> WH semi-leptonic: W(ev)H(ut,), W(uv)H(ut,) o __ asem’tsTey)
> WH hadronic: W(ev)H(t, 7,), W(uv)H(t, 7)) | CMS ‘
> With Z(ee)+H(z,t)), H(z 7)), H(T, T})), H(T,T) I GgH 11122059 )
> With Z(up)+H(z. ), H(T 7)), H(T, T}), H(T,T}) ! _— |
aqn =113 54,
Main Background: ! ;
- WH u=339%58
> Irreducible: WZ, ZZ estimated from MC i . )
> tt+jets, Z+jets, estimated with fake rate method | ZH ol
-2 35.9b™ (13 TeV) L Combined =124 1029 _
" o CMS | '
16 N S N
1.4;— Best fit u = O/GSM
N VH signal strength: CMS-HIG-18-007
ost - +1.35
0'6;_ [ 95% CL - Combined, H—>t l’l’ T 2'54—126 (Obs')

04l T 68% CL - ggH + VBF, H—>tt
[ ----- 95%CL-ggH + VBF, H->tt +1 08
0.2'_ + Best fit _ .
L ‘ Expected for a 125 GeV SM Higgs boson /1/ — 1.00_0.97 exp.
Lo b by v b by by by by v by g by
0O 02 04 06 038 1 12 14 16 1.8 2
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Measurement of VH(H=>cc) - ATLAS @

ATLAS-CONF-2017-078
> New search for ZH(cc) production exploiting new c-tagging techniques

» Categorization as function of number of c-tag jets and p+(2)

> Provides observed (expected) upper limit of:
(pp—>ZH) x BR(HH—>cc) < 2.7(3.9*2"_, ) pb @95% C.L.

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

C T | |. ¥ T T l| I _0.5 >‘ (?3 I ] I I I l I I I I ‘ I l I I I J ; ‘Dla'tla' I l I :
= 10 ATLAS Simulation = = ?TL;:? V,36.1 b " Pt Resul -
[} T = c efficiency 41% I _| ) - s=15 18V, J6. — Fit Resu —
Kok \lg =13 TeV, tt ... ¢ efficiency 30% 0.45 (3] E 2 c-tags, p? 2 150 GeV -g;(bb) ]
9 = = =1 ¢ efficiency 20% % g =ZW 7]
5 o 41%efficiencywP | 0.4 = kT [ Z +jets ]
w .°|_9, o ]
%) 103 —0.35 © — ZH(cT) (1000xSM)
- i
0.3 -
50 —]
0.2 .
0.15 L9
3 0
L ! ! M, V| 0.1 % 08
= 0_6 1 1 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 l ] 1 1 | 1 1 | 1
3 4567810 ] 20 ] 30 a8 60 80 100 120 140 160 180 200
b-jet rejection m _[GeV]
ct
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ATLAS Conclusions @

= ATLAS and CMS have both achieved a >50 observation of the H—bb decay
> Combination of several channels, dominated by VH(bb)

= SM assumption on Yukawa coupling to b’s is confirmed within uncertainty (20%)

= All 3" generation fermion couplings are now observed!
= ATLAS observation of VH: all major production channels now observed.

= Recently ATLAS has published a re-interpretation of the observation result,
measuring cross section in bins of pT(V) separately for WH and ZH (STXS)

= The VH production mode contributed to the first CMS observation of the H2>WW-"
decay mode. ATLAS recently measured the production cross section for WH and
ZH with H>WW*

= The VH production mode represents a unique bench test also to probe the
coupling of the Higgs boson to lepton (CMS, VH(t7)) and to the second-generation
qguarks (ATLAS ZH(cc))
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T Higgs Mechanism &

= No explicit mass term in the SM lagrangian

> Adding by "hand” such terms (mWW) would spoil the renormalizability of the theory
> Particle can gain mass through the electroweak symmetry breaking mechanism

= Introducing the "Higgs potential”: \(®) = - u°® @ + A(® ®)*
> Invariant under local transformation U(1), ® SU(2),
> |t must preserve Lorentz invariance |

» Itbreaks U(1), ® SU(2), — U(T), .

Perfect Symmetry
ocal M a

axim
Meta-stable

small oscillations
around the ground state
| > O =
;, Choice of a ground state

q)+
(I)O

@:

oot

0
P = (V) vacuum expectation value
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Higgs Mechanism @

= When the symmetry is spontaneously broken:

/ 2
> The mass terms for the vector bosons naturally appear > my, = %J and m, = i 922+ g
> Anew massive particle emerges: the Higgs boson > m, =+/24v

> Fermion mass generation > Yukawa couplings

Ly=fiX, Plr+fuq, Pur+faq, dpdr+h.c. i( 0 )
v + h V2\w+h

_vfi (lLlR n lRlL) 4 Yu (ULUR + ugu;) + —= Vi (deR + deL)

ml
fi=7\/E

The Yukawa couplings bring new non-gauge interactions!
Represents something never proved before
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“*  The SM Higgs boson decay channels

1T ' 33

- B zZZ X

g |

e |

o 107 i’

o

wn

3

I

102 E
10° 300725 200 300 400 500 ____ 1000

M, [GeV]

> At 125 GeV, the highest branching ratio is into H=>bb (about 60%), followed by
the WW channel (about 20%). Then, the other sensitive channels also studied at
the LHC are tt (about 6%), ZZ and yy

> The most sensitive channels are ZZ=>4l, yy, WN=>vlv
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Higgs boson discovery and established properties@

Analysis in the main H decay channels

= H _>ZZ _>4| h . : )
Discovery in the

= H—yy — bosonic decays The CMS full combination in
s H_VV 5.10 | the five main decay modes

U bh - 4.90
" —> No evidence in 2012 _

’ m,=125.3£0.6 GeV
" —>TT No evidence in 2012 o e

p-v

T 102}

810

P.Higgs and F. Englert were awarded ~

10°

ELY

One year later... ES S W
y e N\

)

3 356
° ° ° 2F i
the Nobel Prize in Physics 0 e
< . 10 £ | = Combined obs. 3
, 10 | === Exp-for SMHHiggs | - S Preliminary ﬂ;6o
gy e 1010k — M= HoZZ+WW+yy
o wfl—Hoz s=7TeV.L=5.11" 1
: A ibecc 107 s ww \s=8TeV,L=53f" 3
*Q\/J 10_12 :_ | i | ﬁ70

116 118 120 122 124 126 128 130
Higgs boson mass (GeV)
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“* Higgs boson discovery and established properties@

I 1
=} (9]
° ° ° ° ° TSI NN—77
= Higgs discovery in 2012 = characterization .| NN
® 107 ~7
S 104} ;
> Mass:125.09 £ 0.21 (stat. ) £ 0.11 (syst. ) GeV S1%F \\v// N
ATLAS+CMS: PRL 114 (2015) 191803 10‘j% \\w/ 150
0¥ e
> Spln/Parlty: 0+ 1825—_'2:::::’10:;995 CMS Preliminary EBG
ATLAS: EPJC 75 (2015) 476 10'_':% . oz
CMS: PRD 92 (2015) 012004 10_12?—Hﬁww Vs=8TeV,L=531" T
. 19716 18 120 122 124 126 128 130
> Width: on-shell + off-shell searches comb .<3.2MeV Higgs boson mass (GeV)
. _1
CMS: JHEP 11 (2017) 047 || HIG-18-002 | Today result! £ 1?'.“5 Preliminary ___ 85.9fb .(??’.T?Vi |
1 ‘
ATLAS: arXiv:1808.01191 submitted to PLB brand new!! v ;
° ° o I
= Observed direct coupling to: 2w
g™ i
'8 L
> Vector bosons % o2l
ATLAS: PLB 716 (2012) 1-29 S SM Higgs boson |
CMS: PLB 716 (2012) 30 .l P — [M, €] fit
107 E
+ 1 5
> 1 leptons %ﬂi |
ATLAS: ATLAS-CONF-2018-021 104k |
CMS: PLB 779 (2018) 283 c% 1,50 : l : e
e 1: ........................ * ....... %
> tOp quarks Q9 05F .
ATLAS: PLB 784 (2018) 173 T 0:1"0_1 DT T
CMS: PRL 120 (2018) 231801 Particle mass [GeV]

So far, all measurements compatible with SM predictions!
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CMS design and 2017/18 Evolution  [@]

 Combines the information from the different CMS sub-detectors to
identify all the stable particles in the event: e*, pZ, y, h%, h¢

Exploiting:

* The
Inputs to build capability of CMS

* The
and
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Evolution of Analysis Techniques

J. Butler - 25th Rencontres du Vietnam ‘18

Boosted Jets, Jet Substructure

Particle Flow

= Particle Flow uses all available information to reconstruct physics objects, e.g.
charged track momenta in jets

= produces a big improvement in jet energy resolution, tau-lepton identification,
and helps with high pileup
= PUPPI (PileUp Per Particle Identification) is a special tool to deal with high
pileup
= Use of multivariate analysis techniques to maximize power of available
statistics

= Boosted jet topologies and jet substructure analysis
" Use of Deep Neural Nets/Machine Learning | Rapid growth in 2017/18
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Observation of H->tautau (=]

J. Butler - 25th Rencontres du Vietham ‘18

Observation of H = t*t using [ Vis
7. 8, and 13 (2016 only) TeV data

PLB 779 (2018) 283 |/} |
= Branching ratio ~ 6.3%, best channel to establish coupling of Higgs boson to fermions

* Final states: 7,7 ety PTH ep = Significance of 4.90 observed (4.70 expected) with13 TeV data

« Combination with 7, 8 TeV data: 5.90 obs. (5.90 exp.) and p = 0.98 = 0.18

35.9 b (13 TeV) i ikl i
7 " B b 7N
310 LI A ) I LI I ) ' L I I | ' LN I I L I I l L B I CMS 81600; CMS 408 l + Ooe. - big.
c BFT ¥ v p= "
[T CMS 1.6F —#— (Obs. - bkg.)/bkg. odet £ wof-+owws B : ' T
ﬁ 10 :; R (H—’!f)’bkg ) el 1] % E :-" (pt .09 ol _+: DMum.
) 0 Bkg. unc./bkg. l“_?‘:}‘,‘_,’.". ° by 320 T —- leetm—
10° 0.6 £ 1000f-  0c0mutje
04 ; veF S [l o 5 T
. oy i SAARNEAPI . | _— S BOOFD““' 0 50 100 150 200250 300
5 =1 0.5 ' -~ [
218 6 only log, (SI(S+8)) Crma B oop o Otrz, T (O
2 . VBF: 1,x,
103 o (7) G(X)':— -ﬁ Boosted: t,x,, ut , e, en
u=1.09 200F
10?2 0 1 Besttgn L 3 (; 50 100 150 200 250 300
+ Observed 4T, H =00, m. (GeV)
10 l““ erh . . . - .
O O First direct observation by a single experiment of
| Higgs coupling to fermions!
8o . : : — Observed before in CMS+ATLAS combination
10—1 LA 1l 1 LAl A1 1l LA 1l 1 Ll 1 1 Ll . . . .
-3 25 -2 15 -1 05 First direct observation of H coupling to leptons and
+ . .
log,(S/(S*B)) | to fermions of the 3rd generation!
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Observation of H=>tautau

the news of the past 12 months
A year ago: This week:
CMS >5-sigmaH > TT ATLAS >5-sigmaH—- 1T
35.9fb™" (13 TeV)
> =L L I UL UL : > T I T T T T I T T T T I T T T T I T T
3 ] D - .
G 35¢ - cms =5 g G [ ATLAS Preliminary = %2770 -
; E E ; B r-'lSTeV 36. 1ﬂ)— Mzttt B
T 30[ +-Observed 25 = c " TepThag VBF tight SR BN Other Backgr. |
g) - — Heotr (u=1.09) . q>) 1 0_ [: Misidenisiiod ¢ |
g 25:_ z_.." 1.5 _: w - -
o : .Wﬂets " : = —
E B QCD multijet 0.5 i — .
C_D) 20__ Others j : -] 5_ ]
q) : . unc. : B ]
= qf i ) 0 50 100 150 200 250 300 ] - -
o F m,. (GeV) 3 i |
+ - [ = -
@ 10:— ﬁVBF: ut , e, eu -] g)
(p) - o
5= ©

- ©

B 11 1 1 I L1 11 I L1 11 I L1 1 1 I L1 1 1 I L1 11 D

0 50 100 150 200 250 300

m,, (GeV) mMMC [GeV] 13

G. Salam, LHCP ‘18
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Observation of ttH

J. Butler - 25th Rencontres du Vietham ‘18

ttH: 7,8, and13 TeV Combined

5.1 b7 (7 TeV)+19.7 fb'1 (8 TeV) + 35.9 fb1 (13 TeV)

CMS,

5107 (7 TeV) + 19.7 ' (8 TeV) + 359 ' (13 TeV)

HH(WW*)
ttH(Z2Z")
tH(YY)
ttH(t' 1)
tiH(bb)
7+8 TeV
13 TeV

Combined

—\ N
— < \
L\
0
5.1fb" (7 TeV) + 19.7fo' (8 TeV) + 35.9fb ' (13 TeV)
® Observed
CMS —— 10 (stat @ syst)
- . m i1 (syst)
: +20 (stat @ syst)
- - @ -
[ X
 ——
——*ﬁ——
B
S ]
_’_
+
PEPEPETS EPRPEPEPS EPETEPEPS SPEPETErS PRTRPr BPAPErare BPAPErara S
—1 0 1 2 3 4 5 6 u 7
tiH

Best fit value of the signal strength modifier for (upper
section) the five individual decay channels considered,

CMS ¢ Observed
10°) Background
7] Uncerainty
L[ S 1iH (u_ =1.26)
a . tHH (u"™'%1.00)
§10‘w &
o0y -
[ ¥
107 *
10/ o
1
3.0
g 25 ’
~ 20
15 " ¥
10 - - - - - - -
30 25 20 15 1.0 05 00
log, (S/8)
51" (7 TeV) = 19.7 1" (8 TeV) + 359 b ' (13 TeV)
o 35 T T T T T
CMS — Combined 4
SM expected 1
30} 52 — 13 TeV B
 9.2G 1
3 7+8 TeV 1 +0.31
25 1
450 f l,l=1 26
20 4.20 1 -0.26
4s_]
15 1
10 i
5 20
=i =
0() 05 1 35
1l

1iH

Test statistic vs coupling strength modifier The horizontal

dashed lines indicate the p-values for t

he background-only

hypothesis obtained from the asymptotic distribution of g,

19/05/2019

(middle section) the combined result for 7+8 TeV alone
and for 13TeV alone, and (lower section) the overall
combined result.
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Observation of ttH

the news of the past 12 months
A few weeks ago: This week:
CMS >5-sigma ttH ATLAS >5-sigma ttH
CMS 35.9 fb" (13 TeV)
f%) L T T L B
g
w - - ’ > LI B R L SR B R AL LR AL B RN
102 |- _ & 3%E 4 Data ATLAS ]
- : 0 g e Continuum Background Vs =13 TeV, 79.8 fb =
N ] N - - --- Total Background m,, = 125.09 GeV .
i | ®  25F — Signal + Background Al categories N
| ¢ Data '5-, n In(1+S/B) weighted sum .
B i+ (i=1.23) é’ 20 = e
10 D Background S C + 3
~ 15__ -
~ : Background uncertainty g - ]
i i ? 10k } + =
] ] l PR IR BT TR R — .
2k E 5k . * | l -
- R E UL I
% 5‘3 0: - . AT S T TR N (NN SO TN TN Y AN O ST SN T (N SN SR S S A SO S N S
el ok — 110 120 130 140 150 160
-5 -4 -3 -2 - 0 l"ﬂYY [GeV]
log, (S/B)
14

G. Salam, LHCP ‘18
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First H—bb searches started at LEP... [@)]

Physics Letters B 565 (2003) 61-75

Search for the Standard Model Higgs boson at LEP

o % ALEPH Collaboration ' DELPHI Collaboration? L3 Collaboration®* OPAL Collaboration * ~ PHYSICS LETTERS B
The LEP Working Group for Higgs Boson Searches’

ELSEVIER
m, > 114.4 GeV @ 95%CL
N C ~ . 17 ] 1 gl T T T 1 LI LI T 11T I L I L I T T 1 I T T 1 T :-I
L 5L LEP  5=200-209 Gev Tight - F A :
> | O LEP /& —
<5 [ 4 Data 10 & K 3
U 6 l:l Background ; T} ;
en Bl Signal (115 GeV/c)) oF £ ]
~ 5 | 10 & =
17,] = =
N 2 C ]
= i all  >109 GeV/e sF ]
g 4 n Data 18 4 10 & —— Observed .
= | Backgd 14 1.2 E ------ E‘xpected for ;
3 Hsignal | 29 22 + JF backrowsd ]
[ 10 = E
2 I~ E ! E
50 ! 114.4 1
10 = ] 153 o
1 E : E
-6 : : 1
0_.,,_._,_;-1\_4__. | T nibreeil B PN (Lnl s N 10 llllllllllllllllllll I!IIL Lol
0 20 40 60 80 100 120 100 102 104 106 108 110 112 114 116 118 120
2
mrec (GeV/c") mH(GeV/c )
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~ ..andcontinued atTevatron...  [@]

week ending

PRL 109, 071804 (2012) PHYSICAL REVIEW LETTERS 17 AUGUST 2012

S

Evidence for a Particle Produced in Association with Weak Bosons and Decaying
to a Bottom-Antibottom Quark Pair in Higgs Boson Searches at the Tevatron

(*CDF Collaboration)

q ("DO Collaboration)
e
W,Z
: W,z
800 Tevatron Run II,LimS9.7 fb !
L 142 b-Tagged Jets
— 000 I~ —+- Data - Bkgd
v - B Wz Pyl
S b D7z Significance
O i Higgs Signal ,
S I m1seevic 1 2.80 observed @ 125 GeV
~ 200
£ i
(] -
D 0 s T
'200_..+.. ! | AP BT B B

0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)
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.ending at the LHC! b

= Why b-tagging?

> B-tagging is an essential tool to be exploited to study physics processes with b-jets in their final state:
» SMHiggs sectors (H->bb, HH->bbbb,...)
* Top physics (t->Wb) b-jet P
» BSM searches (X -> bY) - l:rac\ks\
* Also used as veto for many backgrounds (H->WW)

b-jet =
L R e B
[ ATLAS Preliminary —e-Data
18F - 1 = VH — Vbb (11=1.06) 2
E Diboson

b-tracks

e tracks

s
a Vs=13TeV,79.8fb
é 16}~ 0+1+2leptons Y Uncertainty B =
X [ 2+3jets, 2 b-tags
8 14:’ Weighted by Higgs S/B Dijet mass analysis
. I '; E -
Lead to discovery of H L
S =
£0 —
S
491" (7 TeV) + 19.8 b (8 TeV) + 35.9-77.2 b (13 TeV) oA
o Observed S Ty
CMS — 1o (stat ® syst) o b
H H c sl dea o Lo b by Ly g Iaa g 17
_ Preliminary — 1o (syst) £ 740 60 80 100120 140 160 180 200
oo ; — 120 (stat @ syst) m,, [GeV]
ggF+bbH
B —— T
| ATLAS Preliminary  1s=7TeV,8TeV, and 13 TeV
Tl ; Total Stat 4.76",20.3 b, and 24.5-79.8 b
; —Total at.
B : 226 +1.59 +1.60
oo ; VBF+ggF Runl| j—i—e—i4 -0.78 5, (Miss . ies)
ttHH 1 1.38 1.30 +0.46
| VBF+ggF Run2 —e—1 2.47 150 (5% %02 )
i 1.22 0.73 0.98
e ” ttH Run1 ke 1.50 "0 (%077, Toee )
= ttH Run2 (. 0.85 "0 (*03.%0%)
bb H +0.40 0.31 0.25
Mo —— VH Run1 lo 0.51 *Jo; (Co30, 02 )
+0.27 +0.16 +0.21
: VH Run2 I 115 Zo5 Qs 2019 ) ATLAS . 4 1.01 £0.20
Combined —e— [T T 020 7 +0.1277740.167
: mb. 1.01
AAAlAAAAiAAAAlAAAAlAAAAlAAAAlAAAAlAAAA COb TSRS [ ‘1H‘1“‘1“‘0"2?“(‘?']2“41)‘15“)
1 0 1 2 3 4 5 6 7 4 -2 0 2 4 6 8 10 12 14 CMS 5.6 5.5 1.04 £0.20
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VH(H—bb) results at LHC

=

= VH(bb) evidence at LHC established
with 2016 data by both ATLAS and CMS

> Detectors demonstrated ability to deal with very high PU
> For2016 analyses used ~40fb!

= Signal strength uncertainty ~40%

Significance | Significance
(exp.) (obs.)

ATLAS Run 1 0.52t 557 2.60 1.4o
CMS Run 1 [2] o,ggjgjj; 2.50 210
ATLAS+CMS Run1 [3] 0.797%% 3.70 2.60
ATLAS 2015+2016[4] 1.207342 3.00 3.50
CMS 2016 [5] 1.19° 0% 2.80 3.30

[1] JHEP 01 (2015) 069
[2] JHEP 08 (2016) 045
[3] JHEP 08 (2016) 045
[4] JHEP 12 (2017) 024
[5] PLB 780 (2018) 501
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S/(S+B) weighted entries

35.9 o' (13 TeV)

LI B B | l T 1T I IIIIIIIIIIII
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C PP — VH, H — bb [ ] MC uncertainty ]
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a5 b-jet energy regression @

= Regression mainly recovers missing energy in the jet due to neutrino
> Switch from Boosted Decision Trees to DNN algorithm

= Extended set of input variables now including lepton flavor (u/e), jet mass and energy
fractions in AR rings

= Significant m,, resolution improvement without mass sculpting
> o/peak down to 11.9%in 2017 wrt 13.2%in 2016 =» + 0(10%)
> dedicated calibration of b-jets with Z+b events + measure JER

2017 (13 TeV) %10° 41.3 fo" (13 TeV)
> 2 5 '_I T 1 ‘ T 1T 1 T 1T 7T T 1T T T 1 (V) #ISRJ ‘ g g __I T LI 7 T T T T T T L T T T T T T T T T T T |__
o L pr ets | Ostd  Oreg = = 4+ Data I Z+b_ 3
O - CMS S150 0 174 149 ~  gE CMS B zHph) CJZbb E
© L Simulation Supplementary | > 150 1 179 154 € - Supplementary Ew*;(:fgs) B Weudesg E
L c - ag ™ 3
8:) @ o[ Powheg PYTHIA Z('T) H(bb) >150  >1 [189 159 D [ 1-lepton (e), ttenr. B vveLF e VP = 5
= | No recoil jets, p? > 150 GeV - - [ JVV+HF g Single top -
Q= i T e 6 [ Z+udcsg [ MC unc. (stat) o 1=
L \ 7 = -
e - 4# — 5 g O
N B e . = J O
1.5 ;Af A\. — E q —
[ ) [ _/A- -'Aj ] 4__ - —
= | —EB— b-jet regression : 7} \ i - -
9] i Y \ 3 0 <
N L — — W=1243GeV, o =14.9 GeV s / i - = 4 -—
g 1; —a— PF-CHS jets 7&' P | & N 2E = AL
L - - u=1159GeV, c=17.4 GeV 7 \ \ _ - 3 g
w - A K3 . 1=
> i 4 71 \ % i - o
U) | ’.ﬂ" :‘. | 0 -
T os- Z(I)H(bb) , * ¥\ o 14F ==
- ;o L% . B 1.2F E
i N4 n ] = 1E =
i P . i T 08E
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FSR+Kinematic fit in 2-lepton channel

= FSR-recovery: additional jets in dR<0.8 cone with pt>20GeVand |7 [<3.0 hj177/<

= No intrinsic missing energy in the Z(ll)H(bb) process

= Improve jet p; measurement through kinematic fit procedure @
. . B \’:\/recoﬂ.
> Constrain di-lepton system to Z mass
~ Balance the ll+bb+(jet) system in the (p,,p,) plane G/
> MET allowed to adjust within experimental resolution N
. My,
= |mprovement up to 36% on m(bb) resolution
2017 (13 TeV) 413" (13 TeV)
> ogfF T T < I IS B BN I LN BULLE I IURLE R
& r CMs T 1 S ECcMS Lo Emzm
i L Simulation Supplementary LN i S 700E Supplementary EWH(bE)‘ B weuccsg
- o b . a = ggZH(bb) == Vb ;
§ 2 Tnsileme P - B GV
Lﬁ = ’, ?'8:\ _ 500 :_ [ Z+udcsg 7] MC unc. (stat.) _:
. —&— Kinematic fit + b-jet regression T \ : E g
1.5} 1 =1207 GeV, Jo=:.9GeV .y"‘”;/b\-A :‘\’ - 400 / kin fit =
| —&— bjet regression "."7} ! \ ] 3002_ E
- — - W=1243GeV, 6 =149 GeV . b 4 8 - =
- —&— PF- jets ! '\‘ i 200 =
1? pp =0:219 GeV, 0 =174 GeV _;A_ # ‘(;:' \ __ E E
B A # :‘.‘jll % - 100:— E
- Sk Y\ . - : = ]
- & ) o - 0
051 gy 5\ - o E T 13
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" |Improve jet p; measurement through kinematic fit procedure

FSR+Kinematic fit in 2-lepton channel

=

Entries / 5 GeV

19/05/2019

FSR-recovery: additional jets in dR<0.8 cone with pt>20GeV and | 1 |<3.0

No intrinsic missing energy in the Z(ll)H(bb) process

> Constrain di-lepton system to Z mass
> Balance the ll+bb+(jet) system in the (p,,p,) plane
> MET allowed to adjust within experimental resolution

Improvement up to 36% on m(bb) resolution

2017 (13 TeV)
2 .5 ._] LI l LA ] T [ LB ] L [ LI ] T [ LB I ]_'
- CMS > .
| Simulation Supplementary LN i
2 | Powheg PYTHIA Z(I'l) H(bb) r ]
No recoil jets, pZ > 150 GeV ' \
. - ! : -
: —&— Kinematic fit + b-jet regression T- A ‘| :
1.5 1 =120.7 GeV, 6 =9.9 GeV A_A'A/\-A , ]
: —&— b-jel regression '-/ “T A ! \ :
- — — W =1243GeV, 6=14.9GeV # _);_\ -
1 | —*— PF-CHSjets A' {} 'v\vé")f N
- u=115.9 GeV, o =17.4 GeV 7 (R \ -
- 4 ’ L .
- g g '\_.\\ % -
. & o o .
0.5 — < 4 = \ 7
B Ny . \\‘5\? 7
. s B 2 i
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o e
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= Signal vs Background discriminator ~ []

= Toincrease sensitivity, use DNN discriminator to extract signal

> DNN outperforms BDT due to network depth
« Same input variables as 2016 (b-jet properties, di-jet kinematics, event topology)
« Validated through data/MC comparison

> Trained separately in each channel to discriminate VH(bB) from the weighted sum of all

backgrounds
> Parameters optimized to maximize sensitivity

Variable Description O-lepton 1-lepton 2-lepton
M(jj) dijet invariant mass v v v
pr(j) dijet transverse momentum v v v
pr(j1), pr(j2) transverse momentum of each jet v v
AR(jj) distance in 7—¢ between jets v
An(jj) difference in 77 between jets v v
Ag(jj) azimuthal angle between jets v i
pr(V) vector boson transverse momentum v v 4/5 hldden Iayers
A¢(V,H) azimuthal angle between vector boson and dijet directions v v v
pr(jj)/pr(V) pr ratio between dijet and vector boson v l \ (] \
Mz reconstructed Z boson mass v ‘ A‘A '
btagmax value of the b-tagging discriminant (DeepCSV) v v V, ‘V’

for the jet with highest score ) Q
btagmin value of the b-tagging discriminant (DeepCSV) v v v inputs / \ ,

for the jet with second highest score
btagaqaa value of b-tagging discriminant for the additional jet v

with highest value
ETES missing transverse momentum v v v
A(/)(E!r“fss,j) azimuthal angle between ET'** and closest jet with py > 30 GeV v + skip connections
A(I)(E?"SS,( ) azimuthal angle between Ef"** and lepton v in some cases.
mr mass of lepton pr + Ef'** v helps for very deep networks
M; reconstructed top quark mass v
Ny number of additional jets v v
pr(add) transverse momentum of leading additional jet v
SA5 number of soft-track jets with pr > 5GeV v v v
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0- and 1-lepton signal regions’ DNN

19/05/2019

Entries

Obs / Bkg

413" (13 TeV)

10° F
10% |

108 |

10* F

10?

1072

2]
CMS ¢ Data  EEWHbD 2 10°F CcCMS ¢ Data  [EEWHbb
B ZHbb [CJVV+HF S 10°F [ ZHbb [CJVV+HF
Supplementary gqwsvb  g@w+b Supplementary gqwsbs  g@w-b
1-lepton (u) B W+udscg []Z+bb 1-lepton (e) B W+udscg []Z+bb
[z+b [ Z+udscg 108 [ z+b [ Z+udscg
Bt Bl VV+LF Bt B VV+LF
[l Single top %% S+B uncertainty @ Single top x> S+B uncertainty
— VH,H-bb 10* — VH,H—bb
10?
1
- 1072
é 4 —e—
. . bR 8 2
A 1 PR ] M (@) y T [ O R AR ARARKRY]
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
DNN output DNN output
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= 8 ¢ Data Bl WHbb
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Supplementary —vvur B VV+LF
g | Odepton it [ Single top
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B W+udscg [ Z+bb
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10*
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%3¢ S+B uncertainty — VH,H—bb

0.6 0.8 1

DNN output
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2-lepton signal regions' DNN

19/05/2019
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Obs / Bkg
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0 0.2 0.4 0.6 0.8 1
DNN output
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VH(bb) DNN distributions

A

O-lepton

41317 (13 TeV)

1-lepton
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o 1 09 73
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L Supplementary —vv+nr B VVALF Supplementary mw+vb  E@web
5| Ofepton [ L. [l Single top 1-lepton (1) B W+udscg []Z+bb
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DNN distributions can also be sorted into bins of similar signal-to-background ratio, and combined




= Visualizing the excess: m(jj) analysis  []

= Fit to the m(jj): lower sensitivity but direct visualization of the Higgs boson signal

= Events categorized in DNN sensitivity after removing correlations with m(jj)
= m(jj) distributions combined and weighted by S/(S + B)

= Signal strengths compatible with main analysis

20000 7727 (13 TeV) 77.2 6" (13 TeV)
)] [72]
() - — (0]
= [ ¢ Data I WHbb y= I ¢ Data
= [ gM§ oy 8 9gZH0D @ ZHbb = I CMS 288 S+B uncertainty
it | oupplementary —vv+Hr B VV+LF et Supplementary B Vi Hobb
215000 B t [ Single top Q - 170D
S ' [0 W+bb [ W+b £ 1000 []Vz.Z-bb
g B W+udscg [ ]Z+bb © B3 S+B uncertainty
ey []Z+b [ Z+udscg i i .
?10000 L %% S+B uncertainty — VH,H—bb @ Excess compatible
) 2 with the sum of the
2 » two peaks
500 -
5000 . | —|:4._
-
a | !
n 0 -
2]
@ -
00.95.,.|...|...|.|.|... A N S B SR
60 80 100 120 140 160 60 80 100 120 140 160
m(jj) [GeV] m(jj) [GeV]
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Candidate event for Z(ee)H(bb)

=

19/05/2019

pp—ZH

Js =13 TeV (2017)
b-jet T~

b-tracks ——

Y, b-tracks

e’ tracks

b+b
e*+ e-
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Post-fit normalization + systematics

=

= MCshapes floated within constraints from systematic uncertainties through nuisance param.

= MC normalization truly float =» fitted SFs in agreement with those measured in 2016 analysis

Process Z(vv)H Wv)H  Z(¢0)Hlow-pr Z(£¢)H high-pr
W +udscg 1.04£0.07 1.04£0.07 - -
W+b 209+0.16 2.09+£0.16 - -
W +bb 1.74 +0.21 1.74+0.21 - -
Z+udscg 0.95+0.09 - 0.89 £ 0.06 0.81 £0.05
Z+b 1.02 £0.17 - 0.94 £0.12 1.17 £0.10
Z+bb 1.20 £0.11 - 0.81 £0.07 0.88 £ 0.08
tt 0.99 £0.07 0.93 £0.07 0.89 £ 0.07 0.91 £0.07
° Uncertainty source Au
= Total uncertainty on p ~34% [Statstcal 02 026 ]
Normalization of backgrounds +0.12 —-0.12
] 1 1 1 1 . | Experimental +0.16 —0.15 |
Major sources of systematic uncertainties: el T
. . V+jets modeling +0.08 —0.07
> ba Ckg rou nd norma | |Zat| on Jet energy scale and resolution +0.05 —0.05
Lepton identification +0.02 -0.01
i Luminosity +0.03 —0.03
> ba Ckg rou nd m Od € | | ng Other experimental uncertainties +0.06 —0.05
> b-tagglng | MC sample size +0.12  —0.12 |
[ Theory +0.11__—0.09 |
> M C Sam p | e SIZG Background modeling +0.08 —0.08
Signal modeling +0.07  —0.04
Total +0.35 —0.33

15/05/2019
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= VH(H->bb) Results with 2017 data [l

e . '4?.3fbl‘1(.13'T§V)
CMS
Supplementary
pp— VH; H- bb
Significance (0_) n=1.08 £ 0.26 (stat.) + 0.23 (syst.)
Data set Expected Observed Signal strength | 20805 ——
2017 WHi(bb) . .
O-lepton 1.9 1.3 0.73 £ 0.65 w=rserosr) oo R
1-lepton 1.8 2.6 1.32 £ 0.55 0 lept. J
2-lepton 1.9 1.9 1.05 + 0.59 HEOTZE08
Combined 3.1 3.3 1.08 £+ 0.34 1 lept. —] -
u=131+0.55
2 lept.
w=1.04+0.58 _j_
e D
Best fit u

= Standalone evidence for H->bb with 2017 data
> Observed significance 3.3c, signal strength 1.08 + 0.34
> 0(5-10%) increase in analysis sensitivity wrt 2016, depending on channel
> Signal strengths extracted from each channels are compatible
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CM\S . . T . . .
Validation (VZbb) and Visualization (m;) ‘@
= VZanalysis using Z(bb) standard candle | = Fit to the m(jj):
= Same “technology” as used for VH(bb) > Lower sensitivity
> Same DNN inputs and CRs > direct visualization of the signal
> VH(bb) normalized to SM > m(jj) distributions combined and
> Larger m(bb) window in SR weighted by S/(S + B)
> m(jj)is bkg-subtracted )
I 413" (13 TeV) " 77.2fb" (13 TeV)
CMS Significance £ | cMS ¢ Data
Supplementary | § 95 obs (5.00 exp) % | Supplementary % \S/;?Hliz%ﬂalnty
PP VZ; Z> bb Signal strength < 1000l [ Jvzzopb
p=1.05+0.22 U= 105 + 022 g i B2% S+B uncertainty
) Excess compatible
é + with the sum of the
3E%t.'79io.3o T @ - two peaks
500 -
1 lept. I —
;24 If F;t.'m +0.34 Tt 0F
_1_6560I511I5 |_|I2 60I | I8IOI | I1(I)O‘ | l12|0I | I1£I10I | I160
Best fit u m(jj) [GeV]
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H—bb combination: syst. unc. correlation scheme []

Inherits from previous combinations:
> Correlations between run 1 analyses already settled for run 1 coupling combination
> Correlations between 2016 analyses were already settled for 2016 coupling combination
> Correlations between run 1 & run 2 ttH and were already settled for ttH combination
tF)ezlatures of correlations between run 1VH and run 2, and VH 2016 - 2017 in table
elow

Note: we update run 1 cross sections and uncertainties with the values from YR4

Jet energy scale Between 2016 and 2017 we correlate some of the sources following JME
recommendations

b-tagging Not correlated between 2016-2017 and not correlated between VH and other channels
due to different treatment

Signal theory Inclusive QCD scale and pdf uncertainties correlated between run 1 and run 2. QCD
scale acceptance uncertainties correlated between VH 2016 and 2017, pdf
acceptance uncertainties not correlated

Background theory Inclusive cross section uncertainties correlated between VH 2016 and 2017. QCD
scale acceptance uncertainties correlated between VH 2016 & 2017, pdf acceptance
uncertainties not correlated

Lumi Uncorrelated between 2016 & 2017
JER Correlated between 2016 & 2017 (note JER in 2017 split in ‘regular’ JER and
regressed jet JER. The latter is not correlated with anything)

PU uncertainty Correlated between 2016 and 2017
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Combination of VH(H—bb) measurements [

= Combination of VH(H->bh) measurement

107

Entries

10°

10* §

10E

Data / Bkg
—

15/05/2019

Significance (o)

10°f

102}
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Data set Expected Observed Signal strength
2017 3.1 3.3 1.08 +£0.34
Run 2 4.2 44 1.06 == 0.26
Run1 + Run 2 4.9 4.8 1.01 £0.23
5.1 (7 TeVv) + 18.9 o™ (8 TeV) + 77.2 o™ (13 TeV) 5.1fb" (7 TeV) + 19.8 o™ (8 TeV) + 77.2 fb™ (13 TeV)
3 ¢ Dat CMS e Observed
i CMS _ [ B:ciground VH, H—bb — 110 (stat @ syst)
= VH, Hobb B VHHobE | | e 2016
[ Background uncertainty [ [ aeeas 2017
?-"—l—‘—l_‘— — Signal + Background = +1G (SYst)
] Run 2 --—- 1.06 + 0.20 (stat) + 0.17 (syst)
s 2016 IR DI 119+ 0.39
5 2017 | e F@ussans 1.08 + 0.34
3 Run 1 ——-— 0.89 + 0.38 (stat) + 0.24 (syst)
e ?
. . e Combined S 1.01+ 0.17 (stat) + 0.14 (syst)
325 2 s 1 05 0 B T R Y- R Y S Y
log ] 0(S/B) Best fit u



CMS,
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Combination of H—bb measurements

= Combination of all CMS H—>bb measurements

> VH, boosted ggH, VBF, ttH
> Most sources of systematic uncertainty are treated as uncorrelated
> Theory uncertainties are correlated between all processes and data sets

ggF

VBF

ttH

WH

ZH

Combined

15/05/2019

<51f"(7TeV)+<19.8fb" (8 TeV)+<77.2fb" (13 TeV)

CMS e Observed
_ — 110 (stat ® syst)
H—bb m—— +15 (Syst)
; stat  syst
; 2.80 +2.08 + 1.30
| 253 +£0.98 +1.17
. 0.85 + 0.23 + 0.37
—.- 124 +0.29+0.24
- 0.88 +0.24 +0.16
.- 1.04 £0.14 £ 0.14
v b b b b e b b L by

1 2 3 4 5 6 7 8 9
Best fit 1

Significance:
5.50 expected
5.6c observed

e

Observation of the H—bb decay
by the CMS Collaboration

—~ =

Measured signal strength:
p=1.04=x0.20
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H—>bb ATLAS - systematics (2]

N

] |
Source of uncertainty Oy + Analysis systematically dominated : syst. component
Total 0.259 represent ~80% of total error [does not mean that it will not shrink
Statistical 0.161 with luminosity]
Systematic 0.203
Experimental uncertainties + Detector systematics effects
Jets 0.035 dominated by flavour tagging
s 0.014 [sensitivity to c-jet mis-tag from
Leptons 0.009 ttbar events]
b-jets 0.061
b-tagging c-jets 0.042
light-flavour jets  0.009
extrapolation 0.008]  + Signal modelling systematics: dominated by Parton
Pile-up 0.007 Shower acceptance effects
Luminosity 0.023

do not impact the significance of the measured signal

Theoretical and modelling uncertainties

Signal 0.094 _ . . . . .
= + Similar contribution from modelling uncertainty of various
Floating normalisations 0.035 processes.
Z + jets 0.055 W+jets: W pr shape uncertainty
W + jets 0.060 ] _
- 0.050 Z+jets: mpy shape uncertainty
Single top quark 0.028 diboson: mpy lineshape
Diboson 0.054
Multi-jet 0.005

/ MC statistics: heavily relying on generator filters at different level to
0.070

MC statistical provide enough statistics (huge CPU investment)
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A

H—>Dbb ATLAS - Mass analysis

bb 0.36
pve = 1.0615753

> IIlIIIIIlIIIlIIlII|Y|IlIIII’||l|||l
wggn . . . . . [} - Dat -
+ fitting myp instead of MVA discriminant: & 400l ATLAS ~-Data _
I VH, H — bb (u=1.06
= - Vs =13TeV, 79.8 fb” Ditoson (1=1.06)
additional splitting in Vpt: 200 GeV S [ 0+1+2leptons " ]
. *g 80| 2+3 jets, 2 b-tags Single top ]
additional upper cut on dRbb: 1.2 - 3.0 3 [ Dijet mass analysis I W+jets i
o | Weighted by Higgs s/8 Il Z+jets i
’ge . =2 Uncertaint
additional selection on 1L/2L to reduce ttbar background £ 60 o pt ecraround ]
g’ - M bb x5 -
40— e —
> USRS RS AR USRS MRS AR RN RS /> PY70) =AM BN LR B B BN LI B B N
8 1800 ATLAS —eo—- Data -/ 8 ATLAS —eo—- Data -
o - ; B VH, H — bb (u=1,16"7] o 220F ; B VH, H — bb (11=1.06)
& 1600[— ‘s =13TeV,79.8 b Diboson — Qe s =13TeV,79.8 b Diboson
> 1 lepton, 2 jets, 2 b-tags - > 200F 1 lepton, 2 jets, 2 b-tags t
g 1400 pY =150 GeV Single top = g 180~ Py =200 GeV Single top
& Multijet . & 160 Multijet
1200 + B W+jets = B W+jets
B e I Z+jets b 140 * I Z+jets T ——
1000 §m Sen [") Uncertainty = AN N [7) Uncertainty
: : ««es Pre-fit background ] 120 +:i:i$"" «+es Pre-fit background
800 i . — VH,H —bb x5 ? 100 dnluiees — VH,H —bb x3
. . : _I|lll]lllI|lllllll|||l|||l|ll||ll||
600 80 1 8:_ ATLA —e— Data
400 60 F Vs=13TeV,79.8fb" B VH, H — bb (1=1.06) ]
40 1 6:_ 0+1+2 leptons [ Diboson -
o 20 C  2+3jets, 2 b-tags [7] Uncertainty .
g 15 T SIS 14:_ Weighted by Higgs S/B Dijet mass analysis —:
T 0.5 brdd ) ! 9 T PR P PO T ‘(605' 10:_ _:
a 0 50 100 150 200 250 450 500 a 40 60 80 100 120 140 160 180 200 o + ]
m,, [Ge \ m,, [GeV] - .

onN O
I|I
_H.

1

1

1

Illllll|IllIllI[lIIIIIllIlllIllIl

'40 60 80 100 120 140 160 180 200
3.6 s.d. obs. , 3.5 s.d. exp. m,, [GeV]

Run2 signal significance:

Events / 10 GeV (Weighted, backgr. sub.)
(o]
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Combination of H—bb measurements

= Combination of all CMS H—>bb measurements

> VH, boosted ggH, VBF, ttH
> Most sources of systematic uncertainty are treated as uncorrelated
> Theory uncertainties are correlated between all processes and data sets

ggF

VBF

ttH

WH

ZH

Combined

20/05/2019

<51f"(7TeV)+<19.8fb" (8 TeV)+<77.2fb" (13 TeV)

CMS e Observed
_ — 110 (stat ® syst)
H—bb m—— +15 (Syst)
; stat  syst
; 2.80 +2.08 + 1.30
| 253 +£0.98 +1.17
. 0.85 + 0.23 + 0.37
—.- 124 +0.29+0.24
- 0.88 +0.24 +0.16
.- 1.04 £0.14 £ 0.14
v b b b b e b b L by

1 2 3 4 5 6 7 8 9
Best fit 1

Significance:
5.50 expected
5.6c observed

e

Observation of the H—bb decay
by the CMS Collaboration

—~ =

Measured signal strength:
p=1.04=x0.20
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CMS,

Basics on B-lagging

,",

=

= Overview on bh-tagging

> b-jettagging rely on b-hadron properties | displaced

jet tracks charged

lepton

« Displaced vertex (secondary vertex) from primary
vertex due to its long life (~1.5ps)

* large B-hadron mass

* Large impact parameters (d0)

« Semi-leptonic e/u decay of B-hadron ot o
(~40% total B hadron decays)

eavy-flavour
jet

SO d
Ssor
~

> Different optimized WPs in term of b-efficiency vs mistag rate

> b-jet efficiency and purity is an important metric to assess tagger performance

Avariety of b tagging algorithms has been developed by ATLAS and CMS. After a short overview
=> focus on latest state-of-the-art techniques.
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b-tagging strategy in CMS

= QOverview on b-tagging algorithm in CMS

> JPand JBP
« Likelihood based on the track properties (displacement).
Returns p(b-jet)
> CSVand CSVv2
» Combine displaced tracks with secondary vertices in BDTs
(CSV) and in multilayer perceptrons (CSVv2)
> DeepCSV (more details in the next slides)
« DNN Multiclassifier: same inputs as CSVv2 with a simple
extension to use more charged particle tracks
> DeepFlavour (more details in the next slides)

DNN Multiclassifier
JINST 13 (2018) P0O5011

JINST 13(2018) PO5011

13 TeV, 2016

13 TeV, 2016

2 0 L2 10°F

g FCMS —bijets § | CMS —b jets

w 'OE Simulation ciets § ' Simulation oot

S 10E fi+jets J . S 10E ff + jets ] .

2 f P >20GeV — udsg jets ® [ P >20GeV — udsg jets
® E 2 ik

] = -

|

-5
10701 02 03 04 05 06 07 08 09 1
CSVv2 discriminator

JBP discriminator
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Track-based
algorithm

Vertex-based

algorithm
(CSV)

Soft-lepton
(SL) algorithm

/

CMVA: combined multivariate analysis

(cMVA) tagger, combines the

discriminator values of low-level tagger
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Cutting edge technology - CMS @

Z

= DeepCSV: DNN architecture

> Inputvariables go through 4 fully connected layers, each layer has 100 nodes
> Relu activation function used in each of the hidden nodes

> Output layer = softmax activation function = multiclassification

Jet kinematics ngﬁx > °
Secondary vertexes —>| & E E E
7 |

= DeepCSV: Training
> Training performed with Keras DL:library interfaced with Tensorflow

> Jetswith pTin[20,1000] GeV and flavour ratio fixedto 2 : 1 : 4 forb : ¢ : light
> Mixture of tt and multijets events > reduce dependence on heavy-flavour quarks production process
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State of the art b-jet identification

= DeepCSV: Deep Neural Network architecture

> Inputvariables go through 4 fully connected layers, each layer has 100 nodes
> Relu activation function used in each of the hidden nodes

=

> Output layer = softmax activation function = multiclassification

< <

Jet kinematics =>

Z)(e)E) (e

—_
T
5
o

Sim;ulationg . C

tt +§jets

probability

—
<

> Three working points commissioned with data
> Available set of data/MC SF for full 2017 run

Misidentification

102 — B e s s S S — Tagger Working pOiI‘lt €y (0/0) Ec (0/0) €udsg (0/0)
- D N DeepCSVL 84 41 11
B C gng(s t]/.\n\1/)R) 1 Deep combined secondary vertex DeepCSV M 68 12 1.1
- : ; ' —csw2 1 (DeepCSV) P(b) + P(bb) DeepCSV T 50 24 0.1
10—3 ...... & " ......... DRI 4 ........... ............... _DeepCSV .......... —]

: D : : i— cMVAV2 3
I I IIIIIIIIII IIIIIIIIII I_

0 0.1 0. 03 04 05 06 07 08 09 1

JINST 13(2018) P05011 b jet efficiency
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State of the art b-jet identification

Upgraded pixel detector

Misidentification

1072

: » : : B
TR, VR >N RO RNy S AT RS
o : Q H : :

P :
— CSV (Run1)
i CSVv2 (AVR)
— CSWw2
.— DeepCSV

i— cMVAV2

0.2 0.4
JINST 13 (2018) P05011
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b jet efficiency
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Performance in Simulation - CMS

=

= DeepCSV

> Performance evaluated in simulated tt events, considering AK4 Jets with pT>20GeV
> DeepCSV performance are compared against those of other commissioned taggers in CMS
> DeepCSVWPs are defined as values of the discriminator cut for which the light mistag-rate
is 10%, 1%, and 0.1%, Tagger Working point ¢, (%) £c (%) €qasg (%)
DeepCSV L 84 41 11
Deep combined secondary vertex DeepCSV M 68 12 1.1
- DeepFIavou r (DeepCSV) P(b) + P(bb) DeepCSV T 50 24 0.1
> Performance evaluated in simulated tt events (plot), considering AK4 Jets with pT>30GeV
> Simply adding more information can even degrade performance
> Adding convolutional layers (exploiting structures) increases the performance significantly
13 TeV, 2016 /s =13 TeV
2 g z E
5 I
o [ 1 o T
o a ‘ : ‘
3 ERN R0 = e
-C% C 7 |~ DeepCSV phase 0
o [ i S—
=N I N W g Sl NP7 o O W i T ——
3 —p ]
3 | —o,
= - ' v2 (A s
= | —Cswe A ,.
; — DeepCSV. s .
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JINST 13(2018) P05011 b jet efficiency CMS.DP2018.033 b jet efficiency
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Performance in Simulation - CMS [E]

= DeepCSV

> Performance evaluated in simulated tt events, considering AK4 Jets with pT>20GeV
> DeepCSV performance are compared against those of other commissioned taggers in CMS
> DeepCSVWPs are defined as values of the discriminator cut for which the light mistag-rate

is 10%, 1%, and 0.1%, Tagger Working point ey (%) €c (%)  €udsg (%)
DeepCSV L 84 41 11
Deep combined secondary vertex DeepCSV M 68 12 1.1
DeepCSV) P(b) + P(bb DeepCSV T 50 24 0.1
= DeepFlavour (DespCSV) P(0) + P(bb) P

> Performance evaluated in simulated tt events (plot), considering AK4 Jets with pT>30GeV
> Simply adding more information can even degrade performance

> Adding convolutional layers (exploiting structures) increases the performance significantly
13 TeV, 2016 vs-13 TeV Phase1
> 1 = > g7 M D MR B G S B R T B T T
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JINST 13(2018) P05011 b jet efficiency | CMS-DP-2017-013 | b-jet efficiency
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SF comparison: 2016 vs 2017

=

Process  O-lepton 1-lepton  2-lepton low-p1(V) 2-lepton high-pt(V)
Wob  1.14+0.07 1.14+0.07 — —
Wib  1.66+0.12 1.66+0.12 — 2016 _
W2b 1494012 149+0.12 — —
Z0b 1.03 4 0.07 — 1.01 4 0.06 1.02 4 0.06
Z1b 1.28 +0.17 — 0.98 + 0.06 1.02 +0.11
Z2b 1.61 4 0.10 — 1.09 4 0.07 1.28 4-0.09
tt 078 4+0.05 0.9140.03 1.00 4 0.03 1.04 4-0.05

Process Z(vv)H Wv)H  Z(¢0)H low-pt Z(¢¢)H high-p

W +udscg 1.04+0.07 1.04 £0.07 - —

W +b 2.09+0.16 2.09+0.16 - 2017 -

W + bb 1.74+0.21 1.74+0.21 - -

Z +udscg  0.95+0.09 - 0.89 + 0.06 0.81 + 0.05

Z+Db 1.02 4+ 0.17 = 0.94 +0.12 1.17 4+ 0.10

Z +Dbb 1.20 £0.11 - 0.81 4+ 0.07 0.88 4 0.08

tt 0.99+0.07 0.93+0.07  0.89+0.07 0.91 + 0.07
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\ Systematic uncertainties

=

Jet energy scale:
> Splitinto 27 independent uncertainty sources
Jet energy resolution:

> 10% uncertainty on regressed b-jets from dedicated study

Decorrelated for signal to avoid any possible constraining, covers
any uncertainties from PS.

> Standard JER uncertainty for additional jets.
B-tagging:

> Splitinto independent uncertainty sources

> Further de-correlated based on jet pT/n, asin 2016 analysis
Background normalizations:

> Derived from fit to data for backgrounds with floating normalisation
(V+udcsg, V+b, V+bb, tt)

> 15% uncertainty on VV and single top cross section.
Monte Carlo statistics

QCD scales and PDF variations
> Acceptance as well as overall cross section
Lepton efficiency, pile-up re-weighting, luminosity
Residual data/MC discrepancies
> An(jj) LO to NLO re-weighting in V+jets
*  Full correction taken as uncertainty.

> pdW)linear re-weighting for tt (all channels) and W+jets, single top
(1-lepton channel only)

« Statistical uncertainty band from fit to derive corrections

Uncertainty source Ap
Statistical +0.26 —0.26
Normalization of backgrounds +0.12 -0.12
Experimental +0.16 —0.15
b-tagging efficiency and misid +0.09 —0.08
V+jets modeling +0.08 —0.07
Jet energy scale and resolution +0.05 —0.05
Lepton identification +0.02 —0.01
Luminosity +0.03 —0.03
Other experimental uncertainties +0.06 —0.05
MC sample size +0.12 -0.12
Theory +0.11  —0.09
Background modeling +0.08 —0.08
Signal modeling +0.07 —-0.04
Total +0.35 —0.33
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