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Higgs — fermions
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VH—=Dbb: selection

O lepton
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https://arxiv.org/abs/1708.03299,

1 lepton

submitted to JHEP

2 leptons

MET > 150 GeV

(+ additional criteria to
suppress multi-jet)

DT (ZV) > 150 GeV

Tightly isolated lepton
MET > 30 GeV in ele. channel)

mgy — 91 GeV| < 10 GeV
DT (56) > 75 GeV

- Channels denoted by the number of charged leptons (e or )

- Trigger based on single lepton and MET
- 2 b-tagged jets with (>45, >20) GeV
Exactly 2 or 3 jets (0,1-lepton), 2 or =3 jets (2-lepton)



https://arxiv.org/abs/1708.03299
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VH—Dbb: backgrounds
0 Iepton 1 Iepton 2 Ieptons
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- Dominant backgrounds W+jets, Z+jets, estimated from simulation
- Small multijet background (5%) in the 1-lepton channel: data driven

- Resonant VZ — bb used to validate the analysis
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VH—Dbb: signal extraction BDT input variables
Variable O-lepton  1-lepton  2-lepton
Y | = Eipss X X
ErrflISS X X X
Multivariate analysis employing i x x x
BDTs s o
AR(lzl,tzg) X X X
E : : : |An(by, ba)| X
xploit the full kinematic of AG(V, b x x x
the event AV, 0b) .
Meff X
minfAg (7, b)] x
Events categorized in 8 signal e ’ x
regions and 6 control regions A7) )
Only in 3-jet events
Likelihood fit designed to e S

extract the signal strength as
well as the normalizations of

Categories

the main backgrounds 75 GeV < p¥ < 150 GeV | p¥ > 150 GeV
Channel SR/CR . . . :

2 jets 3 jets 2 jets | 3 jets

0-lepton SR - - BDT | BDT

. 1-lepton SR - - BDT | BDT

constrain W+HF\ 2-lepton SR BDT BDT BDT | BDT

I-lepton | W 4+ HF CR - - Yield | Yield

Constraln TOp > 2-lepton e CR Mpp Mpp Yield Mpp



V/—bb: results

- Exercise the analysis on the
well-established SM WZ, ZZ
production

- 5.80 observed significance

- Compatible with SM
expectation within 1o

- This validates the BDT analysis
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ATLAS

~ {s=13TeV, 36.1 b

| 2 leptons, 2 jets, 2 b-tags
p¥ > 150 GeV
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BDT,, output
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ATLAS VZ, Z(bb) s=13 TeV, 36.1 fb™

— Total — Stat. (Tot.) ( Stat., Syst.)
0.34 0.18 0.28
Ko 1.12 10.28 (Z018 » 020 )
0.59 . .
—o— 113 *020 (%054 o)
0.33 020 +0.26
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VH—=Dbb: results

- 3.50 (3.00) observed (expected)
significance

Fair compatibility across channels

- Stronger signal in ZH than WH

- Dominant systematic uncertainties:

Source| oy (%)
Signal theory 17
MC statistics 13
Top modelling 8
Z+jets and W+jets| 7 (each)
8 b-tagging 10
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ATLAS VH, H(bb) s=13 TeV, 361 fo™

— Total Stat. (Tot.) ( Stat., Syst.)

oL o 0.45 *0ov (105,105 )
L H—e—i 143 0% (7058 Toas)

+0.78 +0.51 +0.59

2L F—o—=— 1.90 _0.64 (—0.49 » -0.42 )
+0.42  ,+024 +0.34

Comb. H-o-H 1.20 " (Z953 5 oo )

1 0 1 2 3 4 5 6 7 8
Best fit u>° for m =125 GeV

IIIIIIII |IIII|IIIIIIII|IIII|IIII|IIIIIIII
ATLAS VH, H(bb)  {s=13 TeV, 36.1 fb™

—Total Stat.
(Tot.) ( Stat., Syst.)

+0.68 +0.40 +0.55
WH —o—= 1.35 ~0.59 (—0.38 s _0.45 )

B +0.50 +0.34 +0.37
ZH F=0—H 1.12 _0.45 (—0.33 » -0.30 )

Comb. F-@=- +0.42 [ +0.24 +0.34
1.20 -0.36 (—0.23 » -0.28 )

-161234_5678
Best fit u>> for m =125 GeV



VH—=Dbb: results

- Cross check analysis with the
Mpb Variable

- 3.50 (2.80) observed
(expected) significance

- Very good agreement with the
BDT analysis
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o 121 aTLAS _e_ Data
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Best fit u® for m =125 GeV



VH—=bb: Run1 & Run?

- Combining Run1 and Run2:

- 3.60 (4.00) observed
(expected) significance

- ATLAS established evidence
for Higgs decay to a pair of b-
quarks!
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ATLAS B VH — Vbb (1=0.90)

10°E (s=7TeV, 471" Eiboson
10° Vs =8TeV, 20.3 b Single top
- _ -1 Multijet
10’ Vs=13TeV, 36.1 b B W+(bb, bc,cc,bl)
108 W+cl
Wl
10° B Z+(bb,bc,cc,bl)
. i Z+cl
10

| T T T | T T T | T T
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o1 065 -0.40 (—0.32 1 -0.24 )
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H—tt: analysis strategy

- Exploit all the tau decay channels

I N
- ATLAS

> _]

* Analysis designed to target VBF and & ~e Data _

Boosted regn‘ne 9 80__ H— vt VBF+Boosted —— H(125) (u=1.4) ]

2 [ (s=7TeV,45f = e :

- VBF: 2 high-pr jets with high angular © 60— (s=8TeV,20.3fb" + W Fakes ]

separation) “; - 7/ Uncert. -

o 40— —

- Boosted: pt(H) > 100 GeV D i i

+ | —

- Dominant background: Z—tt — = R
- Estimated using Z—pp data with 0

embedded simulated tau decays 2 20_ ;H(125)I (u=l1.4) | f E

o - e H(110) (u=1.6) -

+ Large contribution from W—lv + jets and g 10 - HOS0 (1=62)  gr— E

QCD EJ O ///// A, & .

c - = i

. . . 9 C | 1 | 1 1 -

Data dr|Ven eStImateS g 50 100 1 50 200
. . MMC
- Missing Mass Calculator: likelihood- my - [GeV]

based estimate of the mass of the ditau

system
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H _’ Ir : reS u |tS A TLAS —o(statistical)

Total uncertainty
m,, = 125.36 GeV :Zﬁf:::;;‘c"the°ry) +1o0nu
- 4.50 (3.60) observed (expected) How  u-tes| Bl
significance CENNE N =
e w=12%0) 0 | T
* Very strong signal in the VBF 7TeV (Combined =09 1| t6s | TR L
Categories 8 TeV (Combined)y = 1.5 0% §§ _ '.'_._'! |
H— 1 T w=2072 3 ':H:'
* Dominant systematic soores w=so it e :
uncertainties: Ver el 1) N v s A
ol ;
™ Tigtas w=10%3\5) - O
coomeswson s b
Source| oy (%) VeF n=105%s%6i ] /I
Jet energy scale 13 H = ThagThag 1=2.077 | | :: | o
Back. normalization| 12 Boosted  w=86%5l%s| | | Pt
MC and CR statistics| 10 = n=T4r ]| ci) - F__; - jl -
tau energy scale 14 \s=7TeV, 45fb"

/s <8TeV 203 fb" Signal strength (u)
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*§f 2-5_"‘I“‘l"'l"'l" S L B L L B L
- ATLAS and CMS LIH-7n
- LHC Run 1 EJ]: 'z
ot Preliminary + . -
. - H — bb
H _’I‘E- AT AS_I_CMS i [(JH- i
. (] Combined
1.5 -
i -
0.5
- ATLAS + CMS Run1 combination L o eatt o CL _
o L b Lo bea s Lo bawa boa o lua g liag
OO 02040608 1 12141618 2
- Combining with CMS, claim discovery i,
(>50) of the tau coupling to the 125 GeV .
F{l gf rrrrprrrrprrrrprrrr e prr e e e prrey |
Iggs : | ATLASandCMS -
=~ g LHCRun 1 .
_ _ [ Preliminary
- H—11 brings strong constraints on kr f
- Similar constraint to H=WW to the i w .
VBF production mode. OE :
[ U (JH-yw
- | JH->2Z2Z .
1 COH->ww ]
[ *SM  —68%CL [(JH- 1<
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H—tt: VBF CP vector boson fusion (VBF )

- T
- Select events with high BDTver score from the main q W Z i
g ‘

- Use optimal observable to differentiate CP hypothesis

~q

” |
f

H

analysis

. g
(
’ E o'\-.‘

- Describe all CP-violating effects through a single ,\ q

. d~in[-0.11, 0.05] at 68% CL

parameter: d~

. 2 Re(M¢ ./\/lcp_ dd
Optimal Observable = (M > 0dd)
| Mg |

g 2 24:__ A1|-LAS| T T T T _:_'Co'rnb:nec; (olbs)l | __:L m 0.14_1 LA B L I L LB T T 1 LI B L B B ]
S F esTev 20am’ - T Ty (OBS) E 2 ~ ATLAS Simulation & -
25 Fit to Optirr;al 6bservable T Tepliep (OPS:) . "g 012 Is=8TeV g —SM(@d=0) -

1.8 - - - Expected (d=0, u=1.55) — g-) N - 9 = 0.1 ]

1 6:— __ HG_-) 01__ --d=-0.6 ]

F ] o - . i

1.48 = S 0.08 ¥ ] ]
1.23— ............. —f 4%' - 1~ ! i_ : 5

£ - Jus = 0.06— ! ]

0.8 < E 0.04F E 1

o (4 ] 1 n

06; s ] B : i
0.4E e s e 0.021 e - -
0.2F - N S o D I i = a <L
O': 1 A 0.4 o1 \ :,( R R T T B :I -1 O -8 _6 -4 -2 O 2 4 6 8 1 O

0.4 0.2 0 0.2 0.4 Optimal Observable

14 a



Quentin Buat (CERN)

VBF H—=bb, LHC Run1

10| A L I UL I R R I I I I R
] [()) ]
. Cat IV ATLAS .
bb, tt: completing the puzzle ¢ =, cweer _;
~ C -1
2 ol s=8Tev,2021 -
; : v 1505— =
- Exploring other harder production modes: N
100 =
- ——data
Limit on o/o . 50" S Hiiggs bompo
Ob ESM Best fit M - lgrﬁlé?\grse%grr?;r%nceonrﬁponelnt (bl|<g) TR
S. XP. 40 o e e e e e T T T TS
p g 28 ‘} __________ y! + __________ + .................. ++ ...................................................... E
VH_’T:T 56 35 2'3 +/- 1 6 _.CIE -20 ﬁ*' .............. + ...... + ...... + .......... s + T ]
VBF H—bb 4.4 5.4 -0.8 +/- 2.3 S e T T I E—
VBF+y H—Dbb 4.0 6.0 -3.9 +/- 2.8 My, [GEV]
VBF+y H—'bb LHC Run2
VH-1t, LHC Run1 . i -
L L B L I I I L EUI R & 70_—ALAS Prellmlnary +VBFH(125)+ x 10
- (s=13TeV, 12,6 fb” e
— Observed = - . Z +y (QCD) .
--. Expected ATLAS T 6oF High BDT ﬁ’f E(EVE\;IQ;d -
i *1 o 4 2 - ggereasin .
P V§=8TeV, 203 fb : 50f_|+ Uncoraimy” 3
L - L - .
Z(—I) H(=t) | i | “OF +_¥+ E
- . 30F + + =
Z(=ll) H(=tx) | | - + + + ++ -
i ' : AT
W(—Iv) H(—r.T,) | 10;”'_'_'_’_'_'_'—'—'_‘_‘ _+_ _é
W(=sv) H(— : | . e i T "Lu':
R 3 ] £ 83 + 4T
Combination | : | ?"; _o_oé = i _:T:‘ 13
R N I B S B N R P S 05E 1 E
15 0 2 4 6 8 10 12 14 16 18 20 60 80" 100 120 140 160 180 200 220 240

95% CL limit on o/o,, at m,, = 125 GeV m,,, [GeV]
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—h
o
~

2 =
S ATLAS —+-Data —ggF x 100 3
N —
. E) 10° {s =13 TeV, 36.1 fo! |:|DreII-Yan — VBF x 100 _
H—py: strategy 5 lorerven —ver e
> .
L [ ]Diboson

- Two isolated muons satisfying
110 < myu [GeV] < 160

- Background parameterised T
with a functional form B 7] 00 _E

I S SOt

- Signal extraction using a oeE T
bmned ||ke||hood f|'t 110 115 120 125 130 135 140 145 150 mlf[SGe\‘I/]GO

- Excellent mass resolution! O 14p ATLAS Simulation E
C;’; 1.2 Centratlowp, (s =13 TeV, 361 o'

© but... tiny signal buried under s o -
overwhelming Drell-Yan Y o8- _2iggna|mode| -
production o Mmoo GeY &
0.4 =

0.2 -

1 | | | | | | | | | | | | |
110 115 120 125 130 135 140
m,, [GeV]
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S B | S/v/B | FWHM | Data
Central low p/ 11 | 8000 0.12 | 5.6 GeV | 7885
Non-central low p4" 32 | 38000 0.16 | 7.0 GeV | 38777

H — U U " resu |tS Central medium p* 23 | 6400 | 0.29 | 5.7 GeV | 6585

Non-central medium p4" | 66 | 31000 0.37 | 7.1 GeV | 31291

Central high p4* 16 | 3300 | 0.28 | 6.3 GeV | 3160
Non-central high p4" 40 | 13000 0.35 | 7.7 GeV | 12829
: - VBF loose 3.4 260 0.21 | 7.6 GeV 274
Event categorization VBF tight 3.4 78 | 0.38 | 7.5 GeV 79
Designed a multivariate classifier
targeting VBF production mode
. — I L I L =
I — i o L _
ﬁ\cmeveclj a S/{B =0.37 in the VBF = C  ATLAS +Data  —ggF x 100 -
ight region € s| _ _
gnhtreg 8 10°=  \s_13Tev 364" LJDrel-Yan —VBF x 1003
o _ L - L Top VHx 100 A
Observed limit: 3 x SM expectation - Diboson N
10° =
Combining with Run1: = =
Limit: 2.8 x SM expectation 10° & =
I ]
us=-0.1+1.4
10? = |—' E:Ei!_ =
Dominated by data statistics = | .
y C | T | | -
S A =
ATLAS + CMS combination of H—=pyp s Ve S =
© 11— ———s— _.__=._;:
may reach the standard model O ogE —— T =
T | 06 o o =
sensitivity by the end of Run2! o . 53 5 5 53 1

BDT score
17
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Conclusions

- ATLAS firmly established the coupling of the
Higgs boson

(@))
o

ATLAS Online Luminosity
2011 pp Vs=7TeV
— 2012 pp Vs =8 TeV
w2015 pp Vs =13 TeV
= 2016 pp Vs =13 TeV
e 2017 pp Vs =13 TeV

- to b-quarks

o)
o

LW
o
1T 11 | T 1T | T 1T | T T | T T | T 1T

- to tau leptons

Run2 data will shed the light on the fermion
sector

Delivered Luminosity [fb™]
IN
o

N
o

- (differential) cross-section measurements

- CP studies (decay and VBF)

uoneIqIEd £ 10 MUl

10
- Establishment of the rare production oL 1 | ~
modes yan X A\ oct

Month in Year
- ATLAS + CMS combination of H—pp may

reach the standard model sensitivity by the
end of Run2!
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Additional material
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V/ — bb: even selection table

Quentin Buat (CERN)

Selection 0-lepton 1-lepton 2-lepton
e sub-channel 1t sub-channel

Trigger E7 Single lepton BT Single lepton
Leptons 0 loose leptons 1 tight electron | 1 medium muon 2 loose leptons with ppr > 7 GeV

with pp > 7 GeV pt > 27 GeV pt > 25 GeV > 1 lepton with pt > 27 GeV
s > 150 GeV > 30 GeV - -
My — — 81 GeV < myy < 101 GeV
Jets Exactly 2 or 3 jets Exactly 2 or > 3 jets
Jet pr > 20 GeV
b-jets Exactly 2 b-tagged jets
Leading b-tagged jet pr > 45 GeV

Hr

> 120 (2 jets), >150 GeV (3 jets) —

min[A¢(ERiss jets)]

> 20° (2 jets), > 30° (3 jets) —

Ap(EMiss | bb) > 120° - -

Ad(by, by) < 140° - -

AG(ER™, BYE) < 00° - -

p~. regions > 150 GeV (75, 150] GeV, > 150 GeV
Signal regions v mpy > 75 GeV or myep < 225 GeV Same-flavour leptons

Opposite-sign charge (up sub-channel)

Control regions

mpy < 75 GeV and myep > 225 GeV

Different-flavour leptons
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VZ — bb: systematic uncertainties

Source of uncertainty o
Total 0.39
Statistical 0.24
Systematic 0.31
Experimental uncertainties
Jets 0.03
Emiss 0.03
Leptons 0.01
b-jets 0.09
b-tagging c-jets 0.04
light jets 0.04
extrapolation 0.01
Pile-up 0.01
Luminosity 0.04
Theoretical and modelling uncertainties
Signal 0.17
Floating normalisations 0.07
Z + jets 0.07
W + jets 0.07
tt 0.07
Single top quark 0.08
Diboson 0.02
Multijet 0.02
MC statistical 0.13

Quentin Buat (CERN)
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SE+Y
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VBF+y H—=Dbb: strategy

Figure 2: Representative leading-order Feynman diagrams for non-resonant bb production in association with a
photon and jets.

Interference between ISR and FSR photons in bkg processes
Trigger: 1 photon with pT > 25, 4 jets with pT > 35, and mjj > 700 GeV
BDT separating signal from bkg with minimal correlation to mpp

Dominant non-resonant bkg fitted in sideband regions (mbb<80 and mbb > 140)
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Events / 10 GeV
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VBF+y H—=bb: results
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C ——— VBF H(125 103 C ——— VBF H(125 10 3 C V\s=13TeV, 126 fb ]
180 (s =13 TeV, 12.6 b mmmzv(Q0D) ' 3 S 180(s=13TeV, 126" mmzryioon 4 2 F Ei FBDT - :
160 Low BDT Z+y (EWK) E Z 160 Mid BDT Z +y (EWK) E Y NonRes Bkgd E
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Result H(— bl_)) +yjj Z(— bE) +yjj Uncertainty source Uncertainty Au
. Non-resonant background uncertainty in medium-BDT region 0.22
Expected significance 0.4 1.3 Non-resonant background uncertainty in high-BDT region 0.21
Expected p-value 0.4 0.1 Non-resonant background uncertainty in low-BDT region 0.17
Observed p-value 0.9 04 Parton shower uncertainty on H + y acceptance 0.16
Expe cted limit 6.0 i%:?;/ 1.8 ig; QCD scale uncertainty on H + y cross section 0.13
Ob d limi 4.0 : 2.0 : Jet energy uncertainty from calibration across n 0.10
Serve l.mlt ’ +2.8 ’ Jet energy uncertainty from flavour composition in calibration 0.09
Observed signal strength 4 -3.9 755 0.3 +0.8 Integrated luminosity uncertainty 0.08
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BF H—=bb: strategy
- 4 jets trigger (2 HLT b-tagged)

- BDT trained to separate signal from non resonant
background (taken from mpp sidebands)

- BDT used to define 4 categories

- Signhal extracted with a fit of mpp
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VBF H—bb: results
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VH—= 1T event selection

Quentin Buat (CERN)

Table 3: Summary of the selection criteria for each of the four analysis channels.

Channel

Selections

W — uvjev, H— Tlep Thad

Exactly one isolated electron and one isolated muon

Exactly one Tp,g passing medium BDT ID

P1(Thad) > 25 GeV

Same-charge e and u, oppositely charged 1paq

Events containing b-tagged jets with pt > 30 GeV are vetoed

|p1(Thad)| + |pT(0)| + |pT(e)| > 80 GeV
AR(Thad, Tiep) < 3.2

W — uv/ev, H — ThadThad

Exactly one isolated electron or one isolated muon

Exactly two 1h,q passing medium BDT ID of opposite charge
P1(Thad) > 20 GeV

Pr(i )l + Tl > 100 GeV

mr(C, EX™) > 20 GeV

0.8 <AR(t] . 7.4 <28

Events containing b-tagged jets with pt > 30 GeV are vetoed

Z - ﬂﬂ/ee, H — TlepThad

Exactly three electrons or muons,
One opposite-charge and same-flavor lepton pair
with invariant mass 80 < my < 100 GeV

Exactly one 1,9 passing medium BDT ID, with opposite charge

to the lepton assigned to the Higgs boson
pT(Thad) > 20 GeV

|P1(Thad)| + [pT(T1ep)| > 60 GeV

Z — pujee, H — ThagThad

Exactly two electrons or two muons of opposite charge
Exactly two Th,q passing medium BDT ID of opposite charge
p1(Thad) > 20 GeV

60 < Mmee < 120 GeV

lpr(xl DI+ Ipr(r2, )l > 88 GeV
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VH—17T: signal regions

Quentin Buat (CERN)
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Figure 2: Mass distributions used to determine the strength of signal in each channel. Upper left: M, distribution
for the WH — TiepThag channel. Upper right: Mot distribution for the WH — TpagThaa channel. Lower left: Mymc

distribution for the ZH — TiepThaa channel. Lower right: Mymc distribution for the ZH — ThagThaa channel.

WH channels:
Dominated by Fakes in hadhad
Fakes + WZ In lephad

/H channels:
Dominated by Fakes in hadhad
Some ZZ contribution

Channel Obs. Signal 2 Background Fake Factor Diboson Other

W — uv/ev, H — TiepThad 35 1.95+0.05 324+19 13.1+1.3 1354+ 035 57+14

W — uv/ev, H—> TpagThaa 33 1.84+0.04 35.5+£2.7 28.1+2.4 74+1.2 -

Z — ppjee, H — TiepThad 24 1.14+0.03 246+ 1.5 17.1+1.5 728 +£0.16  0.20+0.01

Z — uujee, H — TpaqThad 7 0.64 +0.02 6.8+1.2 47 +1.2 2.09+0.09 0.012 +0.003
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VH—1T: results
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Figure 3: The combined result for the VH channels. The 95% CL cross section limit is shown for each individual
channel on the left. The right figure shows the signal strength in each individual channel, along with the combina-
tion.

Table 7: The expected and observed significances for the four channels.
Channel

Expected significance  Observed significance

W — uv/ev, H = TiepThad 0.36 o 0.44 o
W — uvjev, H — ThaThad 0320 0.60 o
Z — pujee, H = TiepThag 0.28 o 0.29 o
Z — uujee, H — ThaqThad 0.32 0 1.38 o
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P analysis:
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Sk C

P analysis: Optimal Observable

D. Atwood et al.: PRD45 (1992) 2405-2413
M. Davier et al.: PLB306 (1993) 411-417
M Diehl et al.: Z. Phys. C62 (1994) 397412
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VBF CP analysis: BDT Control regions
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Figure 2: Mean of the Optimal Observable as a function of the BDT.oe for the SM signal (black dots with error
bars) and for the sum of all background processes (filled red area), for the (a) TiepTiep and (b) TiepThada channel. The
signal and background model is in agreement with the hypothesis of no bias from the BDT score.
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