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Motivation: why H—>bb?

ATLAS+CMS Run 1

> Hi '
Higgs boson observed & measured mainly signal strength

in bosonic channels (yy, WW, ZZ)

Compatible with SM e 53”‘
> H-bb: largest BR in the SM (~58%) | e T
Constrain total width and measure - —t_
absolute couplings w =
Probe the Higgs couplings to quarks L i :_.:_
> Evidence of fermionic decays in Run 1: - +
H—tt: 5.50 (expected 50) uﬂ_ 4—_:_
H—bb: 2.60 (expected 3.70) U _._"“_:
> Run 1 signal strength for H-bb: SRR R RN

CMS+ ATLAS __ +0.29
Wep — 0-70—0.27
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Eﬂ i“
:
L

> Explore non-dominant production modes
> Vector boson fusion + photon (VBF search)

Use photon to trigger ST Tg "
bbyjj non-resonant bckg. suppressed by ~10x
> Previous inclusive VBF (H—bb) limits:

ATLAS: obs/expect. upper limit : 4.4/5.4 x SM

| VBF+y: 0 = 65.98 fb

3‘102; T N rTrrTrT T T T T [T T Eé

CMS Run 1 obs/expect. upper limit: 5.5/2.5 x SM § - oL oD NOEY 2

CMS Run 2 (2015) T I
obs/expect. upper limit: 3.0/5.0 x SM %

pp — aaH (NNLO QCD + NLO EW)

il L Lol

> Associated production with W or Z

pp - WH (NNLO QCD + NLO EW)
op—» ZH (NNLO QCD NLO EW

—
T IHI

(VH search) :
Trigger on 10" M, = 125 GeV__
El MSTW2008 -
e r‘o e vy v e v e b e b e by
/}1 from 7 8 9 10 11 12 13@1_@1\;1j
W/Z decay WH: 0 = 1.373 pb

ZH: 0 =0.884 pb
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VH searches: 3 channels

proton e 28 > O-lepton: > Two jets
E mss s 150 GeV anti-kT with R=0.4
' P_i>45 GeV
p > 1-lepton: p,*>20 GeV
e/p, p 325 GeV > Improved b-tagging
with respect to Run 1:

Tight isolation
Eff: 70%, light jet

Missing E, rejection: 380, charm
p."> 150 GeV rejection: 12

> 2-leptons: > Analysis categories:
Tsolated ee, pp 2/3 jets (0/1lepton)
p.>25 GeV, pT2>7 GeV 2/23 jets (2lept.)

PV </>150 GeV (2lept)

No missing E_,

m, compatible with m,
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Main backgrounds

> Dominant backgrounds dependent on channel

Z+bjets dominates in O, 2 lepton channels

Top quark and W+jets in 1 lepton channel

Multi-jet:
negligible in 0/2 lepton channels after anti-QCD cuts

Data-driven in 1 lepton channel
O lepton

L ATLAS Preliminary
F s=13Tev [Ldt=132 fo?
[ 0lep., 2jets, 2 tags

Events / 30 GeV

-
=
S
S
I

N VH(bb) (u=1.0)
W Diboson

119
mm Single top
W+ {bb,bc,cc,bl)
= Z+(bb,be,ce,bl)
[ Uncertainty
=+=+ Pre-fit background

800

Events / 30 GeV

ury

Data/Pred.
o h
[o.+ N b ]

-
W N

Data/Pred.
o

150 200

1 lepton

2 leptons

1 lep., 2 jets, 2 tags
- pr = 150 GeV

- ATLAS Prellmmary
[ {s=13TeV fldt=1321b"

. VH(bb) (u=1.0)
W Diboson

it
mm Single top

Multijet
W+ (bb,be,cc,bl)
mm Z+(bb,bc,ce,bl)
= Uncertainty
=== Pre-fit background

*

'—e— Data

B VHbb
o Diboson
tt
[ Single top
Multijet
B W+(bb,bc,cc,bl)
I Z+(bb,bc,cc,bl)

Uncertainty

= Pre-fit background

[ ATLAS Preliminary
— Vs =13 TeV [Ldt=13.21b"
[ 2lep., 2jets, 2 tags

Events / 30 GeV

B
o

50 100 150

200 250

300
m,, [GeV]

n
(=]

0

B VH(bb) (u=1.0)
m Diboson

it
m Single top
mm Z+{bb,bc,cc,bl)
] Uncertainty
=+« Pre-fit background

ury

U':_.'tn

I+ T—*”—‘F—F:Fﬁ_+_*:

Data/Pred.
b

200 250 300

m,, [GeV]
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Multi-variate analysis

§EE
:
L1 P

> Boosted decision tree (BDT)

Variable O-lepton 1-lepton 2-lepton
Combine many different variables Pt X X
IMiss % w )
Trained in 8 categories: 3 lepton, 2/3 % x x x
jets, low/high p_’ bin (2 lepton channel) pr X X X
Mpb X X X
> Most discrimination fromm_and AR(b b))  AR(bib) X X X
o bb be |An (b1, b2) X X
S 800 @ A@(V, bb) x x X
"o Fis=8TeV J.Ldt=.2(_)_.3.f_b'_1::.- 3 w :
E_0400:—0I ! ) R = 50 HT b4
L 0-lepton E :
. min{A¢ (4 b)] X
300F- i I 40 m?’f X
250; """ é mij X
E_ _E —30 mTop ¥
0 e |AY (V, H)| X
150 Eizo Only in 3-jet events
100F EData2012 ., pJ;ls % X <
50;_ o - = MC _; Mpbb; x X %
I T T
AR(b,b,)

> New in run 2: mTop' |AY(V,H)| — +7°/o in SenSITIVITy

P. Conde Muifo ICHEP16, Chicago, 4™ Aug 16 6



F Combined fit
> Profiled likelihood fit to measure the signal
strength = e oo

B Z+(bb,be,ce,bl)

ATLAS Preliminary -o-Data

- _ 4 mm VH(bb) (1=1.0)
ls=13TeV fLdt=1321b == Diboson
tt

Events /0.5

Take into account all event categories

> Use BDT discriminant as input

> Post-fit distributions:

. PN A A A AN A AN
miss B oy o S ol T E
—4 —35 -3 25 2 -15 -1 05 0 05

O lep, 2 JZTS 2bTags 1lep., 3 JeTs 2 b‘rags 09, (S/B)

1600 T

(4}
(=1
o
(=]

> I T m = [T AL L | |"| T ™ n ISR B L B L L L L BB BN
& - ATLAS Prellmlnary -vmhb)(uﬂ_u) ] 8 B A LAS Prellmlnary _\{H(bh, @10 ] S 120~ ATLAS Preliminary :5;‘(‘,’“,) w10
Y 1400F fs = 13TeV flot=132 1" == Diboson — 8 [ (s=13TeV fLot=13.270" m Single top 7 P [ (5= 13TeV fLdt= 132" = Diboson ]
~ - 0lep., 2 jets, 2 tags e Single top ] "o 4000} 1 lep-, 3 jets, 2 tags Multijet — = - 2lep., 2 jets, 2 tags mm Single top ]
ﬂ = n — = | -W+(bb bec,cc,bl) a (7] 100 —
12 v B W+(bb,bc,ce,bl) ] o _D = 150 GeV > I Z+(bb,b:_:,c::,bl) i
g 400 pr=te0cer e 1 2 T A I R s
w - -+« Pre-fit background o - - - b
1000~ -] 3000 R . — 80_— 7
800 - raz e ] 2 2 ICPTOHS ]
C ] 2000 WL — B e . ]
60042 3 : e ] 2 tags, 2 jets
400 3 1000f- - BDT dlSCf'lfT\lnGnT
] Srsadrany 7 ]
200 - (P -
] i r‘
_ | it | ; g [T T
g 1.5 E — . ‘__ a1 Batacec ,ﬁw,:mm# ‘»/,444/% g
o 1 %.——i’,—% * 4 z :@' 0.8 E o
:@‘05:* H* 3 @ V° EL NP T P P PR PR T P T T = 3
EO0c bl e Lo B Lo 9 920 40 60 80 100 120 140 160 180 200 220 5 I S
150 200 250 300 350 400 450 m(W)[Gev] A —1 —0 8 —O 6 0 4 —0 2 0 0 2 04 0 6 0. 8 1
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i“ Results H—bb in association with a W or Z

ATLAS Preliminary Vs=13TeV, [L dt=13.2 fb!

> Combined signal strength with 13.2 fb™ of T T
pp collisions at Vs= 13 TeV st Tot. (Stat.  Syst.)
2 lepton [—H—o—- 024{332 (+g§§+8gg)—
— . +0.51 1 lepton |-  —o—= 0. 25*33‘21 (tggz fgg;) —
o u - =0.21_
o| VH’H b 09 +0.73 +0.59 +0.44
"2 Olepton |-  k—e—A 0.47 069 (" 055 - 042)
S . o 4. . .
N Systematic and statistical uncertainties of combination|-  #-e- 0.21+051 (+036 +036) |
% the same size B A S R R [
o . . . Best fit p=o/o__for m =125 GeV
& Dominant systematics from b-tagging and e
2 background normalization & modelling ATLAS Prelminary fs-13Tev. fLdi-132fb"
= W+jets, Z+jets, to T
2 ( J ‘ J ‘ P) B ;t; Tot. (Stat. Syst.) |
S 015+387 (+049 +34%) _

> Fit cross checked with di-boson signal
(WZ+ZZ with Z—bb) WH- e 0.330%5 (1288 +0%8)
Observed significance: 3 20

0.9120.17(stat) "3 (sys) R 021°35 (3% %%
- =+ stat SVS
Wy, = 0.23 (S, . , e'; : o),

Best fit p=o/c__ for m =125 GeV
SM H
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VBF+y search

> Trigger:
L1 trigger: single photon (p_> 25 GeV)
b High level trigger: 4 jets p_> 35 GeV, m > 700 GeV
b > Selection:

Tight ID photon, p> 30 GeV

4 jets with p > 40 GeV

£ 12l ATLAS Simutation Profiminary ' Eaver 1251 | 2 central (|n|<2.5) b-tagged jets
it O.1E_E= 13Tev ! E Atenfee e p_(bb system) > 80 GeV
0.08; . E Non b-tagged jets: m i 800 GeV
06 : + BDT discriminant
0.04- : g Built with variables uncorrelated fo m
0'02;_ _ AR(jet,y), m, An,, H, jetwidth ,y centrality , po'™
Q¢ 04 0z : o0 toz o4 o6 Define 3 regions with different S/B

BDT response

Fit m_ in these 3 regions
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P ATLAS-CONF-2016-063

Use a profile likelihood fit

Non resonant background estimated
with 2" order polinomial fit inm_

sideband

Fit tested searching for Z—bb +y

production:

VBF+y results

Result

Expected significance
Expected p-value
Observed p-value
Expected limit

Observed limit

Observed signal strength u

H(— bb) +vjj| Z(— bb) +vjj
0.4 1.3
0.4 0.1
0.9 0.4
60 117 18 13
4.0 2.0
-39 37 0.3 0.8

Expected 95% CL limit: 1.8

Observed: 2.0

> Low BDT score region:

- ATLAS Prellmlnary —e—Data

Observed signal strength in

the Higgs search:
~3.97¢

Wer vy ™

Expected 95% CL limit:

6.0"73

Observed 95% CL limit:

>
[0]
(O] VBF H(125 X 1o_
O 1805 _ 13 TeV, 126 10" mum v+ (aony
g 1607 Z + v (EWK)
& Low BDT NonRes Bkgd
€ 140 —— Uncertainty
(0]
>
i}
100

120?

> High BDT score region

Events / 10 GeV

70—

60

50

40

- ATLAS Prellmmary —e— Data
VBF H(125 10
Vs=13TeV, 12.6 1" mam vy (00D) -

£ High BDT Z+y (EWK)

NonRes Bkgd

—— Uncertainty

S

_+_

-3

_+_
_I+"_II11llllllllllllllllllllllll

111

N S Wiy pyn
—

4X((YXBR)SM 0 700 150 200 250 300 350 400 450 550 86L160 120 140 160 180 200 220 240
my, [GeV] My, [GeV]
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Summary and conclusions

Eﬂ i“
:
L

> The search for the Higgs decays to b-quarks is essential to probe the
nature of the Higgs boson

Measure couplings to down-type quarks
Constraint total width

Presented very hot new ATLAS results on the search for H—bb

> TIn associated production witha W ora Z
13.2 fb! of 13 TeV pp collisions More details in poster 1115
Expected (observed) significance: 1.92 (0.42) lgﬁﬁ”f?:g; C'?]TLAS VH(bb)
Signal strength: uVH’HbezO.Zlfgéé

> In vector boson fusion + photon production

12.5 fb"l of 13 Tev pp collisions
Expected (observed) 95% CL limit: 6*° (4) times the SM expectation

First VBF+y result!

Signal strength: w, ,pp, =—3 933
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!!i“ Systematic uncertainties for VH analysis

LI P
> Signal > Simulated backgrounds:
S Normalisation, acceptance
gna
Cross section (scale) 0.7% (42), 27% (88) differences between regions, shapes
Cross section (PDF) 1.9% (gg— WH), 1.6% (gg— ZH), 5% (gg)
Branching ratio 1.7 % > Example for W+J ets:
Acceptance (scale) 1.4%—-5%
3-jet acceptance (scale 1.4%:—4.7% =
p.‘;! shape I()scale)( ) S — Wjets
Acceptance (PDF) 0.3%—0.7% W1 normalisation 32%
pY. shape (NLO EW correction) S Wcl normalisation 37%
Acceptance (parton shower) 4%—7.5% Wbb normalisation Floating
Wbl-to-Wbb ratio 17% (0-lepton) and 31% (1-lepton)
Wbc-to-W bb ratio 42% (0-lepton) and 21% (1-lepton)
Wcce-to-Wbb ratio 17% (0-lepton) and 31% (1-lepton)
2-to-3 jet ratio 23%
0-to-1 lepton ratio 17%
P¥ s Mpp S

> Luminosity: 2.1% for 2015, 3.7% for 2016
> Jet energy scale, b-tagging:
many sources — decomposed in uncorrelated components

> e, preconstruction, identification, frigger, energy/p_scale: small impact
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Uncertainties on simulated backgrounds (VH analysis)

Z+jets
Z! normalisation 18%:
Zel normalisation 23% Single top
Zbb normalisation Floating Cross section 4.4% (s-channel), 4.6% (z-channel), 6% (W)
Zbc-to-Zbb ratio 14-27% Acceptance 2-jet 16% (1-channel), 25% (W)
Zcc-to-Zbb ratio 7-31% Acceptance 3-jet 19% (z-channel), 32% (W1)
Zbl-to-Zbb ratio 15-38% Mpb, Py S (p¥ uncorrelated between 2 and 3-jet channels Wr)
0-to-2 lepton ratio 26% 77
2;}:0;31 jet ratio 28% (0-lepton) arSn:I 25% (2-lepton) Normalisation 20%
Pr: Mbb 0-to-2 lepton ratio 30%

Wjets 2-to-3 jet ratio 19 %
Wi normalisation 32% Mpp, Py S (correlated with WZ uncertainties)
Wel normalisation 37% WZ
Wbb normalisation Floating Normalisation 26%
Wbl-to-Wbb ratio 17% (0-lepton) and 31% (1-lepton) . .
W be-to-W bb ratio 42% (0-lepton) and 219% (1-lepton) EZEE:? {Z;g:';ﬂm 14% (0-lepton) f;‘sc_l 1% (1-lepton)
Wee-to-Wbb ratio 17% (0-lepton) and 31% (1-lepton) myp, pY S (correlated with ZZ uncertainties)
2-to-3 jet ratio 23% ==
0-to-1 lepton ratio 17% — LA
pr Mpb S Normalisation [ 25%

1t (all are decorrelated between the 0+1 and 2-lepton channels) Multi-jet

1t normalisation Floating Need final numbers |
2-to-3-jet ratio 9% (0+1-lepton) and 24% (2-lepton)
p.‘l'.', mpp S
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Impact of the systematic uncertainties on signal
strength for VH(bb) search

Ap
-0.2 -0.1 0 0.1 0.2
L L L Y L LA IR |
b-jet tagging efliciency 0 Vi Aoy o
Z+HF normalisation E V /A | WO |
&-jet tagging efficiency 0 : h - ,// E
. . - | I s H
b-jet lagging efficiency 1 : 1 T g v |
2-lepton H normalisation ; (/77 W
Z+jots m shaps i } ° :/// |
1 nermalisation (3-jet) - V da T -
W+HF normalisation V// e |
Wejets p! » —e i
Zejets ] v —e—— |
\ alZZl '
2-leplon Hp;_’ : oo :
0-lepton Z+HF normalisation : | 7 —— |
Single top W p) . :
. ' o T H
Single top t=ch. acc. : . 2 e . |
i normalisation A Che,
c-jat tagging efficiency 2 ' /: & o |
Z+HF nermalisation (2-jet) - 0 | ——
Light-lavaur tagging elficiency 0 *— |
. . .
" W L [l
Single top tch. o : o : |
ET™ goft term resolution ~
" ' |
Wajets m_ shape : —— |
Single top Wt m_, shaps : ,I + .
. & Yial .
b-jols response : : 1 ; 1 : |
Jat enargy ressiution .—Eﬁ:l_.
Vs=13TeV —e— Full: (- 6,40
ATLAS y ——i=—— MNormalisation
.. ILdt =13.21b [7777 +% Postiit Impact on
Preliminary|mz12s cev 1 o Postitimpact on s
e b b b b b b b
-2 -15 -1 -05 0 05 1 15 2

16
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Run 2 VH(bb) selection

Selection O-lepton 1-lepton 2-lepton
Trigger E.‘l?jss ET" (u sub-channel)
lowest unprescaled single lepton

Leptons 0 loose lepton 1 tight lepton 2 loose leptons

(= 1 medium lepton)
Lepton pair - - Same flavour

opposite-charge for uu

Ef;.’jss > 150 GeV > 30 GeV (e sub-channel) -
my - - 71 < my < 121 GeV
St > 120 (2 jets), >150 GeV (3 jets) - -
Jets > 2 signal jets
b-jets 2 b-tagged signal jets
Leading jet pr > 45 GeV
minA@(ET™, jet) > 20° - -
AP(ET™, h) > 120° - -
Ag(jetl jet2) < 140° - -
Aq&(Eﬂ}’jSS, E.I‘E?jffk) < 90° - -

p:l‘f regions

[0, 150] GeV (2-lepton), [150, co] GeV

Table 1: Summary of the event selection in the 0-, 1- and 2-lepton channels.
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Run 1 VH (H—bb) results

> Expected (observed) significance: 2.6 (1.6)
ATLAS  1s=7TeV, [Ldt=4.7 fb™; \s=8 TeV, [Ldt=20.3 fb” for a mass of 125.36 GeV

w=0.52+0.32(stat)+0.24(sys)

— — tot. —

stat. tot (stat syst)
0.88 (+0.72 +0.50
2 lepton |— F—eo—+ 0.94" ( ) ]
-079 " -0.68 —0.41 ATLAS  \s=7TeV, [Ldt=4.7 fo"; \s=8 TeV, [Ldt=20.3 b
IIIIIII|IIIIIIII|IIII|IIII|IIII|IIII|IIII|II
+0.66 [+0.50 +0.43
1 lepton |— b—o—a 1177 o0 (Toas —oa7) L — tot. -
stat. tot (stat syst)
0 lepton |- p—e—1 -0.35+0-55 (* 0.49 +O.26) _|
-0.52 ‘-044 -0.27 0.05+052 (+044 +0.27
Hi= = Y_049 '-042 -025'
TR +0.40 +0.31 +0.25 _|
Combination 1-e-1 0517 7 (D030 o22)
II|IIII|IIIIIIIIIIIII|IIII|IIII|IIII|IIII|II
- L +0.65 (+0.50 +0.42) _
1 0 1 2 3 4 5 6 7 WH b=e=d  1MT.8 (Zous Zo3s)
best fit u=c5/csSM for m =125 GeV
Combination |— 1=e=1 +0.40 [(+0.31 +0.25\ —
0517037 (Zo30 —o22)
IIIIIII| IIIIIIII |IIII|IIII|IIII|IIII|IIII|II

-1 0 1 2 3 4 5 6 7
best fit p=c/ O, for m =125 GeV
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VBF systematics

Uncertainty source Uncertainty Apu
Non-resonant background uncertainty in medium-BDT region 0.22
Non-resonant background uncertainty in high-BDT region 0.21
Non-resonant background uncertainty in low-BDT region 0.17
Parton shower uncertainty on H + ~ acceptance 0.16
QCD scale uncertainty on H + ~ cross section 0.13
Jet energy uncertainty from calibration across 7 0.10
Jet energy uncertainty from flavour composition in calibration 0.09
Integrated luminosity uncertainty 0.08
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VBF BDT variables

* AR(jet,y): angular separation between one of the selected jets and the photon, with specific cases
for the pr-ordered jets j; and j», and for pr-ordered b-jets b; and b;;

* mj;: invariant mass of the VBF-jet pair;
* An;j: separation in n between the VBF jets;
« jet width for the VBF jets, sensitive to differences between quark and gluon jets [29];

. p%a]a”‘:": transverse-momentum balancing variable for the selected final state objects:

balance — (pb] +pb2+pjj +pj2 +p?)T

—— (1)
ST

For signal events produced via electroweak processes, where there is minimal QCD radiation, the
final state objects should be more balanced than in the background. For non-resonant multijetback-
ground, where additional radiation is more likely and more final state objects are expected, the final
state should be more unbalanced than in the signal electroweak process.

« centrality of the photon with respect to the VBF jets:

y _ yj' +J"J'2
centrality(y) = |———2— (2)

1~ Y2

. Hr}‘}&: scalar pr sum over the track-jets with pr > 7 GeV. The track-jets used to calculate H%"ﬂ are
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e

> Search for a CP-odd Higgs boson A —Zh—Zbb with 3.2 fb™ of pp
collisions at 13 TeV:

o) | | | | IR B | | |
Q
5 10 ATLAS Preliminary —e— ggA Observed (CLs)—
7 " l\s=13TeVv, | Ldt=3.21b" -~ 9gA Expected (CLs) 1
@ g . bbA Expected (CLSs)
e | —
N 1 E 5
T c ]
< - ]
° L _
C | .
o
E 107 =
i c ]
(&} B ]
N L i
rg)
o
1072 I 1 1 1 | 111 | 11 1 | 1 1 1 | 111 | 1 1 1 | 111 | 111 1 1 1|
200 400 600 800 1000 1200 1400 1600 1800 2000

m, [GeV]
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