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CMS and ATLAS

Highest significances in H=>ZZ/WW/yy final states accounting for < 25% of

The Standard Model Higgs Boson

* Discovered with very high significance in multiple decay channels by both

Higgs decay branching ratio
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The Standard Model Higgs Boson

* The SM-Higgs decaying to fermion analyses, H=>bb/tt, face unique
analysis challenges despite composing 65% of the Higgs decay BR

Provide a unique window to test the Yukawa coupling to fermions

H(bb) — unique final state to measure coupling to down

type quarks

In the spirit of a SUSY conference, the more constraint we have on all Higgs

decay processes, the less room there is for BSM physics

from H(125)
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VH(bb)

* VHbb: arXiv:1709.07497 — submitted to PLB
* CMS-HIG-16-044
* Experimental challenges

Pileup, Jet Energy, and MET

B-jet tagging

Trigger thresholds
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VH(bb)

Fundamentals:

Multiple final states targeting events with 2 b-tagged jets
Z(vw)H, W(e,u)H, Z(ee,upu)H
Higgs candidate defined as jet pair with highest b-tagged
Categorize based on pT(V)
1-lepton: pT(V)>100 GeV
2-lepton, 2 categories: 50 GeV < pT(V) < 150 GeV, pT(V) > 150 GeV
Event BDT including di-jet mass of b-jets, b-tag values, kinematic variables
Signal and Control Regions defined with multiple additional cuts including:

Number of jets, Number of b-tagged jets, m., Z mass window

i%
Simultaneous final fit of signal region and many control regions

O-lepton MET & HT Missing > 110 MET > 170

1-lepton pT(u) > 24 pT(K) > 25
pT(e) > 27 pT(e) > 30

2-lepton 2 muon (17,8) 2 muon (20,20)

2 electron (23,12) 2 electron (25,20)
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* Best separation of udscg jets vs. b-jets seen with
the cMVAvV2 algorithm

b-tagging

cMVAv2 combines 6 difference b-jet
discriminants into BDT

* Includes secondary vertex (if any), tracks, impact

parameters, soft leptons and more

* ~70% efficiency for <1% misidentification rate
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b-jet Energy Regression

* Improve b-jet energy resolution
with BDT regression CMSsimuation  (13TeV)

> — | b
* Trained with gen-matched b-jets in §5000:— §
ttbar MC N I | f

* Input kinematics: pT(b), energy, 40001 s e
leading charged tracks, soft lepton if e After regression -
pT, secondary vertex info 3000~ A L
* 15% improvement in resolution 20001_ ;.3
(wrt pre-regression resolution) & i -
correction of peak position! 10001_ s
* Right, m; distributions for MC -
Z(8€)H(bb) events (mH= 125 GeV), —~ i

0 = —
before (red) and after (blue) the 50 100 150 200

energy correction from the
regression procedure is applied

(7)
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35.9 fb' (13 TeV)
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Control Regions - ttbar

* Control regions (CR) are are used to help scale the yields of key
background process in the final fit

* One signal region (SR) cut in the O-lepton category requires nlets <=1
* Inverting this criteria provides a very pure ttbar CR
* Link normalization between SR and CR ttbar in final fit

U. Wisconsin-Madison
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Control Regions - W+b(b)

* Control regions (CR) are are used to help scale the yields of key
background process in the final fit

* In the 1-lepton(u) category a W+b(b) CR can be defined by inverting the
m;; window SR cut

* Link normalization between SR and CR W+b(b) processes in final fit

U. Wisconsin-Madison
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Entries

Data / MC

Control Regions - Z+b(b)

Control regions (CR) are are used to help scale the yields of key
background process in the final fit

2-lepton(e) SR

35.9 b (13 TeV)
T e e e
CMS ¢ Data i t
I zH(bb) [ ] VV+HF
[ ggZH(bb) I VV+LF
[ ]Z+bb [ Single top

10°

10* = 2-lepton (e), High p(V)

[C]z+b — VH(bb)

103 [ Z+udscg B2 MC unc. (stat.)
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In the 2-lepton(e) category a Z+b(b) CR can be defined by inverting the
m;; window SR cut

Link normalization between SR and CR Z+b(b) processes in final fit
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ZH(bb)

u=09=+05

WH(bb)

w=1.7=+0.7

0 lept.

u=00=05

1 lept.

u= 1.9+06

2 lept.

u=18=+=0.6

_1

VH(bb) Results

35.9 o' (13 TeV)

cMs

pp — VH; H— bb
Combined u = 1.2 + 0.4

* 3.30 obs. Run-ll only

* 3.80 obs. evidence for H(bb),
Run-l + Run-ll

pren = 1.1915:55 (stat) 1535 (syst)

Best fit u
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Boosted H(bb)

° arXiv:1709.05543 — submitted to PRL
e CMS-PAS-HIG-17-010

* Firstinclusive search for H(bb) where the Higgs boson is produced
with high-pT
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Boosted H(bb): Fundamentals

Search for a heavily boosted gluon fusion produced Higgs(bb) with
decay products contained in a single wide, Anti-k; “fat jet”

Trigger on total transverse energy or jet pT
Triggers 100% efficient for signal above 450 GeV jet pT and |eta|<2.5
Veto event on presence of electrons, muon, and taus
Veto on large missing ET (> 140 GeV)
Categorize in 6 jet pT bins from 450 GeV — 1 TeV

two-separate b-jets one single large-cone
(R = 0.4) (fat) jet (R = 0.8)

bb With .increasing H jet
Higgs pT

b-jet

b-jet _
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Background Composition

Mass distribution for the leading signal jet,
after the online selection and the jet pT> 450
GeV requirement.

Events

QCD: Fully derived
from data, more
detail following

Data/Simulation

VV: MC-based

CMS 35.9 o' (13 TeV)
= [ QCD (k-factor 0.78) W Z(G3)+ets | - - '9gF HbB) "
10’ W(q@)+ets B single-t Co THED - o
[ tt+jets /vy Data (bb) =
108 = zzmme MC uncert. (stat.)__|
10° -
10*
10°
10 el
] e e S L i
1 B I -......:”l"‘:""-l lllllllllll LI
= | | ey | e e i
1.5 %— zz2 MC uncert. (stat.) _E
0.5 E
Yo —"60 80 100 120 140 160 180 20

N—"

Leading jet m., (GeV

0

ttbar: MC-based,

normalized from

dedicated control
region
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Jet Requirements

) -
T-axis1
T-axis2

double-b

*T-axes are Nsubjettiness axis

CMS-PAS-BTV-16-002
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Double-b Tagger MVA

* Tracking and vertex information; 27 observables in total
* A double-b tagger working point is chosen giving 33% efficiency for H(bb)

e [ L L L . g
and a 1% misidentification rate for QCD jets =
: . =
* Aimed to be mass and pT independent E
o]
:
2.6 (13 TeV, 25 ns) -

~ R L I I I L
© 10°= CMS ¢ Data .

9 108 Preliminary [ ] uds quark or gluon
o . ) B c quark ¢
Q 10 Muon Enriched Mu]tuet sample [ ¢ from gluon splitting )
< 10° Muon-tagged AKS jets B b quark E
e P, (AKS8 jets) > 300 GeV [ b from gluon splitting k)
'_
10 =
10° =
102 S
10 S
) a
O =
S 15
T
CU =
0 05E
03 —08 06 -04 -00

CMS-PAS-BTV-16-002

02 04 06 08 1

double b-tagger discriminant
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* Signal region, composed of events passing
double-b tagger selection, dominated by QCD

* Resonant backgrounds from W/Z+jets

* Z(bb) provides handle to constrain nuisances

for H(bb) signal & validate methodology

Events / 7 GeV

Data - multijet - tt

35.9fb™ (13 TeV)
8000 T T
- CMS 450 <p_<1000 GeV  ---- W ]
7000 double-b tagger " tzf —
- passing region T .
r ke T T e Multijet s
6000 - i Total background T
- Il H(bb) =
5000: ¢ Data ]
4000 —
30000 =
2000 —
1000 —
0 P e AR R ErrTre———— - L
10— ++ —
5 +
~%0 60 80 100 120 140 160 180 200

mgp, (GeV)

Signal Region Composition

Background
Composition

QCD
ttbar+jets
W/Z+jets

Single-top, VV

Higgs signal in SR is dominated

Percent of
Bkg.

90%
3%
5%

<1%

by gluon fusion

ggH 87%
VBF 6%
VH 4%
ttH 2%
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Passing and Failing Double-b Tag

* QCD estimated from data in this failing, inverting b tag region
Ratio passing region / failing region approx. constant as function of jet pT

C

(@)

Corrections applied as function of p and jet pT 5

=

p = log(m?,, / pT?), describes correlation between b tagging discriminator, jet =

o

. (@]

mass, and jet pT 2

<10 35.9fb" (13 TeV) 35.9fb" (13 TeV) ;

> L L L B BRI IR > goooEr T T Tt >
3 500[— CMS 450 <p_<1000 GeV == W — 3 - CMS 450 <p_<1000 GeV -~ w .

N~ w double-b tagger E 7 N~ 7000k double-b tagger tzf — -
5 400 o failing region Multijet ] 5 6000 i passing region Multijet 7:

GCJ B &4 Total background | CICJ C ¥+ Total background o

> - I H(bb) . > - I H(bb) ] =

. ¢ Data ] L 5000 + Data = B

n ] 4000~ = <

2001~ - 3000 E =

¥ ] 2000 F- - =

100 — - . ~

B ] 1000 = S

- _ - - S

ok (TS S L - 1 1 oL g

= 60f ‘ ‘ = = £

()

S| 40+ e - g D

T D ° o —
o ) e e I 5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ,
o 40 60 80 100 120 140 160 180 200 Al T30 60 80 100 120 140 160 180 200
mgy (GeV) mgy (GeV)

Ratio of data to its statistical uncertainty,
after subtracting the non-resonant
backgrounds (QCD+ttbar)
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Boosted H(bb) Results

35.9 fb' (13 TeV)

-2 A log L(data)

Likelihood scan of Z Boson signal strength
and Higgs Boson signal strength

First observation of Z(bb) in
single jet topology (5.10
observed, 5.80 expected)

1.50 observed significance of
SM-Higgs

Both Z and Higgs signal
strengths agree with SM

Analysis opens new door for
H(bb) physics

H
Observed signal strength 2.311%
Expected significance 0.70
Observed significance 1.50

Hno prcorr. Z

2.2 0.23
3°24—r2.0 O-78410.19
0.50 5.80
1.60 510
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H(tT)

Htt: arXiv:1708.00373 — submitted to PLB
CMS-HIG-16-043
Analysis Overview:

U. Wisconsin-Madison

Four different decay channels depending on tau decays:
° et U, T, T, el

Three different signal region categories:
* 0-Jet, VBF, Boosted

Main changes from Run-| analysis:
Tau ID moved from cut-based to MVA-based
Use unrolled 2D distributions for signal extraction

%)
Q
[eT0)
oo
>
o
—
9
>
|_
N~
i
(@)
N
—
()
o]
€
()
o
()
()]
—
i

Simultaneous fit of signal regions and controls regions

—
N
A=




* Tau leptons decay either
leptonically (35%) or hadronically
(65%)

* Hadronic decays are
reconstructed from charged and
neutral jet constituents in CMS’s
Particle Flow algorithm

1-prong, 1-prong + nt% 3-prong
* Hadrons Plus Strips algorithm:
Can ID each t, decay mode

Exploits intermediate
resonances p(770) and a,(1260)

Tau Decays and Reconstruction

Decay mode

Meson resonance B [%]

-

hadron had/r9n1+§t|;|e : 3 hadrons
p IILI_ rd 17/
v/

&)
/ /’

e

/y

4

1-prong + 1% 3-prong

\

CMS-TAU-14-001

T- — e VeVg 17.8
T — U VyVz 17.4
T —-h v, 11.5
T~ > h- v, 0(770) 26.0
T~ > h " v, a1(1260) 9.5
[T =h hTh 1, a1(1260) 98
T~ —h"hth™ 7lv, 4.8
Other modes with hadrons 3.2
All modes containing hadrons 64.8
250 %103 19.7 b (8 TeV)
> - CMS —— Observed
8 N [J]Z — w:hh'h®
= 200 - [1Z — tt: h'n’
— B Z — wu:h”
3 - Ot
150 [— [ Electroweak
2 B [_] Multijets
o - ~ Uncertainty
100 —
o0 —
0
0 0.5 1 1.5
m, [GeV]
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Tau Identification

* We need best tau identification with strong jet rejection

* H(tt) uses an MVA-based ID that has large performance gains compared to

Run 1 H(tt) cut-based ID

Inputs: Isolation (pT sums), T lifetime, distribution of signal and isolation

candidates within the jet in AR, An, Ay, and e/y multiplicies

Expected T efficiency

CMS Simulation

1.2}

0.8}
0.63
0.4}
0.2/

® Very loose MVA isolation
Loose MVA isolation
Medium MVA isolation
Tight MVA isolation

4>

o 000000
P -

B, A A A A A A A
:—_V:H+H+HF

2N — ]
TR T R SR N

T I R R B !
20 40 60 80 100 120

Generated p;“ [GeV]

CMS-TAU-14-001

Data - Simulation

Misidentification rate

Simulation

-l
<
N

-
<
(9]

CMS

19.7 b (8 TeV)

® Very loose MVA isolation
B Loose MVA isolation

A Medium MVA isolation

Vv Tight MVA isolation

Solid symbols: Data
Open symbols: Simulation

s

L1
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200 300 400 500
jet
p, [GeV]
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Signal Extraction Categories

35.9 b (13 TeV)

O-jet VBF Boosted
Selection
ThTh | Nojet >2jets, pr* > 100GeV, An;; > 2.5 Others
ut, | Nojet >2 jets, mjj > 300GeV, pI* > 50GeV, pt > 40GeV  Others
et, | Nojet >2 jets, my > 300GeV, p1* > 50 GeV Others
ey | Nojet 2 jets, m; > 300 GeV Others
Observables
ThTh | Mrr Mjj, My pr’, Mrr
WTh | Th decay mode, myis | mjj, Mrr Pt Mrr
et, | T decay mode, Myis | mjj, My pT’, Mrr
ep | ph, myis Mij, Mr PIT, Moy
CMS Preliminary er,, 0 jet
g 104 1 prong 1 prong + n° 3 prongs I
B .
c
L% 10°
102
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Bkg. unc
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2=2F 22 F 2 2=
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B H (u = 1.08)
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Z2>ee/pp/Tu:
e LO MCsample

* Corrections p;%, mass,, &

m;; from Z>uu CR
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Main Backgrounds

CMS 359" (13 TeV)
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Signal Extraction Categories

O-jet VBF Boosted
Selection
ThTh Nojet >2jets, pr* > 100GeV, An;; > 2.5 Others
ut, Nojet >2 jets, mjj > 300 GeV, pI* > 50GeV, p > 40GeV | Others q
et, Nojet >2 jets, my > 300GeV, p1* > 50 GeV Others
ey Nojet 2 jets, m; > 300 GeV Others
Observables
ThTh Marr mij, M pr’, Mrr
WTh  Th decay mode, myis | mjj, Mrr Pt Mrr _
et, T, decay mode, myis | mjj, Mrr pT’, Mrr q
ep  ph, myis Mj, My PIT, Moy
CMS  Preliminary 1,7, VBF 35.9 fb' (13 TeV)
c - . .. .. > T T
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Signal Extraction Categories

0-jet VBF Boosted
Selection
ThTh Nojet >2jets, pr* > 100GeV, An;; > 2.5 Others
ut, Nojet >2 jets, mjj > 300 GeV, pt* > 50GeV, p > 40GeV | Others
et, Nojet >2 jets, my > 300GeV, p1* > 50 GeV Others
ey Nojet 2jets, mj > 300 GeV Others
Observables
ThTh Mt Mjj, My pPr’, Mer
WTh  Th decay mode, myis mijj, Mg pPTs, Mer
et, Thdecay mode, Myis  Mjj, My pPT’, Mrr
e ph, Myis Mij, Mr PT, Moy
CMS  Preliminary T,T,, Boosted

35.9 fo'' (13 TeV)
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Events/bin
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. ' i i T
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Results

Best fit signal strengths all consistent with Standard Model

Significance:
Run-Il Obs. 4.90
Run-Il Expt. 4.70
CMS Run-1 + Run-Il Obs. 5.90

35.9 fb' (13 TeV)
| CMS
0-jet

_o.54 +0-89
n=0-84 19 89

Boosted
_ +0.47
m=1-17 .40

VBF

4 44+0.34
w=111 4 35 _

Combined

g 40.27
u=1.09 ;%

= 3
Best fit u = O’/O’SM

| CMS

35.9 fb' (13 TeV)
—

Th'h
= +0.40
n=136 ;9 35

we,
_1.14 +0.44
n=1-14 .42

et,
_ +0.60
n=0-38 o 58 ]

e
_ +0.69
u=0.68 ; &g

Comb(i’r;ed
_ +0.27
n=109 39 2

I2 - 3
Best fit u = O’/O’SM
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Conclusion

* Using 2016, 13 TeV data gathered by CMS, analysts have been pushing Higgs
decaying to fermion searches and measurements into new territory

* H(bb) is the first analysis searching inclusively for H(bb) and is the first
observation of Z(bb) in the single jet topology (5.10)

* ZH(bb) analysis showed us evidence for ZH(bb) decays at CMS (3.30)

* H(tt) analysis has provided CMS with the first single-experiment observation
of H(tt) decays when combined with Run-I (5.90)

U. Wisconsin-Madison

* With 2017 data taking complete we have more than doubled our 13 TeV
data set

* Many thanks to the CMS collaboration and all the hard work from everyone
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* More exciting results coming soon!
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VH(bb) BDT Training

channel.

* Variables used in the training of the event BDT discriminant for the different
channels. Jets are counted as additional jets to those selected to reconstruct
the H(bb) decay if they satisfy the following: pT> 30 GeV and |n|< 2.4 for
the 0- and 2-lepton channels, and pT> 25 GeV and |n|< 2.9 for the 1-lepton

Variable Description Channels
M(jj) dijet invariant mass All
pr(jj) dijet transverse momentum All
pr(j1), pr(j2) transverse momentum of each jet 0- and 2-lepton
AR(jj) distance in 7—¢ between jets 2-lepton
A1 (jj) difference in  between jets 0- and 2-lepton
Ap(jj) azimuthal angle between jets O-lepton
pr(V) vector boson transverse momentum All
Ap(V,jj) azimuthal angle between vector boson and dijet directions All
pr(jj)/pr(V)  pr ratio between dijet and vector boson 2-lepton
M(00) reconstructed Z boson mass 2-lepton
CMVA hax value of CMVA discriminant for the jet 0- and 2-lepton
with highest CMVA value
CMVAin value of CMVA discriminant for the jet All
with second highest CMVA value
CMVA.44 value of CMVA for the additional jet 0-lepton
with highest CMVA value
piiss missing transverse momentum 1- and 2-lepton
Ap(pmiss j) azimuthal angle between pss and closest jet (pr > 30 GeV) O-lepton
Ap(p™iss ) azimuthal angle between psS and lepton 1-lepton
mr mass of lepton pr + pr 1-lepton
Miop reconstructed top quark mass 1-lepton
Naj number of additional jets 1- and 2-lepton
pr(add) transverse momentum of leading additional jet 0-lepton
SA5 number of soft-track jets with py > 5GeV All
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VH(bb) Control Region Scale Factors

* Data/MC scale factors for each of the main background processes in each
channel, as obtained from the combined signal-extraction fit to control and
signal region distributions. Electron and muon samples in the 1- and 2-
lepton channels are fit simultaneously to determine average scale factors.
The same scale factors for W+jets processes are used for the 0- and 1-lepton

channels.

Process  O-lepton 1-lepton  2-lepton low-pr(V) 2-lepton high-pt(V) g
WO0b  1.14+0.07 1.1440.07 — — =
Wi1b 1.66 =0.12 1.66 +0.12 — — _
W2b 1.49+0.12 1.494+0.12 — — ~
Z0b 1.03 = 0.07 — 1.01 = 0.06 1.02 +0.06 S
Z1b 1.28 = 0.17 — 0.98 £0.06 1.02 = 0.11 2
Z2b 1.61 +0.10 — 1.09 = 0.07 1.28 = 0.09 §
tt 0.78=0.00 0.91+=0.03 1.00 = 0.03 1.04 = 0.05 =
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VH(bb) Signal Region Criteria

* Selection criteria that define the signal region

Variable O-lepton 1-lepton 2-lepton é
pr(V) >170 >100 50, 150], >150
M(£0) — - 75, 105]
p. — (> 25,> 30) >20 #
pr(j1) >60 >25 >20

1 (j2) >35 >25 >20 -
1 (jj) >120 >100 — H
M(jj) 60, 160] 90, 150] 90, 150] ]
Ap(V,jj) >2.0 >2.5 >2.5 B
CMVA max >CMVAr  >CMVA7 >CMVA[ =
CMVA min >CMVA;L >CMVA[ >CMVA; s
Nai <2 <2 — -
Naé = =0 o §
pmiss >170 — — -
Ap(PF™,j) >0.5 — —

A (pmiss, pmiss (trk))  <0.5 — —

Agp(pmiss, ) — <2.0 —

Lepton isolation — <0.06 (< 0.25,< 0.15)

—
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Event BDT > —0.8 >0.3 > —0.8
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VH(bb) Systematics

* Effect of each source of systematic uncertainty in the expected signal

strength u. The third column shows the uncertainty in u from each source

when only that particular source is considered.

Experimental
Uncertainties

Theory
Uncertainties

Individual contribution

Source Type _to the u uncertainty (%)
Scale factors (tt, V+jets) norm. 9.4
Size of simulated samples shape 8.1
Simulated samples’ modeling shape 4.1
b tagging efficiency shape 7.9
Jet energy scale shape 4.2
Signal cross sections norm. 5.3
Cross section uncertainties norm. 4.7
(single-top, VV)
| Jetenergy resolution =~ shape =~ 56 |
b tagging mistag rate shape 4.6
Integrated luminosity norm. 22
Unclustered energy shape 1.3
Lepton efficiency and trigger  norm. 1.9
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* Left: QCD Mass Scale Variable

* Right: double-b tagger discriminator

Boosted H(bb), Additional Distributions

35.9fb™ (13 TeV)
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Table 1: Systematic uncertainties and their relative size.

Boosted H(bb), Full Systematics :

Systematic uncertainty source

Type (shape or normalization)

Relative size (or description)

QCD transfer factor
Luminosity
V-tag (N;’DDT) efficiency
Muon veto efficiency
Electron veto efficiency
Trigger efficiency
Muon ID efficiency
Muon isolation efficiency
Muon trigger efficiency
tt normalization SF
tt double-b mis-tag SF
W /Z NLO QCD corrections
W /Z NLO EWK corrections
W /Z NLO EWK ratio decorrelation
double-b tagging efficiency
Jet energy scale
Jet energy resolution
Jet mass scale
Jet mass resolution
Jet mass scale pr
Monte Carlo statistics
H pr correction (gluon fusion)

both
normalization
normalization
normalization
normalization
normalization
shape
shape
shape
normalization
normalization
normalization
normalization
normalization
normalization
normalization
normalization
shape
shape
normalization
normalization

both

profile a;, and QCD normalization

2.5%
4.3%
0.5%
0.5%
4%

up to 0.2%

up t0 0.1%

up to 8%
from 1y CR: 8%
from 1y CR: 15%

10%

15% — 35%

5% — 15%
4%

up to 10%

up to 15%

shift mgp peak by +0.4%
smear mgp distribution by 9%
0.4%/100GeV (pr1)
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Boosted H(bb) Uncertainties W

* The dominant uncertainties for the Higgs signal and W/Z are shown

* The Higgs pT-based corrections applied to correct for finite top mass
contributions play a large role in signal uncertainties
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Systematic source W/Z H

Integrated luminosity 2.5% 2.5%

Trigger efficiency 4% 4% -
Pileup <1% <1% 3
Nzl’DDT selection efficiency 4.3% 4.3% g
Double-b tag 4% (Z) 4% =
Jet energy scale / resolution 10/15% 10/15% Shape- _
Jet mass scale (pr) 0.4%/100GeV (pr) 0.4%/100GeV (p1) based ~
Simulation sample size 2-25% 4-20% (ggF) §
H pr correction — 30% (ggF) Shape- E
NLO QCD corrections 10% — based & %
NLO EW corrections 15-35% — norm -
NLO EW W /Z decorrelation 5-15% —

leran)
S
A=




Combination of all channels in the VZ

VH(bb) VZ(bb) Cross Check

search, with Z(bb) into a single event % " ?CMS ey _
BDT distribution. The bottom inset 10° - ) Bechground E
shows the ratio of the data to the 0t L _
predicted background, with a red line ;
overlaying the expected SM e :
contribution from VZ with Z(bb). 102 £
Validation results for VZ production 1 b
with Z(bb). Expected and observed 8 1sF E
significances, and the observed signal = |
strengths. Significance values are g : ]
given in numbers of standard VMRS RS 2 Sis l‘(‘)’f B
deviations. "’
Channels  Significance Significance Signal strength
expected observed observed
O-lepton 3.1 2.0 0.57 +£0.32
1-lepton 2.6 3.7 1.67 4+ 0.47
2-lepton 3.2 4.5 1.33+0.34
Combined 4.9 5.0 1.02 +0.22
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VH(bb) Results Cont.

* The total numbers of events in each channel, for the 20% most sensitive region of
the event BDT output distribution is shown for all background processes, for the SM

Higgs boson VH signal, and for data. The yields from simulated samples are S
computed with adjustments to the shapes and normalizations of the BDT k-
distributions given by the signal extraction fit. e
o
Process O-lepton 1-lepton 2-lepton low-pr(V) 2-lepton high-pr(V) g
Vbb 216.8 102.5 617.5 113.9 .
Vb 31.8 20.0 141.1 17.2 =
V+udscg 10.2 9.8 58.4 4.1
tt 34.7 98.0 157.7 3.2 _
Single top quark 11.8 44.6 2.3 0.0
VV(udscg) 0.5 1.5 6.6 0.5 o
VZ(bb) 9.9 6.9 229 3.8 E:
Total background ~ 315.7 283.3 1006.5 142.7 C’E
VH 38.3 335 33.7 22.1 %
Data 334 320 1030 179 =
S/B 0.12 0.12 0.033 0.15 -

* The expected and observed significances and the observed signal strengths for VH
production with H(bb) for Runl data, Run2 (2016) data, and for the combination of
the two. Significance values are given in numbers of standard deviations.
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Data used Significance Significance Signal strength

expected observed observed
Run 1 2.5 2.1 0.8970%
Run 2 2.8 3.3 1.197030
Combined 3.8 3.8 1.06+031 (43)




* Additional separation of signal and background can be gained by specifically
targeting different higgs production kinematics for VBF & gluon fusion

* In the VBF targeted category, we consider 2D distributions of di-tau mass

(m.) and m;
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and Higgs pT (p;™)

CMS Simulation Preliminary 13 TeV

| ggH—>t (boosted, ut)
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m,, (GeV)

Separation of Signal and Background

* Additional separation of signal and background can be gained by specifically
targeting different higgs production kinematics for VBF & gluon fusion

* In the Boosted category, we consider 2D distributions of di-tau mass (m_,)
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H(tt) di-Tau Mass Reconstruction

* Missing neutrino energy complicates di-tau mass reconstruction

* Likelihood-based estimations of parent boson mass and kinematics is
provided by SVFit algorithm improving signal separation

* Includes: tau lepton 4-vectors, MET, MET uncertainty

0.18F
- CMS Simulation —m..
0.16} Preliminary vis
O.14f—
0.12;
0.1F
0.083—
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0.04f—
0.02;
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CMS-HIG-16-043

H(tt) Systematics

-

Source of uncertainty Prefit Postfit (%)

Tj, energy scale 1.2% in energy scale 0.2-0.3

e energy scale 1-2.5% in energy scale 0.2-0.5

e misidentified as 7, energy scale 3% in energy scale 0.6-0.8

u misidentified as 7j, energy scale  1.5% in energy scale 0.3-1.0

Jet energy scale Dependent upon pt and 7 —

miss energy scale Dependent upon pr and 7 —

T, ID & isolation 5% per 1, 3.5

T, trigger 5% per T,

Tj, reconstruction per decay mode 3% migration between decay modes 2

e ID & isolation & trigger 2% —

u ID & isolation & trigger 2% _—

e misidentified as T, rate 12% 5

u misidentified as T, rate 25% 3-8

Jet misidentified as T, rate 20% per 100 GeV 1, pr 15

Z — 11/ 4 estimation Normalization: 7-15% 3-15
Uncertainty in mgp; 1, pr(€£/17), —_
and m;; corrections

W + jets estimation Normalization (ey, T,1,): 4-20% —
Unc. from CR (et,, 1) ~5-15 —
Extrap. from high-mr CR (e, u1): 5-10% —

QCD multijet estimation Normalization (eu): 10-20% 5-20%
Unc. from CR (eTh, ThTh, #Th): ~5-15% —
Extrap. from anti-iso. CR (e, #1,): 20% 7-10
Extrap. from anti-iso. CR (1, 7,): 3-15% 3-10

Diboson normalization 5% —

Single top quark normalization
tt estimation
Integrated luminosity

b-tagged jet rejection (ep)
Limited number of events

Signal theoretical uncertainty

5%

Normalization from CR: ~5%
Uncertainty on top quark pr reweighting

2.5%
3.5-5.0%
Statistical uncertainty in individual bins

Up to 20%
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H(tt) Significance Distribution

* Observed signal strength compatible with SM in all categories (left)

* Merging all signal regions into the same plot and ordering the post-fit bins
by log(S/B), a clear excess is seen in the most significant bins (right)
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35.9 fb™ (13 TeV)

“ I CMS [ 68% CL
18- [ 95% CL
[ o Best fit
¢ Expected: SM H(125)
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