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OUTLINE

e Motivation

* Higgs tagging
e Jet mass and substructure

* Double-b tagging
e Event selection
e Data-driven QCD estimation
* Systematics
e Results a/g

* Summary and outlook
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MOTIVATION X7

e Searchforgg = H — bb
historically thought impossible
due to overwhelming and
difficult to predict QCD

background

* We can access this process in
the boosted dijet topology

* Probing Higgs couplings at high
momentum transter (Q)
accesses large new physics

energy scale (A)

* Javier Duarte

? Fermilab

100 L.,

—

10% |

ol L
102 |

103 |

-wseee €=0.1,64=0.075 7

-- 0=0.5,c4=0.042 4
=1.5,c4=-0.042 _|
€=2.0,c4=-0.083 3

0283

||||||||||||||||||||||||||||||||||
||||||||
. q

it et D T P o arar2itm = == —

P p————— T

eoYe) I QU G QY
DO —=NPHOO®
T I T

R AR SR o T T T T T T T 1T [T T T e Rt e L L[ T TTTTTTT E

I><4

50 100 150 200 250 300 350 400

pr(H) [GeV]


https://arxiv.org/abs/1612.00283

SO HOW CAN WE DO IT?

e |nspiration from boosted techniques?  EX0-17-001
q q
V/Use an ISR jet to get above the \\
trigger threshola 2
i

‘/Require one boosted fat jet

V/Substructure and jet grooming to /%

enhance S/B ! g

v'Data-driven background estimate T-axish

S : : T-axis
* |nspiration from machine learning and .

b-tagging? \
v/ Double b-tagger selects fat jets

containing two b-quarks

* Javier Duarte
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arXiv:1307.0007 JET MASS

arXiv:1402.2657

e Provides good separation between W/Z/H-jets and g/g jets

* Grooming removes soft and wide-angle radiation (soft
drop / modified mass drop tagger)

CMS  Simulation Preliminary 13 TeV

-("é) 12000 ——— | | L | L | L | L | L L | L | L | T 1 1]

Remove sub- 2> | RSGraviton — WW, Anti-kT (R=0.8) — B = i

clusters not %10000'_ <npy>=40 N

satisfyin S B GeV 7

Decluster so:nye J - Proee - B — O ]

- <25 m

|teratlve|y Crlterlon 8000|— _

S’[Op when 6000 __ __

both subjets B ]

satisfy - S ]

criterion 40001~ ]

2000 _— fj |

min(pr1, pra2) ARz \"” i /ﬁr ]

3 3 . Ll J—g L L e | L1 | L1 L J Lol 1 | U ) I T

SOft Drop Cond]‘tlon' > Zcut R 900 -80 -60 -40 -20 0 20 40 60 80 \‘I/OO

pTl _|_ pT2 0 Myeco-M, ( )

CMS: Leut = 01, B = (
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https://arxiv.org/abs/1307.0007
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arXiv:1609.07483 JET SUBSTRUCTURE

e How many “prongs” are in the jet?

* Generalized energy correlation ’
functions are sensitive to N-point Nf — 265 B =1
correlations within a jet (163)7

* Two-pronged jets have se3 « (1&2)?

2-point 3-point

e Stable under grooming

1€é3 — Z ZiZ]'ARg-

1§i<j§n]

b= Y zizjzemin{ARCAR), ARCARG, ARGAR! )

i jk’
1§i<j<k§n]
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https://arxiv.org/abs/1609.07483

EXO-16-030 BACKGROUNDS

o Difficult to use the QCD 27" (13 TeV

N

. (72] — o L
Monte Carlo to predict  § 10'L SMs + data —aco
. it = s ==
the background in this 10° ~'m. 2100 GeV - m_ =125 GeV
-.m’=150 GeV - - m“=200 GeV

m’ =250 GeV m’ =300 GeV

ohase space 10°

e Fitting this mass
distribution directly

requires high order

IIIIIII| T T TIf 1 IIIIII!F: [ TTTITT T IIIIIII| [ TTIT

polynomial — large

° ° 2
background uncertainties = 1
e Can we try a data-driven © %

sideband prediction?

* Javier Duarte
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http://cds.cern.ch/record/2264843?ln=en

SIDEBAND QCD PREDICTION

e Can we predict the QCD jet mass distribution from region failing the tagger?

e Potential problem: does tagger sculpt jet mass distribution?

TAGGER, TAGGER = N2', DOUBLE-B, ...
DISC.

T CONTROL REGION

Cut ...................................................................... TQANSFER
l SIGNAL REGION FACTOR

Neass/ NEa

> P = LOG(MSDQ/ PT2)

* Javier Duarte
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SIDEBAND QCD PREDICTION (REDUX)

e Can we predict the QCD jet mass distribution from region failing the tagger?

e Solution: use a tagger that is decorrelated from jet mass and py

TAGGER, TAGGER = N2', DOUBLE-B, ...

DISC. “

T CONTROL REGION

Cut ...................................................................... TQANSFER
l SIGNAL REGION FACTOR

Neass/ NEa

> 0 (MASS-LIKE VARIABLE)

* Javier Duarte
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https://indico.fnal.gov/contributionDisplay.py?contribId=50&sessionId=10&confId=11999

DOUBLE-B TAGGER  Brw15002

CMS Simulation Preliminary (13 TeV)
5 1F=doubieb tag 3 o
8 " ---- Subjet CSVv2 ° o
e T Fatjet CSVv2 S B
2 " AK4 jet CSVv2, AR(AK4 jet, Fatjet)<0.4 s T —e— 500 <p_<700 GeV
= -0.1— 700 < p <1000 GeV
= : 1000<p <1500 GeV
> 02: — P, >1SOOGeV
c 10 [ ° el — > 500 GeV
:8 Ilght - p
o —0.3[—
S - B
> e o D - f_ l
S b et T e T
R e -0.4—
= 10-2 ......... ::;‘_.;{..:'.'...:‘. ....... ~4O O/O improvement -
/o 0.5
AK8 0.6
50<m<ZOOGeV,800<pT<1200G|eV -
10'35':"i""i""E""E""i""i""illllillllillll Lo b b b b Lo b b L
O 01 02 03 04 05 06 07 08 09 1 50 100 150 200 250 300 350 400 450 500

Tagging efficiency (H—bb) Mgy, (GeV)

e Combines tracking and vertexing information in a multivariate classifier with 27
observables

* No strong correlations in double-b tagger versus mcy or py in QCD background

* Javier Duarte
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HIG-17-010 EVENT SELECTION

* Online: high ptsingle jet or

I N/ CMS  Prelimi 35.9fb™ (13 TeV
|arge hadronlc aCtIVIty w :I T T | IrIeI,I"?Ilr"aII’yI T | T T T | T T T |l T T T | T I( I_lel )I T
'E - 1 QCD (k_-factor 0.78) [ Z.(qq)+Jets ggH(bb)
© 10" == I W(qq)+ets B single-t ¢ Data
Lﬁ — [ tt+jets [ VV(4a) Sy MC uncert. (stat.)

* o1 > 360 GeV (m > 30) or L e
ZpT>QOO GeV 10

o Oftline: Highest pr jet

I IIIIIII| I IIIIIII| [ H

/

* pr>450GeV, |n| <25 - :
10 =

* jet mass mgp > 40 GeV E 4_ SRR e _

* |epton veto, pt™** veto 5 2;_,+,+ e
e 60< P = |Og(ng2/ pTZ) < -2.1 M p:-élllgading(j)et mzo(cae\z/?o

* Javier Duarte
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

HIG-17-010 EVENT SELECTION

Substructure: two prong discrimination, Double-b tagger: ~30% sig. efficiency,
~50% sig. efficiency, 26% bkg. efficiency 1% bkg. efficiency (tight working point)

CMS  Preliminary 359 fb' (13 TeV) CMS  Preliminary 35.9fb" (13 TeV)
U) 108 %I T | LI | LI | LI | LI | LI | Il LI | LI | T I_ IIIII % U) 108 T T | T T T | T T T | T T T | T T T | T T T | Il T T | T T T | T _I T | T T
-E = 1 QCD (k-factor 0.77) B Z(qq)+jets ggH(bb) = -E 1 QCD (k-factor 0.77) B Z(qq)+jets ggH(bb) n
O — B \W(qa)+jets B single-t ¢ Data — O B \W(qq)+jets B single-t ¢ Data i
> 107 L ] tt+jets "] VV(4q) s MC uncert. (Stat.)_EI Lﬁ 107 [ tt+jets [ VV(4q) sz MC uncert. (stafl)
LLl E I ——— E te Lo :
— ® -
6 6
o e signal = 10 e, |
— = 0000090044 o 1
5 9000000000,
10° == o = 10 =
- region - :
10 - =
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— = [ ] 3
- - I ! = o v - ] 1 i
10 == = 10 E 1 5
— = = A
S -4 j IIIIIIIIIIII I IIIIIIII t [} It S j Il t Il Il Il t Il Il Il t Il Il Il t Il Il Il ! Il Il Il ! Il Il Il ! Il ] ] } ] ] ] ! ] I Ij:
= 41— sz MG uncert. (stat.) ] b= 41— sz MG uncert. (stat.) ]
2 - ] 2 - ]
.(Z) 2 - "++ """""" B (Z) 2 - WW%MO—H—OW’—"H—‘—H+__
S - i et o e 4 ] o P .-
© , , . . . . X . . © . . . . . . L L L
0o 90.5 04 03 02 -0.1 0 0.1 0.2 0.3 0.4 05 O O—1 0.8 06 04 -02 0 0.2 0.4 0.6 0.8 1
p,-leading jet N;’DDT p_-leading jet double-b tagger discriminator
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

HIG17:010 S TG NAL COMPOSITION

e Analysis is inclusive in Higgs 151" (13 ToV)
: R B B S B B L B
productlon mode | CMS 0 <P <1000GeY — ZWVHbD) |
Simulation double-b tag > 0.9 _l_ W(qG)H(bE)
. . . reliminar Z(qa)H(bb)
* Signal contributions after I wob
- e VBF H(bb) -
kinematic + substructure + i —agHeB -
double-b selection are T :
° /4% ggF — :
o 129% VBF = e
° 8% VH _|||||T|| |TJ':—_|_—_.__._:"|-E._|_|_|_|_|_!E_J.|...|..._|
40 60 80 100 120 140 160 P&I§F(’)I 200
e 6% ttH AK8 mEoPP! (GeV)
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BACKGROUND STRATEGY

e Back ds estimated f
d:fagroun > SSHIMATEE e QCD transfer factor

e QCD (?0%): from failing Nt (msp, pr) = Rpt(p, pr) - Ngy - (msp, pr)
double b-tag region x TF

* tt+jets (3%): from 1y
control region

e Backgrounds estimated from
MC including NLO QCD +
EWK corrections and jet mass,

 |f the double-b tagger were
completely uncorrelated from
jet mass and pr, the transter

resolution, and substructure factor would be flat

tagging scale factors
o \W/Z+jets (5%)
e single-t, VV (<1%)

* Javier Duarte
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BACKGROUND STRATEGY

e Back ds estimated f
ackgrounds estimated from QCD transfer factor

data
C
e QCD (?0%): from failing Nghss (msp, pr) = Rpyi(p, pr) - Ngp (msp, pr)
double b-tag region x TF
o tt‘|‘jet5 (3%) from 1“ N}%SE(mSDi' pT]) — (Z ﬂka?jPTf) , Nf%(fD(mSDi/ PT])
control region kL

e Backgrounds estimated from
MC including NLO QCD +
EWK corrections and jet mass,

 |f the double-b tagger were
completely uncorrelated from
jet mass and pr, the transter

resolution, and substructure factor would be flat

tagging scale factors * Taylor expand as a polynomial

o W/Z+jets (5%) in p and pr to parameterize any
* single-t, VV (<1%) small correlations

* Javier Duarte
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FITTING TRANSFER FACTOR

e Pre-fit both regions have the same predicted shape

DOUBLE,
B-TAG
TRANSFER FACTOR
CONTROL REGION
Ry /(0. pT) = a00
Cut ......................................................................

SIGNAL REGION

> P (MASS-LIKE VARIABLE)

* Javier Duarte
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FITTING TRANSFER FACTOR

o Post-fit signal region has slightly different shape with the

ratio given by the polynomial transter tactor

DOUBLE,

B-TAG
TRANSFER FACTOR

CONTROL REGION

Ry /¢(0, pr) Z A" p
CUt .................................................................... T i \—___

SIGNAL REGION

> 0 (MASS-LIKE VARIABLE)

* Javier Duarte
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eSO CD TRANSFER FACTOR

oCMS Preliminary 35.9 fb' (13 TeV)
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

SYSTEMATICS

Systematic uncertainty source Type (shape or normalization)  Relative size (or description) //
QCD transfer factor both profile a3y and QCD normalization
Luminosity normalization 2.5%
V-tag (N%’DDT) efficiency normalization 4.3%
Muon veto efficiency normalization 0.5% W
Electron veto efficiency normalization 0.5%
Trigger efficiency normalization 4% .t
Muon ID efficiency shape up to 0.2% O p R
Muon isolation efficiency shape up to 0.1% .’ b
Muon trigger efficiency shape up to 8% b ,
tt normalization SF normalization from 1p CR: 8% e
tt double-b mis-tag SF normalization from1py CR:15% O oSN e’ .t
W /Z NLO QCD corrections normalization 10% . O p
W /Z NLO EWK corrections normalization 15% — 35% L’ W
W /Z NLO EWK ratio decorrelation normalization 5% — 15% L’ ’
double-b tagging efficiency normalization 4% R
Jet energy scale normalization up to 10% V u
Jet energy resolution normalization up to 15%
Jet mass scale shape shift mgp peak by +0.4% §
Jet mass resolution shape smear mgp distribution by +9% cn CI\IIISI Pr?/imlinarl ———— I35-I9 f|b I(13I TleV)
Jet mass scale pr normalization 0.4%/100 GeV (pr) T 2000 , B _+_ CMS data -
Monte Carlo statistics normalization - 4 Data x*/nDOF = 0.875 —+— Total MC .
(H pr correction (gluon fusion) both 30% ) L 1800}~ MC #*/nDOF =1.783 - “Dn%t?iz't E
—— Gaussian Data comp-|
1600 2.2 W Gaussian MC comp.™]

e Signal systematic uncertainties from merged
W sample in semi-leptonic ttbar events
(external constraint)

e SM candles: presence of W/Z(bb) in final jet
mass distribution provides in-situ constraint

1400

1200

1000

800

600

400

200

—— ErfExp Data comp.
.— - ErfExp MC comp.

-

* Higgs py correction uncertainty of 30%

* Javier Duarte
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HIG=17-010 FIT RESULTS

* Simultaneous fit for Z(bb) and H(bb)

e All pr categories
x10° 35.9 fb” (13 TeV) 35.9 fb (13 Tev)
> L N D B B ™| > gooo X _ T T T i
8 500 — gN,S 450 <p_< 1000 GeV fﬂ'ﬂ'%v ] 8 - gN,S 450 <p_< 1000 GeV fﬂ'ﬂ'%v ]
N . TRIMINAY - qoublebtag <09 -t . ~ 70005 Frefiminary o piepiag>09  -.-ff —
~ B --- Multijet 7] ~ - ---Multijet ]
L 400 ”"'Lott)%l Background ] (2 = m—Lokt)aBI Background -
5 B TDgta) ] S 6000; Togta) .
i N § Tl 5000 =
300 - - :
- . 4000 =
200~ = 3000 E
- N 2000} ' =
100 — - .
- ] 1000 =
O_ L J N O: o (o) S DTN NN Y DR SR B
= 60F T T T - = T T T T T T
+ + 10_ 7 —
% ) 40— ] ;__J. ) 5 W e H ° H
S1& 201 - S| §
2o e Ra Thases = R S
CLS O e—e oo : : (LS -+
S 40 60 80 100 120 140 160 180 200 T 40 60 80 100 120 140 160 180_ 200
mg, (GeV) mg, (GeV)
SM candles: Z(bb) peak provides in-situ observed Z(bb) SIinflcance:
' ' ' - +0.
constraint of H(bb) signal systematics 5.10, Hz = 0.78+9 23_0.19
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

B FIT RESULTS

* Simultaneous fit for Z(bb) and H(bb)

e All pr categories
<10° 35.9 fo (13TeV) 35.9 b (13 TeV)
> L A L IR L | > gooo= T T T i
> = .
8 500— CMS 450 <p, <1000 GeV "Y' ~ 0] - CMS 450 <p_<1000GeV % .
N~ -, Preliminary double- btag<09 -ttt | N 7000 Preliminary double- btag>09 --tt —
- B ---Multijet ] - - ---'V'U"'lleé around
=z Total Back d — g Total Backgroun _
£ 400 mHbD) Do — 2 60001 mHED) -
g B ¢ Data _ q>_) ~ .
T N ] I 5000 —
300 - = .
- . 4000 —
200 ] 3000} =
B ] 2000 — —
100 — — = .
. - 1000 —
O | | 1 . =] O - "-'-'-;. - L ool ] dodool
= 60F =] = 10 | ]
Sl Lol | 5|5 ek
= 20 = o 0 W
clc Qpe—eo—o"* N : . : . . . clts _ . . . . . . . .
< 40 60 80 100 120 140 160 180 200 < 20 60 80 100 120 140 160 180 200

mg, (GeV) mg, (GeV)

observed H(bb) significance:
1.50, py = 2.3%18 44
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

HIG-1/-010

Combined
HH — 2.3+1.8

-1.6

35.9 b (13 TeV)

CMS
Preliminary

[800, 1000] GeV

+6.1

K= 7205

(675, 800] GeV
MH — _0.5+3.2

-3.1

(600, 675] GeV
M, = 4.63’_';1

[550, 600] GeV
n =-1.7357

(500, 550] GeV
b= 0.3+31

-3.1

[450, 500] GeV
b, =857,

10 5

* Javier Duarte

Events / 7 GeV

Data — (Multijet + tt)

GData

Pr CATEGORIES

35.9fb" (13 TeV)

140

120 &

100

80

T T | T T T | T T T | T T T | T T T | T | |
CMS 800 <p_ <1000 GeV =W
double-b tag > 0.9

_Preliminary

-- - Multijet
g ' @z Total Background

-------

180 200
mg, (GeV)

60 80 100 120 140 160
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

SUMMARY AND OUTLOOK
e First LHC search tor gg — » bb in boosted topology

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

* Observed signiticance ot H(bb) is 1.50 (0.70 expected)
* Measured cross sections agree with SM

e Search probes previously unexplored regions of Higgs
ohase space

* New and generic strategy to search for boosted hadronic
Higgs decays

e Future prospects are bright

* Probing Higgs boson pr up to 1 TeV and beyond...
wjfm Javier Duarte
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HIG-1/-010

e LO H+0-2jet Pythia CKKW-L
merged, finite m,

e NLO H+1jet finite m, up to 1/mt4

expansion: arXiv:1609.00367

e NNLO H+1jet, m, = oo, pTH up to
~200 GeV arXiv:1508.02684

e Two factorized systematic

Events/GeV

102

10

107"

102

HIGGS Pt MODELING

— Powheg
NLO(EFT)xk
NLO(EFT)xFTxk

lllll| IIIIIIII| Illllllll IIIIIIII| IRILILL

FT = full theory, finite my \

= EFT = effectlve fleld theory My = oo
ST — T T S 8 Lo Ne v b

1 00 200 300 400 500 600 700 800 900
GeV

o

uncertainties: E
o “E
e 30% overall normalization %’ =
. . O Lsg_ _,_,_l—l_‘_‘—’—’—\—‘—\—‘
° 30% linear change inslope  § = = — |
0.5; I
(no effect on overall norm.) o
_ NLO 1 jet my NNLO 1 jet my — o©
GF H(NNLO — (1 jet my — 00) X X X
( +me) = (1 jet my o0) LO 1 jet my NLO 1 jet my — o
CKKW merged  factorof?2  factor of 1.25

* Javier Duarte
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https://arxiv.org/abs/1609.00367
http://arxiv.org/abs/1508.02684
http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

QCD TRANSFER FACTOR

 |f the double b-tagger were
completely uncorrelated from

jet mass and pr, the transfer ¢ F-test determined 2" order
factor would be flat in p and 15t order in ptis
* Taylor expand as a polynomial  sufficient to fit the ratio

in p and pr7 to parameterize
any small correlations

CD
NI%ESD(mSD' pr) = Rps(p, pr) - Nf(aQiI (msp, pr)

NI%(;_? (mspi, PT]‘) —

? Fermilab



BOOSTED H(BB)

e With large boost, both b quarks merge into a single large radius jets

* How can we best exploit the presence of the b-quarks in the jet in a

tagger?
AR<bb) ~ 2 mH/pT one merged double
t ggH b'iEt (R=0.8)
VBF H
) b ttH B
bb H jet
b-jet
b-jet hEe! bb

0O 200 400 600 800 1000 1200 1400 1600 1800
Higgs pT (GeV)

* Javier Duarte
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R FIT RESULTS

e Two dimensional likelihood scan

CMS Preliminary 359fb™" (13 TeV_)I .

=h ©

14 3

=

H H no pt corrections Z 12 (@)

Observed l?est‘ f'it ppy = 23718 y’H:3/.2f§:3 uz = 078105 Q

Overved soifmmee 130 TepnTD 2T 10 <«

Al

18 '
measured visible cross s
sections for pt > 450 GeV: 4
O-H — 74+51-49 fb —2
Oz = 0.85"'0’26-0,21 pb o



http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

SIDEBAND QCD PREDICTION

e Solution: define new substructure variable intended to be
decorrelated from jet mass

N12DDT A

Transformation:
1 1.DDT _ 1 1
N2 — N'222" = N2 - N'2 26% quantile)
CMS Simulation Preliminary
— 1000 =
% )
) 032 &
900 S
. 03 &
Cut ...................................................................... 800 B S}!
. 028 ©
N 3
600 0.24
500 - 0.22
:uu||I|I|||||||I||||I||||I|||.I|
6 55 5 45 4 35 -3 -25

> 0 (MASS-LIKE VARIABLE)

* Javier Duarte
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EXO-17-001 Z / R E S U LT S

e Jet mass distribution is fit down to 40 GeV

CMS Preliminary

7000 | I | I | I I I I I I | I

35.9 fb' (13 TeV)
| I I I I I I
[ —e— Data

= A
O} —
© r o 600-700 GeV se55: Multijet pred. _
%, 6000 | Total SM pred. _
c . —— W— qqg+jets .
2 5000 - e —— Z— qq+jets =
% = Z'(qq), g.=1/6, m =135 GeV -
E 4000 |— T " —
g = T =
< s00i— Clear W(qq) pea E
2000 after requiring two- =
- prong substructure .
1000 [— -
5
3 _| 4— Packground prediction
Q- ‘ o] .
: from failing region allows

60 80 100 120 140 160 180 200 220 good precision
AK8 my " (GeV)

“ Fermilab


http://cds.cern.ch/record/2264843?ln=en

MULTIPLE APPROACHES

fatjet subjets double-b
e Based on standard » Defines sub-jets e |dentifies two b hadron decay
b-tagging algorithm » Standard b-tagging chains in the same fat jet
* Not designed for two applied to each subject ~ * Does not detfine subjects, but
b's in the same jet uses N-subjettiness axes

* Javier Duarte
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DOUBLE B-TAGGER

* Combines tracking and vertexing

. . . . . 13 TeV, 2016
information in a multivariate o r
. (e : € 918 CcMS —— QCD, single b
C|aSSIerr W|th 27 Observables > L Simulation QCD, gsgllzgr?splitting to bb
g 0 16:_ ------- QCD, light flavor
® Targets the bb Signa| Wlth % 0.14:—foée<)toeev,50<m<2ooeev e
additional aims: 012~
: : 01—
* jet mass and pt independent :
0.081_'._-.
* cover a very wide ptrange ool
* inputs are chosen to avoid pt 0041
correlation 002
sttty .+.—:TT'|"|'%F+"|“| B L b S T T S 2T |
: : -1 -0.8-06-04-02 0 02 04 06 08 1
* e.g.no AR-like variables, no oz 04 06 08

substructure info

* Javier Duarte

? Fermilab



CORRELATIONS?

o] L
o o
8 L
S ¢ —— 500 <p_< 700 GeV
-0.1— 700 < p. < 1000 GeV
- 1000 < P, < 1500 GeV
B —-—pT>1500G|eV
—0.21~ —e— p_>500 GeV
0.3
o |
M e f__ BE
- A et
0.4~
0.5
0.6
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

50 100 150 200 250 300 350 400 450 500
mg, (GeV)

* No strong correlations in double-b tagger versus msp or pr
in QCD backgrouna

* Javier Duarte
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N 1 2DDT
e Cutvalue map used to transform N’

CMS Simulation Preliminary

— 1000 “—
> B @
9 1 —032 9
~ 900 o O
1 03 &
800 | N
10 —028 ©
g o
700 _: 0.26 =

600 —: 0.24
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HIG-17-010 EVENT SELECTION

60<p<-2.1

CMS  Preliminary 35.9 fb' (13 TeV)
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EFFICIENCY AND MIS-TAG

CMS Simulation Preliminary (13 TeV)
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* Mis-tag is reduced by more than 40% at 30% signal
efficiency for a tight working point
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EFFICIENCY IN DATA

36 fb! (13 TeV, 2016)
1 L L L ] L l l ] ] ] 1]
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e Using g(bb) jet as proxy in double muon tagged jet sample
* Associated data/MC uncertainty 3-5%
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FINAL TRANSFER FACTOR

e Two views of the same transfer factor function

CMS Preliminary 35.9 fb' (13 TeV) CMS Preliminary 35.9 fb' (13 TeV)
— 1000 gy 0017 o < 1000 r o
> =R X —0.016 =
O 2 © O - : ©
0 f 0016 = (5 N 0
~— 900§ U — ~— 9001 —0.014 —
o Q 0.015 T o - ©
0.014 © -3 —0.012 g
8001 b 800K © 3
B 0.013 & 0.01 &
B © ©
700 0.0120a 700F 0.008 O
. 0.011 . 0.006
600 0.01 600 = 0.004
: 0009 : 0.002
500 0.008 S00
e = 0
40 60 80 100 120 140 160 180 200 —6
MEUPP! (GeV)
QCD . A k., /¢ QCD ' ‘
Npass (mSDz/ pT]) — ZakfpijpT]' Nfaﬂ (mSDz/ PT])

* Javier Duarte
“ Fermilab




HIG-1/-010
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HIG-17-010 P- CATEGORIES

35.9fb" (13 TeV)

> L L L | | T

() — _]

O 600 CMS_ 600 <p_<675GeV fﬂ'ﬂ'%v _

3591 (13 TeV N~ Lo oreliminary double-b tag > 0.9 -oett ]

. ( € ) g || = - Multijet -

Combinlegs CMS ; E E -'(é) 500 uy T “f:r:" ﬁa%t)%l)BaCkground u

M,=23.1s| Preliminary S - | e ¢ Data -

[800, 1000] GeV f W 400 e -

MH = 7'2:?:; : : : . : - : _

[675, 800] GeV | o0 41 —

o, =-05% : S -

[600, 675] GeV . 200 -

b, =467 - .

[550, 600] GeV 100 — .

26 B . ; ; — B

w,=-1757 E : : — |

[500, 550] GeV 5 5

=0 3+3-1 . =l 4 "~ T, T T T —

m=038% | - - = }
[450, 500] GeV . T + L 4

n= 8.5:2:2 | | I g b§ —+— _+_ | _+__

10 5 0 5 10 15 < |

My & 40 60 80 100 120 140 160 180 200

mg, (GeV)

* Javier Duarte

? Fermilab


http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

L T o E ot s~ -~ e L RS 1 -y -

Y Lo -
! i A ¥y & - . . 4 o
Jroies = '"‘w . = . A e i - — ~ - - - . b S S SRR LR O ’
- - | —_a, Y '\ ... :
» X o> - e sy Nea ) ¢ - RO, — r x " " ~‘ . v
. - - - b- ——
o SEL S pamn e s G Y4

1

Y - .v‘

<8 PN 1

¥




What is the best Higgs p. :Options
* The key is to identify two different effects

- Finite top mass effect
- NNLO differential corrections

 \What are the orders known:

- Differential EFT : NNLO H+1jet production
- Finite top mass : almost NLO

- At MC level EFT : NLO H+0/1/2jet

- At MC level finite top mass : LO 0/1/2

* Javier Duarte
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HIGGS PT SPECTRUM

arXi\(:1lé10.07922 (YR4)

* Other CMS Higgs results use Powheg: 1 jet + m_= oo, > o
: 3 HRes 2.3, N2LO+N2LL
arX|v:1 1 1 1 .2854 o) 0-2?‘{ ssss CuTe, N2LO+N3LL
2 =is GoSam+Sherpa
e We want to account for both effects of higher order SEEE U MGS5 aMC@NLO
. . o ST Powheg NNLOPS
corrections and finite top mass °
5 |
* No real NLO + finite top mass calculation available 0'1:
in the literature 0.05}
, O l
° c1.4F
<1.2}
o T
50.8:]
° c,)().6:‘-
£1.4F
1.2
s 1
° % 0.8F
T06E . . o, | . .
, , , 70 80 10° 2x10°  3x10°
Disclaimer: we made an educated choice and p, , [GeV]
assigned a reasonable uncertainty, but it's not <1 TeV

the only possible choice. We also provide
results with CMS standard Powheg sample

* Javier Duarte
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HIGGS PT SPECTRUM

* Other CMS Higgs results use Powheg: 1 jet + m_= oo, NL|0||
arXiv:1111.2854 0 A j
¢ We want to account for effects of higher order e _Zi%_m ~
corrections and finite top mass N | ]
* No real NLO + finite top mass calculation available o N
in the literature ] ' ]
e Adopt a factorized approHach: 4 |
* LO H+0-Zjet, finite m, p, up to 600 GeV, including WW ] |
acceptance cuts arXiv:1410.5806 — We build on this 121 -

10 11 1 I1O|0I 11 I2(|)OI 11 Iséol 1| I4(|)0I 11 I5$OI 11 I6OO
P, [GeV]

GF H(NNLO + my) = (1 jet my — 00) X

CKKW merged

* Javier Duarte
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HIGGS PT SPECTRUM

500.0 F

* Other CMS Higgs results use Powheg: 1 jet + m_= oo,

perturbative order
200.0 -

arXiv:1111.2854 1000 - -

LO

30.0 r
20.0 -

e We want to account for both effects of higher order

Ac [Apry [fb/GeV]

corrections and finite top mass g;)_ -
* No real NLO + finite top mass calculation available ol
in the literature 0
e Adopt a factorized approHach: R
* LO H+0-2jet, finite m,, p, up to 600 GeV, including WW ° i,
acceptance cuts arXiv:141O.58064—> We build on this g
e NLO H+1jet finite m_up to 1/m_ expansion: arXiv: £ o0 00 o0 o0
1609.00367 B I e
2 pon [GeV]

NLO 1 jet my
LO 1 jet my

CKKW merged  factor of 2

GF H(NNLO + my) = (1 jet my — 00) X

* Javier Duarte
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HIGGS PT SPECTRUM

* Other CMS Higgs results use Powheg: 1 jet + m_= oo,
arXiv:1111.2854 ™ | | L0 =

0.25 |
, NLO mom
e We want to account for both effects of higher order - NNLO s |
corrections and finite top mass 0.2 NNPDF2.3, 8 TeV |
0 15 I 1508.02684

* No real NLO + finite top mass calculation available D
in the literature 01!

e Adopt a factorized approHach: 0.05 | S:EEEE—,»
* LO H+0-Zjet, finite m, p, up to 600 GeV, including WW » —

acceptance cuts arXiv:141O.58064—> We build on this 1.2 R ‘ e
e NLO H+1jet finite m. up to 1/mt expansion: arXiv: | ;% - ]
1609.00367 0 25 50 75 100 125 150
H HJ_ [GGV]

* NNLO H+1jet, m. =, p; up to ~200 GeV arXiv:
1408.5325, arXiv:1302.6216, arXiv:1504.07922, arXiv:
1505.03893, arXiv:1508.02684

NLO 1 jet my NNLO 1 jet my — o©

GF H(NNLO = (1 jet — X X
( +my) = (1 jet my — 00) LO 1 jet my NLO 1 jet my — oo

CKKW merged  factorof?2  factor of 1.25
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HIGGS PT SPECTRUM

e Pythia version of CKKW-L
merged 0,1,2jet LO finite top
mass

* ME generation in aMC@NLO
(otj > 20) with xgcut = 30 GeV

— Powheg
—— NLO(EFT)xk
——— NLO(EFT)xFTxk

LO(FT)xk chosen

102

Events/GeV

10

101

p—y

o CKKW shower is extended e
dOWﬂ tO a mergiﬂg Scale Of 0o 100200300400 500 600 700 'aolmrljo' Ielv
TMS = 20 GeV

* Two factorized systematic g
uncertainties: 0?3 15
e 30% overall normalization ¥ %:f ﬁ

s E g

e 30% linear change in slope R . R

(no effect on overall norm.)
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Going to EFT
* \When going to EFT large gain

> 10° &=
0] i
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i E
e aMC@NLO NLO EFT
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Going to EFT

* Adding the finite top mass merged LO its lower

10°

— Powheg
—— MG 1/2 jet merged
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CKKW—L [L.L('jnnblad, JHEP 05 (2002) 046, L.Lonnblad and S.Prestel, JHEP 03 (2012) 019]

ldea: Reduce the dependence to the merging scale MS.

“ Fermilab

Start by generate events with N;..N> ME partons, hard and well separated

Assume an event with n ME partons, reconstruct the possible shower
histories, pick one according to the occurence probabilities

/<-> /<->»
S3, P3 S2, P3 S1, Pi

Each clustering step i/ is characterized by the emission scale p;, reweight by
the product of ag(p;)/as(ME)

For i=2..n (I=N5):
@ Generate one emission p with p; as starting scale.
@ If p > piy1 = reject the event.

@ This is equivalent to the product of Sudakovs M(p;, pit+1), i=2..n-1.

if not HME: generate an emission at p < p,, if p >MS =- reject the event.
if HME, accept the event and start shower with p,,.

Simon de Visscher (CERN) Madgraph5 and Pythia8 October 15, 2014
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Practical use: Madgraph 5

Essential parameters for matching/merging:

@ ickkw

@ Applies the a5 reweighting at each QCD vertex in the ME calculation. Ky-MLM, Shower-Kr:1
CKKW-L, UMEPS:0

@ xqgcut
@ Defines the minimal K71 between the partons (+beam) at ME level.
@ auto_ptjmjj
@ Set to False: leaves the xqcut be the only cut applied to ME partons= ptj, mmjj=0

@ maxjetflavor

@ QCD partons with pdgId<maxjetflavor are affected by xqcut ptj,etc... Otherwise, affected by
ptb, mmbb, etc... That means that for a n-Flavour prediction, maxjetflavor = n

Simon de Visscher (CERN) Madgraph5 and Pythia8 October 15, 2014 9 /29
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Practical use: main89.cc

@ main89ckkwl.cmnd: CKKWL. Essential parameters are
@ Merging:TMS = XXX.
@ The merging scale
@ Merging:Process = UUU
@ Type of process, e.g. pp>LEPTONS,NEUTRINOS
@ Merging:nJetMax = WWW
@ Maximal number of additional jets in the matrix element
@ Merging:doPTLundMerging = on

@ Set the merging scale definition to P71 ¢ (cfr definition in the manual)

@ main89umeps.cmnd: UMEPS. Essential parameters are

@ Merging:TMS = XXX.

@ Merging:Process = (e.g.) pp>LEPTONS,NEUTRINOS
@ Merging:nJetMax = WWW

@ Merging:doUMEPSTree = on

@ Reweight events according to the UMEPS prescription for tree-level
configurations)

Simon de Visscher (CERN) Madgraph5 and Pythia8 October 15, 2014 12 / 29
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