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Tackling ttH, H—bb final states
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Tackling ttH, H—bb final states

lepton trigger
* (QCD killer)

BTt + 2 jets

' : 72 b-jets
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Tackling ttH, H—bb final states

lepton trigger
* (QCD killer)

BTt + 2 jets

' "2 bjets

e tt+bb background irreducible and plagued by large unc. (235% @NLO)

p counting experiment not feasible
p extra handles: mpy spectrum
p separable using mass peak !

* Not so easy:b’s from top quarks complicate mass peak extraction

» combinatorial self-background = need for multidimensional analyses
4
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A possible analysis strategy

Matrix Element Method (MEM) suited to the task
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A possible analysis strategy

Matrix Element Method (MEM) suited to the task

Virtues of the MEM:

» combinatorial issue properly addressed: H t
p optimal usage of kinematics and dynamics
for S/B separation (Neyman lemma) P{ }+ P{ }

6 t H

Friday, December 12, 14



Master formula

dO'S/B/d?_ Ws/B(_Y) ) =

— —>

f d®x dx.dxp f(xq,Xb) 64(xaPa+beb-X) L/%s/B(X)|2 W(Y,X)
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Master formula

—> —>

WI(Y, X)

reconstructed jet and
lepton momenta

Friday, December 12, 14



Master formula

dO'S/B/d?= Ws/B(_Y) ) =

W(Y,X)

generated particles;

numerical integration
(VEGAYS)
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f ddx dxadxr 4(XaPa+Xbe'x) L/ZS/B(X)l2 W(Y, X))

Master formula

dO'S/B/d?= Ws/B(_Y) ) =

PDF from LHAPDF
(CTEQ6.5m set)

xf

— —>

1
_ Q% =10 GeV?
0.8
(x 0.05)
HERAPDFOL(prel)
0.6 - CTEQ6.5M 68%CL /\
0
1 10 10 10 1
X
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Master formula

dO'S/B/d? Ws/B( Y ) =

Momentum balancing

NB.: >Pr=0@ LO

Here: pt balance not imposed.

> Pt constrained to measured

reCOiI via aTF recoil — _j?t)s_lgﬁ_E_T)miSS
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Master formula

dose/dY = ws/B( Y ) =

ca
OpenLoops  Narrow-width

culated by S nalytica
(w/o spin-

(LO in o) approximation correlations)
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Master formula

dOos/p/ dY = ws/B(

f d®x dxadxb f(xa,xb) O*(XaPatXxbPp-

Transfer function -
CMS Simulation Vs=8 TeV

T 30.07_
) L HCAL : 80 065 b- qugrks50 eV ;
: : =uver —— = e ]
neutral | : \ Clusters g — E =100 GeV i
gacvon | i |l detector Soosi — Eq=150 GeV _;
$ q% - .
. 4 50'04:_ Solid: i<1.0
photon ECAL » B Dashed: nI>1.0 -
{ Clustérs G003F
"/\particle-flow | :
A

20 40 60 80 100 120 140 160 180 200 220
|3 jet energy (GeV)
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Implementation

SL

Categorize events as to
aid evaluation of ME at LO

category < event interpretation

DL
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Implementation

NjZ4

SL
Ni=5 .
E Reduction of V+jets and tt+jets requires cut on
b tag, | |
- number of jets, b tagging
DL
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_assignment based on jet I m P I e m e ntati O n

M permutation w/ largest btag

tagged
untagged
------ extra jets

SL
NjZS

b tag

DL
NjZ4
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assighment based on jet I m P I e m e ntati O n

K permutation w/ largest btag

tagged — I SL Cat.| ,

— UNtagged — . |
...... extra jets

_ all top/H quarks

..... <20 GeV ? et

one W-quark missed; |
extra gluon(s) from ISR

=>integrate over i
missing quark

SL
NjZS

b tag

DL
NjZ4
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_assignment based on jet
K permutation w/ largest btag

tagged
untagged
extra jets

SL
NjZS

b tag

DL
NjZ4

Implementation

i | one W.quark missed; |
extra gluon(s) from ISR

all top/H quarks |
reconstructed |

=>integrate over i
missing quark

| one W-quark missed |
. no extra-radiation |

=>integrate over .
missing quark
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_assignment based on jet
K permutation w/ largest btag

tagged
untagged
extra jets

SL
NjZS

b tag

DL
NjZ4

Implementation

i | one W.quark missed; |
extra gluon(s) from ISR

all top/H quarks |
reconstructed |

=vintegrate over 1
missing quark

| one W-quark missed |
. no extra-radiation |

=vintegrate over |
missing quark

. all top/H quarks |
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Shape comparison: tt+bb vs ttH

CMS Preliminary

o©
3

/s=8 TeV

©
2}

o
[

normalized to unity
o
a~

©
w

i
i
il
i
i
i
i

o
o

o
w

s=8 TeV CMS Preliminary
] >0-7r
_ = L
] c C
SL Cat-1 (H) 5 |
~ ] o 0.6/~
_ b ad L
] B
. .q';', 0.5
§ E -
— S
*: § 0.4@%%%

sssss

o
(S

SL Cat-2 (H)

/s=8 TeV

DL (H)

01 ggégg%ég%ﬁé@%ﬁiﬁéﬁéﬁﬁé@%ﬁ; 01
S
0IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 0IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0O 01 02 03 04 05 06 07 08 09 1 0
P
CMS Preliminary s=8 TeV
>.0.77 ] > B
= ] =
c L N c L
5 | SL Cat-3 (H) - 5
- i -
8 - ] g
.E 05? ] .E O5j
E _ E B
= j %@%ﬁ%&%@i - E
c r ] c T
0.3~ — 0.3
0 . 2 ;33&&{ [ { 0.2
C §§§£§§§§§£§§£§2§§§: 7
0 7I . | L1 11 | L1 11 | | | | L1 11 | | I | | | | | L1 11 | | I | | L1 Iﬂ 0

0 01 02 03 04

05 06 07 08 0.9 1 0

I:,s/b

Pob=(1+wg/ws)"!
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In situ validation of shapes

sidebands with low b
tagging score

in signal region, validate
low-sensitivity version

Of Ps/b

one random
permutation only

testing different
values of mH
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FAQ: is CPU time an issue ?

Not really; compromise between
performance and timing:
» run only on the good “events”

p filter-out permutations using b
tagging (6! — 4!)

p test one background hypothesis only
- optimize separation against tt+bb

possible
» neglect spin/correlations

for faster evaluation

o o o
EES ~ (0]
T T | T T | T T | T T | T T | T T | T T | T T |

normalized to unity
o o
(&) (o))

CMS Simulation \s=8 TeV

CPU time/event (s)

» parallelize (by event) as much as -
0.2
0.1 g
» JEC/JER systematics: bookkeep . | IR
VEGAS grid result from “nominal” 30 40 5060  10°
Number of variables 4 (+1) 6 (+1) 5(+1)
Number of iterations 5 5 5
Function calls 2000 4000 10000
Numerical precision (mode of ¢z, /w) 0.8% 1.2% 0.8%
CPU-time per integral (mean) 05(1.5)s | 1.1(3.2)s | 23(6.2)s
Time budget for | M |i/1E 30% (80%) | 30% (80%) | 30% (80%)

21

[ SL-catt
i) SL-cat2

:| | SL-cat3
oL

b

2x10% 3x10°

S (B) integration
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FAQ: is CPU time an issue ?

Not really; compromise between
performance and timing:
» run only on the good “events”

p filter-out permutations using b
tagging (6! — 4!)
p test one background hypothesis only
- optimize separation against tt+bb

CMS Simulation \s=8 TeV

o o o
EES ~ (0]
T T | T T | T T | T T | T T | T T | T T | T T |

normalized to unity
o o
(&) (o))

[ SL-catt
i Y] SL-cat2
[ SL-cat3
:[7]oL

b

2x10% 3x10°

CPU time/event (s)

» parallelize (by event) as much as -
possible 0.2
» neglect spin/correlations 0 5 5
» JEC/JER systematics: bookkeep R | T
VEGAS grid result from “nominal” 30 40 5060  10°
for faster evaluation
4
Number of variables 4 (+1) 6 (+1) 5(+1)
—Dlanahorx of dtoratione 5 5 5
= complete analysis round in ~10h using
Nuz
1 the batch system of a T3 5
Iime budget tor I‘V”ME 30% (80%) | 30% (80%) [ 30% (80%)
22

S (B) integration
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Overview of systematic uncertainties

ttH modeling: PY THIA
tt+jets: MadGraph (<3 partons)+PY THIA

50% normalization uncertainty on tt+HF

(s scale uncertainty

JEC/JER, b tagging

= N N

top pt modeling
statistical uncertainty

23

nuisance treatment
luminosity InN 2.6%
|D/trigger InN 2-4%
ttH InN 12%
te+bb
trhec
te+b
QCD scale InN 17-3%
fact/renorm. shapes
scale (tt +1p/2p/3p/bb/bljj/cc)
PDF InN 3-9%
JES shape
JER shape
btagging 8 shapes
top pt model shape
MC stat. shape (all bins)

InNN = normalization uncertainty
shape = vertical morphing
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Results (8 TeV)

Combined fit to ME discriminant;

CMS Preliminary Vs=8 TeV, L=19.5 fb CMS Preliminary Vs=8 TeV, L=19.5 fb’

2 2 P,
. . = SL Cat-1 (H § 100|020 >0.20 SL Cat-2 (H
Median Exp. | Median Exp. Ob : o Data > i e g0 o Data i 1o
- . . . S. 77Bkg. Uno. B+t I [Z2Bkg. Unc. B« i
95% CL | (signal injected) — i (125)x 10 W+ o : — x0T
=tE +b_ . B if 4 bb
tt + bb i I Single top
I Single top B tt+W,Z
u < 2 9 u < 3 9 < u B EWK
° ° e L

} Best-fit value HH = 0.7x1.4

CMS Preliminary Vs=8 TeV, L=19.5 fb

SM

[
|
Data/MC
N
I

of/o

CMS Preliminary {s=8 TeV, L=19.5 b

10 £ P £
8 40050 020 SL Cat-3 (H) g DL (H)
w -#-Data [ ttH (125) w 5 [B)I?;a Unc - ttH (125)
- /1Bkg. Unc. B i 4 if 2 M t+lf
1201 —ffH (125)x 10 I+ co 10 H(125)x 10 MR+ oo
¥ L_LiEN ft+b
—hp B if + bb
tt + bb I Single top
Ml Singletop | L tt+W,Z
B EWK

10

B Exp. 68%
-o- Exp. 95%
-o- Median exp. (signal injected)

95% CL upper limit onu

02 03 04 05 06 0.7 08 0.9
-»- Observed _ Pan

All comb.

SL Cat-1

—
Data/MC

I I I
SL Cat-2 SL Cat-3

1 SF i q
1
0.5

CMS-PAS-HIG-14-010

DL

24
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Results (8 TeV)

Combined fit to ME discriminant;

CMS Preliminary {s=8 TeV, L=19.5 fb" CMS Preliminary Vs=8 TeV, L=19.5 fb
2 2 P

. . 5 SL Cat-1 (H) S 100 <0.20M>0.20 SL Cat-2 (H)

Median Exp. | Median Exp. Ob E DU S I ) wDawa i (129
o . S S. 7/ Bkg. Unc. - o+ If . (Z4Bkg. Unc. = T If
95% CL | (signal injected) — i (125)x 10 Moo : R 54
= t+b_ . B if 4 bb

tSt'+ t;bt i I Single top
<29 | p<39 |[<33 .
u ° u ° ® -

} Best-fit value HH = 0.7x1.4

CMS Preliminary Vs=8 TeV, L=19.5 fb ; .
E s/b 2 s/b
o
o T : o ; Sl
\ Lt -t 1
O 8 0 8 0
]|
=. CMS Preliminary {s=8 TeV, L=19.5 b CMS Preliminary Vs=8 TeV, L=19.5 fb
c — 2 Pur | 2
() 10 _ 8 40050 020 SL Cat-3 (H) g DL (H)
- w = -~ Data L ttH (125) w -¢-Data [ tH (125)
— - 7/ Bkg. Unc. T 102 (74 Bkg. Unc. W1
& 120~ —{iH (125)x 10 MM+ co — ttH (125) x 10 =ﬁ:g°
LL Z J
— e Wb I i+ b
e (] I +bb I Single top
[T} [ | S_lngle top tH+WzZ
blished [ 3~ = |%
published 23— = B o

& Exp. 68%

=EBxp. 5% BDT=based]] = = " ..

-o- Median exp. (signal injected)
-s- Observed

95% CL up

I I I
SL Cat-1 SL Cat-2 SL Cat-3 DL All comb.

CMS-PAS-HIG-14-010

25

Friday, December 12, 14



Combined fit to ME discriminant;

Median Exp.
95% CL

Median Exp.
(signal injected)

Obs.

U<2.9

U<3.9

<3.3

= o/o
SM

upper limitonu

95%

} Best-fit value HH = 0.7x1.4

CMS Preliminary

Vs=8 TeV, L=19.5 fb’

CMS Preliminary

Results (8 TeV)

Vs=8 TeV, L=19.5 fb

Events

-o- Data
/1 Bkg. Unc.

—ttH (125) x 10

SL Cat-1 (H)

B i + if
Ml i+ cC
Mi+b
Ml i -+ bb
I Single top

CMS Preliminary

Vs=8 TeV, L=19.5 fb’

2
© 100| <0.20 >0.20
>
wm

-o-Data
(“4Bkg. Unc.

—ttH (125) x 10

SL Cat-2 (H)
ttH (125)
B A+ 0f
Bl i+ cT
Mi+b
Bl i + bb
I Single top
tt+W,z2
Il EWK

P, P
2
(8] T (8]
B = g o - P———%
1
5 W ®
o o
0 0
CMS Preliminary {s=8 TeV, L=19.5 b CMS Preliminary Vs=8 TeV, L=19.5 fb
2 Pur | £
10 § 140_<°5° 050 SL Cat-3 (H) § DL (H)
w -#-Data [ ttH (125) w 5 [B)I?;a Unc - ttH (125)
- /1Bkg. Unc. B i 4 if 29, Lne. tt+If
120— —fH (125 x 10 B+ o 10° —tiH (125)x 10 M {f + cT
2 M+ b g
—hp B if + bb
tt + bb I Single top
Ml Singletop | L tt+W,Z
B EWK
2.4 .
=Exp.68% HYWW/ZZ

- Exp. 95%
-o- Median exp. (signal injected)
-»- Observed

02 03 04 05 06 07 08 09

Data/MC

SL Cat-1 SL Cat-2 SL Cat-3

LSF i q
1
0.5

DL All comb.

CMS-PAS-HIG-14-010
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Summary & outlook

® First ttH search based on the MEM at a collider
» new algorithm developed and optimized for CMS
- 20-30% better expected limit compared to previously published analysis

- CPU & human-time sustainable

- Run l: results in agreement with SM expectation (Ap/p~1.4)

® The |3 TeV challenge is behind the corner
P with more data, theoretical uncertainties will become relevant

- use of NLO programs will make analysis more solid
- definition proper sidebands for background estimation/calibration
- ttZ(—bb) as a standard candle!?

p further improvements:
- spin-correlations as an extra handle (?)

- inclusion of more event topologies (?)

- inclusion of boosted top tagging variables (?)

27
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Thanks for your attention

28




Back up

29
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Motivation

Determination of top-quark Yukawa coupling (y:) is a major goal

p gather direct evidence of Higgs coupling to up-type fermions
p implication on EVVSB

Cross sections of top+Higgs channels can unravel value/sign of y

OtwH X BR(H_’X) } = ‘)’t‘z

30
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Motivation

Determination of top-quark Yukawa coupling (y:) is a major goal

p gather direct evidence of Higgs coupling to up-type fermions
p implication on EVVSB

Cross sections of top+Higgs channels can unravel value/sign of y

Clean states.
Coupling to Z/W

Large BR.
H—leptons: Mass peak.

Experimental challenge posed by:

better known H—vy: » low signal cross section
Mass peak. p irreducible SM background
High-purity. - often challenging at NLO
Low systematic - e.g. tt+bb, tt+yy, tt+Z/W

uncertainty . » complicated final states

Friday, December 12, 14



Building bricks

—>

— ( = (generated particles)
/%(X) = scattering amplitude

— Y= (reconstructed particles)

,
meutrad -
hacron

“metric” W(_Ytz

32
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Dimensional reduction

® Factorize integration over final-state particles via
dcbn(P; Pl,---, pn) = dd’,(q, Pi,---, P]) X dcbn.—j+1 (P/' q, Pj+1,-- -, Pn)(zn)Sd‘]z

® Narrow-width approx:

e Diff. decay amp. from MC: [M(t — bqq')|*

1 1
»
(2 — M) + I M} (MiT't)

25(t2 — M?)

1 M, dI
T |7 BId2440

® Assume lepton and jet direction perfectly measured

2E, E,E? 1
9 q q q
Q d@tq X 2 A N qu
&/V\??\' \ MWEw, |[;_‘bl‘llé'wq . é’bq _
R RPN
~. | E;ebl €b2 o
t\‘ ® ~, 2 2
6/1/ dq)t; ” 2Eb1 E, Et 1 d0),
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The Matrix Element Method (MEM)

,I

| leen event j, find its probablllty wj( |H,) under hypothe5|zed process H

E——‘ _——- — —  ——  _ ———— — = —_—— — — — I = =

» w;is a function of detector-level observables Y (technically, a differential
prob. density on Y)

» can depend parametrically on unknown model parameters A

p is the relative weight with which a MC generator of process H; would
generate ev. |

- for N>>| events, ( 2Nw;/ N ) — |

» N.B.:a HEP process Hi is known ( < can be simulated ) fully differentially

only to some approximation (typically not better than NLO). Conversely,
nature is “to all orders” :

- a certain approximation is implicit in the method

- this does not invalidate the method per se’, rather makes it not optimal

34
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The algorithm: basic principles

® Factorize the reaction pp — tt+(bb) — €1 as a 3-steps process:

» gg — 3 on-shell intermediate particles L/l(g g— ttH) ‘2
P intermediate particles propagate: [(C|2-Mz)2 - MZFZ]"

P intermediate particles decay « [-1d[/dQ)

® This way:
» no need to evaluate CPU-intensive 2 — 8 amplitudes [only 2 — 3(4)]

p spin-correlations and polarizations neglected
p cross-check with MadVWVeight

35
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P+ balance

® Event-by-event constraint to the measured recoil p = - > pT"* -
E+™'s via transfer function
P for each phase-space point, boost so that Pt = 0, and evaluate L/l ‘2

® N.B.:at present, we instead constrain V’s pt to ET™* and the

quark energy to jet energy

P not optimal because Et™ss correlated w/ jet energy.
P J gY

0x=0,=26 GeV, p=0.2

- coa e P N b b b b b Py 0
-40 -20 0 20 40 60 80 100 120 140

EMs* (GeV)

V’s direction integrated
over blue plane w/ prior:

1 1, .
C‘Xp{ e EmISS Zl T ‘ 1/ EmlSS Z VT)}

2"\/ IVx,y|

95% CL isocontour

3 Vyxy = ET™S cov. matrix
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Comparing with MadWeight

arXiv:1304.64 4 Simulation {s=8 TeV

0.4

units

0.35

NN

tt+jets

ASNRNNN

%;/L%%%ill_llllllll

0.25

Slng|e-|ept0n Channel R single-lepton channe

0155~

0.1
. e
L/
q ST
/' S )
0.05 AR n 3 bt S
. QNN & - //4?/4???4

M //
T [eeaheschess oo TN - W SRS 1
e by Ll DLl " KX XX boS K SEEEAELLELKK, X /
peee OO e o ta e o tete oo tey QSQEEKLLELEERKLLKIK, SEEIEELRLLLRRKIERLL, /
—— RGO X\Q\W*XPQ»X.XX RPN PRI DGR

0 02 04 06 08 1

U 4 Simulation Ys=8 TeV

: signal events (D) k
bg. events (Dg) « | -

0.25

-r

0.2

o

SEERIENITE I—I Lol
N IR NN NN RN RN ENEEE

(2
=2
@

units

AN -

—— ti+jets

RNANNNNN

%;/L%%Llllllllll

" BN\

di-lepton channel di-lepton channel

0.15 ==\

NN
' N
» 0.1 %\ N Y
! N i
N L0
veey — < oY
005 | 0
T BRI xxggixxxxxxxxxxx e
R IRRRRRLRKS e e

fresgpene 22 T EEEL EEE i =
1 l“ l l [ ey z*><>x< \\&\\\ = X
0 K%XXX i e %XXXXXXAXX?&XWWXXX%NXX 2RO APOFPOR PO GORIGOP OO T
0.7 0.8 0.9

0 0.1 0.2 0.3 0.4 0.5 0.6

r
%

0.2

AN

—_

PS/B

37 *looser b-tag cuts to enhance MC stat.
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Cross-section

ttH(125)
] o(M) [4]
] o(M)xA(SL(4,2))

) o(M)xA(SL(4,1))
o(M)xA(SL(3,2)) no b
] o(M)xA(SL(3,2)) no b7,

H“qq . 4+ o(M) from Ref. [?]
thq

—

] IIIIII|

—h
O_L
(e}
|

500530 540
M, (GeV)

i B S ik B Bk g
80 100 120 140 160 180
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Digression |: the Higgs mass j

8gen-level@sme gen-level®sme: \
°F SL, >5/; M_ [115,135] 2 F SL, >5j| M_ ¢[90,160] |

ttH ttH
N tf-i-jets N tf-!-jets

o

o

[
|

.
-~J
.
-~J

=
(3

normalized to unity
= =
()} N
=4z ] TTT 1 ] |

normalized to unity
o
»

.ll.llllll.llll

g
™

o
w

o
N

20

o
-

',f_,',;j]ll'l[llll'll'l’l'll'llll]l'llll

- - ottt < . IR \."::’_:_;_:..’. “0HTHT0 AT ’ |
. 3"}‘:;;‘,_~ X 2 RN 2 SRR R IORRK KX SOCH XXX PEXX 1

.2..{{-1].11111].][.1‘ l.llllll.llllll

1"‘ SRR O S 11 NS f} o Li ;ulni A 0 R oo "1;""';'1 |

b 0t 02 "0 (0% 05 06 07 08 09 1 b 04 02 03 04 05 06 07 08 09
discriminant discriminant

_“11.1111_111111.11.1.

® ttbb events w/ M(bb) = |25 indeed look like ttH!

P but not identical & the ME is sensitive also to the other variables

® ttH events w/ M(bb) # |25 (e.g. poor resolution)
undistinguishable from ttbb

39
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Digression ll: wrong hypothesis j

e If the event does not fulfill the tested ME hypo, \
the weight is broadly distributed

P yet, ttH remains slightly more “signal-like”

gen-level®smear

—

E SL, >5j
ttH
o tt+jets

0.8

o
B
l

|

T

|

o
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_assignment based on jet
K permutation w/ largest btag

tagged
untagged
...... extra jets

SL

DL

NjZ4 >

NjZS >

Categories

41

one W-quark missed; '
A iextra gluon(s) from ISR

all top/H quarks |
reconstructed |

=>integrate over i
missing quark

| one W-quark missed |
. no extra-radiation |

=>integrate over .
missing quark

. all top/H quarks |
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CMS Preliminary

Control plots
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