THE UNIVERSITY

' WISCONSIN

MADIS ON

Higgs Couplings to Fermions
at CMS

Isobel Ojalvo
on Behalf of
the CMS Collaboration

3/3/15



Overview

H->bb arXiv:1310.3687
ttH Combination arXiv:1408.1682
ttH H->bb with MEM arXiv:1502.02485

H->tt arXiv:1401.5041
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VH=>bb: Overview

Motivation:
SM Higgs (125 GeV) has a high Branching Fraction to bb

Event Selection based on reconstruction of Vector
Bosons + 2 b-Jets

V and H bosons recoil away with large azimuthal
opening angle A® (V,H)

Strategy:
Consider all W->leptons, Z->leptons channels

* Each channel has very different backgrounds,
selects p,(V) boost regions

e Reconstruction of H->bb decay is initiated by
selecting di-jet pairs with highest p; and then
requiring b-tagging

* Inorder toimprove the m(JJ) resolution, b-jet
regression estimates the true p; of the b-jet

Multivariate discriminant based on BDT created from
discriminating variables

]

— Used to extract signal
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VH—2>bb: Analysis Channels

Channels Z(pp) H, Z(ee) H, W(tv) H

To Extract Signal: Single BDT using discriminating variables as the input

Jet p;, my, p(JJ), p;V, b-tag value, AO(VH), M(ZH), (see backup)
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VH—2>bb: Analysis Channels

Channels W(uv)H, W(ev) H, Z(vv) H

C
T
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Compact Muon Solenoid

To Extract Signal: Divide into four BDT subsets enriched in tt, V+jets, diBosons, and VH

BDTs are trained for each subset-> better estimate of each background
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VH=->bb: Results
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* Analysis is not yet very sensitive, slight excess O(20) present for a Higgs boson

* The Signal Strength corresponding to this excess, relative to that of the SM higgs

bosonsis 1.0 +/-0.5

Will be observed in Run IlI!
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VH=->bb: Cut-based Cross-check

Cross-check to BDT based analysis:
A fit is performed to the shape of the dijet invariant
mass distribution (m,,) of the two jets associated
with the Higgs
—This method is more restrictive and optimized
for sensitivity in the m, variable

S/(S+B) weighted entries

Results:
* Diboson Signal Extraction W/Z + Z->bb
My =1.19028 4 53

* For each channel the relative di-jet mass %
distribution weight is obtained from the ratio of 5
S/(S+B) g

* Background subtracted plot shows the Z(bb) %

l

N
o

I

peak and the H(bb) contribution

 The measured Higgs Signal Strength relative to
that predicted by the SM is 0.8 +/- 0.7
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ttH: Overview .n.is0s.iesav

Motivations:

Striking feature of the SM Higgs boson is its strong
coupling to the top quark relative to the other SM

fermions

Current measurements of Higgs boson production

via gluon fusion are consistent with SM

expectation for the top-quark Yukawa coupling

Strategy:
Select tt by its decay t2>b+W

Higgs decay modes with high
S/(S+B) analyzed

Channels grouped by final state:

Compact Muon Solencid

| Category | Signature | Trigger | Signature
Lepton + Jets Single Lepton | 1e/u, pr > 30GeV
H — Hadrons | (ttH — £vjjbbbb) >4 jets + >2 b-tags, pr > 30GeV
H - bb Dilepton Dilepton le/u, pr > 20GeV
H— 50t (ttH — fv¢vbbbb) le/u, pr > 10GeV
H—- WW >3 jets + >2 b-tags, pr > 30GeV
Hadronic T Single Lepton | 1e/u, pr > 30 GeV
(ttH — v, [v] T [v]jjbb) 2 T, pr > 20GeV
>2jets + 1-2 b-tags, pr > 30 GeV
Leptonic Diphoton 27, pr > My, /2 (25) GeV for 1% (2n9)
H — Photons | (ttH — fvjjbbyy, >le/u, pr > 20GeV
H— oy ttH — fvlubbryy) >2jets + >1 b-tags, pr > 25GeV
Hadronic Diphoton 2, pr > M4, /2(25) GeV for 15t (209)
(ttH — jjjjbbyy) Oe/u, pr > 20GeV
>4 jets + >1 b-tags, pr > 25GeV
Same-Sign Dilepton Dilepton 2e/u, pr > 20GeV
H — Leptons | (ttH — £Xv¢*[vljjjj]bb) >4 jets + >1b-tags, pr > 25GeV
H—-WW 3 Lepton Dilepton, le/u, pr > 20GeV
H-— 11 (ttH — Lve[v]£[v]j[jlbb) | Trielectron le/u, pr > 10GeV
H—ZZ 1e(u), pr > 7(5) GeV
>2jets + >1 b-tags, pr > 25GeV
4 Lepton Dilepton, le/u, pr > 20GeV
(ttH — fvevl[v]L[v]bb) | Trielectron le/u, pr > 10GeV

2 e(u), pr > 7(5) GeV
>2jets + >1 b-tags, pr > 25GeV

|. Ojalvo Les Rencontres de Physique de la Vallée d’Aoste
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ttH: Channels H->Hadrons

T 0

.
=
]

Compact Muon Solenoid

H->bb, H->t, T, , H->WW (W decays hadronically)

MVA used to tag jets coming from b-quarks or Tau-lepton decays and to separate
ttH events from large tt+jets backgrounds

BDTs with 10-15 variables are trained using signal MC for each of the categories
- Output distributions are used for Signal Extraction

(more sensitive categories shown)

_CMS ttHbb Is=8TeV,L=19.3fb" _CMS ttHbb Is=8TeV,L=19.3fb" CMS ttH %%, Is=8TeV,L=19.31b"
Lepton + 26 jets + 24 b-tags r Dilepton + >3 b-tags L Lep + 1,1, + >4 jets + 2 b-tags
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gi BDT output BDT output BDT output
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Compact Muon Solenoid

ttH: Channels H->yy

H->Photons, tt->lvjj or tt->lviv

",”//m

.
=
]

Photon invariant mass (m,,) used to extract signal
- Powerful Discriminant due to the excellent photon energy resolution

Background obtained by fitting m,  in the range 100 GeV < myy < 180 GeV

8 TeV split into categories based on tt decay

CMS ttH yy \Ns=7TeV,L=511b CMS ttH yy hadronic  \'s =8 TeV, L = 19.7f5' 6 CMS ttHyy leptonic  \'s=8TeV, L=19.7 it
wn T T wn T T w T T T
— +— 6 - —
2 7 Tev *Daa 5 8Tey "D g | ‘Daa 8 TeV
o — Bkg fit o . — Bkgfit hr sl — Bkg fit .
4 Wit ' 5t Hadronic m:. W +1o Leptonic
120 126 +20
3l —m,=125.6GeV | 4t — m,=125.6GeV 4 —m =125.6GeV
3 3r
2 |
2 2
M q N - 1 1F
O T, . q L 1 1 —L O L i
100 120 140 160 180 00 120 140 160 180 100 120 140 160 180
m,, (GeV) m,, (GeV) m,, (GeV)
Green ( ) band show the 1o (7<) uncertainty band

|. Ojalvo Les Rencontres de Physique de la Vallée d’Aoste 3/5/15 14



Events

Data/Pred.

Events

Data/Pred.

ttH: Channels H->Leptons

Multi-Lepton Final State
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ttH: Results

CMS ys=7TeV,5.0-5.1 fb" ys=8TeV, 19.3-19.7 fb’

_l N - — 1
— 8 ttH, H— bb, tt,yy, WW, ZZ
— ; — Observed
a f m,, = 125.6 GeV ;
A 7 +1.0 . ---Expected
' . Mo = 2.8 g /
6__ ’I'
5[
4=\ Y A
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23_ 1.0 £ 0.9 expected
. 2.8 *1.0 . observed
Z
0: | | 1 | | | 1 1 I | | |
0 4 5
1)

Compact Muon Solenoid

T 0

.
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]
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YY +—
b [~ —a—
Tlh [~ |
4l - B
3l —
Same-Sign 2| — ——
Combination — —l—

Best fit o/cg,, at m, = 125.6 GeV

Best fit o/o,, by Higgs Decay Mode
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ttH: Results
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Excess on the order of 2o above the
expected SM Limit
->Will be watched closely in Run Il

3 CMS Vs =8TeV, 19.3-19.7 fb"
& o ttH, H — bb, tt,yy, WW, Z2Z
’ ; my = 125.6 GeV
2_ 1
A N L
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'1— 'I -
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C e ---95% CL
- ¢ SM Higgs
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ttH: H->bb with MEM axivis02.0048s

,':////m

.
=
]

Compact Muon Solenoid

Matrix Element Method (used at DO/CDF)
MEM Probability Density Functionw(i/|ttH) + Combined Likelihood of b-Tagging f(|tt+hf)

W) b S
w(FIHEH) + ko0 7] bb) F(@let+he) + ko fEleE+10

Ps/b -
— 2D fit!
Combined Likelihood Discriminant P Distributions with P, , profiled:

Single Lepton Single Lepton Single Lepton Double Lepton
6-Jets + W-Tag > 6-Jets No W-Tag 5-lets 4-Jets

-1
19.5b™ (8 TeV. 195b7@TeV) o 19.5fb" (8 TeV 19,516 (8 TeV
2 P,,<0.5 [P,>0.5 2 P,.<0.5[P,>0.5
% P,,<0.5 |P,>0.5 oL Cat-1 (H) g cMs Py<0.5 | P,,>0.5 SLcatz () § CMS n hi SL Cat:3 (H) £ 10°= CMS <! > DL (H)
2 I ttH (125) 2100 _e-Data m tiH (125) i -¢-Data I tTH (125) & - gfta - g—H (1: 2)
i+ f 7/ Bkg. unc. it If fZ1Bkg. unc. Lo @ﬁHg.1L12r;c. 10 -ﬁ e
—tiH (125) x 10 Wi+ —ftH (125) x 10 mt+ce —ttH (125) x 10 Mt +cc —fH(128)x -ﬁ+§°
MWt+b mut+b Wti+b -n+bb
— -g |:|>bt B tt + bb =S|;g|etop
[ | S_ingle top - '29 ¢ lop | | S_ingle top
fie WZ ft+W.2

% 02 04 06 08 1 02 04 06 08_1

0 02 04 06 08 1 0.2 04 06 08 1
sib

02 04 06 08 1 0.2 04 06 0.8P1
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ttH: H->bb with MEM

Slight excess seen, in agreement with SM H
Observed (expected) limit of u< 4.2 (3.3)

The best fit value on the signal strength
modifier (o/0g,,) isp=1.2*° .

19.5 b (8 TeV)

[}
§ CMS —o— Data
w .3 I Signal (n=1)
10 I Background
/1 BKkg. unc.
10?
-2.5 -2 -1.5 -1
log(S/B)
o 1.5 —
X
E
8 1=‘==—0W- ------
[
[a]

0.5

SL

DL

Combined

19.5fb™ (8 TeV)
#5558 Expected + 1o
..... Expected + 26
----- Expected (sig. inj.)
- Observed

10
95% CL limitonu =o/c_ atm, =125 GeV

19.5fb™ (8 TeV)
CMS
SL —i
DL -
Combined — —-—-
| TR R T S S ' ; TR N ST ST S T S
-4 -2 0 2 4
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H->Ttt: Overview

Motivations

Higgs to tt decay mode is a promising
channel due to its strong coupling to the
higgs and smaller contribution from
background with respect to bb

Strategy:

Divide H->tt channels by Production
Modes

— Optimize Selection of each Mode

Combine Taus + ME; to estimate m_,

— Used for signal extraction in all final
states except 1T, T T, Or WH

e-e’
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H->tt: T, Mass, SV-fit Mass

CMS, 19.7 fb' at 8 TeV

..‘916000 LN L L | RARE RRRE LELE RERE LLLE
ch MT,' —e— Observed - ]
= 14000 h \:| Bkg. uncertainty -
|:| Z—>tt 30° ]

12000 [ ]z—w 1 +photons -]
[ z—w 12" no photons J

Q i —

10000 o :
8000 - Electroweak _:
0« ]

6000 [ Jacp 3

4000

2000

O A = = ti N
00 02 04 06 08 1.0 1.2 14 16 1.8 20
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CMS Simulation Vs = 8 TeV we,

—— H—ttm, =125 GeV
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200
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0.16r

Compact Muon Solencid

CMS Simulation |s = 8 TeV ut,

0.12

0.08]
0.061
0.04[

0.02

0.14f
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—— H—1tm,=125 GeV

e

—

U N — 11 l | -
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200 250
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Maximum Likelihood fit using the visible t kinematics
combined with the MET to estimate the energy carried
away by the neutrino
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All T final states considered

H->tt: Non-VH

2-Jet designed to select for
VBF, suppresses gluon
fusion background

1-jet fails 2-jet category

selection

0-Jet used to estimate large

Z->tt background

l. Ojalvo Les Rencontres de Physique de |la Vallée d’Aoste

O-jet 1-jet | 2-jet
pr™ > 100 GeV
P > m; > 500 GeV | m; > 700 GeV
100 GeV |An| > 3.5 |An| > 4.0
pr" > 45 GeV high-p™ high-p; "
HTh baseline low-py™ low-py™
o lFg it
p;™ > 45 GeV Wiy
T baseline low-py™ low-p™
B> 30 GeV
b > 35 GeV A gl
e
g baseline low-py? DRy
b/ > 35 GeV high-py' high-p
o8, HH baseline low-py! low-p;'
ThTh boosted
(8 TeV only)
baseline
prt > prt > p > 100 GeV
100 GeV 170 GeV m; > 500 GeV
|An| > 3.5

"Compact Muon Solencid




dN/dD

H->tt: Non-VH

Showing selected Categories from each Channel

T.T. and Tt use a BDT discriminant for signal extraction

Remaining categories use Secondary Vertex-Fit Mass

CMS, 19.7 fb" at 8 TeV
— T T T T T

CMS, 19.7 fb™ at 8 TeV
T T T T T

—_—
------ SM H(125 GeV)—>tr

uu

2-jet g Sbserved
z-w
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H->tt: VH

All T final states considered in the ZH and
WH analyses except Z+t, T, or Z+T.T,

Possible to Lower p; Thresholds of
Selected Leptons due to di-lepton Trigger

Primary backgrounds:
Di-boson and Fake Leptons =
Lepton Fake Rate derived from data

CMS, 19.7 fb™' at 8 TeV

Resonance | HLT requirement Lepton selection

Z— up 1(17) & u(8) py >20 [g#| <24 RF<O03
py > 10

Z — ee e(17) &e(8) py >20 [4°] <25 R¢<03
p7 > 10

H — um, py>10 |p¥| <24 RF <03
pr>15 |p™| <23 1™ <2

H — e, ps>10 |p¢[ <25 Re<02
pr >15 || <23 ™ <2

H — 1,1, p >15 [p™| <23 ™ <1

H — eu pr>10 |y¢ <25 R'<03

[nt| <24

CMS, 19.7 fb™ at 8 TeV

CMS, 19.7 fb" at 8 TeV

> : L SMHO25GeV) -t > oF weene SM H(125 GeV)> 7t > ' L e SMH(125 V)
o 1.6 I+ LL —8— Observed ] 2 B —8— Observed 1 o —@— Observed e
o r @ SM H(125 GeV)— WW ] o Cwz 9o @) SM H(125 GeV)—~ WW 3
= 14f 2 E = L R = e 3
Eﬁ . [ Reducible bkg. o 08F [ Reducible bkg. 2 [ Reducible bkg. ]
5 1.2:— [[] Bkg. uncertainty —: E> [["] Bkg. uncertainty £ [ Bkg. uncertainty 3
E 1.0 :— _ _: g 0.6 -— | + = g I + I't. high —E
S - ] S i T S i + I't, high L ]
0.8 E [ T 3
06k ] o4r ] " 3
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A D= & ] [ nn o ot h e e 1] A k ! ’ o -
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®\ Secondary Vertex-Fit Mass or  Visible Mass for Signal Extraction
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H->Tt: Results =

Compact Muon Solencid

Split by category £

CMS, 4.9 fb"at 7 TeV, 19.7 fb" at 8 TeV

. m,, =125 GeV 0O-jet
0.34+1.09
CMS H—1r,4.9fb" at 7 TeV, 19.7 fb" at 8 TeV :
1 T I T T T I T T T | a ’__._' 1-jet
1.07+0.46
1

Q

= .

[ . o

> 107! : 2-jet (VBF tag)
6. T 0.94:0.41
® 1072 f-----=---- . H+LL' + 4L,
8 \\ -0.33+1.02
- = 3 |

O

+ o7|;+—0>12:;
10-4 ____________________ (I) 5 2I ‘i
Best fit for o/oy,
1n'5t- —e— Observed p-value Spllt by channel
Atm_ =12 V:
t H >5GevV: | Expected for SM H(m ) CMS, 4.9 16" at 7 TeV, 19.7 fi" at 8 TeV
A I =125 GeV Iee
3.7 o expected T TS o0sic0
5 m
3.2 0 observed % | R
10'8 I 1 I L L L I 1 0.90+1.03
100 120 140 e 151088
mH [GeV] '_’_'“ 0.31::;2
158 i,
ILL + I;Lrh
._._‘ lH_—>l1717
o 2 4

Best fit for O'/O‘SM
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H->tt: Results

w 2.0

1.5

1.0

0.5

CMS H—tr, 4.9 fb' at 7 TeV, 19.7 fb' at 8 TeV

I I 1 ] L] L] I
[ m, =125 GeV 95% CL
I 68% CL
+ Best fit
- ¢ sm —
i 1 1 1 1 I 1 I 1 1 1 1 I 1 1 1 L
0'%.0 0.5 1.0 1.5 2.0
K
v

T 0

.
=
]

Compact Muon Solenoid

Vector and fermion
couplings grouped
Kyi K=Ky K K=Kp= K =K,

Consistent with SM,
where x,=K;=1
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H-> Fermions Combination

VH->bb, VH—=2> 1T, H->tt included in the combination

o CMS {s=7TeV,L=5f";Vs=8TeV,L=19-20 fo" 20 CMS {s=7TeV,L=5f0" \s=8TeV,L=19-20fb"
210%E VH — bb = (exp.) —=-(obs.) c
- VH — 11 v (exp.) -+ (obs.) < 18[ m, =125 GeV
2 o H — 1t (non-VH) -2- (exp.) - (obs.) QU o =
S F Combined -e- (exp.) -e-(obs.) |16~ VH.—.bb
8 38— Homw
14 — Combined
107 12
10@— 10
10 8-
b 6
- e 2.
10° 4: standard
- oL model
10° n
EIllIIIIIIIIlIIIIlIIII|IIII|II II|II|I IMI'III'III

O

110 115 120 125 130 135
my (GeV)
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Conclusions =

Evidence for Higgs Couplings to Fermions Found!

Preparation for Data Collection and Analysis with CMS at
13 TeV well underway!

During Run ll:
* Higgs couplings to Taus will be measured very well

* Looking forward to analyzing further ttH to see if the excess
in the multi-lepton final state continues

* Higgs to bb Expected Limit will be improved with more
statistics

Thank You!
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ttH: H->bb with MEM S

Matrix Element Method (used at DO/CDF)
Event differential probability density:

/dx/dxadx xar Ql)g Xbs Ql)
01 perm

XaXpS

x 8{(xaPa + %6} - kz PR (il Fr) [ME© ()| W (1),

* f, (f,) b-tag probability density for
Lobbb (81, - -+, 86) = Z fo(8ir) - fo(8h) - fo(Gis) - fo(Giy) - ful@is) - fu(@is)  heavy (light) flavored jets
timds} . * Sum over all u/b labeling of the jets
Three extended likelihoods are defined:

(Event Probability include b-tagging likelihood)

Ps (y,¢) = ws (y) Lubbb (6)
Ps, (y,&) = ws (y) Lobbb (§)
Ps, (y,&) = ws (y) Lo ()

Ps,

—> By = Ps, + Ps,

Final Discriminant:

Py, = Ps
S/° ™ Ps + AvPs, + (1— Ab)j)Ps,”

Where A, ; sets the relative ratio of ttbb to ttjj, as determined by MC
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ttH: H->bb with MEM S

Utilizes kinematical and topological information from the event

—>Each event is assigned a differential probability density wi(y) of measuring a set
of observables y under either the signal or background hypothesis

Only the ttbb matrix element is considered as the prototype to model background
processes (some separation power with respect to the other backgrounds)

Signal and background probability densities are constructed at leading order
assuming that in both cases the processes are initiated by a gluon pair
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ttH: H->bb with MEM -

\\V‘\ \\ 1
Shape comparisons for the

High Purity channel in the B N
. . > o _CMS Preliminary s=8 TeVd > o _CMS Preliminary s=8 TeV_
Single and Di-lepton S steat1() | 5,0 SLCat2(H) |
Categories 2 ol R 4 -l
N 0.5F= N 05F .
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e P E 6 M .
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[
[ FEE T R
o
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|
|

e €
N
LB L AL B
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o L - _ o “°L _ ]
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E EEMC stat. E - : EEMC stat.
Category 5 04 i 5 04~ 3
< C c -
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oAz:\ 0.25— -
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VH->bb BDT Input Variables

Compact Muon Solencid

Variable

pr(j1), pr(j2): transverse momentum of each Higgs boson daughter

m(jj): dijet invariant mass

pr(jj): dijet transverse momentum

pr(V): vector boson transverse momentum (or EXss)

N,: number of additional jets (see caption)

CSVmax: value of CSV for the Higgs boson daughter with largest CSV value

CSV min: value of CSV for the Higgs boson daughter with second largest CSV value
A¢(V,H): azimuthal angle between V (or EXi%) and dijet

|A%(jj)|: difference in # between Higgs boson daughters

AR(jj): distance in 7—¢ between Higgs boson daughters

A8p: color pull angle

Ap(EXSS, jet): azimuthal angle between EXS and the closest jet (only for Z(vv)H)

maxCSV,;: maximum CSV of the additional jets in an event (only for Z(vv)H and W (¢v)H)
minAR(H, aj): minimum distance between an additional jet and the Higgs boson candidate (only for Z(vv)H and W(¢v)H)

Invariant mass of the VH system (only for Z(¢/)H)

Cosine of the angle between the direction of the V boson in the rest frame of the VH system and

the direction of the VH system in the laboratory frame (only for Z(¢/)H)

Cosine of the angle between the direction of one of the leptons in the rest frame of the Z boson and

the direction of the Z boson in the laboratory frame (only for Z(£¢)H)

Cosine of the angle between the direction of one of the jets in the rest frame of the reconstructed Higgs boson and

the direction of the reconstructed Higgs boson in the laboratory frame (only for Z(¢/)H)
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VH->bb Category Selections

”’,//m

N\
s \ \\
AT T

Compact

Table 3: Selection criteria for the samples used in the m(jj) analysis in each channel. Entries
marked with “~” indicate that the variable is not used in the given channel. If different, the
entries in square brackets indicate the selection for the different boost regions as defined in the
first row of the table. The pr thresholds for the highest and second highest pr jets are pr(j1)
and pt(j2), respectively. The transverse momentum of the leading tau track is pr(track). The
values listed for kinematic variables are in units of GeV, and for angles in units of radians.

Variable W(4v)H W(tv)H Z(£0)H Z(vv)H
pr(V) [100-150] [>150] (e) [<250] [50-100] [100-150] [>150] [100-130] [130-170] [>170]
[100-130] [130-180] [>180] (1)
Myy - - 75 < my, < 105 -
pr(j1) >30 >30 >20 [> 60][> 60][> 80]
p1(j2) >30 >30 >20 >30
pr(jj) >100 >120 - [> 110][> 140][> 190]
Ny =0 =0 - =0
N, = = - =0
Emiss >45 >80 < 60 -
p1(7) - >40 - -
pr(track) - >20 - -
CSVmax 0.898 0.898 0.679 0.898
CSVmin >0.5 >0.4 >0.5 >0.5
A¢(V,H) >2.95 >2.95 - >2.95
AR(jj) - - [=1[=][< 1] -
Ap(EF™, jet) = = - [> 0.7][> 0.7][> 0.5]
A (EXiss, EXiss(tracks)) - - - <0.5
Ag(EXiSs, ) <n/2 - - -
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