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Overview

e A search for the Higgs boson decaying to 2 b quarks is performed at CMS
In 3 production channels:

e Associate production with top quarks (¢ H, H)

e Vector boson fusion (VBF)
e Associate production with a vector boson (VH)

 The search for 7 H production is performed in 3 broad decay channels:

« H-bb: Analysis targeting production in the leptonic, dilepton, & hadronic
final states (PAS HIG-16-038, presented @ Higgs Coupling 16')

 H-— multileptons: Analysis targeting in leptonic (e,p) final

* states from H=>WW, tt, ZZ (PAS HIG-17-004, presented @ Moriond 17’)

* H-— yy: Analysis targeting in leptonic & hadronic final states
(PAS HIG-16-020, presented @ LHC Day 16°)

e tfHandrH employ MVA techniques while VBF and VH a regression method
Is used to reconstruct the invariant mass of the two b jets
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Run 1 coupling results

Couplings to fermions and boson strongly
constrained by Run-|I measurements

Scale factors kjintroduced to quantify
deviation from SM

One benchmark uses 2 scale factors
ky for vector boson and kr for fermions

In combination, search for
H — vt exceeds bo

g But, despite being the dominant decay
ATAS and CMS _ mode, coupling to bb not yet observed
2.5 _
I [J Combined ﬁH pl’OdUC’[IOI’]
2'_|:|H—>W b
= hger LHC Run1 — e 23707
L [OJH-w JHEP 08 (2016) 045 -0.
g5 - CMS Run?2
r Preliminary
: : ’Y’Y ® 22 +0.9
: — oroom, oo h [ T 0.0 %)%
0.5- _ oo ) IR P — -0.2 0.8
HIG-16-038, 13 fb™' |
| ——68%CL  95%CL 4 Bestfit % SMexpected - multileptons N 1.5:05
00 0.5 1 1.5 2 HIG-17-004, 36 fb™' | 06
K{/ Th + x _._I_ 07 tO.l5
* Allchannels compatible with kv=1 and k=1 ™" -ty g
e Result is consistent with the SM expectations Signal strength relative to SM prediction

Christian Contreras

DESY



The HuntforsrH@ 13 TeV

CMS Preliminary

35.9 b (13TeV)
T T | T T T | T

ttH why so relevant, why now? o B Combined + %o
L — Per process + 1o _
« The combined H(bb) and H(z7) result establishes u_,, | 111%% “" u=ug,
strong evidence for coupling of the Higgs boson . “eomies = 110 o
to down-type 3 generation fermions L e Protied _
W, | 222
e Indirect and direct results on 7 H coupling is also u _
evident for a coupling to up-type fermions Myp | 229750
[arXiv:1401.6527]
u
« The t7 H cross section increases by _
3 factor of ~4 @ 13 TeV  Small crc?ss section that grows
_ _ substantially from 7 to 8 and to 13 TeV
* Direct measurement is a key process for Higgs @ 125 GeV (NLO QCD+EW):

to determine top Yukawa coupling

= /s=7 TeV: o(ttH)=89 fb-'
— /s=8 TeV.: o(ttH)=133 fb""’
— /s=13 TeV: o(ttH)=507 fb"'
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CMS-PAS-HIG-16-038

l

* LargeH - bb Branching fraction

 Dominant background: tt+jets
e Irreducible contribution: tt+bb (theoretically challenging)

< ®O T

D+

< T
+

e Many jets with similar kinematics b
and limited mass resolution for H = bb b
Voo V,
Analysis strategy e, W

Tl

e Obtain good signal separation & constrain background

» Event categories: 11 (5) lepton+jets (dilepton) 11.4-12.9 fo"' (13 TeV)

- I e
@® - . ¢ Data — ttH x80.8 ]
e Lepton triggers and offline event selection 3 4005_ gl';’:)if reliminary E;;g_ Egg@
T —— — T —— ' < " >4jets, 3 b-tags -{t,;?ebts Etf{;'g'emp ]
Lepton_l_Jets ' DlleptonS S 3002_ pre-fit expectation ~ EDiboson [z Total uncertainty
n i
|» exactly 1 lepton |+ 2opposite sign leptons S 200f
[« Atleast4 jets |« At least 3 jets .
1 . ' 1 . | 100
At least 2 b-tagged jets | At least 2 b-tagged jets |
_ _______J 3 I
S =S A el Bl i e 0
 Leptons + jets: high statistics o1 S y |
 Dilepton: minimal non-77 background, 8‘2 " _ / A é// /% . 7 /‘//_
and jet combinatorics 0558 = —=05 0 05 1 15
« Classify events based on jet, b-tag multiplicities twist angle 3% 0% [radian]

and boosted jets (leptons+jets)
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ttH(bb) signal seperation

CMS Prel:m:nary
Il'llllllllll[llllll 'll'l

2.7 fb (13 TeV)

* Each sub-category discriminator is optimized
to improve sensitivity

1 lepton, >6 jets, >4 b-tags ‘Ef,‘,a ;:}TOQ“S’ =
BDT > 0.1 @t+b @ltt+2b —

Eltt+bb @@Single Top
@ V+jets v .
@@ Diboson pAgTot.unc.

Number of Events

* Dilepton: use Boosted Decision Tree (BDT)
e Lepton+jets: use Matrix Element Method (MEM)

/4

o tfHvstt+bb background hypothesis,
permuting over all b-quark association
« MEM as input to BDT modeling

e 2Dim MEM+BDT analysis

data/MC

| wami

0O 01 02 03 04 05 06 07 0.8 09 /
MEM discriminant 4

CMS Slmulatlon

2
CMS Simulation N\ —
>4}ets,2b-tags 2 4 jets, 3 b-tags = 6jets, 2 b-tags 4 jets, 3 b-tags 5 jets, 3 b-tags =6 jets, 3 b-tags

3 jets, 2 b-tags

i

+ - 1% [ ok s Lile (%3
$/8-0.000, S'VB-0.026 $/8-0.005, S/\Y8-0.047 $/8-0.003, SY\B-0.148 $8-0.014, S\¥B-0223 S/B=0.004, $/VB=0324 S/8=0003, S/VB=0.137 $/B=0.005, S/YB=0.252 S8=0.011, $YB=0430
z4jets, =4 b-lags 4 jets, 4 b-tags 5 jets, = 4 b-tags =6 jet, >4 b-tags Boosted

: Bt s 2 ¥

B e

| ERS

- tt+2b

[ R

B Ewk

- #H red e o, | b Telt

9/8-0.048,5/18-0.21 98-0.018,8/18.-0.121 §/8-0028, SVB-0275 §/8-0.035, 8,¥8--0.456 / S/8-0.019, YB-0204

>4
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ttH(bE) results

Combined fit of discriminant output across all event categories

e Observe no significant excess Upper limit at 95% CL
e Limited by systematics 11.4-129 b (13 Tev)
e dominated by those on 77 +(b-)jets background CMS Prefiminary

11.4-129 fb' (13 TeV)

CMS Preliminary Dilepton -

I tot. stat. syst.

+1.50 +1.05 +1.01 Lepton+jets -
-0.04 1.39 -0.96 -1.06

Dilepton H—=
i Expected +1o
------ Expected +2¢
= comoned| [ e e
. ; +1.02 +0.51 +0.88
Lepton+jets a0 -0.43 T 5 o7 N i .
1 10
95% CL limiton w = O'/O'SM atm,=125GeV
+0.80 +0.45 +0.68 ||
0.19 981 044 08|
T . L L Channel Observed UL  Expected UL Best-fit u
-2 0 2 4 6 : +15 +1.50 +1.05 +1.01
Bestfit p = o/c atm. = 125 GeV Dilepton 3.2 3477 —0.04" 39 (tot.) Tyoa(stat.) T s (syst.)
SM H
Lepton+jets 1.8 21159 —0.431 105 (tot.) 025 (stat.) 085 (syst.)
Combined 1.5 17107 —0.19708 (tot.) T4 (stat.) TH58(syst.)
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Higgs production with single top

 AtLO tH can be separated into 3 production modes:

* t-channel (tHg) (diagrams interfere destructively in SM)
e Associated tW production (tHW)

* s-channel (negligible cross section at the LHC)

q q

Wyé\ t-channel

g b g

e Sensitive to both the magnitude and sign of top Yukawa coupling
* |In BSM scenarios not necessarily (e.g. inverted top coupling scenario)

— Effective theory with possibly CP violating top Yukawa couplings, and
modified couplings to vector bosons (Eur. Phys. J. C 75 (2015), no. 6, 267)
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Modified top Yukawa coupling CMS-PAS-HIG-16-019

— . _ D —
Search for H = bb in association with N AT T—
a single top (t = b ev/b pv) pp — tH AR
‘9\ H—bb, t — blv expected £ 1 std. dev.
bé - ry=+1.0 expected £ 2 sid. dev. N
. . < e tH cross section . ;
Signal region: s | & 9
e Final state e/mu+3 g wl g 2
. £ 3 —
or 4 b-tagged jets, 7 ¢ 5
. o S O
1 non-tagged jet 5 o " g
« BDT to find jet assignment for 7 and tHqg hypothesis 5 |
 Final discrimination MVA classifier kinematics e,
+ kinematics interpreted in the two hypothesis CMS proimnay | 237" (13TeV)
CMS Preliminary 2.31b" (13 TeV) 2 pp — tH T mod oxpeatediimt | N
£ ' ' ' ¢ Data “% H — bb, t — bév expected + 1 std. dev.
@ - Muon + electron channel 1 B9 115 I 0.5 expocted & 2 std. dev. o
% - 4 tag region g g falf g k. e tH cross section - ;
= 4o L Kk =1.0, ky=+1.0 i -g:;c % 1 ? g
- - I 465 S ook E g-
. J B 42b g s o
i i Etﬁ > g O
ftH © o
20 = | [ Misc £ 197 ¢ 8
- 1 BN stat.+syst. i g
- 4 — 500x tHq g O
i i 500x tHW & | N &
_8 -3 -2 —1 0 1 2 3
e.b'g 224 Stat.+syst. Kit
8 b | Observed (expected) 95% CL upper limit for the SM
.BDT output |$ 1137 X OSM (986 X GSM) & 60 X olTC (64)( 0|TC)
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tHg+tHW, H— multileptons CMS-PAS-HIG-17-005

The process exposes relative sign of top-Higgs ——
and W-Higgs couplings via interference

CMS Preliminary 36.5fb" (13 TeV)
rr1rr1yrrr1r |17 rv1rT rrTrrv o1 1r171mT

o (tHg) = 792.7 fb g PR R
csm(tHW) = 15.61 fb 2 L 2lss- py =
L Wz

* [rreducible bkg (MC): 20F
o t1+X X=W/Z/H/Y") E

e Fakes -
total bkg. unc. —

* Photon conversions B
* Rare SM tZq, tWZ, tri-bosons, WWqq, tttt o
* Di-bosons WZ, ZZ - R
| L T e\
» Reducible bkg (data-drive): 53+ HE N .....
* Fakes due to non-prompt leptons - \\\ % 2
& miss-ID of jets passing lepton selection o- \\\\X\\\\ S

* Charge flips:
* Charge mis-ID (2lss)
 Opposite-sign processes (e.g tt/Z+jets)

e Analysis strategy

e Same-sign dilepton (2lss): 1 W from Higgs
decays hadronically, others decay leptonically

e Trilepton (31): All 3 Ws decay leptonically

Data/pred.

0.0 05 1185 "2 55 3 35 4
Minimum AR between any two leptons
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tHg+tHW, H—=multileptons signal extraction

« MVA discriminator train 7 V against 77

 Divide the plane of BDT7vs BDT 7y into bins

for signal and background

Shape fit the MVA binned output to extract the
signal yield combine for final result

- -08 -06 -04 -0.2 0 0.2 04 0.6 0.8 1
KinMVA tt

Expected (including SM Higgs) 7 BDT score
and observed limit on a*BR

o CMS E’rel:mmaryl S I?(? ?lfll)' $1l3I T?\I/) CMS Preliminary 35. 9fb~ (13TeV)
- N a2 - i —— Observed limit (o x BR) ]
8 35 - th __ ' apjvtvl-\lN*-/tZt;l/ --- SM Higgs exp. limit (c x BR)
> |:] tHW - T B +1 standard dev.
L N 12 | =Kt . +2 standard dev.
30 ... 3| W - e - oW BR (v =09
. [tz ] IH o x BR (kv = 1.0)
- [CItiH - . 55 % BR (sv = 1) |
25:_ R -WZ _: ﬁ I
- Fakes . T |
20 - total bkg. unc. = X
15 =
_ ‘ ] 02| excluded |
- g 1.0 1.0
1 0 — phesr 0.0 ) ' - -7 v
- ] -3 -2 -1 0 1 2 3
5 __ _— Iit/iiv
Al I HHZHZJ EB J S[MSDODO_—_"Hp= J « Excess of about 1 ¢ of expected

012080604020 02040608 1 SM-like tHq+tHW-+ttH signal observed
KinMVA (tHqvs )« Best-fit signal strength for SM: p = 1.8 + 0.3 stat. + 0.6 syst.
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CMS-PAS-HIG-16-003

Properties of the VBF H — bb channel:
e cross section significantly larger
than VH or ttH production
e very large QCD background

26 CMS Preliminary 2.32 b (13TeV)
- i 2 - CAT 4
* 4-jet signal event topology o 3 b ATS
1 or 2 b tag and BDT categorization I S (m, = 125.CeV
nl 3 —— —— aman g.
o —— ---QCD
o 108 _CMS Fl’rellr'nlnalry 232 fb (13TeV) g ::27_,,,# B 26 bkg, unc.
Q 107 - SmgleB e Data Lﬁ 14;— - - —— To bkg] unc.
8 -— —| ==VBF, m(H) =125 GaV 12;— = S
()] 5 -_ _ | ==-GF.m(H)=125GeV 10f
E 10°F I | Bl | - tiH mH)=125GeV 8;‘
Q) I I - DOCD(X 1.10) 6-_1 PN R NN S SO SN NN SN NN WO NN S l 1
Lﬁ 103 C I Mg B
n [ Jw + jets {
| : ! [Jz+jets
101 AR, fn - [ ]singlet
- | o & MC stat. unc. ] | ' |
10! i 80 100 120 140 160 180 200
: m,, (GeV)
— 1 0-3 : | sl | ]
' 1 UL S T . . . . .
% Og h- ................................... o ¢ Slgnal eXtraCtlon In Slmultaneous flt
g 0 5: ; ‘“ll.lll“lllll.” ...... I “'.” ..... . HI.“ ..... . AI.A. to mbb Spectrum in all Categories
- -1 -0.8-0.6-0.4-02 0 0. 0.4 0B 0.8 1 ]
BDT output Result using 2.3 fb—1 @ +/s = 13 TeV.

CAT1 ... CAT 4

U= _3_'7+2.4_2.5

Combination with Run 1 (18 -19fb-!' @ 8 TeV):
U= '|_3+1.2_1.1
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Mpb resolution

myp resolution significantly worsened by semi-leptonic b-decays
and gluon radiation outside jet “cone”

— improve b-jet energy resolution with regression

CMS Preliminary 13 TeV
= B I B L UL L I LI UL UL UL I
Regression inputs = 0.14p i M- 126 eV ~
. . — INgles selection —
e Jet kinematic Z 0 100 5
. O B —e— Regressed + FSR |
* EM energy fraction < F —— Raw ]
* [nformation about soft leptons z 01 :m ‘:;58 ~
In the jet T 0.08:— PEAK = 117.1 ]
* Secondary vertex information - FWHM = 31.2 .
+ Pileup 0.06 E
: 0.04- .
FSR correction: - -
Add jets within AR < 0.8. 0.02F -
- || ll 111 I 111 I 1 11 I | k i :

% 100 150 200 250

M, (GeV)
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Summary and Outlook

* About 39 fb-1 recorded and 2-39 fb™! analyzed at 13 TeV
* Run-2 sensitivity exceeded Run-1 result

* Presented searches for H = bb using 13 TeV data performed
* Probes Top-Higgs Yukawa coupling directly accessible
through associated t(t)H production

e [mportant for understanding loop contributions

* Studies involve complex final states with leptons, jets, photons etc.
e Multiple analysis channels contribute sensitivity
* No deviation from the SM prediction observed

Outlook

* Not all analyses updated to all available data
e updates in the very near future

« Excellent prospects for establishing 77 H, VBF signal with complete Run-2 data set

e Continuous improvement of the signal extraction methods & modeling of 7 + (b-)jets
(indispensable collaboration with theory & MC experts)
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Analysis targeting ttH production

Christian Contreras 17 DESY



Matrix Element method for ttH(bb) vs tthb

« Signal extraction via Matrix Element Methods (MEM):
e Event-by-event discriminator build upon matrix elements, combined with

reconstruction-level information

Resolution
function
(allow ISR)

Nc . dxad 8 a3 8 8
wim) =Y. [ 2 [ ] ( ok )(2@45(5,2) (Pa+po = 3 £k ) R (57,3 o)
i=1

Numerical Momentum
integration conservation

2xaxps / k=1 \ (2m)32E k=1 k=1
X9(Xa, ng)g(Xp, up)| M(Pa, Py, P15 -« p3)|2W(Y, P)
Parton LO scattering Detector
density amplitude transfer
functions (Open Loops) function

« Construct per-event signal/background probabilities using full kinematic information
In an analytic approach

_ w(y|ttH)
Ps/b = w(7|ttH)+kg s, W(7|tt-+bb)

« tt+bb take as background hypothesis, permuting overall jet assignments
 Works best for final states with multiple reconstructed jets
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Combination of BDT & MEM

11.4-12.9 b (13 TeV)

11_4—12.9fb.113TeV o’) Elllll|||III'IIlllllllII|IIIII_II|III|III:
e 10 ( :) § 455 CMS Preliminary & 7% @it
§ - CMS Preliminary ¢data  —ttH(u=-0.19) 9._-) 40; SITF;tSsn>4b_ta i =g:gﬁ =gi+nz;tlxe o E
i, 10° HitsLF  Pttecc S 355 =4 S ' g B Viets IV 3
E_ dilepton [ [T [F%=0 ? ~  30f pre-fitexpecation B Diboson - 7] Total uncertainty 3
: Hibb  Wsingle-t ,g o5k
10°F [Cttev B v+jets = @ 20 ‘
g W diboson ] . U>J 1 3 77 %A 2.,
5t Yz 7
oL Split category at o %
; A
the median of ttH BDT 5
10 0
1.5
o P TS T A////
05 7 =080604-02 0 02104 oe e
2 15 _ BOIT discriminator
% 1.0F l lt h = h -t
g o ow purity igh purity

w [s¢} (<2} » [s¢} » [s¢]
.- 0 & o & & &
82 g8y B3 gfy gfs : , ;
22 392 38L szl saf 11.4-12.91" (13 TeV) 11.4-12.91" (13 TeV)
fod Tea X8 N8 w e e «  A8prrrrrre e e e R
§ 140k CMS Preliminary #data  —ttH(u=019) § (6b- CMS Preliminary #data  —ttH(u=019)
- LF ltecc C HistF  ltecc .
w - dilepton Clue w L dilepton ]
120f= >4 jets, 24 b-tags Mo W20 _ 14 24 jets, 24 b-tags Mo W2 _'
- BDT<0.23 Hit:bb  Wsingle-t b - BDT>0.23 Wit:bb Wl single-t b
' [Ctev W v+jets ] 12k sy @ v+jets E
100~ i - L . ]
E f' l d . . . t - W diboson ; C W diboson ]
In the split categories : : 5
o - o
o) o
= R =
© ©
() n ()

0.0 0.1 02 0.3 04 05 0.6 0.7 0.8 09 1.0 0.0 0.1 02 0.3 04 05 06 0.7 0.8 09 1.0

MEM discriminant MEM discriminant
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Particle Swarm Optimization

e See: Particle swarm optimization (J. Kennedy, R. Eberhart)
Proceedings of the IEEE International Conference on Neural Networks, 1995.
« Optimization algorithm
» Different BDT setting (i.e. tree structure and variables) form the
search-space
» A specific setting corresponds to one point in this search space
e Algorithm:
* Create swarm of candidate BDTs
e Each BDT is initialized with a random set of input variables
and position in parameter-space
e Do N iterations
 Repeatedly train/test at current position.
e Vary input variables to maximize ROC while KS > threshold

* Then the BDTs move to new positions, based on their own and
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