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e Introduction

* Top could play special role in EWSB due to large mass

« Search for ttH directly probes top-Higgs Yukawa coupling via
associated production

« Comparing ttH coupling with SM Higgs production via gluon-gluon
loop with virtual top exchange can set limits on new physics in gluon-
gluon loop
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e ttH analyses

ttH analysis/H decay mode Ref Dataset size
H—bb HIG-16-038 12.9 fb!
H— Tt HIG-17-003 35.9 fb!
H—=WW#*,Z2Z*, tt  “multilepton” HIG-17-004 35.9 fb!
Hoyy T HIG-16-020 12.9 fb!
H—=ZZ*—4Lt HIG-16-041 35.9 fb?!

T Non-dedicated ttH analyses: 4l and yy decay modes in respective Higgs analyses with ttH tag, see B. Kries slides
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http://cds.cern.ch/record/2231510?ln=en
http://cds.cern.ch/record/2257067?ln=en
http://cds.cern.ch/record/2256103?ln=en
http://cds.cern.ch/record/2205275/files/HIG-16-020-pas.pdf
http://cds.cern.ch/record/2256357/files/HIG-16-041-pas.pdf

e ttH analyses

* Lots of final state objects
(leptons, jets, MET)

* Large backgrounds
* Small signal

O

Signal (expected SM), background content of signal regions by analysis

(" ttH, Hobb )

ttH, HHWW*,2Z*, tt

ttH, H—tt,
/ A Y Y

k Area of pies represents yields J
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— | Multilep/H—=TT lepton selection

« MVA-driven ID strategy
 |dentify prompt leptons and reject fakes (non-prompt)

Loose
Fakeable
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e H—Dbb lepton selection

* Cut-based ID strategy
- ldentify prompt leptons and reject fakes (non-prompt)
- Selection tuned according to event category

Cut Single e  Dilepton leading e Dilepton sub-leading e
pT > 30 25 15

In] < 2.1 2.4 2.4

Iso < 0.15 0.15 0.15

Cut Single u  Dilepton leading u Dilepton sub-leading u
pT > 25 25 15

[n] < 2.1 2.4 2.4

Iso < 0.15 0.25 0.25
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CMS. ,
> Jet, MET, t lect
> el, , [adU SeleClion
Iy =
v |
Object .
! Multilepton, H— Tty H—bb
Jets o Anti-kT clustered AR = 0.4 o Anti-kT clustered AR = 0.4
« pT>25,[n|<2.4 « pT>30,(20) n]| <2.4
* Cleaned from leptons AR < 0.4 * Cleaned from leptons AR <0.4
b-tags « Medium WP of CSVv2 tagger: 70% eff. « Medium WP of CSWv2 tagger: 70% eff.

« Loose WP of CSVv2 tagger: 85% eff.

Hadronic taus

e pT>20, [n] <23
» Tagged with CMS MVA tau discriminator tuned for ttH
* Cleaned from leptons AR <0.3

MET

e METLD =4*MET + 3*Ht e Standard CMS MET
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Common selection

2 Multilepton event selection

a8

* Thaq Veto

2(ss, 0Thad

b-tag requirement: 2 1 b-medium OR 2 2 b-loose

pTIeptons > 25; 15

2 same-sign leptons

24 jets

Z veto, MET LD > 0.2 (ee only)

wiyt ey’
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b loose

b tight ||
+
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* >3 tight leptons, Sq=+1 3t )
® pTIeptons > 20,10,10 GeV b tight
« METLD>0.30R 24 jets )
e 22jetsincluding b-tags b loose |
» Zveto
\. J

sameas 3¢ 5g=0
PTieptons > 20,10,10,10 GeV
veto HZZ4l events

)
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Common selection

—~ H=—TT event selection

F > 1 tight lepton

> 1 tight tau (medium WP)
b-tag requirement: 2 1 b-medium OR 2 2 b-loose

2/SS + 1Thad

3/ + 1Thad

==2tight leps, pT > 25,10(15) p(e)
> 1 medium Thad

SS requirement

23 jets

Zveto + MET LD in ee events

>3 tight leps, pT > 25,10,10

2 1 medium Thad

lep charges + Thad charge =0

> 2 jets

Z veto + MET LD in SFQOS events

r
1 + 2Thad .
» ==1tight lepton, pT > 25(30) u(e) .
> 2 tight Thagw/ lead pT >30 .
OS requirement on 2 leading Thad *
e >3 jets ¢
\_

b

Vg

t W+

b
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H=—bb event selection

-

« 1 selected lepton
e 24 jets
e 22 b-tags

Lepton + Jets Dilepton
N (2 OS leptons
o Zveto + m(#) > 20 GeV for same flavor
e 22jets
« >1b-tag

« MET > 40 for same-flavor leps

(26 jet, 24 b-tagD CZG jet, 23 b-taga

(25 jet, 24 b-taga C24 jet, 24 b-taga k

<24 jet, 24 b-taga C24 jet, 23 b-tagD <23 jet, 23 b-taga

\_

J

_/
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Background estimation

H-TT & multilep

« Data-driven estimation \
« Non-prompt leptons (fakes) primarily from b decay in tt
« Prompt leptons from charge misidentification

ReducibD

» Estimated from NLO MC
— validated in control regions
- HW,ttZ, diboson

Irreducible

-

H-bb
(- All bkg estimated from NLO MC )
— tt+jets, tt+bb
« Db-tag shape calibrated to data measured in control regions

\ — separate corrections for light and heavy flavor )
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\ | ] L ] | ]
= Multile —TT signal extraction
> lep, H=TT sig X |
‘\\i\\\\ \\ \\
* BDT + MEM approach
« 2D BDT
Kinematic & ID inputs
2 BDTs, each trained against specific background
(ttbar, ttV)
BDT outputs plotted on separate axes—binned into
1D Shape cn E:l\llls Pr‘eliminary | 359fb ( 3 (IEVE
c - I, post-fit (SM predlctlon) .
* MEM Q 120 +Data @WZ INon-prompt ]
. . (I} B ttH Rares [[JCharge mis-m. |
Input to 2D BDT in multilep - BOW DWW mTomtme
. . . . 100— Otz [JConv. —
final discrim for 2Iss in H—=TT - .
80_— _
CMS Prefiminary 85910 (13 TeV) CMS prefiminary 359 (13 TeV) % -
g 140G - ‘post ‘fn (SI‘VI pre‘dlctlo‘n) T o ] % 2001 T I‘I’ po‘st fit (‘SM p‘redlc‘llon)‘ =
o [ -+Data @WZ  [Non-prompt 1 9 r +Data mWZ SNon-prompt 7 60
IO qpp[ WtH [JRares [Charge mis-m. 1 w 180 WttH [JRares [[[Charge mis-m.
- mtwW  @W*W* ggTotal unc. B C mtW  @W*W* ggTotal unc. ]
Otz [Conv. ] 160; Otz  [JConv. E
" 100:— ] e E 40
Pt 80 ] 120 E
! F 1 100 e f
D. 60f- - 8ol E > Mgt
9 40 L - 60 ; é T,
T F 1 ok E . ~ N R i ASSRSA
20/ . F ] QS 1.8Fmmstatunc. [total unc. .
F ] 2or E 5 16 .
; oF ;oF : < 14F .
8 1.8 - Bl stat. unc.  [Jtotal unc. - g 1.8; E -og 1.2 - .
s 4 18 qab E S 10} - S - ——
g i BRI 8 —t E o8 T E
o g S ggr—— ) ; 060+
06—1 -0.8 06 04 02 0 02 04 06 08 1 06—1 -0.8 06 04 02 O 02 04 06 08 1 1 2 3 4 5 6 7 8
BDT (ttH,tt) BDT (ttH, tV) BDT (ttH,tt/ttV) bin
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e H—Dbb signal extraction

12.9 6" (13 TeV)

2] REARNRARRN LAREN LAREE LAREN REREE LAREE RERES RRRRE
§ 100 CMS Preliminary * data —tfH(lj=-0-19)—
- BDT + MEM approach in all channels* & [ ieponsets Rrelr Wi
- =6 jets, =4 b-tags Wit M2 -
- Split on median BDT output 80 BDT>0.13 Wb Wsinglet
. . B [ tt+v [ V+iets - T
(>median, < median) - B ciboson 119
- Use MEM as final discriminant in 1|3
. [0}
each region 1|z
- *except in dilep =3j,>3tag where BDT g
IS used
[T AL LA I M MM AL -
% 1.0 é////i////////%/////////%///7//// 55
T
O O'5_II 11 I L1 1l I L1 1l I L1 1l I L1 11 I L1 1l I L1 11 I L1 1l I 11 II—

00 0.1 02 03 04 05 06 0.7 08 0.9

MEM discriminant
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Multilepton results

« Combined observed (expected) best-fit u is
+0.5 +0.5
1.5 7" 05(1.0 ""04)

— observed (expected) significance of 3.30 (2.40)

CMS Preliminary 35.9 fb' (13 TeV)

m, = 125 GeV
y=1.5 “_”g: [ 3 (stat.) jg: (syst) ]
2l
_ +0.6
u=1.8 e %
- 5
3l S
_ +0.8 i
u=1.0 o 5
B &
4 S
_ +2.3
H=0.3 -16
| - I 1111 I L1 11 I 1111 |

-1-050 05 1 15 2 25 3 35
Best fit p(ttH)
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> H=—TT results

« Combined observed (expected) best-fit y is
0.724_0.62-0_53(1 .O+O.67_O_57)

- observed (expected) significance of 1.40 (1.80)

CMS Preliminary 35.9 fb™ (13 TeV)

1l+2r,

- +1.50
W= 1'20-1.47

2Iss+tr,

_ +0.79
w= 0'86-0.66

HIG-17-003 (H-TT)

3l+tr,

_ +1.33
=1 '22-1.01

Combined

_ +0.62
u= 0.72_0.53

—— Best fit

2
Best fit u = G/OSM
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H—bb results

* The observed best fit y = -0.19+0-80 4,

charles.mueller@cern.ch

11.4-12.9 " (13 TeV)

CMS Preliminary

w  tot. stat. syst.

. E +1.50 +1.05 +1.01
= -
Dilepton i 0.04 "39 006 -1.06

(9Qg«H) 8€0-9T-DIH

+1.02 +0.51 +0.88

Lepton+jets ——m—— | -0.43 .02 052 -0.87

Combined - -0.19 fg:g? ’“_8;12 *.8;22
PN I TR R TR NN TN NN T AN SO T T NN SO S S !
-2 0 2 4 6

Best fit u = o/c_ atm_ =125 GeV
SM
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Summary
LHC Run1 e Z
bb ATLAS £
CMS e O
&)
P Cus -
ATLAS —_—— £
2 -1 0 1 2 4
u(ttH)

* Evidence for ttH in multilepton channel, still waiting on
unambiguous ttH signal

* Working hard to on theory systematics in H—=blb analysis
 Combination in the works
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Thank you
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| 4> Lepton selection

N
2©

e Muons

- IS0 IS calculated from deltaR cone= 0.4
using delta beta PU correction

- PF tight muonlID
 Electrons

- CMS-specific ele MVA ID (medium WP)
~80% eff.

- gap eles dropped
- 1so Is deltaR = 0.3, rho™EA PU correction
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Baokground estimation

* Estimated from Monte-Carlo (NLO & LO)
— tt+X backgrounds
e tt+jets: Powheg Box v2 + Pythia8 (NLO)
* tt+V: aMC@NLO FxFx Madspin + Pythia8
— non tt backgrounds
* W+jets: mgbMLM + Pythia8 (LO)
* Z+jets: aMC@NLO FxFx Madspin + Pythia8

* Single Top (tW, t-channels): Powheg Box v2 + Pythia8
(NLO)

» Single Top (s-channel): aMC@NLO + Pythia8
* Diboson: Pythia8 (LO)

charles.mueller@cern.ch CMS ttH results w/ 2016 dataset - New Phys. Interpretations @ LHC 2 - April 6th 2017 20



< Multilep signal extraction

» 2tss 2D MVA inputs: kinematic variables

Input variable ttHvstt ttHvs ttv
« >3¢ 2D MVA inputs: kinematic variable + MEM weights*
- *MEM used for ttH vs ttV BDT only max(In(t:), 1nta1) ¥ v
« MEM from Madgraph: input to >3¢ BDT nlets v v
- New for 2016 ORumin(ls 2, jet) v v
- Signal hypothesis: ttH,H=WW* in >3¢ category MET v -
- Background hypothesis: ttW,Z/y* avg AR<jet jet> v ]
- LO MG + VEGAS Mi{t1, MET) e e
1 pr - v
2 pr - 4
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> H—1T signal extraction

Events

Data - Expectation
Expectation

« BDT for 14+ 214
 MEM Likelihood for 24ss + 1ty.4

e 2D MVA for 3¢+ 17,4 (same as for multilepton
analysis)

CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 fb' (13 TeV) CMS Preliminary 35.9 fb (13 TeV)
[2] E [2] E
e Observed [tz b= - at?ﬁszrved Egl:::et;oweak b= 9; a?gsawed Egléag;oweak ..g + e Observed [ Electroweak
Y Fakes ttw o = W ! o E T . r tiH, H— o Rares
tfH H— v =Electroweak > 25 [tH, H—-Ww/ZzZ  Fakes > 8 [OfH H—-wWwZZ N Fakes 2 o= EHH H— WW/zz Fakes
o L F tz ) Flips L F [tz %7} Flips - =’ = .
[CIfiH, H—WW/ZZ  [J]Rares L p 7E L 7 Flip L mtz =] Uncertainty
[ Uncertaint L, ItW 77 Uncertainty c ltw 7] Uncertainty C v
Y 20 E 8 3+,
1142t 2Iss+tr, 61 2Iss+tr, C
h missing-jet E no-missing-jet -
\ S5 6
\‘ \ af] C
T H o —
\\\\\\\\\\\\\\\ E C
3 4—
2E C
E_ | 1 2—
0 ol - %
E § E § E s
E sls E gls E 2| E
0'5? N n §§ 02} ‘ ‘ —— —* | \ é..% Olzi - — ::; -(% 055
OF==% ‘ | 5|8 E 3 (@ E 2[5 E
E [ S— i E + fin E 25 O
_0.5E e 5|5 -0.5F ‘ + 5|8 ~0.5F - Vg s i —
A 05 0 05 1 0 02 04 06 08 1 0 02 04 06 08 1 ° 1 > 3 2 5
MVA MEM LR MEM LR Dyva
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> H—TT signal extraction

* 11 + 2tau: BDT Variable.bl
- fake taus = largest background Ezu";; ermass
- Trained on tt+jets & ttH MC taul pt
- loosened had tau selection for stats it
- consider improvement over m(vis) tautau ntags-loose
njets_inclusive
tg_deltaR
* 2lss + 1 tau: MEM (LO MG+VEGAS) wgts for
- ttH, Htautau
- g éltlavlj/titahufake tau from lep L(y) = Wit (y)
’ w + ) Kpw
- ttbar, blv, btauv + np lep 1 (Y) % Bws(y)
- Two sub categories of events
* no missing jet (W from hadtop decay present)
* missing jet (jet missing from W frm hadtop)
« 3l+1tau
- 2D MVA as Iﬂ mU|t||ep o The transverse momenta of the leading lepton and of the trailing lepton.

charles.mueller@cern.ch

o The maximum || of the two leading leptons.
o The multiplicity of jets.

e The AR separation of the leading and of the subleading lepton with respect to the
nearest jet.

o The transverse mass of the leading lepton and the missing transverse energy vector.
e The observable H.

o The average AR separation between any pair of jets.

CMS ttH results w/ 2016 dataset - New Phys. Interpretations @ LHC 2 - April 6th 2017
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> Signhal extraction
I \
e \\\ \\
AL 1
« BDT d in dilepton 3jet, 3 b-t
usea in allepton olet, dgsS
« MEM & BDT d el n
usea elsewnere
11.4-12.9fb" (13 TeV) 12.9fb™ (13 TeV) 12.9fb™ (13 TeV)
J2) 140 LI B B UL I @ ] @ o RRRARRARES RRARERRRERRERRE RRRRE RRRRS
& CMS Preliminary #data  —15xtH "] S 89O CMS Preliminary #data  —15xtiH g 140f CMS Preliminary ¢data  —15xtiH ]
Rt Dtt+LF Wtt+cc T lentoniet Htt+LF Wttcc Rt L oot ; Dtt+LF Wtt+cc ]
120 dilepton Wi+ Ei2o 700 'epIon+e’s Wi W20 L lepton+jets Wi+ W20
F 3iets. 3 b-tags o ] E =6 jets, =4 b-tags o ) E 120 =6 jets, =4 b-tags o )
r Jets, 9 Wt+ob W single-t ] BDT<0.13 W t+bb Wsinglet 7 [ BDT>0.13 Wt+ob Wsingle-t 7
100 pre-fit expectation Ott+v Ev+ets 0 pre-fit expectation Ott+v Ev+jets 100 pre-fit expectation Ott+v Ev+ets 1
N [l diboson ] 500 [l diboson E L [l diboson i
T 7 I . :
60_ Y _E 60 / !
40f E 40 / A
C ] Y _
20F _- 20 ]
g 1.5~ g 5k g 1 5
S 7 /%/ /%/% / e S o
S osf S 4 8 05
—10 —08 —06 —04 —02 00 02 0.4 0.0 01 02 03 04 05 06 0.7 0.8 0.9 0.0 01 0.2 03 04 05 0.6 07 08 0.9
BDT discriminant MEM discriminant MEM discriminant
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- MEM
- LO

: Hbb signal extraction inputs

- Discriminant is ratio of PDFs of signal and background hypothesis

« BDT

L+)
4 jets, 4 tags 5jets, > 4 tags
Y pr(jets, lepton, MET) avg. An(jet, jet)
HT

avg. CSVv2 of b-tagged jets

aplanarity avg. CSVv2 of b-tagged jets
Hj M, (tag, tag) closest to 125
(Zpr(jet))/ (ZE(jet)) M,
M, of min AR(tag, tag) Y pr(jets, lepton, MET)
M, of min AR(tag, tag)
aplanarity
avg. AR(tag, tag)
> 6jets, 3 tags > 6jets, > 4 tags
aplanarity best Higgs mass
\/ An(t'eP,bb) x An(thad, bb) M) (tag, tag) closest to 125
(Zpr(jet))/ (ZE(jet)) M ((jets, lepton, MET)
min AR(tag, tag) 4th highest CSVv2
2nd moment of b-tagged jets” CSVv2 ¥ pr(jets, lepton, MET)
¥ pr(jets, lepton, MET) 5th highest CSVv2

b-tagging likelihood ratio

Dilepton
3 jets, 3 tags >4 jets, 3 tags >4 jets, >4 tags
(d)tagged Centrality(jets & leptons) | Centrality(jets & leptons)
H; (jets) C(jets) Centrality(tags)
bj tags
Mhiggs-like H2 ( tags) H T
Ji ji
Mg‘gﬁaﬂglass Mhiggs-like Mhiggs—like
. maxp :
TEREEY ARtag,tag jet,jet,}ret ERRER, ARiEtriEt
max Afjjet jet MEreR M};‘,‘"t‘aAXR
min ARjet,]'et min ARtag,bag ggi:gm o
E p Tjets leptons max A']tag,tag M{:g,‘ég
H, /Ho(tags) Tagtag max Afjjetjet
max Afiag tag
median Mjetjet
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Systematic uncertainties

« Hbb
- JES ~10%
- b-tag HF/LF contamination 5-10%
- b-tag C uncertainty 10%
- Scale ~5%
« Htautau
- JES/TES 1-4%
- Jet to tau FR 15% /tau
flips - 30%
ttH,V xsec(scale) 6-12% (2-4%)
Diboson - 100% (rate)
Rare SM bkg - 50% (rate)
« Multilep
- Fake bkg estimation - 30% (rate,shape)
- JES
- ttH,V modeling ~O(10%)
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- Multilepton limits & post-fit yields
oy category

* 95% C.L. upper limits calculated under background-only hypothesis

Events

Data/pred.

charles.mueller@cern.ch

Category Observed limit Expected limit +1c
Same-sign di-lepton 2.8 0.9 (—0.3) (+0.4)
Three lepton 25 (—0.4) (+0.7)
Four lepton 5.9 9(-1.7) (+3.1)
Combined 25 (—0.2) (+0.3)
.o 1
CMS Prellmlnary 35.9 fb™ (1 3 TeV) ® CMSI Preliminary : ?5'9 fo (13| Tev)
180:_I | FF, post-f‘it (SI\‘II pret‘jictior‘1) I_: g I 31, post-fit (SM prediction) ]
o #Data mWZ  INon-prompt . > - +Data [OttZ  [JConv. :
160 WttH [JRares [[ICharge mis-m. - w100 mttH @EWZ Non-prompt —
60r- mtwW  @W*W* ggTotal unc. E r BEtW [JRaresgTotal unc. B
140 - Otz [JConv. B i il
u ] 80 _|
120 = - i
u ] - 1 =
1001 = N ®
C ] ] =
o E : &
C ] — o
60— ] - &
s :Sssssssssssssssssﬁzskkhzs<§>zs>§§§z
12 I stat. unc.  [Jtotal unc. - g 15 - Ml stat. unc.  [Jtotal unc. E
: E s F E
14 % E S 108
12 x 444 . © g 3
1.0 — N 05F -
0.8 E E
0.6 0.0" ]

66 66 ew eu 6w 6w UH UL UL B
= % bk bl+ bt- bt+ bl bl+ bt- bt+

bloose  b-loose  btight  b-tight
29<0 29>0 3q<0 =q>0
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< Multilepton cross checks

» Crosscheck fit performed floating ttW and
tt/

- perform fit with,without control regions
enriched in these processes

» Slight decrease in performance

- obs (exp) p= 1.3%%°5 obs (exp)
significance 3.00(2.40)

o Fitted ttW, ttZ compatible with SM within 10
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H=TT upper limits

CMS Preliminary 35.9 fb™ (13 TeV)
11427,
u<2.6 (3.4 exp) -
®
2lss+1r, N
2
u<2.4 (1.4 exp) T
4
2
3l+tr,
_._
< 4.0 (2.7 exp) Observed
-©- Expected
Combined " +10 Expected

u<2.0 (1.1 exp) +20 Expected

1 ] ] | ] ] ] ] | ]
0 5 10
95% CL upper limiton u = O'/O'SM

charles.mueller@cern.ch CMS ttH results w/ 2016 dataset - New Phys. Interpretations @ LHC 2 - April 6th 2017 29



Results

* 95% C.L. upper limitis 1.5(1.7)

charles.mueller@cern.ch

Dilepton

Lepton+jets

Combined

CMS ttH results w/ 2016 dataset - New Phys. Interpretations @ LHC 2 - April 6th 2017

11.4-12.9 b7 (13 TeV)

CMS Preliminary

=== Expected =10

------ Expected 20
...... ttH(u=1) injected
—— Observed

1 10
95% CL limiton u = o/oSM atm, =125 GeV




< Non dedicated ttH results

e ttH, H—yy HIG-16-020

_129fb

- ttH (semi)leptonic tag
* >1lep (pt >20)
e >2 jets pt > 25, >1b-tag
- ttH hadronic tag
* >5 jets (pt > 25), >1b-tag
- Observed p = 1.9""°,,
o ttH, H—»Z7*—4| HIG-16-041

3591
- ttH tag

* > 4 jets(pt > 30), >1 btag
- Observed p = 0.0""%,,
« >0 constraint
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http://cds.cern.ch/record/2205275/files/HIG-16-020-pas.pdf
http://cds.cern.ch/record/2256357/files/HIG-16-041-pas.pdf

. Multilep/H—TT lepton selection

 MVA-driven |ID strategy
 |dentify prompt leptons and reject fakes (non-prompt)

b b

Lepton selection  Description

Loose

Loose * Use: preselection
* Cuts on kinematics, isolation, vertex, ID variables

Fakeable
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Fakeable * Use: Control regions for bkg estimate
« pT>15, [n| <2.4(2.5)

Tight * Use: signal regions
* pT>15, [n] <2.4(2.5) cuts on lepton MVA WP




