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Higgs News
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* Higgs-like boson with M~125 GeV observed in several channels at several experiments

* CMS, ATLAS: > 50 when considering vy, ZZ, WW; see larger excess than SM expectation in these channels
* Same excess not yet seen in fermionic channels but still accommodate SM-Higgs expectation

* CDF, DO: combining bb channels searches, 2.90 excess is observed over mass range of 115-135 GeV.

What we know: ther

e is something!

Big question: What is it?
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Top-Higgs Interplay ey

* Top quark may play a significant role in
understanding EWSB

- Large mass means large coupling to SM Higgs
- Top Yukawa coupling to Higgs predicted ~1

March 2012
80.5 T— |

- Role evident from Mw-M; constraints on Mn [ 1LHC elxcluolled
- Top quark could play a role in EWSB beyond that of | —LEP2 and Tevatron
the Higgs mechanism of the SM { - LEP1 and SLD

68% CL
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Top-Higgs Interplay Oy

* Top quark may play a significant role in
understanding EWSB

- Large mass means large coupling to SM Higgs
- Top Yukawa coupling to Higgs predicted ~1
- Role evident from Mw-M; constraints on My

- Top quark could play a role in EWSB beyond that of
the Higgs mechanism of the SM

* Top quark is essential for characterizing this new
boson

- If it is the SM Higgs: need to see fermionic couplings

- Fermionic couplings are among the least understood
aspects of this new boson: accessible through ttH
production

- ttH: only production mode directly sensitive to top-
Higgs Yukawa coupling: cross section proportional to
coupling?

- Can access ttH, H—anything given enough lumi 10"
- Foremost is ttH, H—bb
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Top-Higgs Interplay Uy

* Top quark may play a significant role in
understanding EWSB

- Large mass means large coupling to SM Higgs
- Top Yukawa coupling to Higgs predicted ~1
- Role evident from Mw-M; constraints on My

- Top quark could play a role in EWSB beyond that of T
the Higgs mechanism of the SM f
H* v

* Top quark is essential for characterizing this new q f b
boson /

- If it is the SM Higgs: need to see fermionic couplings

- Fermionic couplings are among the least understood
aspects of this new boson: accessible through ttH
production

- ttH: only production mode directly sensitive to top-

Higgs Yukawa coupling: cross section proportional to V,
coupling?

- Can access ttH, H—anything given enough lumi

- Foremost is ttH, H—bb

Q|
~]
o

 Sensitivity to non-SM Higgs as well, eg. t—Hb
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Direct Searches for ttH Production Uy

* Virtues
- Access to all Higgs decay modes Lepton + Jets channel

- Focus initially on bb
- Rich, characteristic signature
- Top quarks are quite distinctive
- Heavy recoil system against Higgs: “simple” final state

« Challenges
- Need to measure background from tt+X production
- Low production cross section
- Very busy events

- Heavy recoil system against Higgs: hard to distinguish b
Dilepton channel
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CMS ttH Search Uv;Rszz

lepton + = 6 jets + 3 tags CMS Preliminary, Vs =7 TeV, L=5.0 fb" lepton + = 6 jets + 3 tags CMS Preliminary, Vs = 7 TeV, L= 5.0 fb’'

§ L Ml ;Z sy | & e miceh ;:::33;‘:1-:?5) mLeen | o Start from tt-enriched sample:
—+— Data (413) Sum MC (404.9) —— tfH120 ( 4.4x92 =~ - —$— Data (413) Sum MC (404.9) ——tfH120 ( 4.4x92 . .
"l / R R o * [Lepton plus jets] 1 isolated lepton (30 GeV), at
i b least 3 jets (40GeV) plus 1 jet (30GeV) and 2 b-
“r 7 : tags
B 30_—
40 . -  Divide into 7 categories:
5 i “F * 4 jets (3, = 4 tags)
20— - .
i o * 5jets (3, =4 tags) 5 fb-
L C ° I >
.. 6 jets (2, 3, = 4 tags) 7TeV data
5 | bl * Main backgrounds:
: 02‘ llllllllllllll ”‘“ lllllllllllllll —+ * {t+jets (MADGRAPH+PYTHIA)
018 0B O erage Covoutpat (btags) o 7 7% CowestCsvoutput (otags) . LTW, T2 (MADGRAPH+PYTHIA)
g S L e o e cses )« Watjets, Drell-Yan (MADGRAPH+PYTHIA)
$ [ Somwn Casmicns —umissey | 5, [ -b0uae  [ZJSmuo0sn o (ssan * single-t (POWHEG+PYTHIA)
e - e diboson (PYTHIA)
C 200_— . . .
50 - « Signal: ttH with H—anything (pyTHIA)
150 —
5 e Train ANN: 10 variables depending on category
100 — .
- (eg. 6j3t) av. b-tag disc. value for tag jets
50 lowest CSV (tags)
C sum of devs from av. CSV (tags)
¢, 0 3 second highest CSV (tags)
g g av. AR for all tagged jet pairs
[=] 1 [=] h3
sphericity
% 0005 001 0015 002 07 075 08 08 098 095 1 av. mjj for all untagged jet pairs
dev from ave CSV output (b-tags) second highest CSV output (b-tags) h2
“Before Fit” normalizations and errors mass (lepton, jet, MET)
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CMS ttH Search Uv;Rs;fz

Expected event yields in each Lepton plus jets category in 5 fb- . ;_uem: *<§;‘J3:7(>9:)tg- :tcgziwég;gg:;;?m
Category siarf;ﬁl\;l;: nng) background SHB . :: e e
> 6 jets, 2 tags 6.3 2255.8 0.13 —
4 jets, 3 tags 35 1041.6 0.11 0t
5 jets, 3 tags 4.7 666.7 0.18 2‘?
> 6 jets, 3 tags 4.4 404.9 0.22 "
4 jets, = 4 tags 0.5 20.0 0.11 % =L
5 jets, = 4 tags 1.2 31.8 0.21 ]
- 6 jots, = 4 tags 17 30.3 0.27 G707 w5 04 05 ws 07 g3 08
* Included also, the dilepton channel § e Bt BR, B
* UM, ee, e channels :: . 6 iets, 4 tags
* Require 1 tight muon/electron (20 GeV) and 1 loose muon/electron wob- s
(10,15 GeV), at least 2 jets (30GeV) and 2 b-tags 2
Expected event yields in each Dilepton category in 5 fb-1 _
Category sigrf;ﬁl\;;:f;) background SHB ) e
2 jets, 2 tags 0.7 4306.0 0.01 §
>3 jets, = 3 tags 2.9 167.6 0.22 bt i

ANN output
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CMS ttH Search

At Higg’s mass 125 GeV

- expect to set a limit of 4.6 X Oswm
- observed upper limit: 3.8 X Osm

Lepton+Jet CMS Preliminary, Vs =7 TeV, L =5.0 fo'!
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Source Rate Shape? | Notes

Luminosity 2.2% No All signal and backgrounds

Lepton ID/Trig 1.8% No All signal and backgrounds

Pileup 1% No All signal and backgrounds

Jet Energy Resolution 1.5% No All signal and backgrounds

Jet Energy Scale 0-66% Yes All signal and backgrounds

QCD Scale (tTH) 12.5% No Scale uncertainty for NLO tH prediction

QCD Scale (tf) 2-12% No Scale uncertainty for NLO tf, tfV, and single top pre-
dictions

QCD Scale (V) 1.2-1.3% No Scale uncertainty for NNLO W and Z prediction

QCD Scale (VV) 3.5% No Scale uncertainty for NLO diboson prediction

pdf (g9) 9% No Pdf uncertainty for g¢ initiated processes (tf, t{Z, t{H)

pdf (q7) 4.2-7% No Pdf uncertainty for g4 initiated processes (tfV, W, Z)

pdf (48) 4.6% No Pdf uncertainty for gg initiated processes (single top)

Factorization scale (tf) | 0-20% Yes Uncorrelated between tf+jets /bb/ cc; varies by jet bin

Factorization scale (V) | 20-60% No Varies by jet bin

b-Tag SF (b/c) 0-15.2% Yes All signal and backgrounds

b-Tag SF (mistag) 0-10.6% Yes All signal and backgrounds
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CDF ttH Search Uv;Rs;fz

» Also took the MVA approach

9.45 fb
 Start from tt-enriched sample: 1.96 TeV data

* [Lepton plus jets] 1 lepton (20 GeV), at least 4 jets (20GeV) and 2 b-tags, MET

 Divide into categories:

* 4 jets (2, = 3 tags) - .
* 5 jets (2, > 3 tags) At ngg s mass 125 GeV

> 6 jets (2, = 3 tags) - expect to set a limit of 12.6 x osm
- observed upper limit: 20.5 X osm

* Train NN to discriminate ttH from tt using 18 inputs, including:
* Dijet mass of leading untagged jets

-
e HT, lead jet ET, MET g
* Minimum DR between b jet.... E
2 [ . -
‘e | =6jets * Data -
210 > 3 b tags Ultt+jets c:
3' i M tt+bb g\,
£ g 4 |_|Other o
QO r -
o [ t tHxtw0}) 7 .. Median expected
6_ ? [l " R
: | Most sensitive Observed
4'_ Category - - Median expected + 1o
i ’ > 6 jets > 13 tags Median expected + 2 ¢
_ 1
2l » Standard model
1 ~lllllllllllllllllllllllllllllllllllllllllllllllll
e 100 105 110 115 120 125 130 135 140 145 150
01 02 03 04 05 06 07 0.8 09 1 . 2
NN output Higgs boson mass (GeV/c“)
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ATLAS ttH search Uv;Rs;fz

 Event selection:

._2 0_16_—""l'"'{.i.;_'__:l""l""I""I""I""—:
« [Lepton plus jets] 1 isolated electron/muon (25/20 GeV), at > 014 zrg?est:::m:: ;st'mu'at'on) -
least 4 jets (25GeV), MET and MT cuts for QCD bkg removal 2 osef ol background -
< C - ]
« Divide into 9 categories: e e ti(m, =125 GeY) e
0.08— —
* 5 jets (3, = 4 tags) * 4 jets (0,1,= 2 tags) 0.6 =
* =6 jets (3, = 4 tags) * 5 jets (2 tags) 0.0 =
* > 6 jets (2 tags) b |4 e -
Signal region categories Background dominated o000 Ts0 " Eo0 mmo 500 5m0 400
: M . [GeV]
« Main backgrounds: categories o
e tt+jets (ALPGEN+HERWIG) E 0'25;_ ATLAS Preliminary (Simulation) 7
e ttW, t1Z (MADGRAPH+PYTHIA) g 0_21_ i Slets,4btags E
e Drell-Yan (ALPGEN+HERWIG) g F Total background ]
« W+jets normalization: data-derived, shape: (ALPGEN+HERWIG) O B I HH (m, =125 GeV) e
* single-t (MC@NLO+HERWIG/AcerMC+PYTHIA) - -
e diboson (HERWIG) 0.1~ - -
e Multijet: Data-derived model - ]
e Signal: ttH with H—bb (PYTHIA) "oF -
- Employ two discriminanting variables: o e e e Too0 1200
, : o Hd [GeV
* In = 6 jet events, use kinematic fit to reconstruct tt system p T (G
from selected object. Reconstruct mp, with remaining jets. 4.7 1b

* In all other categories, use Hr (scalar sum of jet prs) 7TeV data

9 Sarah Boutle




ATLAS ttH search U%Rs;fz

« Perform simultaneous fit to the background- . Betore Fit N Atter Fit
. . . ] GO 4:_ATLA3 Prehrr_:mary e_+.u_ %St;e(T\SS_Z 74T2 \};'zlgs O 4:_ATLAS Prellrr_l:nary e_+.u_ %St zjae(t\i—z 74T2 \}?gs
dominant + signal topologies: g 12:det=4.7fb = S 12:det=4.7fb =
2 C ! g2 L tt
 Improves background prediction I %gvi,-ets I %gvmets
w — +ets s ZEIT| — Hets e
. . . . - [ Diboson = [ Diboson
* Reduces uncertainties, resulting in better o B Single top sf- I Single top
L. r _Multuet - Multuet
search sensitivity 2 b of
» Use additional categories to validate - o
background modelling (5 jets, 0 or 1 tags and - of
6 jets, O or 1 tags) : o
= : S IRk S S S S S
signal (M=125 g 05 g 05
Category J H—(’ bb ) background SHB 0 50 100 150 200 250 300 350 400 - d—(};% 100 150 200 250 300 350 400
m; [GeV] m; [GeV]
4 jets, 0 tags 0.20 40200 0.001 % [ ATLAS Preliminary e+ >6jets, 1btags | ® | ATLAS Preliminary e+ > 6 jets, 1 b tags
o 1000—| Ldt=4.7 i —8— Data (\s=7TeV) Pt FlLdt=47" —e— Data (s = 7 TeV)
4 jets, 1 tag 1.1 21240 | o008 | E"TVE mmEi B LT
’ ' ' g | = e
4 jets, = 2 tags 3.0 15040 0.02 | & ™ =P i or — P
5 jets, 2 tags 27 6640 0.03 con] = s : = S
) . . B I Multijet 400 I Multijet
L Tot bkg unc. - . B Tot bkg unc.
> 6 jets, 2 tags 3.4 3360 0.06 w0l a00]- |
5 jets, 3 tags 2.3 915 0.08 b 200
5 jets, = 4 tags 0.74 45 0.11 } ooF EE |
0 ofF = _
> 6 jets, 3 tags 4.0 634 0.16 S 15t S 15 4
> 6 jets, = 4 tags 2.2 62 028 | &Zos - o
- . 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Yields after the fit H* [GeV] H'* (GeV]
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95% CL Limit on o/cg,,

x BR(H—sbb) [pb]

ATLAS ttH search
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—e— Observed (CLs)

----- Expected (CLs)
[+ 1o

[ J+2c
&= SM prediction x 10

\s=7TeV, I Ldt=4.7 o'

fiH (H — bb)
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At Higg’s mass 125 GeV
- expect to set a limit of 10.5 X Osm
- observed upper limit: 13.1 X osm
Also set upper limits on absolute
oswx BR(H—bb)
Systematic uncertainty Status Components
Luminosity N 1
Lepton ID+reco+trigger N 1
Jet vertex fraction efficiency N 1
Jet energy scale SN 16
Jet energy resolution N 1
b-tagging efficiency SN 9
c-tagging efficiency SN 5
Light jet-tagging efficiency SN 1
11 cross section N 1
11V cross section N 1
Single top cross section N 1
Dibosons cross section N 1
V+jets normalisation N 3
Multijet normalisation N 7
W+heavy-flavour fractions SN 4
1t modelling SN 3
rt+heavy-flavour fractions SN 1
ttH modelling N 1
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Significant Challenge: Backgrounds U

* Most challenging background is ttbb
- Irreducible: has the same signature as ttH
- ttbb NLO calculations are available

- these suffer from large scale uncertainties due to presence of two very different energy scales: m: and
jet pt threshold in tt and jj

- Absolute cross section difficult to measure due to small cross section

e Can measure ratio ttbb/ttjj
- Many experimental uncertainties cancel
- Expected to have a reduced dependence on scale
- Good test of NLO QCD

Sarah Boutle



CMS ttbb/ttjj Measurement

« Exploit difference in b-jet multiplicity between ttbb and ttjj

 Event selection

- Trigger on ee/up and e events

- 2 isolated leptons (20 GeV), opposite sign

-mp>12 GeV

- Z-veto (15 GeV around Z-mass)

- MET > 30 GeV (ee /uu channels only)

- >4 jets with 30 GeV

- =2 b-tagged jets (= 4 for ttbb sample)

« Analysis strategy
- Fit b-jet multiplicity

5 fb-1
7TeV data

- Correct for acceptance to visible phase space
o(ttbb)/ o (tfjj) = R X €tji/ €tph

ratio of events
(reconstructed)

correction to visible
phase space

*Final result:

o(tEbb) /o (tEjj) = 3.6 £ 1.1(stat.) £ 0.9(sys.)%

* Prediction: 1.2% (MADGRAPH) and 1.3% (POWHEG)

- NLO analytical calculation in progress

Normalized entries

Events

A
e
Ml

UNIVERSITY

7VIRGINIA

L B A R L L L L

0.6 CMS Simulation ~tt+ bb —

~ at\s=7 TeV “tt+cc

0.5 —tT + LF

0.4F =

0.3F -

0.2F -

0.1F =

O—lllllllIIIIlIIIIIllllllllllllllllllllllﬁ:

0 05 1 15 2 25 3 35 4 45 5

b-jet multiplcity (CSVM)

- T I_.lD't L

| CMS Preliminary ata 7

10° -1 - Bt + cc/LF=

E 5.0 fb" at\'s = 7 TeV Wi+ -

[ pup i epl i ee Z

10°F ' 3
10%

bl

012 3 4 0 1 2 3 40 1 2 3 4

b-Jet Multiplicity (CSVM)
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Direct Search for Charged Higgs Uy

* We can look in top events for evidence of MSSM charged Higgs
through t—=H=b

* In standard model, tt events are dominated by Wb final states

* The presence of a light Higgs would result in a different distribution of
tt final states than expected in SM

* For low Higgs mass and high tan 3, the dominant decay mode H=—Tv
 All assuming BR(H=—T1Vv) = 1

» Results presented for BR(t—H=#b) as function of tan  and Higgs mass

* In these analyses, consider My < Miop

? 0.1 N T - -
- 1 O  Frrirrrrrrrr v e
S 0.09 - : g F
0 - — FeynHiggs 12 e )
< 0.08 i £ T
oM -+ HDECAY g S : A
0.07} §107E e P 35;)
. 8 F . Scenario A (tanf=35!
0.05} I THe Y
0.04k 10-2 .E__-.-----~ ............................ ..................... . H+_) CS
0,03 3 el —H'—>tb
0.02 § 109 i ~""----_ —— -n-:'a‘:;":':,';';;;';';;';;';:';‘:"."
0.01 - s
0 Ll 10.4 | RS MU TR SR SR S N S T I R R T S N 1
0 100 200 300 400 500 600
H* mass (GeV)
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CMS Search UNIVERSITY

Th + Jets Th + €/ e+
7" — hadrons 7" — hadrons /T{ = Loy,
H*“”/\ H' “/\
ngQQQQQQQQQQQQII Z (;\};\-«.__. Vr g\QQQQQQQQQQQQQ«I ; «\{)‘\ ~Vr
1, s 1,
QQQJJJQQQQHM—‘—‘{ /b‘ g - Ve mgmmw—i—/b . - Ve
° w- < ° w- <
¢ 4
1 isolated hadronic tau 1 isolated hadronic tau 1 isolated muon
0 isolated leptons 1 isolated op. sign lep 1 isolated electron
Large missing ET Large missing ET =2 jets
>3 jets > 2 jets Opposite sign
>1b jet >1bjet Mey > 12 GeV
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Th + Jets Th + €/J e+
7+ — hadrons 7" — hadrons ,T+ = oy,
H+’__'_ H{,.-" H<
g \-’2222222221229{ = - VT g R00000000000 - = V‘T g R00000000000 - = VT
t
I I ™
t
t b vy
g
W
4
oy . [@ = - -1
" {s=7TeV L=2.3[fb"' CMS ” {s =7 TeV L=2.2§b'CMS e is=7TeV L=23fb CMS
€ T m,=120GeV  ® f*ets data = m,. = 120 GeV o ui data L g10°E my, = 120 GeV et sy N
O, 3| B(t-oHD)=0.05 with H -ty 210° B(t-+H'b)=0.05 “e with W o Ty > B(t—H'b)=0.05 T 3
310 [ multijets (from data) — uJ misidentified : w L DY+jets 3
- e , B EWK+ti © (from data) - Gascecaiassacen DY+jets "3 L - Wejets -
Pacescs I EWK+tt no-t (simul)  — N LI TRSTESTAST ] I Single t
- - stat. ® syst. uncert. 1 i - Il Oiboson ] 104 B Diboson <
i B : I Single t /- stat. @ syst. uncert. =
i 4 10° : It s ple X -=
o ' B+ X B
1 02 stat.  syst. uncert.”|
10°
10°
10 107
107
0 = © . 2 }
512 + + + 3 S, 1.2 5 512
o 1 ¢ . ?é 1 + + + } 1 @ 1 ¢ ¢ ' Voo
Sos8 | l - Sosg Z Sost E
o >3] EM>50  btag Ao <160° o >3j+E™*  btag 1z oS QO  2leptons M>12GeV >2jets  OS
T

Selection step

Selection step

Selection step
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CMS Search Ui

is= 7TeV L=23fb"' CMS

sensitive channels

«= Observed t10 (th.)
Excluded

%) 405=--. m =120 GeV e 't'ﬂvetsvda"a' B _E
O ‘5;;2;;_..-- A B(t —H' b)=0.05 with H -ty -
R 4o B ot rom)
5 35 B Wk o () e For the T + e/(, and e+ channels, only event
g E counting is used to extract the final limits
fg , * The T + jets analysis extracts the possible signal
N AN E using the mr in a binned maximum-likelihood fit
5 . =
i it 0 0 » Limits show combination of all channels
545 + ’ ;
S ety + 3
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ATLAS Search
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ATLAS Search
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e Significant constraints on BR (t—H=b) by CMS and ATLAS:
e Upper limit of 2-3% for a H* mass 80-160 GeV for CMS
* 1-5% over H* mass 90-160 GeV for ATLAS

* Both exclude a large region of my* - tan3 parameter space
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Summary Uy

* Characterization of the new Higgs-like boson is a primary goal for current and future colliders

* The production of this Higgs-like boson in association with top quarks is a useful opportunity
for study of the top-Higgs Yukawa coupling

* Direct searches for ttH production w/ H->bb have been undertaken by CMS, ATLAS and CDF.
With enough integrated luminosity these searches will soon have SM sensitivity

* The challenges to these searches posed by the tt+jets, and specifically the tt+bb, background
processes are being measured at the LHC. Need to make further progress on the theoretical
description of this background

 Studies of top quark decay can provide insight into extended Higgs sectors present in some
beyond-the-SM scenarios
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ATLAS-CMS ttH analyses: comparison Uy

ATLAS CMS: LJ channel
electron/muon PT > 25/20 GeV, Inl < 2.5 PT>30 GeV, Inl <2.5/2.1
anti-kt R=0.4, anti-kt R=0.5,

pT (jet 1,2,3) > 40GeV,
pT (jet 4,5,6) > 30GeV
Inl<2.4

jet cuts pr>25GeV,
Inl <2.5

Ermiss > 35 GeV
additional cuts Mt > 30GeV (electrons) no Ermiss cut
Etmiss + Mt > 60GeV (muons)

signal H—bb H—anything

fit mpp in best signal categories

analysis strategy fit Hr in background categories MVA
4 jets (0,1,= 2 tags) 4 jets (3, = 4 tags)
categories 5 jets (2, 3, = 4 tags) 5 jets (3, = 4 tags)
> 6 jets (2, 3, = 4 tags) >6 jets (2, 3, =4 tags)
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