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There are several reasons why the top quark is special:
@ It is the heaviest particle in the SM
@ Since 't > Aqcp, t decays without forming hadrons

o Large top Yukawa coupling y; = v/(v/2m;) ~ 1 connects top
to EWSB

@ All its expected properties are not yet verified by experiment

At the LHC, top quarks will be produced in large quantities
o(pp — tt) ~ 900 pb @ NLO for m; = 170.9 GeV =
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@ More precise measurements of mass and cross section
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There are several reasons why the top quark is special:
@ It is the heaviest particle in the SM
@ Since 't > Aqcp, t decays without forming hadrons

o Large top Yukawa coupling y; = v/(v/2m;) ~ 1 connects top
to EWSB

@ All its expected properties are not yet verified by experiment

At the LHC, top quarks will be produced in large quantities
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Top quarks

There are several reasons why the top quark is special:
@ It is the heaviest particle in the SM
@ Since 't > Aqcp, t decays without forming hadrons

o Large top Yukawa coupling y; = v/(v/2m;) ~ 1 connects top
to EWSB

@ All its expected properties are not yet verified by experiment

At the LHC, top quarks will be produced in large quantities
o(pp — tt) ~ 900 pb @ NLO for m; = 170.9 GeV =

@ More precise measurements of mass and cross section
@ Spin correlations

@ Non-SM decays
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Spin correlations

@ Hadroproduction of tt is a modern version of an EPR
experiment: Knowing the spin of one t statistically predicts
the spin of the other.

@ Overall correlation C = <(§t -3)(S%- Z))> obtained by
weighting partonic correlations with pdfs.

o At the LHC, where gg — tf dominates, C = 0.326 in the
helicity basis, while at the Tevatron C = —0.352 (mostly qq)

cut

U ana ¢ fracuon 1or IVI(<IVI

t

G s I T

— o fraction for M;<M,

---.Cfor M‘(<Mcm

Bl ol

Bl
400

N N N I N W I
500 600 700 800 900 1000 1100 120(

M, (GeV)



UPPSALA
UNIVERSITET

New angles on top
decay to a charged
Higgs

Oscar Stal

Top quarks
SM Spin Corr.
Charged Higgs

Outlook

Spin correlations

@ Hadroproduction of tt is a modern version of an EPR
experiment: Knowing the spin of one t statistically predicts
the spin of the other.

@ Overall correlation C = <(§t -3)(S%- Z))> obtained by
weighting partonic correlations with pdfs.

o At the LHC, where gg — tf dominates, C = 0.326 in the
helicity basis, while at the Tevatron C = —0.352 (mostly qq)
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o Using a cut on /3 to increase C can be beneficial
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Analyzing the top spin

@ The V-A vertex for the weak top decay
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Wib V2

is parity violating and analyzes the spin of the decaying quark.

_l=9
VisW, By ——1-b + h.c.
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@ The V-A vertex for the weak top decay

sw
I _ sV
Wib V2

is parity violating and analyzes the spin of the decaying quark.

_l=9
VisW, By ——1-b + h.c.

@ Decay of polarized particles:

1 dar _ 1+ o cos0;
Fdcos;, 2

Spin projection cosd; defined in decay rest frame. Spin
analyzing coefficient «; for each decay product.
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Analyzing the top spin

@ The V-A vertex for the weak top decay

8w
L ===
Wib 2

is parity violating and analyzes the spin of the decaying quark.

S RN
vtbwljtw%mh.c.

@ Decay of polarized particles:

1 dar _ 1+ o cos0;
Fdcos;, 2

Spin projection cosd; defined in decay rest frame. Spin
analyzing coefficient «; for each decay product.

e Example: t; — bW™ — blty; with
oy=10, o, =—-0.35 ay =—ap,=04
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SM correlations
e Doubly differential distributions. 6;, 6; in t(t) rest frames.
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SM correlations
e Doubly differential distributions. 6;, 6; in t(t) rest frames.

1 d2N 1
N d cos 0;d cos 6; T4

@ Single angle distributions (D ~ —0.24 @ LHC)
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SM correlations
e Doubly differential distributions. 6;, 6; in t(t) rest frames.
1 d’N 1

- 9" _ (1 iv; cos 0; cos 0;
N d cos 0;d cos 6; 4( + Caia; cos b cos J)

@ Single angle distributions (D ~ —0.24 @ LHC)
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@ For dilepton channel ATLAS expects to measure C to 3% and
D to 6% accuracy (Hubaut et al, hep-ex/0508061).
Systematics limited alreadv with 109b—1:
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Top decay through H*

o In models with a sufficiently light H*, the decay t — bH™
can occur with possibly qunte large BR(t — bH™)
' 2HDM (||)

/
\

| \ X

AR ALy AR AL

10° m, = 80 GeV
T, =
——mH_120GeV
— my, = 160 GeV |
104 : e
1 2 3 4567810 20 30 40

tanp

@ The vertex has a different form compared to the thW* V-A:

Ly = VipH T [A(l — )+ B(1+ 75)} b+ h.c.

2\me
2HDM (I1): A= m;cot3, B = mptan 8
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Spin analyzing coefficients

@ Spin analyzing coefficients «; for polarized top decay:

(1— w1 — 1w — 2w?) — 1202w

Channel
Analyzer W (w = m‘z/]//m%) H (¢ = m%_l/m%)
1— 2w A2 _ g2
b - ————f(&, A B)
14 2w A2 4 B2
2 2
1-2w A2 _ B
wt/Ht ——— f(§, A, B)
142w A2 4 B2
2 2 2
_ 1—¢24+26ne A2 - B
I (d) 1 f(€, A, B)
(1—¢)? A2 1 B2

1—¢24+26eime A2 - B2
. e L f(€, A, B)
(1—¢)? A2 4 B2

(1 — w)2(1 +2w)
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Oscar Stal b _ w B He. A, B)
1+ 2w 2182
Top quarks 2 g2
1—-2w A4 — B
+ 1t
SM Spin Corr. WT/H 1420 m“f; A, B)
Charged Higgs 1 €21 26me A2 - B?
@ 1 srzehe f(¢, A, B)
Outlook 1—e2 A48
1— w)(1 — 1w — 2w?) — 1202 1—¢24+26eime A2 - B2
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@ For SM decays, It (d) is the most efficient analyzer.
For Higgs decays it is instead the b-quark or H* itself
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Spin analyzing coefficients

@ Spin analyzing coefficients «; for polarized top decay:

Channel
Analyzer W (w = mlz/]//m%) H (¢ = m'?_l/m%)
1— 2w A2 _ g2
b - (&, A, B)
1+ 2w A2 4 B2
2 g2
1—2w A2 _ B
wt/Ht f(€, A, B)
142w A2 4 B2
2 2 2
_ 1—-¢242¢Im¢ A2 - B
It (d) 1 f(€, A, B)
(1—¢)? A2 1 B2
(1 - w)(1 — 11w — 2w?) — 1202 Inw 1—¢24+26eime A2 - B2
vy (u) - f(€, A, B)
(1 — w)2(1 +2w) (1—¢)2 A2 4 B2

@ For SM decays, It (d) is the most efficient analyzer.
For Higgs decays it is instead the b-quark or H™ itself

e Charged Higgs results depend strongly on A and B?, i.e. on
the Lorentz structure of the coupling
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Results in 2HDM (I1)

@ The ratio A2 — B2/(A? + B?) is important
1T m,. =100 GeV s

" 2HDM (Il)

)
<

I I I | I I I
1 2 3 4 5678910 20 30 40
tan B

o Large differences from SM at high (or low) tan
@ SUSY- and NLO corrections under control
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e Angular distributions cos ©;; for SM and 2HDM (lI),
mpy+ = 80 GeV
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Transverse correlations

o H* decays to 7Fu,

= Not possible to find rest frames for t(%)

@ Solution is to look at correlations in the transverse plane
which are accessible in all-hadronic channel

dnN

dcos(Ag; — Ag;)

1
2

(1 + D'avjrj cos(Agp; — A¢j))

u.

u.

T T
r —SM ] r —SM ]
L ttuncorr. | L ttuncorr. |
F ---tanp =50 - b ---tanp =50 -
e 0.6 tanf=1 Te 0.6 tanp=1 -
< L 1 R L ]
z|e® F =T 1 z|e" L -
S 05 s Ol 0.5 N —

o [—— ] S I
% F E = F Bl
-z E 1 -z F ]
0.4 - 0.4~ —

| | .

0.3 05 5 1 034 05 05 1

0
cos(Aq)b—Aq)B)

0
cos! (A¢T—A¢5)
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Transverse correlations

o H* decays to 7Fu,
= Not possible to find rest frames for t(%)

@ Solution is to look at correlations in the transverse plane
which are accessible in all-hadronic channel
dn 1

dcos(Ag; — Agy) 2 (1 +D'aja cos(Ag; — A¢j))

@ Numerically we find D’ ~ 0.9D, i.e. correlation almost as
strong as before. Only bb and 7b angles can be reconstructed
unambigiously (low d-jet tagging eff.)

u.

T u.r

L —'sm ] L —'sm ]

L ttuncorr. | L ttuncorr. |

r ~--tanp=50 4 r ---tanp =50 1

_ 0.6 —-tanB=1 7 0.6~ —-tanp=1
o L 1 o L ]

C 15 ¢ ]
z|e® - __———T "1 z|e" - -
S| 051 s Ol 0.5 = £8AETEEIIIL e
§ 7 118 T ]
© F Bl T F 4
1z E i -z F ]
0.4 j 0.4 j

C L L L ] C L L L ]

0.3 05 1 034 05 05 1

0 0
cos(Aq»b—Aq»B) cos! (A‘V;A‘T’B)
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Hadron level Results

@ Hadron level simulation: 2 — 6 ME from MadEvent, Pythia
for parton showering, hadronization and underlying event

@ Jet reconstruction with exclusive k| alg., de,; = 400 GeV?
Simplistic flavour tagging AR(jet, parton) < 0.4, |n| < 2.5
Mass windows for reconstructed W (10 GeV) and t (15 GeV)

io

Z
T|

dcos(AabAM

-z

Histograms normalized to one

u.7 T T u./ T
r — SM ] r —SM ]
L ttuncorr. | L ttuncorr. |
L ---tanB =50 4 L --—-tanB=50 4
0.6~ —-tanf=1 7 — 06 —-tanf=1 7
[ 1z F ]
J 7 L
- __———""1 z|e°
05[ e S5 05
L - o
3
[ el
[ -z
0.4j — 0.4 _
| | I |
037 0 05 1 035 05 0 05 1
cos(Ad,-Ad) ©0S(A0,-80))

o Effects are still there, hadronization and jet effects small

Somewhat limited by statistics

@ Hadron level results for 7b are similar
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Summary and Outlook

@ We have studied tf spin correlation measurements and the
decay t — bH" — brT v,
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@ We have studied tf spin correlation measurements and the
decay t — bH" — brT v,

@ At ME level, the effects of H' can be as strong as the SM
effects themselves, depending on tan 8 and my+
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Summary and Outlook

@ We have studied tf spin correlation measurements and the
decay t — bH" — brT v,

@ At ME level, the effects of H' can be as strong as the SM
effects themselves, depending on tan 8 and my+

o The decay H* — 7% v, requires new analysis using transverse
correlations
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o The decay H* — 7% v, requires new analysis using transverse
WD GRS correlations
SM Spin Corr. i
e Hioee @ For the future (along these lines):

Outlook e Complete event simulation
e SM tf spin correlations, transverse correlations
e Using transverse rest frame to measure spin
e Effects of 7+ — /T, on di-lepton correlations
e Obtain H* properties where discovery is feasible (light H*)
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Oscar Stal . . .
o The decay H* — 7% v, requires new analysis using transverse
WD GRS correlations
SM Spin Corr. i
e Hioee @ For the future (along these lines):

Outlook e Complete event simulation

e SM tf spin correlations, transverse correlations
e Using transverse rest frame to measure spin
e Effects of 7+ — /T, on di-lepton correlations
e Obtain H* properties where discovery is feasible (light H*)

@ For LHC Physics analyses, | commit to providing theory input
on the issues discussed here. If there is an interest, | would be
very happy to collaborate with experimental colleagues.
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UNIVERSITET @ We have studied tt spin correlation measurements and the
decay t — bH" — brT v,
(e G A O @ At ME level, the effects of H' can be as strong as the SM
lecay to.a charged .
Higes effects themselves, depending on tan 8 and my+
Oscar Stal . . .
o The decay H* — 7% v, requires new analysis using transverse
WD GRS correlations
SM Spin Corr. i
e Hioee @ For the future (along these lines):

Outlook e Complete event simulation

e SM tf spin correlations, transverse correlations
e Using transverse rest frame to measure spin
e Effects of 7+ — /T, on di-lepton correlations
e Obtain H* properties where discovery is feasible (light H*)

@ For LHC Physics analyses, | commit to providing theory input
on the issues discussed here. If there is an interest, | would be
very happy to collaborate with experimental colleagues.

@ More generally | think it would be interesting to widen the
perspective for Higgs analyses at the LHC beyond the 2HDM.
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Cross section and correlations

CTEQ6.1 PDF, g = jur = m; = 170.9 GeV.
o(pp — tt+ X) ~ 900 pb at /s = 14 TeV

Gi(tit + t18) — (it + t1))
Giy(trey +t8)) + G5t B + 17))

Ci(ME) =

gq — tt: ;(4mf) =-1/3
gg — tt: C(4m?) =1 A
In the ultra-relativistic limit both € — —1

1
= — 3 /dxldxz [65(e1 % +118)) — 8y B + 1 8)] 6, ud)02, wF)

7tt i,j={q,9.6}

At the LHC, C = 0.326 at NLO
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Light Charged Higgs Boson limits
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Effective Lagrangian, matrix elements

Ew + - — % *
= VygqH 8[A(1 — ~v5) + B(1+v5)|d+H d|B" (1 —~v5) + A (1+’y)u}
H 2V3my {H%Et} ud{ [ 5 5] [ 5 5}
{d,s,b}
ew

2v2myy {e

[HFCop (1 y5) 14+ HT CT (1 = ) 1]
2T}

4 2

28y | Vep 12(p - ko)(ky - k3) N
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pXar = IMy s (6 — bW — b2 = @ R [(SM,JrkzaM,]

4 2 2042 4 g2
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Spin analyzing coefficients - dependence on my+
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Generated event samples

Model Number of events
Generated Reconstructed /L (fb_l)
SM 804 926 46 524 1.7
tt uncorr. 937 552 54 280 13.7
2HDM (I1) tan B = 50, my+ = 80 GeV 925 806 59 061 3.84
2HDM (1) tanB =1, m_ =80 GeV 926 690 59 068 7.77
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