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Motivation: the Standard Model and the top quark

» SM describes high energy physics up to
0(100 GeV) very well, but...
=> 19 free parameters (couplings, masses etc.)
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Motivation: the Standard Model and the top quark

« SM describes high energy physics up to

0(100 GeV) very well, but... ] [ -
=>» 19 free parameters (couplings, masses etc.) ° d

* theoretical clue of gauge boson masses (EWSB...) " GQUARKS

Top

 fermion masses seem arbitrary
=» no understanding of large mass hierarchy,
i.e.m., «m, ~v/\2 (top Yukawa coupl. ~ 1)

Barlarm
& 250

» exp. knowledge of top couplings from indirect measurements (e.g. b = sy loop)

_ _ Tevatron LHC
* numbers on direct measurements: (1.96 TeV) (14 TeV)
=>» ttbar production cross section: 7.5 pb ~ 900 pb

(QCD prediction)

=> number of top pairs: 50,000 tot. 107 per year
(Run I1) (L =103 cm2s)
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large statistics at LHC makes direct precision top measurements possible
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couplings to vector bosons with previously unknown precision
= model-independent effective approach to parameterize any new physics
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=>» use the large statistics at LHC to constrain anomalous trilinear top
couplings to vector bosons with previously unknown precision
= model-independent effective approach to parameterize any new physics

« what has been done:
=>» theoretical understanding of the relations and redundancies among
different operators in a full gauge invariant operator set generating the
various anomalous trilinear top couplings
=> first phenomenological studies  on anomalous QCD and tbW couplings
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Phenomenological studies on anomalous top couplings

e [dea:

=>» use the large statistics at LHC to constrain anomalous trilinear top
couplings to vector bosons with previously unknown precision
= model-independent effective approach to parameterize any new physics

 what has been done:

=>» theoretical understanding of the relations and redundancies among
different operators in a full gauge invariant operator set generating the
various anomalous trilinear top couplings

=> first phenomenological studies  on anomalous QCD and tbW couplings

 what we want to contribute:

=>» provide all possible anomalous top couplings in one exhaustive MC tool
I. e. WHIZARD 2 with anomalous tops
= automatically ensure gauge invariance  for all hard amplitudes relevant for
detector level, including off-shell top production and subsequent decays
=» link to hadron shower/fragmentation to produce detector-relevant final states
=>» do some phenomenological studies at LHC
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Lo =Lsm+ +L5+ 72L6+ - ..
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= effective operators  with higher mass dim and suppression scale A:
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« dim5 greatly restricted by gauge invariance without new fields (A ~ 1013 GeV)
Cy
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 write down all gauge invariant dim6 O, which contribute to anomalous top
couplings of the form fiij with fermions fi,j = t,b and vector bosons V = A,Z,W,g
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* integrate out model-dependent heavy excitations of new physics contributions
= effective operators  with higher mass dim and suppression scale A:

1
Lot = Lsm + G+ 35L6 + - -
« dim5 greatly restricted by gauge invariance without new fields (A ~ 1013 GeV)

> Leg=Lsm + .50,

 write down all gauge invariant dim6 O, which contribute to anomalous top
couplings of the form fiij with fermions fi,j = t,b and vector bosons V = A,Z,W,g

e use eqns of motion to rewrite redundant operators  (Aguilar-Saavedra 08)
=> simplify Lorentz structure of ffV: only ~ y* and ~ o*'q, with g, = (p; - p)),
= remove off-shell contributions  (e.g. ~ g¢) and some quartic interactions

(e.g. ttgA) at the price of introducing additional 4-fermion contact terms
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Effective Lagrangian method

* integrate out model-dependent heavy excitations of new physics contributions
= effective operators  with higher mass dim and suppression scale A:

Leg = Lsm + %—1— <ol T 5
« dim5 greatly restricted by gauge invariance without new fields (A ~ 1013 GeV)
Cy
-)ﬁeff = ﬁSM +ZFO

 write down all gauge invariant dim6 O, which contribute to anomalous top
couplings of the form fiij with fermions fi,j = t,b and vector bosons V = A,Z,W,g

e use eqns of motion to rewrite redundant operators  (Aguilar-Saavedra 08)
=> simplify Lorentz structure of ffV: only ~ y* and ~ o*'q, with g, = (p; - p)),
= remove off-shell contributions  (e.g. ~ g¢) and some quartic interactions

(e.g. ttgA) at the price of introducing additional 4-fermion contact terms

= parameterize fif;V in full generality:
L',szfj = [i7" (ALPL+ ApPgr) fi V.. = contains SM vertices!
—|—fj W gy (BLPL + BRPR) 15 V., + H.c. +quartic terms
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

(" )
modular conception:

» take SV Lagrangian objects (fields, (covariant) derivative, etc...)
» combine group representations to build singlets

. _J/

. .

Oy = (Grio" 7t ur)o W,
O%y = (qrio™ ' dpj)d W,fy

Oéj{/v = CjLi’Y“TIDUQLjW,L

with W/f,/ — (9qu — (“LWJ — gEIJKW/jWV[(
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

b t

v Ty

1j v
OuW QLZO-‘u 7— uRj ¢ J

O;%/v = g7 D"q gWI
Oy = (qric™ v dr;)o W,

with Wlf’/ — (‘9qu — (‘LWJ — gEIJKWMJWVK
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

O = (qrio"™ T ug,) WQ :
o o Oy = @iy 7' D q; W,
OdW — (qua T dRJ>¢

b b t t

b t

with W;{u — (‘9qu — (‘LWJ — gEIJKWMJWVK
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

b t

b b Y t t
\Y/ < Y
V& v.Z

O = (qric™’'t IuRj)<5WI
OdJW = (C]LzU T dRJ>¢

b b t t Use to replace derivative
W X w W
w A

with W;{u — (‘9qu — (‘LWJ — gEIJKWMJWVK

Oéj = qriy"'T quLgWI

W
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

b t

b b Y t t
\Y/ < Y
V& v.Z

O = (qrio™ v ur;)¢ W,fu

O = (quic™ v dry)o W,

b b t

W W >< W
W ¥, Z

with Wlf’/ — (‘9qu — (‘LWJ — gEIJKWMJWVK

Use eqn’s of motion to replace derivative
and identify O ,qw

/
w
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

I ¢
; . ) b ¢
b b Y t t
\Y/ < Y
v Z 7.2 f

O = (qric™ m'ug;) o W,fu

Oy = (qLic" T dr; ) W,

b b t t Use egn’s of motion  to replace derivative

and identify O, + cONtact terms
“ ’ P P
(7 t t t
W w w
w v Z
/ ¢ q q

with Wlf’/ — (‘9qu — (‘LWJ — gEIJKWMJWVK

W
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Example: Electroweak SU(2) | operators OuW, OdW and OqW (i=)=23)

b t

3

Y, 4

/Some remarks:
y ; - « anomalous top couplings imply
O = (qrio™'r uRj)qu anomalous

OdjW — (QLzU T de)Cb

t t

b b
b t \ /
t t t t
W w w
W /2

w

with Wp{u — (9qu — (%Wi — gEIJKWMJWVK ¢ ( q q
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

! t
b t ) b t

YYY X

/Some remarks: \

e anomalous top couplings imply
OfﬁfW (Grio™ miug)) oW anomalous
« ffVV contact terms required b
Oy = (qric™' 7' dp;)o W, X Y
b

with Wp{u — (9qu — (%Wi — gEIJKWMJWVK ¢ ( q q
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

| | N N
\Y/ \?/ \3/ /X\q, /x\

- / Some remarks: \

N e anomalous top couplings imply
O,ZW Grio" 'l Rj)® WI anomalous
« ffVV contact terms required b
Oy = (qric™' 7' dp;)o W, X Y
b ! f » some ffVV and ffff contact terms may

\ as well as top

x b t
t t

,Jf L\‘L W W W | \ / |

W vz X

with Wi, =0,W, —0,W, — geryxW; W2 ‘ p ’ :

/ N’ contribute to single top and top pair
SN
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

O = (qrio™’T IUR;;')€5W1
OdjW — (QLZU T de>¢

b b t t

W X W
w A

with W/f,/ — QLWVI — (‘LWJ — gEIJKW/jWV[(

W W

X X

~

Conclusmn

If you try to bound
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

v T XX
DA =

Conclusmn

If you try to bound

.. respect the ward identities

b b t t

w WZ

with Wp{u — (%WVI — a,/W/f — gEIJKWMJWVK l ( q q
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

< ¥ o >< >-<
DA~

Conclusmn

If you try to bound

.. respect the ward identities

b b t t

.. stay fully general

| | \- | _/

w WZ

with Wp{u — (%WVI — a,/W/f — gEIJKWMJWVK l ( q q
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Example: Electroweak SU(2) | operators O, Oqy and O, (i =] = 3)

l’ t
b ' ) b t
Te7
b O t t
3 ~ ~
q q, 4 v

Luckily

WHIZARD 2

has the full package !

b b t t

Including tbW, ttZ, ttA and ttg couplings

b t /

it t t t
W w w W
w V. Z
4 ¢ q q

with W/f,/ — (9qu — (“LWJ — gEIJKW/jWV[(
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Studies on anomalous tbW couplings (Aguilar-Saavedra et al. 07-09)

» parameterization of the vertex (Aguilar-Saavedra et al.):

9 7 7 N
C \/§M (VLPL + VrPr)t W, SM: V=V, =1,
g -iot"q, . VR=0.=0r=0
_ 93 P Pt W h.c.
\/§ My 5 et o T

=» remember: not fully general
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Studies on anomalous tbW couplings (Aguilar-Saavedra et al. 07-09)

» parameterization of the vertex (Aguilar-Saavedra et al.):

L

g = 7 P W~
= = ViPr +V S
\/ib/y ( L+ L R R)t H M:VL:thzl’
g - ’[:O"twq,/ B VR = gL = gR =0
/5 (9cPL + grPr)t W, +h.c

=» remember: not fully general

» general remarks:
1) top pair production largely QCD

=» Cross sections not sensitive on anomalous tbW couplings

2) singe top production closely dependent on the tbwW couplings

=» Cross sections sensitive on anomalous tbW couplings
=> potentially sensitive on charged-current ffff term ~ C.,, O,

3) top decay products sensitive on ratios of anomalous tbW couplings
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Studies on anomalous tbW couplings (Aguilar-Saavedra et al. 07-09)

» parameterization of the vertex (Aguilar-Saavedra et al.):

g = 7 n
o P VP, + VrPg)t W
ﬁbq/ ( Lot f R)t i SI\/I:VL:thz:I"
g _’[:O"twq,/ B VR:gL:gR:O
/5 (9cPL + grPr)t W, +h.c

=» remember: not fully general

» general remarks:
1) top pair production largely QCD
=» Cross sections not sensitive on anomalous tbW couplings
2) singe top production closely dependent on the tbwW couplings
=» Cross sections sensitive on anomalous tbW couplings
=> potentially sensitive on charged-current ffff term ~ C.,, O,
3) top decay products sensitive on ratios of anomalous tbW couplings

= combine measurements of single top coss sections and distributions of
top decay products to get a hold of the abolute size and relative
contributions  of the various effective operators
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Single top cross sections (Aguilar-Saavedra 2008)

« different types of single top production considered

1) t-channel tj production:

2) s-channel tb production:

w

q1 b

3) tW production:
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Single top cross sections (Aguilar-Saavedra 2008)

« different types of single top production considered contact terms
b t b t

1) t-channel tj production:

not
included
q ([I
q t B .
2) s-channel tb production not
- uction: _
P w included
v b q1 b
’ f g t g ¢
3) tW production: shown to be

redundant
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 estimated absolute bounds on V, Vg, 9., gg from a fast ATLAS detector
simulation (corresponds to exp. 1o deviations from SM x-sec's, 10 fb't @ 14 TeV)
=» separate bounds on V|, Vg (9., g = 0) and vice versa:

[ | 0.37I T T T T T T T T T T T T T T T T T | T T LI T T T T ‘ T T T T
I _ B |
b - (8]
e 0.R | r e 0. R }
i : 7
05k ] - ]
0.1F -
07 gL:gR 0 = bz: 07 |
0s) u 1 ]
B 0_2; |
1ol b -7, =1 v,=0
i L i : : | : : L : ‘ ! L i s ‘ L : - . | i 4 : L | : L L ! _037I Il Il Il ‘ Il Il || ‘ L1 Il Il ‘ | I Il | 1 {1 | Il ‘ Il | I | || Il Il ‘ Il Il Il I7
0 0.2 0.4 0.6 0.8 1 12 04 03 -02 -01 0 0.1 0.2 0.3 0.4
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Single top cross sections (WHIZARD 2 implementation )

« same parameter scan in the V /V; and g,/gi planes carried out in

-> with potential ffff contributions
-> with b-tagging efficiency/impurity taken into account
T  chamel | S A T :
- ® = = = m ®m B B B 5B = = n tjchannel C ]
(= = = = = = =5 = = = m m = 7] 02— = aeeaes amaaas ]
] = - DIIiiiiiiiiiiiiiiic .
¥ W e s om s omomomm ] 01~ Toiriiiiiiiiiiiio -
s of SEFEEEEEE DR N
_0.5:_ m Em W ®m ®m W E EEE "N _: .0_1:— ........ —:
| E 02f- a b, { & W combined
:|-I-I I. I-I-I-I.I I-I 1 I 1 1 1 I 1 1 1 I 1 1 1 ; : T
0 0.2 0.4 06 0.8 1 1.2 B I g(;J B T Ry

» good agreement in the vector couplings
» good agreement in the tensor couplings as soon as the t\W channel is included

* now look at potential contributions to tb/tj channels from the
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Single top cross sections (WHIZARD 2 implementation )

» cOmpare separate sensitivities to the generating the
trilinear couplings with the one of the 4-fermion contact coupling

tj channel tb channel
15¢ 15
14F 14
13f 13
1.2? 1.2;
TN
14 TeV °F i oK 1 <
0.9 - 0.9F - V\’_/
= —Cu~ VL E — 5 T VL
0.8F _g$~VR 0.8 —g:ﬁVR
= —Caw ~ 9 E —Caw ~ 9
0.7: —Cuw~g; 0'7: — uW~g:;
0.6 Caw ~ 9, 0.6F- Coqw -9
05;‘”“H“_flowindow"HH‘HH‘ 05;””‘””_flowmdow“ L ‘
215 -10 5 g 5 10 15 215 -10 5 g 5 10 15

L5 15¢
14F 14f
13 13 /
1.2F 1.2F o

L1 11 /

7Tev ki o i <

0.9 0.9F \/
= —C_~V = —C_~V,
= (] L E ] L
0.8 —Cyp~ Vg 0.8 —Cg~Vr
£ —Cy = £ — Gy =
0.7 aw L 0.7 dw L
E _Cuw~gR E —Cuw“gR
0.6F Cow ~ 9, 0.6 Cow ~ 9,
E | | |[=—lowindow | | | ‘ E | | [=—lowindow | , | ‘
oBE v v 11 oBE v L1 ‘ ‘
-15 10 5 0 5 10 15 -15 10 5 0 5 10 15

CX ) ) CX
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Single top cross sections (WHIZARD 2 implementation )

» cOmpare separate sensitivities to the generating the
trilinear couplings with the one of the 4-fermion contact coupling

tj channel tb channel

15¢

1.4F
13F

1.2

1.1

14 TeV = £ o :
09F  contact term contributing with

0.85

07E to a search for anomalous
3 trilinear couplings

035

15¢
14F
120
1.1; |
7TTeV

0.9F

0.8

07

0.6

|=— 1o window_|
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Single top cross sections (WHIZARD 2 implementation )

» cOmpare separate sensitivities to the generating the
trilinear couplings with the one of the 4-fermion contact coupling

tj channel tb channel

15¢

1.4F
13F

1.2

1.1

14 TeV ¢ =
"F » contact term contributing with
o7t to a search for anomalous
% trilinear couplings
e => increasing effect at higher cms energies
3 due to
1E > between trilinear and contact
] contributions ?
7TeV =¥

0.9

0.8

07

0.6

|=— 1o window_|
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Single top cross sections (WHIZARD 2 implementation )

 take samples with deviations compared to the SM
expectation and look at distributions (normalized to 10 fb'! @ 14 TeV)
= make use of the fact that the intermediate in diagrams with
trilinear couplings is in s-channel
=> look at the 1) distribution of the not reconstructing the top mass in the
(DELPHES detector level)
2 C —Cw =184
£ 700~ I —C,y =+145
0 - —C,y=-70
; 600F- i C(pq:+22'0
C 77 SM
500 Il red. bkg.
- — | L
4005— _ //7—/
3001 .
2007

100

-%.5 -2 -15 -1 -05 0 0.5 1 1.5 2 25
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Single top cross sections (WHIZARD 2 implementation )

 take samples with deviations compared to the SM
expectation and look at distributions (normalized to 10 fb'! @ 14 TeV)
= make use of the fact that the intermediate in diagrams with
trilinear couplings is in s-channel
=> look at the 1) distribution of the not reconstructing the top mass in the
(DELPHES detector level) z
g F — ¥ - ZZ:
£ 700~ I —C,y =+145 07
- a —_C,,=-70 E
; 600 . C(pq:+22.0 é
u “ SM Zif
500 Il red. bkg. e
E — L 0.35
4005— . //7—/ (())if
300 Z__ /%/é ; 055
2007

100 2

-%.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
n

=>» extraction of contact term seems possible

<3S N [N &) o~ ©
TTTT[ITTT]
i+ /

Cl @ I T I T b
04 06 08 1 12 14 16 18 2
Inl
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Single top cross sections (WHIZARD 2 implementation )

 take samples with deviations compared to the SM
expectatjp* E— ' : m—
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Outlook: decay products in top pair production

 relevant scale changes: « N\
=» off-resonant ffff contact interactions “switched off”
kinematically
=>» sensitive only to trilinear toW couplings
 probes non-standard helicity structures

=>» sensitive to anomalous Vi and g,k but not V,

=» non-SM single top x-sections in combination
with SM-like top decays might hint at new
physics parameterized by effective 4-fermion
contact interactions  (or V,)
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Conclusions

« abundant top production atthe LHC
=» high statistics allows for precise measurements of top couplings etc.
=> look for deviations from the SM in the trilinear top couplings ffV, ttH

» write down all effective dim6 operators contributing to trilinear top couplings
=» use equations of motion to remove redundancies

» most general parameterization of all anomalous trilinear top couplings:
=>» just two different Lorentz structures: ~ y* and ~ o¥'q,
=» gauge Iinvariance requires inclusion of quartic terms (e.g. ttgg, 4-fermion)

e the WHIZARD 2 front: provide an exhaustive, integrated and consistent MC
tool for phenomenological studies of all possible anomalous top couplings
up to detector-level final states (collaboration with I. Fleck, ATLAS, Uni Siegen)

=» additional vertex structure ~ o#'q, implemented

=» full set of anomalous trilinear top couplings (including ttH) provided
=» optional g2 dependence of the coupling parameters provided

=» all relevant quartic interactions included

=» significant contribution of 4-fermion terms illustrated
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