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Top quark Is unigue in many ways:

 Heaviest, of course... but also:
e |t's a bare quark, decaying before

hadronization. TOP QUARK {

Thad = h/Aocp = 2¢ 1024 s
Tap = h Mt/ Aocp? >> Thad
Tiop = N/ Tiop =1/(GrF ma |Vip|¥/8TT4/2) = 510255

 TJop Yukawa is the largest SV
coupling.
Miop = YiV/V/2 =174 GeV= y; = |
and hence largest Higgs mass 2049

Discovered at Fermilab in
1995, the TOP QUARK
is as short-lived as it is
massive. Weighing in at
a hefty 175 GeV, its
lifetime, a mere 10724
second, is the briefest of
the six quarks. Top
Quarks are an enigmatic
particle whose personal
life is sought after by

thousands of physicists,

Acrylic felt with
gravel fill for

Maxtmun mass.

TOP QUARK

correction. SPARTICLEZ 0
* They are many: 6 million from Run-I,

~2 orders of magnitude to go.




Top couplings

* The old way: Anomalous couplings (AC), vertex functions...

[th"uc?, 0, ) = ie {on (Bl () +26F14(60) + oD (B () + 26 FL4 () | J

th

* The modern way: SM EFT

C ' g ~ v_I,\ ~ I A
[AL =) A—Soz- + h.c] WIth | Ow = yeguw(Qo* T t)gW,,
‘ OiB = Y19y (Qo*"t)p B,

__ N MV AL = A
[arXiv: 0704.2809 Cao, Wudka, Yuan] KOtG = Y195 (Qo™'T t)‘PGWaj
[arXiv: 0811.3842 Aguilar-Saavedra]
[arXiv:1008.3869 CZ and Willenbrock] and more
Gauge EHigher-orderE Complete Non- Applies to

_invariance | corrections | description redundancy  off-shell top
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1+0(as) + O (/:2> +0 (/\2)

SM  NLO EFT EFT @ NLO

We provide a framework based on MADGRAPH5 AMC@NLO, that
@ provides automatic predictions at NLO in QCD + PS;

@ is based on effective field theory of the top quark. (i.e. with dim-6
operators.)

New In this talk;

tt+H at NLO as well as loop-induced gg>H,Hj,HZ,...
are becoming available




SMEFT @ NLO

SMEFT at NLO is an active field, for both HEFT and top-EFT.

[1507.03568 C. Hartmann and M. Trott] [1512.02508 R. Gauld et al.]
[1601.06163, CZ] [1601.08193 Bylund, Maltoni, Tsinikos, Vryonidou, CZ]

A common belief in HEFT is that NLO log terms should dominate over the
finite correction, so NLO RG corrections/improvements are enough.
A ~ 1TeV = In(A2Ymu2) ~ 4 [1312.2014 R. Alonso et al. ]

While this may be true for HEFT in several cases, it is certainly not the case
for top-EFT.

Top operators involve colored fields, so it’s important to study QCD NLO.
QCD corrections giving O(1) effects are common at the LHC.

« Operator fit using differential information can be very sensitive to QCD
correction. [1601.06163, CZ]

Always keep in mind that top measurements are becoming precision
measurements.



NLO effects: total xsec

Current limit on Ot from top-pair
Cross section measurements:
[-1.10, 0.41] (LO) ->[-0.50, 0.25] (NLO)

[1503.08841 D.B. Franzosi, CZ]

« Constraining coefficients with
NLO xsecs: improved limits

Single top:

8 -6 -4 -2 0 2 4 ~-04 -02 00 02 04
Cew C(l 3) [1601.06163, CZ]



NLO effects: shapes

Operator fit will be affected by QCD
* |f “discriminant” observables are used in global fits
* Shapes of O1 and O3 differs

e QCD corrections shift both curves in one direction

* Leadsto bias in a fit that uses shape info

§ do , - do -4 ,
0.25+ —— | _________ | t-channel single top B [GeV'] t-channel single top
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t-ch. single top  [1601.06163, CZ]




NLO effects: shapes

Operator fit will be affected by QCD

e |f “discriminant” observables are

' 02 ' . ! ' 03
* Shapes of O1 and O3 differs | ,
4l | O Scenario 1, NLO
« (QCD corrections shift both curved [ Scenario 1,LO
: : . | Scenario 2, NLO
e |Leadsto bias in a fit that uses sh .
.l Scenario 2,LO
i do . B 0.3
0.251 W _l—l_ t-channel single top 2
: t ] LHC13, (N)LO+PYTHIA .
0.25_ __________ —:—f— ________ %
0.15F N S B T S O
0'15_ | %10 —®no ] | 0
0.05F " S
- .0y LO —0,, NLO
O-—--I--III|II(ﬁ;l|IIII|IIII|IIII|IIII|IIII|IIII-O
14} O,a [FINLO Lo 2I ‘
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t-ch. single top  [1601.06163, CZ]



NLO effects: shapes

Operator fit will be affected by QCD

 |f “discriminant” observables are
* Shapes of O1 and O3 differs ,
[] Scenario 1, NLO

« (QCD corrections shift both curved [ Scenario 1,LO
| Scenario 2, NLO
.l Scenario 2,LO

e | eads to bias in a fit that uses sh

-0.3

I ——
S 1.1 Need accurate prediction
.15 . ) for kinematical information
0.12— -------- '
0.05;— S S S :
03....|..(3;.|....|....|....|....|....|....'O
»Q [INLO Lo 2I ‘
@ ‘l
r..|....|....|....|...N|L(.). DLO% .
5 |
B -3
=

2 0

y

1 2

t

t-ch. single top  [1601.06163, CZ]



NLO effects: loop-induced

At LO gg>H constrain Oga

At NLO becomes sensitive to top-quark
operators. More interesting pheno.

e Operator mixing: need NLO to
understand the structure of the theory.

* H+j, with boosted jet, will help to
resolve the loop.

sluon-Higgs Oec = y7 (¢10)G, GHY



NLO effects: loop-induced

At LO gg>H constrain Oga

At NLO becomes sensitive to top-quark
operators. More interesting pheno.

e Operator mixing: need NLO to
understand the structure of the theory.

* H+j, with boosted jet, will help to
resolve the loop.

sluon-Higgs Oec = y7 (¢10)G, GHY
chromo-dipole O.¢ = y:9s(Qo** T*t)$G ..,
Os = y; (¢79)Qte)

> -



NLO effects: loop-induced

At LO gg>H constrain Oga

At NLO becomes sensitive to top-quark
operators. More interesting pheno.

e Operator mixing: need NLO to

understand the structure of the theory.

* H+j, with boosted jet, will help to
resolve the loop.

sluon-Higgs Oec = y7 (¢10)G, GHY
chromo-dipole O.¢ = y:9s(Qo** T*t)$G ..,
Os = y; (¢79)Qte)

> -

-0.1F
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[1312.3317 C. Grojean et al.]
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0.0




Outline

 Top EFT @ NLO
e |ttH

 Summary



ttH motivation

* Direct probe of top Yukawa (o

'
— i ———

Run 1 combination " i

— +O7 L1l Lok Ll NS R Ll !
U 23 0.6 0O 05 1 15 2 25 3 35 4

* A global fit with three operators
OtG — ytgs(QO-MVTAt)Q;G,uV

:@ ::@% Z’E Oro = 43 (6 $) Q13
P Opc = Y (6T 9) G, G
o -

7

= S o=

* Loop-tree degeneracy might occur
also for pp>ttH (which at LO is not captured)

e Finally, to complete SMEFT at NLO.




NLO status

qattggH
Process »:
t—>bW bty  / v
pp — tq e e e v
pp — tW v oo/
pp — tt v v
pp — tty v v/ v tqg x
e IR /oo [0 07 0 00y 0 Joutouoy
pp > ttZ v v v v v/ 4 tsgtl- Vv 7 7V J J / v/
pp — tZ) v v v v v/ v t — gy O/
pp — W v v t — qH oo/
ete” o tt v v v v/ v pp —t v
pp — ttH v  /V v potttic v v o/ /L (V)
pp — tHj v  / v vV vV pp—iy v v/
99— H,Hj,HZ A v pp—tH v 7

Coupling measurements FCNC searches



 Decays and FCNC direct t production is available analytically.
[1404.1264 CZ], [1305.7386 F. Maltoni, CZ], [1004.0898 J. J. Zhang et al.]

FCNC associated productions have been implemented.
[1412.5594 Degrande, Maltoni, Wang, CZ] http://feynrules.irmp.ucl.ac.be/wiki/TopFCNC

ttZ/y, toW ttH qattggH

Process OtB OtW 0(3) 0o Oq m @
t— bW — blTv f
_ C
pp = tq [1501.05939 & 1404.1005, R. Rontsch and M. Schulze]
pp — tW
pp — th / qz/iy qg tqH Itg
pp =ty / Process | 0%) 05) O%) Ouw Ous) :a
pp — ttZ v t —> ql'*'l“
pp = tZj v t— qy
ete” > tt v pp — t
pp — ttH ./ v/  pp—tltlT
pp — tHj v v vV  pp—ty
gg+HHJ,Hz— v / wp—otH
Coupling measurements FCNC searches
e ttbar with chromo [1503.08841 D.B. Franzosi, CZ]
 Complete top-EW operators, single t and ttV [1601.06163, CZ]
[1601.08193 Bylund, Maltoni, Tsinikos, Vryonidou, CZ]
e ttH and tHj: ongoing [Maltoni, Vryonidou, CZ

]
« Four fermion operators are planned [Degrande, Deuriex]


http://feynrules.irmp.ucl.ac.be/wiki/TopFCNC

Do not trust anything beyond this slide!



MG5 aMC>import model TEFT H

MG5 aMC>generate p p > t t~ h EFT=1 [QCD]
MG5 aMC>output

MG5 aMC>launch



MG5 aMC>import model TEFT H

MG5 aMC>generate p p > t t~ h EFT=1

MG5 aMC>output
MG5 aMC>1aunch

[QCD]

ST MMM R A AGOROLRA R AP MM AT
TS MMM AT A AP R AM AN PN A
TS AMICAHEAHA AAA R ARRAA RN PP AR
DL AR PN A A A A AR AR A A A SR
B HSSGMAA A AAAAA RAA KRR A AR A LA
S MM AP A AA A RMAR R XAMMNA A A AAK SR
L L AR A MHMA A AR AR FRARA LXAXX XS ARHRA

LA MMM A AR AR SR A A A ISR A A A
S B OMMMA AR AP A A A LR A A AA

UM PP AR MO A AR RA FAA AR SO L A AR
HAA R HAMMA A AR RA AR SR LA AAAR R
FOHOH UM A MO A A A RA SR A A A ARSI LU AAAAN

(R A A M ATCA AAAA AR A RRRARA ANA AR LARA
X A 2ol A O A A A A AR A AR AR X LA AR AN
FUA X P A A A A A AN A RARARX LAAS L AAAAA

LA AR A A AAAA A GUAA RRRAR FALLLAARAA
HOK R Ao RS H AR R ARA A HAOTHH RRARA AL RRARA
HOR R A AN AR R R AT U AR AR RPN AAA A
LK KOS A MR R R AR UUR XARAR LA AL LA
LA K TR AP A A R AR R A SORR R A AR N AR
PR YR R R R e V=== O SRRV AVEVE Va0 S S LR DY VO UA
6T XSS R AR A RA AR KA RN A AN UL
USSP AR R Ceb s b R AR RN AR AA
! BN M RO ROL FGRR R KRR O ARURA

DS XSO A AR A PN AMMAR ARG R
YL XU A A A R A AR AN AMAA AR
YO X AMAR A R AR R SRR A S RO

RN 8RO MM A A A A HUR U R AR KA XA LU A
TS XS MAMAA P A A TR A GTRARNA SNA LU A
¥ XSS R AR PR AR ST AR M AN A A A A
LY SO MIH MM A A A A N AN ARAAR AL
YT XSO MM A AR AR A AN A AAR AR AL
YOSOT Y SO NP AT A AR A AN AR AP



MG5 aMC>generate p p > t t~

MG5 aMC>import model TEFT H

QCD]

[

h EFT=1

MG5 aMC>output

ST MMM R A AGOROLRA R AP MM AT
TS MMM AT A AP R AM AN PN A
TS AMICAHEAHA AAA R ARRAA RN PP AR
DL AR P A A AAA A KA AR A A SR
B HSSGMAA A AAAAA RAA KRR A AR A LA
S MM AP A AA A RMAR R XAMMNA A A AAK SR
L AR AMHMAA A ARRA FAARA LXK A ARAAN
BEE B R VAU R VYV VR VR VR VR VAP S © OO0 G U Un SRR VAVR VRN

ywwrzﬁﬁrrrzr}ﬁrmﬂﬂ%zyyyywﬁvmwvwfwEM&}V
UUNOS I g s P (N
HAA : m 7 iUA
HOHH : ; J 20N
(4 H A ; ; A
BXH B m m %7 A
POV I F A
KXHEH TERA
HoAn M i ] 204
HOH A A A
o EAXA wlk A
o AL # % * [y
G KA 7 - UK
WOOe N : 0 3 X
R OO : : 8 A
;wmvwW : : : JROA
= iy . . - ; PR
YXXATN F w ) \ W % f O
YYUTT AT . | - ~ ~ X
8RS SRS PPN H R 1Ay %0 FORUE TR SXORI L A A A 4

MHM%W%M%%%ZZ}}LLLEXLp}&ﬁpﬁﬁﬁﬁxwrxw%EEEFE
¥R XSS A AR PR AR ST AR AR M AN R4 A A

LY SO MMM A A A A N AN ARAA R AL
YT XSO MM A AR AR A AN A AARARTHA A
YOSOT Y SO MNP AT A AR A AN AR A




C’iai A4 CZ'CJ'O'ZJ
i<j

LO LO/SM NLO NLO/SM K
osm | 046470101 0000 0001 100050600 0000 0000 0-5070048 lo 000 lo.oos  1-000%0:600 0000 0-000 | 1-09
oy | —0.05575019 0’003 0.001  —0-11970000 0.006-0.000 —0-062 0004 0,001 0:001  —0-12370 001 0002 0000 |1-13
o | 062770153 0067 0005 13517001 0nas 0001 0-87270155 I0i0ss loote 172270080 0068 0.005 | 1-39
owc | 047070174 0000 0004 101475006 0004 0001 0-50370.046 003 lo.oos  0-99170°010 0006 0.001 |1-07
0tg,t4 |0.001670 0004 0000100000 0-0035 00000 0.0003-0.0000 9-0019 00002 0,000/ 0:0000 0-0037 06000 0.0001-0:0000 |1-17
osc.ec| 064670775 0107 0010 139270066 0231 0014 102170778 lologs oose 2016707178 01167 0007 |1.58
owcre | 0.64570778 0015 0010 139070060 0031 0016 0-67470067 looor-looro 132870038 0014 0018 |1.04
019,66 | —0.037 0013 5007 0.000  —0-08170001 "0'015 0:000  —0-05375 008l 0.00al-0:001  —0-10575 000 0’007 0,000 |1-42
oipc | —0.02870010 0001 0.000 —0-06070°000 0,003 0.000  —0-0317 00021 .00/ 0:000 006175000 00010000 [1-10
oscic| 06277076 00a7 0008 1-349700ss 0100 0005  0-85970126 00z0 l0.022 1691701607 0030 0.017 | 137

“EFT scale uncertainty”

« K factors: vary between 1~1.6
e Uncertainties: UR and Ue, MEFT, PDF

 The EFT scale uncertainties come from varying the defining scale of the
theory by a factor of 1/2~2. It represents an estimation of missing higher
order correction to the operators, including mixing.

e Can be brought down by full NLO

« typically less than ug and g uncertainty, but once take ratios, it's the
dominant piece. e.g. in o(ttH)/o(ttZ) [1507.08169 M.L. Mangano et al.]




Limits

Fixed Marginalized
Ctg -7.2,0.57] -13,47]
Cyc  [-0.07.:0.00015] __[-0.08,0.08

Cia

Comparable to the limit obtained
from ttbar production

RG vs Full NLO
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Limits

Fixed Marginalized
Cto -7.2,0.57] -13,47]
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Comparable to the limit obtained
from ttbar production

=20},

RG vs Full NLO
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i Wloy o / Full NLO
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S 26
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RG is not a good approximation
to full NLO. Rather it should be

used as an estimation of missing
higher orders.
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Summary

* NLO predictions of Dim-6 Yukawa/dipole/ggH operators are available for
ttH (and many loop-induced processes), with parton shower.

 Dim-6 EFT in the top sector at is being completed at NLO
e Qutlook

o CP-violating

Including producing & decay

RG-effects in terms of phenomenology

NLO global fit



NLO effects: shapes

do/dpy [pb/bin]

iz, LHC13 ol — ] F tfy, LHC13 pr(N>20GeV 5o
i = = = ' i i =I'T'I,C =4, A=1 TeV
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[1601.08193 Bylund, Maltoni, Tsinikos, Vryonidou, CZ]



NLO effects: shapes

pr(y) > 20 GeV

iz, LHC13 CsMNLO — ] - tfy, LHC13
: “'=mt’ CtG=1’ A=1 TeV ’ : : }L=I’T‘It, CtB=4’ A=1 TeV
OsmLo == |
< — osmNLO+*CONIG— | = L e
kS e S I Coll) - [
o | [T s m— T Osm,LO0*TV“OL0 Qo —
e 01k | B — - a
& B i 1. &
% __________ E
-o [ ]
Applying SM K factor
0.01 |

OSMNNLO —
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(1
osmNLO+CONL O

MadGraph5_aMCENLO

to dim-6 may not be enough.

L l ' Ll l
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[1601.08193 Bylund, Maltoni, Tsinikos, Vryonidou, CZ]



Top-down search based on EFT

In addition, there are non-trivial effects on the “discriminant”
observables

* |Important for top-down search strategy: designing optimized
search based on all information we know from an EFT

Uncertainty on ¢;A=2 (TeV—2)
Yields only | A¢(/™,17) | Variable D,
0.0057 0.0057 0.0057
0.072 0.071 0.049
0.19 0.18 0.17
0.32 0.31 0.24
2.23 2.06 1.29
0.55 0.46 0.36
0.73 0.63 0.50

Already substantial improvements using MEM-based discriminants
[V. Lemaitre, S. Brochet, S. Wertz]
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More to look with the model:
e Single t+V+]

* Resonant top with complex mass
scheme, i.e. WbWb, WDj, etc.



