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Motivation

The LHC is a top quark factory:

@ Top quark produced =~ 240 x 10° times in Run-2 (=~ 160 fb~1)
(1000x more than at Tevatron)

Main top quark dynamics predictable at percent level:
@ NNLO+NNLL QCD predictions for single and pair production

[Czakon, Fiedler,Heymes, Mitov],[Brucherseifer, Caola,Melnikov],[Berger,Gao, Yuan,Zhu],[Czakon,Mitov, Sterman],
[Beneke, Czakon,Falgari,Mitov,Schwinn],[Beneke, Falgari,Klein,Schwinn],[Kidonakis], [Ferroglia, Pecjak, Yang],
[Ferroglia,Marzani,Pecjak,Yang],[Czakon,Ferroglia,Heymes,Mitov, Pecjak,Scott]

@ Decay known to NNLO QCD (« prod. via NWA and beyond)
[Gao,Li,Zhu],[Brucherseifer, Caola, Melnikov],[Bevilacqua,Czakon,v.Hameren,Papadopoulos,Worek],
[Denner,Dittmaier, Kallweit, Pozzorini], [Heinrich, Maier, Nisius, Schlenk, Winter],

[Frederix, Frixione, Papanastasiou, Prestel, Torrielli], [Denner, Pellen]

@ EW corrections known for production and width
[Beenakker,Denner,Hollik,Mertig,Sack, Wackeroth],[Kiihn,Scharf,Uwer], [Bernreuther, Fiicker,Si],

[Moretti,Nolten,Ross],[Groote, KSrner, Mauser], [Basso, Dittmaier,Huss, Toggero]

Top quark sector ideal lab for New Physics searches!
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Dimension-six operators in SMEFT

Deviations from the SM parametrised within EFT

Wilson coefficie\nt‘ dimension-six operator
X
EFT _ ,(4) ¢ (6) Q(8
Scale of New Physics

Focus on anomalous electroweak top quark interactions
Eg (SMEFT in WarsaW basis [Dedes,Materkowska,Paraskevas,Rosiek,Suxho’l?]):

1 =g _ 1
QY = (PNiDue) (@B dh) © CF,

Ztt, Wtb, xtt, ptb : ‘pq3 = (¢lir! Dugo)(q3L7' Y oghp) C¢q3,

Ztt,xtt: Q' = (WMD) (Brith) o CE
G = (Pe)GHLthE) o GF
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Top quark coupling to W*,Z . H

Modified Feynman rules I: W*,Z Modified Feynman rules 1l: ¢+, x

e w W.SM e uf 4Z z "
K”Nw<* s (dL Pr+ dy PR) & ’~w<* r“(dL P+ dRPR) o = (dLPL P WP.:) & X< === (dXPL + dXPn>

i _1 ~ w _ 4W.SM g3 ) 5 _ — &Y N
with Py, = 3(1+19s), dff =dp + /‘(2 sy with dr(tﬁ» :d{{rr‘SM _ Xz ,sz ngqa’ dff :df SM ,V\i A’:IZ C;3q3
Z_ ,Z,SM 2 3 Z_ 4ZSM 1.2 o SM 2 P 3 _xSM [
& df=d{"" + ﬁCg’;’ , di=dp Eﬁ (eoy & df=d}" 2 s, dy = dy>t + A2 V’; '

SMEFT = simple coupling replacement SMEFT = new coupling structure (x PX/¢)

Modified Feynman rules IllI: H

u Zim, o . 2 ’ .
____< ﬂ‘-%— (PLC33 +PRC33“°) =am( x + ipk) with K:lfﬁﬁRe(C;f) & F=—F i
CPeven |GRIGHA

@ CP-odd states inherent to, e.g., SUSY or two-Higgs-doublet models

@ Arbitrary CP-mixing possible via x, &
@ SM recovered for k =1 and & = 0
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On-shell vs. loop sensitivity

€& and G can be probed in pp — ti + 7
@ On-shell sensitivity to couplings between t and Z

@ Production rate low due to coupling suppression,
high production threshold and branching fractions

0et7 X Bz 00 X Biiy gy pjots & 1 PbX 6% X 33% =~ 20 fb ‘

@ Process known to NLO QCD | (& 415% scale unc.) |

[arXiv:1404.1005v2] [arXiv:1907.11270]
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Question:

Can we exploit the abundance of top
quark pairs and the good perturbative
control of their theoretical description to
constrain anomalous EW top quark
interactions?

Idea: Sensitivity to NP from EW loops in pp — tt

Estimate:

‘atg X @ X Big_spyjets = 840 pb X %8 x 33% ~ 1800 fb‘

@ anomalous EW top-quark couplings enter through
Z, w* s X g{)i, H running in loops

@ Irred. BG: QCD O(ag) (dom. prod. mech.),

known to NNLO+NNLL | (= 45% scale unc.)

@ EW corrections dominated by O(aag) Iog2(§/M$V)
=> sensitivity enhancement

@ SM EW corrections to tt production known for a long
time and already implemented in, e.g., MCFM

T. Martini
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Calculational details

IR divergencies

UV divergencies
@ UV finite box diagrams contain additional

@ EW loop corrections yield bubble, triangle and box IR eles fiem it an(i celll. gllans [ ilie loep: o
diagrams, . 5 L X>“MZ’W<
VOO0 —>—
T Sl
ool @ Canceled by mixed QCD-EW amplitudes with real

gluon emission (also sensitive to EFT operators):

*
@ Loop amplitudes with ¢i increase 5 z
the integral tensor rank by up to 2 due %

to additional p terms in the EFT contributions

. i . . @ Loop diagrams involving Higgs boson are IR finite
Higher-rank tensor integrals — add. divergencies

e !

Interf. of diagrams /w Higgs loops and Born level Cancellation of all IR poles for modified EW top couplings!
either o< (k2 + #2) or ox (K2 — &?). . .
Numerical evaluation

We build upon the existing SM implementation of tt-production
at NLO EW in MCFM and allow for modified EW top couplings

(No sensitivity on signs of x, &)

—  Wave function and mass renormalization
within SMEFT required
@ Analytic results of calculation available as external add-on:
github.com/TOPAZdevelop/MCFM-8.3_EWSMEFT_ADDON

Squared amplitude is UV finite after renormalization!
@ MCFM reproduced for k = 1, & = Ca“‘;“ = C3‘§q3 =0
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https://github.com/TOPAZdevelop/MCFM-8.3_EWSMEFT_ADDON

Loop sensitivity in tt production

Dependence of the shapes on CJ;’ C‘p"3 3
P P 33 5
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@ State-of-the-art QCD predictions included in approx. way:
o NNLO QCD K-factor of 1.67, scale uncertainty ~ +5%
@ pf sensitive to anom. coupling of the top to the EW gauge bosons

@ Ay, and M,z sensitive to CP structure of top Yukawa coupling
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_On-shell benchmark processes

Benchmark tt + 7

@ Sensitive to anom. coupling of the
top to the EW gauge bosons

Calculation from TOPAZ framework
(github.com/TOPAZdevelop/TOPAZ)

NLO QCD K-factor of 1.23
Scale uncertainty &~ £15%
+

Z decaying into ete™ or ptp—

asof 112 (25 00 xBr(e sots) — Standard Model
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Benchmarks tt + H, tHq, tHW

@ Sensitive to anomalous top Yukawa coupling

b Htt W

@ Single top + Higgs sensitive L

to relative sign of coupling of )
Higgs boson to top and W

@ Theoretical predictions with anomalous
Htt coupling available
[Demartin,Maltoni,Mawatari,Zaro'15],
[Gritsan,Réntsch,Schulze, Xiao'16],
[Kraus, TM, Peitzsch,Uwer’19]
and implemented in the
JHU Generator framework

@ JHU Generator generates unweighted events
which can be passed to PS-+DetectorSim.

@ JHU Generator website: spin.pha. jhu.edu
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https://github.com/TOPAZdevelop/TOPAZ
https://spin.pha.jhu.edu/

Results: On-shell vs. loop sensitivity

Exclusion limits
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Conclusions

Probing New Physics through EW loops

@ Calculation of EW correction to pp — tt
@ NP included via SMEFT parametrisation of Ztt, Wtb, Htt couplings

Comparison to direct on-shell probes

@ Anomalous coupling of top to EW gauge bosons
@ tfat O(aozg) significantly more sensitive to NP than tf + Z
@ Promising new way for EW studies in tt production at LHC
@ Anomalous top Yukawa coupling
tF expected to exclude |fcp| > 0.81 for 300 b~ ! and |fcp| > 0.67 for 3 ab™ ! at 95% CL
pure pseudo-scalar model excluded by tHW at 20 for 300 fb—1 and |fcp| > 0.48 for 3 ab™ ! at 95% CL
tHq gives most stringent 95% CL exclusion: |fcp| > 0.68 for 300 fb~! and |fcp| > 0.22 for 3 ab™ 1!

tt best probe to exclude purely CP-odd top Yukawa coupling

tt and respective on-shell processes with anomalous EW top couplings
available as add-on to MCFM or via TOPAZ & JHU Generator respectively
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