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EFT interpretation of top measurements

Starting with some BSM models

@ Integrating out heavy states.

@ Expanding the resulting non-standard interactions as a series of
higher-dimensional operators.

c® c®
Lrg = Lsm + Z /(2 O,(6) + Z i O(e) dh oo
i

i
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SMEFT at dim-6
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https://arxiv.org/abs/1008.4884

EFT interpretation of top measurements

Why useful?

@ Efficiency: analysis done once and for all
Analysis (Correlated) RG/Matchin
operators ele(Elis

@ Precision: predictions can be systematically improved.

» Renormalizability, Gauge symmetries, estimate of TH
uncertainties. ..

» NLO QCD already available in many cases. EW corrections are
being studied and even automated.

@ Global approach: capture the interplay between different
sectors/measurements.

» Higgs, top, EW, TGC, flavor,. ..
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[A. Falkowski et al., ’15]
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FIG. 1. Allowed 68% and 95% CL region in the 8g1,.-0k
plane after considering LEP-2 WW production data (TGC),

Higgs data,

and the combination of both datasets.

First step taken by the TOPFITTER Collaboration [A. Buckley et al.'17]
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https://arxiv.org/abs/1512.03360

Top-quark operators and how to look for them
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see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+non-top operators (mixing) . —

Operators entering various processes: Global approach needed
E.Vryonidou



EFT int

In practice, we need a roadmap.
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in the standard-model effective field theory

J. A. Aguilar Saavedra,' C.Degrande,? G. Durieux,?
F. Maltoni,* E. Vryonidou,? C. Zhang® (editors),
cei,S 1. B[‘lVlU V. Cirigliano,® W. Dekens,®® J. de Vries,'* C. Englert,!!
M. Fabbrichesi,'? C Grojean,*® U. Haisch,>™* Y. Jiang,” J. Kamenik,'%®
M. Mangano,? D.Marzocca,“ E. Mereghetti,® K. Mimasu,* L. Moore,* G. Perez,'”
T.Plehn,'® F. Riva,? M. Russell,'® J. Santiago,'® M. Schulze,'® Y. Soreq,?
A. Tonero,?" M. Trott,” S. Westhoff,'® C. White,?*> A. Wulzer,>**?** J. Zupan.?®

! Departamento de Fisica Tedrica y del Cosmos, U. de Granada, E-18071 Granada, Spain
2 CERN, Theoretical Physics Department, Geneva 23 CH-1211, Switzerland
$DESY, NotkestraSe 85, D-22607 Hamburg, Germany
* Centre for Cosmology, Particle Physics and Phenomenology (CP3), Université catholique de Louvain,
B-1348 Louvain-la-Neuve, Belgium
® Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China.
©SISSA and INFN, Sezione di Trieste, via Bonomea 265, 34136 Trieste, Italy
7 Niels Bohr International Academy and Discovery Center, Niels Bohr Institute, University of
Copenhagen, DK-2100 Copenhagen, Denmark
® Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
9 New Mexico Consortium, Los Alamos Research Park, Los Alamos, NM 87544, USA
10 Nikhef, Theory Group, Science Park 105, 1098 XG, Amsterdam, The Netherlands
1 SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, UK
12 INFN, Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy
9 Institut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany
4 Rudolf Pejerls Centre for Theoretical Physics, University of Oxford, OX1 3NP Oxford, UK
19 Jogef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
16 Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
7 Department of Particle Physics and Astrophysics, Weizmann Institute of Science,
Rehovot 7610001 Tsrael
8 Institut fiir T1 i Physik, Universitiit Hei Germany
19 CAFPE and Departamento de Fisica Teérica y del Cosmos, U. de Granada, E-18071 Granada, Spain
2 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
21 UNIFAL-MG, Rodovia José Aurélio Vilela 11999, 37715-400 Pogos de Caldas, MG, Brazil
22 Centre for Research in String Theory, School of Physics and Astronomy, Queen Mary University of
London, 327 Mile End Road, London E1 4NS, UK
3 Institut de Théorie des Phénomenes Physiques, EPFL, Lausanne, Switzerland
24 Dipartimento di Fisica ¢ Astronomia, Universit di Padova and INFN Padova, Italy
%5 Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221,USA

EFT for Top

[J. Aguilar Saavedra et al.,’18]
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EFT interpretation of top measurements

Interpreting top LHC measurements

@ Reduce the number of OPs to start with (avoid 500+ 4-fermion OPs):
Baseline U(2)q x U(2)y x U(2)4: B
Forces the first two generation to appear as qq, uu, dd.

Extended U(2)g4d+u:
Allows right-handed td and light chirality flipping ones qu, qd.

Restricted Top-philic:
All operators with SM bosons and (just) top. (and reduced to Warsaw

basis)

Cen Zhang (IHEP) EFT for Top May 24



EFT interpretation of top measurements

Interpreting top LHC measurements

@ Reduce the number of OPs to start with (avoid 500+ 4-fermion OPs):
Baseline U(2)q x U(2)y x U(2)4: B
Forces the first two generation to appear as qq, uu, dd.

Extended U(2)g4d+u:
Allows right-handed td and light chirality flipping ones qu, qd.

Restricted Top-philic:
All operators with SM bosons and (just) top. (and reduced to Warsaw

basis)

@ Define the relevant degrees of freedom natural for top physics, and fix
notations.

Cen Zhang (IHEP) EFT for Top May 24



Top-specific d.o.f. definitions

Match SM interference structures
and interactions with physical gauge bosons
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EFT interpretation of top measurements

Interpreting top LHC measurements

@ Reduce the number of OPs to start with (avoid 500+ 4-fermion OPs):

Baseline U(2)q x U(2)y x U(2)4: B
Forces the first two generation to appear as qq, uu, dd.
Extended U(2)g4d+u:
Allows right-handed td and light chirality flipping ones qu, qd.
Restricted Top-philic:
All operators with SM bosons and (just) top. (and reduced to Warsaw
basis)

@ Define the relevant degrees of freedom natural for top physics, and fix
notations.

@ Provide simulation tools and benchmarks: DIM6TOP

https://feynrules.irmp.ucl.ac.be/wiki/dimétop

Cen Zhang (IHEP) EFT for Top May 24
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EFT interpretation of top measurements

Interpreting top LHC measurements

@ Reduce the number of OPs to start with (avoid 500+ 4-fermion OPs):

Baseline U(2)q x U(2)y x U(2)q: _
Forces the first two generation to appear as qq, tu, dd.

Extended U(2)g4d+u:
Allows right-handed ud and light chirality flipping ones qu, gd.

Restricted Top-philic:
All operators with SM bosons and (just) top. (and reduced to Warsaw

basis)

@ Define the relevant degrees of freedom natural for top physics, and fix
notations.

@ Provide simulation tools and benchmarks: DIM6TOP

https://feynrules.irmp.ucl.ac.be/wiki/dimétop

@ Strategy.

Cen Zhang (IHEP) EFT for Top May 24
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EFT interpretation of top measurements

Ci/\?

Ci(Eeus/N)? = cst
Ci(Eeus/4mN)? = cst

linear limit

quadratic limit

E2

cut

@ Quote limits as a function of Ecyt [Contino, Falkowski,Goertz, Grojean, Riva, 16]

» Assess the validity of matching to models.
» Compare with perturbativity.

Cen Zhang (IHEP)

EFT for Top
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https://arxiv.org/abs/1604.06444

Outline

© Top EFT @ NLO QCD
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Outline

© Top EFT @ NLO QCD
@ Why we need NLO

Cen Zhang (IHEP) EFT for Top
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Why we need NLO

@ SMEFT is renormalizable order by order in 1/A.

@ We need higher-order corrections to control TH uncertainties for
two classes of reasons:

» Same as for SM: QCD corrections are important at hadron
colliders; EW corrections are important for accuracy and for specific
areas of phase space and observables; NLO corrections affect
normalization, shapes, scale and PDF uncertainties.

» Specific issues for SMEFT at dim>4: NLO could be the first order
where non-trivial EFT structure becomes manifest: mixing, pger
dependence, new contributions arise at NLO,. ..

Cen Zhang (IHEP) EFT for Top May 24 18



Running & Mixing

@ Scale separation: coefficients are matched to BSM at scale A, but are
probed at much lower scales.

@ Coefficients are defined with MSbar scheme to take care of the logs.
@ This means coefficients depend on the scale at which they are defined.

@ RG mixing [R. Alonso et al., '13;14]

daCi(p) _
dlogy ~ = 1K)

@ One immediate consequence is that assumptions about some
coefficients being zero at low scales are not valid.

Cen Zhang (IHEP) EFT for Top May 24 19



EFT scale dependence

9g — H scale dependence

o[pb]

Op and diagrams

: ; ; ‘ ‘ : (NLO)
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20 50 100 200 500 1000 2000 [Vryonidou, Maltoni, CZ, ’16]

HerT[GeV]

J<=Cig=1,Ctp =C,g=0atm.

@ Scale dependence of (LO) O, from running coef., cancels that of (NLO) Oyg, from the

loop.

@ Only global point of view could make sense. To estimate TH uncertainty, must sum all ops.

EFT for Top May 24 20



Top EFT @ NLO QCD

Why we need NLO

EFT scale dependence: even higher order

9g — H scale dependence
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[Deutschmann, Duhr, Maltoni, Vryonidou, '17]

@ Once global, SMEFT prediction can be improved order by order.

EFT for Top
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Top EFT @ NLO QCD Why we need NLO

Genuine NLO corrections can be large

@ RG structure of SMEFT is process and observable-independent,
but does not fully encode the NLO corrections.

» In fact, they are NOT part of NLO correction from a bottom-up point
of view.

@ In contrast, the finite terms depend on processes and
observables. Need to be studied on a process-by-process basis.

@ Often, they are the dominant effects.

Cen Zhang (IHEP) EFT for Top May 24 22



Top EFT @ NLO QCD Why we need NLO

ttH: RG vs full NLO

=
©

g
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=
N
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@ Finite (QCD) corrections can be very important.

Suppose a full theory is matched to
an EFT with Oy, Oy, Osg at 2 TeV.

We can compute o at LO =2 TeV,
where we normalize results to 1.

We can also improve these results
by running the theory to m;, and do
another LO calculation. This
increases o by 0 ~ 50% depending
on operators.

However the full NLO corrections
are much larger.

[Vryonidou, Maltoni, CZ, ’16]

> Similar cases in H and Z decay, see e.g. [R. Gauld, '16], [C. Hartmann, '16]

@ Not to say RGEs are useless, but relying on them could be misleading.

Cen Zhang (IHEP)

EFT for Top
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Why we need NLO

New operators arise at NLO

k) at LHC [G. Degrassiet al., "16] [Gorbahn&Haisch, '16]
‘ -2

t
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bounds on 6k, from EFT global fit
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3

4 68%,95%CL bounds, lepton collider only
68%,95%CL bounds, combined with HL-LHC
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EFT for Top
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New operators arise at NLO

Top loops in Higgs processes

-
Vol

[E. Vryonidou and CZ, ’18]

EFT for Top

Potentially large effects:

O loop Ctop
~ QEW C
Otree Higgs

given that top operator
constraints are in general
much weaker.

May 24

25



Top EFT @ NLO QCD Why we need NLO

One last reason for going to NLO. ..

If it's “free”.

MG5_aMC>import model TopEFT
MG5_aMC>generate p p > t t~ EFT=1 [QCD]
MG5_aMC>output

MG5_aMC>1launch

(imagine this is all you need to get (NLO+PS) events...)

Cen Zhang (IHEP) EFT for Top May 24
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Outline

© Top EFT @ NLO QCD

@ Available processes and operators

Cen Zhang (IHEP) EFT for Top

May 24
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Available processes and operators
Workflow (ideally) NLO

NLOCT [<--- <{ SMEFT.fr

T
!
: FEYNRULES
¥

UV/R2 CT [---~

(NLO) UFO

MG5_aMC
+PY/HW

(NLO+PS) events

[C. Degrande,’14]

Cen Zhang (IHEP) EFT for Top May 24 28


https://arxiv.org/abs/1406.3030

Strategy

@ Instead of having the full SMEFT@NLO automation, we start with
important processes, one by one, to make sure nothing goes
wrong.

@ This also allows us to identify the potential complication due to
going to higher-dim, which is crucial for the final automation of the
full theory.

Cen Zhang (IHEP) EFT for Top May 24 29



Available processes and operators

Status for top processes

ltng_ ttZ/yA,_th , tH
Process 0ufl0s 0w 0F) 0% Oud O m‘m
t— bW = bty v o/ v
pp > tq v Va4 v
pp — tW v o/
pp — tt v v n
b thy oo v tazi 199 gr litq
o L0 /
>tz v v v s 4 t—qltl” v v
pp — tZj A A A A A v t gy Vv
pp — W v v t— qH v v
efe” = tf A A A A A v p—t v
pp — tTH v e e A A A A V)
pp — tHj v v 7/ v /Y ppoty v v 7
99—~ H Hj,HZ / O/ v/ pp—tH v v

Coupling measurements FCNC searches

*color-neutral operators are free.

(IHEP) EFT for Top May 24



Top EFT @ NLO QCD Available processes and operators

shell> ./bin/mg5

MG5_aMC>
MG5_aMC>
MG5_aMC>
MG5_aMC>

import model TopEFT

generate p p > t t~ Z EFT=1 [QCD]
output some_DIR

launch

31



Available processes and operators

Top EFT @ NLO QCD

ST AP A PR A R S0 RS RIS PN P
SO LR AR PP FRONIOR BN RO HI R4
SRR AR AR A A A A PO
A MMM PP MR A RARFR A RARRR AR MNP
LT RSB MALH A AR A A RS SRR AR
SO RHMM KA A AR A FNRR R SCON MR MMM
DU PR MM A A ARRAR FAARA LXK X LM M
SO HAR R OMMA R AR R SNAA S XSO S AL
SO MM B OMMM AR AR R ARAAR OO
FURRAM PP U A AR RRA FAASA XKLL XX
FOOHOK A MO BOMMOMA AT HA BN AR S AKX X R K
FORORFOR MM AH OO AR RO SONL AR S RO UK
HRHE R I A AL AR AAA AT A RRARRN AAR L L
HCROROR I 2o et AR AT RRRR X XL KX
SOROR KR A B H A Ja MR AR XAAACK
R AR HMN MMM AARAA B ARRRAR MALLA
HHOHCCOR KRR M A A A N KRR XA
PR R BN R ORI A R AR R PO
AAAA K I M A R A R H AU XARAR LS MM
SOCKATK AR BOM PR ECOR RO AR R RR S L R
SOCCXRSCRMSHON MM A RORRCRCOR IO KRR A AU
SOSCCLI R M R A R PR AR AL A
SO LSRR ORI R YO
XA MMM RORORCEOCM 03 FOCRONR O]
U XU P A AR AR R AMMA A LA
SOOI AR A RR AN AN A SR P
XXX SR A AR PR ORRROL SRS
SUSOUSU SO0 MMM A AR AR RGL AR AR AR L
SOOXCHCTCIMM AP A TR A ORI R A KKK
2R ICCCRRSSCARA RO RO TR AR
AU IR MMM A AR MAMAA ARAAA
SOOI I A HAA AR AT HNR A AA AR
XXX NI MR R AR KRN A AR R

32
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Top EFT @ NLO QCD

Available processes and operators

iz, LHC13 ooy —
NLO, p=m,, Cig=1, A=1 TeV gy Col) —
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Top EFT @ NLO QCD Available processes and operators

For more details, see...

Processes Operators Refs
FCNC production tgX, X =9,v,Z,h [Degrande,Maltoni, Wang,CZ,'14]
ft chromo-dipole [D.B.Franzosi,CZ,'15]

single t (s-&t-channel+tW)  tbW couplings

[cZ16]

ttZ,tty,(g9g — HZ) X, X =2,~,9 [O.B.Bylund et al,'16]

ttH chromo, ggH, top Yukawa [Vryonidou,Maltoni,CZ, 16]
ete™ — ft X, 4-fermion [G. Durieux,17]

(Higgs production) EW/Higgs [C. Degrande et al.,'16]
tHj, tZj, (tvj) all above plus EW and Higgs plus 4-fermion  [C.Degrande et al.,'18]

Cen Zhang (IHEP) EFT for Top
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https://arxiv.org/abs/1412.5594
https://arxiv.org/abs/1503.08841
https://arxiv.org/abs/1601.06163
https://arxiv.org/abs/1601.08193
https://arxiv.org/abs/1607.05330
https://arxiv.org/abs/1708.09849
https://arxiv.org/abs/1609.04833 
https://arxiv.org/abs/1804.07773

Outline

© Top EFT @ NLO QCD

@ Single top plus H/Z

Cen Zhang (IHEP) EFT for Top
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Top EFT @ NLO QCD Single top plus H/Z

Single top with H/Z

@ Involve top, W/Z, H.

» Nice test for putting all available stuff together.

— tHj

tj
05" 05,7 (0:0)

3
0., | |09 0w 0.

Ot/w OtB

t7j—

(1)
Od}Q

Ouw Onw

Oup: Oy

.
|

.

@ Unitarity cancellations: announced sensitivity at high mass.

Cen Zhang (IHEP) EFT for Top
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Single top with H/Z

O, ol W W, 0., (¢'9) (Q1) ¢

. ik vpyys X _
Ow = 7" W, W WPW 0, z(«p*‘ﬁugo)(tw“t)

09 (o Dip)(@1#0:1Q)
Contact terms
O (Qouwt) p B

09 i(et Bio) Qo)
Wtb vertex
Ot i(3 Do) (Byt)

v

@ The tXj channels access the 2 — 2 sub-amplitudes, probe the energy
dependence due to unitarity cancellation spoiled by BSM effects, and
reveal the rich interplay between EFT operators from different sectors.

@ See also [Maltoni,Paul,Stelzer, Willenbrock,01],  [Biswas, Gabrielli, Mele, 12],

[Farina, Grojean,Maltoni,Salvioni, Thamm,'12], [Demartin,Maltoni,Mawatari,Zaro,'15], [Dror,Farina,Salvioni,Serra,’16].

Cen Zhang (IHEP) EFT for Top May 24 37



https://arxiv.org/abs/hep-ph/0106293
https://arxiv.org/abs/1211.0499
https://arxiv.org/abs/1211.3736
https://arxiv.org/abs/1504.00611
https://arxiv.org/abs/1511.03674

Single top with H/Z: sub-amplitudes

bW — tH amplitude

3
Ao Aws Ar | SM Org o% Opw Ow Ouw
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1 = = 1 mys 1
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o 1 1 = mys = my(s+
2= 75 7 my V=1 = mv/ =t =
1 0 1
- =+ S| s s = s(s+t) S
- 1 -~ 1 myy (s+t) 1 myy (s+t)
T Vs Vs V-t /s V=t
-+ + s° - 0 0 0 1
Optpy Ap =+
Aw
0 + -
At
z
+ s(s+t) myyv—1 v
= my/—1 s0 s°
s~ —t>> V2
v
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Top EFT @ Q

bW — tZ amplitude

Single top plus H/Z

3 7
Ap Aws Ap Az | SM of )o of )o Oyt O Ow Ow Onw Oug
—,0,—,0 0 /5510 = = = 0 0 NEGE) iy
—,0,+,0 2| mvE mvE v mpv T30 = mv =i mv =T
1 my(s+21) 4
—. — =0 J5 | mwv= — — — — o Pam my /=1 *
-, =40 1 s0 s0 s0 0 S5 s0 0 ﬁ
4 N B my(s+2) | mpy(ss 2t my s
e my v/ —t my/—t mp/—t 7\/7—“ 7\/7—' vt
1 _ _ _ _ myy (s+t) myy (s+t) myy(s+t)
VA Y VT V=T
0 0 0 - - 0 0 0 °
1 s0 s0 s0 ) S5+ = s0 s0
A _ _ _ myy(s+t) 1 BN
\S§ s0 = — _ &0 :r \S/og ‘l@
IR 0 K 0 _ 0 0 0 K D
——o—o & = = - = = VA <0 s
| mz (shyt—ack, (2s+) q q
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— =t Z = = - myv myv/=1 mv/=T mv =T mv =t
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-+t & 0 0 - - - - s0 0
ity — & _ _ . _ - mp/ =1 my/ =1 mv/=F
_ Rl _ _ _ _ my (st _ 1 1
s+ 5 —t s e
Ogitp, Moy At = +, + Opibs Xo» Mt =+, —
X Aw
w
0 + - 0 -
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0 NCEE By = S 0 - s0
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w
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Inclusive results: tHi@13 TeV

@ Parameterization:

1TeV2
o=osm+y, —e Gioi
i

1Tev*
+>° —aCiGai-
i<j

@ Large deviation > 1 within
current constraints (Oyy and
Ory)-

@ K-factor not universal.

@ Reduction of scale/PDF
uncertainties.

Cen Zhang (IHEP)

o [fb] LO NLO K-factor
osm 57.56(4)7 )2 £10.2%  75.87(4)'23% +£1.2% 1.32
Cow 8.12(2) (%1% +9.3% 7.76(2)75 %% £1.0% 0.96
ey 5.212(7)7 05 +£10.2%  6.263(7)*25% +1.3% 1.20

o ~1.203(6)" 2% £89% —0.246(6) [y aiiaam £21% 020
Conns 0.6682(9) 1137 +9.6%  0.7306(8) 35051 +1.0% 1.09
Ow 19.38(6) 150 +£9.4%  22.18(6) 4 oo, + 1:0% 1.14
T 46.40(8) 2% £11.1%  71.24(8) L 4 1.9% 154
ool —3.03(3)13%% £15.4%  —10.04(4)" 1'% +1.8% 3.31
O o0 | 112321284 £11.2%  15.28(2)750%, +1.8% 1.36
Ton 0 0 _
oo 2.752(4) 38 £11.3%  3.768(4) 0%, + 1.8% 1.54
Ciw ~3.526(4)73%% £10.9% —5.27(1)*53% +1.5% 1.50
o 0.9356(4) 75 £12.3%  1.058(1)*4%%, +2.3% 1.13

s —0.418(5) 2,5 + 1.1% =

O6e 1.413(1)+203% £ 25% -
Tagern —2250(5)180% £9.7% —20.10(5)*135% £ 1.1% 0.89
oo open | 89.78(3)18%% £12.1%  62.20(3)1L5% +2.3% 0.89
o) - 0.25(3)1254% +4.7% -
Oogon ogen | 1553(2)18%% £12.1%  14.07(2)71L% £2.1% 0.91

.
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K-factor not universal.

Reduction of scale/PDF
uncertainties.

Deviation ~ 20% within current
constraints (Oyy and Oyg).

EFT contributions smaller
relative to SM.

> Higgs always radiated
from top/EW gauge
boson, but Z boson can
also come from light
quark leg.

Cen Zhang (IHEP)

QC Single top plus H/Z

Inclusive results: tZj@13 TeV

o [fb] Lo NLO K-factor
Tsm 660.8(4) %1% +9.7% 839.1(5) L1k £1.0% 1.27
o —7.87(7)8%, £9.7% —8.77(8) 5% +1.1% 1.12
Gww 34.58(3) 52 +£13.0% 43.80(4)758%, £2.8% 1.27
e 223(2) ST £94% 2942 50 £ 1% 132
Tom 2.833(2) (5l ei £ 11.1%  4.155(3) 50 £1.7% 147
2.66(4) 125 o £ 114%  13.0(1) Looa il £12%  4.90
Toww 48.16(4) 1M £11.3%  80.00(4) TN K +£1.9% 1.66
Toan 4.20(1)139% +9.3% 4.94(2)135% +1.0% 1.18
O pan,oan 0.3326(3) %5 +9.6% 0.4402(5)" 3% +1.0% 1.32
Osa 14.98(2) 1450 £9.4% 18.07(3)73:3% +1.0% 1.21
Ty0.00 0.7442(7) 1810 +9.5% 1.028(1)25% +1.0% 1.38
L) 130.04(8)* %57 + 9.5% 161.4(1)75 5% +1.0% 1.24
3 17.82(2) 1% £ 105% 23.98(2) 37 £1.4% 1.35
@n 0 0
Oyt 2.949(2) 155 £ 11.1% 4.154(4)751%, +1.8% 1.41
O —5.16(6)7 7%, £10.5%  —6.88(8) 54 + 1.4% 1.33
Tyw 0.912(2)3 3% +12.0% 1.048(2)752%, £21% 1.15
O 3.015(9) 557, + 9.5% 3.76(1)752% £1.0% 1.25
o 0.02324(6)' 127% £9.9%  0.02893(6)'23% £1.1%  1.24
e 0.45(2)*930%  +4.9%
Tee 2.251(4) 8% £2.5%
Tagan —393.5(5)"%,%, £10.0%  —498(1)" 5% +1.2% 1.26
O e | 462.25(3)184% £127%  545.50(5)11,%, £2.9%  1.18
Ooysa) 0 0.9(3)7 %23 £19.2%
Ooon g | 10273(5)184% £127%  111.18(5)"35%, +2.8%  1.08
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Differential: tZj@13 TeV

10! pp—tZj,LHC @ 13 TeV 10"+ pp—tZj,LHC @ 13 TeV
T T
> >
[0 [0
0] (0]
Qo Qo
Q Qo
o102 1024
8§ sMm ES sM
C.o/\2 = £5 [TeV 2] Ce/N2 = —T7[TeV 2]
Lo Lo
= NLO = NLO
& 20 X 20
w10 w109
T o o 0
ER 2 10
8 -20 & 201
20 T T T T T T T 3] T T T T T T T
= =
£ 2 2
S 1
2 2
1.0 14
20 T T T T T T T 201 T T T T T T T
2 2
9 15 S 154
z z
1.0 10 T T r r : T :
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
top pr [GeV] top pr [GeV]
v

Potentially large deviation at the tails. .. (saturating current limits)
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Current vs. future

CERN-EP-2017-188 & CERN-EP-2017-296 oz, P > 250 GeV
— Existing individual limit =~ Existing individual limit
LO sensitivity LO sensitivity
— NLO sensitivity — NLO sensitivity
Cy |x10) + Cw |x10 _':-_
|
_—
Cw ‘_‘: Cuy | (x5) —
i —
Ce — Ces —_—
— '
i !
Cotr == Coo ==
- - i
1
(3) —_— .
(3) -+ Cva (x5)
Ca — —?—:
[ —— cy —,——¢—
—_—
—_— c,
Ca ot ¢
|
¢ — Cuw =
i e
G -+ Cro =
1
C‘CM) (x10) ———
(3.1) —— Qq s
Coq |(x10) = 5
@) (. 10 —_
ngsy (x10) —_— Coq | (x10) E====2
T T T t T T T —25 -20 15 —-10 -5 0 5 10 15 20 25
-30 -20 -10 0 10 20 30 c/N2 [TEV’Z]
C/\? [TeV-2]
0.75 + 0.27 & 1 pr > 250 GeV, assume 10x smaller
. 0.27 £1.31 £ 0.47 xsec compensated by HL-LHC
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Current vs. future

(1)

(3.1)
CUQ

(3.8)
cs

CERN-EP-2017-188 & CERN-EP-2017-296
= Existing individual limit
LO sensitivity
= NLO sensitivity

(x10) =

-
-~

(x10)

(x10)

750 7'20 :ID 0 IID 2'0 30
C/AZ [TeV-2]
= 0.75+0.27 & 1.31 £ 0.47

a1z, PP > 250 GeV
=~ Existing individual limit
LO sensitivity
== NLO sensitivity
x10) -+
—_—
|
i
(x5) ===
!
_—
-
—_——
E==3
i
(x5) —————n
E==—== ===
1
Expected i
from SEEEEEREERERE)
subamplitude —_—
. [
behaviours M +
H
Chw E=———=——_"N
i
[ =
1
cg“l" (x10) _T_
|
i
(3.8) ——
Coy| < 10) E== ==X

—25 7'20 7'15 7v10 J5 0 5 1b 1'5 2b 25
c/\? [TeV—2]

pr > 250 GeV, assume 10x smaller

xsec compensated by HL-LHC
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Top EFT @ NLO QCD Future plan

Outline

© Top EFT @ NLO QCD

@ Future plan

Cen Zhang (IHEP)

EFT for Top
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Towards full SMEFT @ NLO in QCD implementation

We have started to work on a more complete SMEFT implementation
@ NLO in QCD, including all relevant OPs for top, Higgs and EW
measurements.

Cen Zhang (IHEP) EFT for Top May 24 46



Towards full SMEFT @ NLO in QCD implementation

With two-quark and Higgs/EW operators implemented, we are still
missing:
v ~Bp AC
° fABCGﬁ G,,pGp“

@ Four-fermion operators.

@ Processes where QCD EW orders are mixed.

Cen Zhang (IHEP) EFT for Top May 24
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Top EFT @ NLO QCD Future plan

The three gluon operator

@ Multijet processes impose so far the best bounds.

[F. Krauss,S. Kuttimalai, T. Plehn,’16]
@ No interference with SM in di-jet at LO. [Cho & Simmons '94]
@ NLO being checked. (Hirschi, Tsinikos, Vryondiou,. . .)

Cen Zhang (IHEP) EFT for Top May 24 48


https://arxiv.org/abs/1611.00767
https://arxiv.org/abs/hep-ph/9408206

Towards full SMEFT @ NLO in QCD implementation

With two-quark and Higgs/EW operators implemented, we are still
missing:
v ~Bp AC
° fABCGf} GGt v

@ Four-fermion operators.

@ Processes where QCD QED orders are mixed.

Cen Zhang (IHEP) EFT for Top May 24
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Top EFT @ NLO QCD Future plan

Four-fermion operator

@ Main difficulty is the “evanescent operator” basis, which now
becomes automated in NLOCT.

Four-fermion operators are important, as they are tree-level induced
and enter many processes.

@ Two-light-two-heavy qqtt operators are important for tt and tt + X.

@ (ttt and ttbb production: rich phenomenology, more
opportunities. . .

[Degrande, Gerard,Grojean,Maltoni,Servant,'10]

Cen Zhang (IHEP) EFT for Top May 24 50


https://arxiv.org/abs/1010.6304

Top EFT @ NLO QCD Future plan

Four-top production

The four top production

@ has a current upper bound about 4 ~ 5xSM.

@ ALREADY sensitive to qqtt operators.

@ Resulting constraints can compete with tt.
The special sensitivity comes from:

@ Large threshold energy.

E2
qun‘ﬁ > 1
@ Multiple insertion.
E2\*
Odim—6 ™~ OSM <qutt/\2>

Cen Zhang (IHEP) EFT for Top May 24 51



Top EFT @ NLO QCD Future plan

Is EFT@dim6 still valid with multiple insertion of operators, ~ (CE2?/A?)*?

@ Consider the one-scale-one-coupling example iN  [Contino, Falkowski, Goertz, Grojean, Riva, 16]

@ When the extra 1/A? from expanding the amplitude:

2
1 1 ? P?
2R, 1+AT+(AT AR
P = Anp NP NP NP

g* g*
The expansion parameter is .
Valid as far as p2 < A,2VP (by imposing kinematic cut), so neglecting dim-8

operator is ok, independent of size of gx.

@ When the extra 1/A? from squaring the amplitude:

2 2 2 2

2 | 9iF CE g5 c

M ~ + 5 ~ 1+ —, usin, = —
9Ism N 22 (using 2, /\2)

2 2 2 2
|M|2~4 +M giE4~1+CiE2 CiEz
Ism A2 A A2 A2
NP NP

“Expansion parameter” is | CE2 /A2 |. it depends on g, and if large, cannot truncate. But we can
always include this term, as it does not involve dim-8 and higher operators.

Cen Zhang (IHEP) EFT for Top May 24
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https://arxiv.org/abs/1604.06444

Cen Zhang (IHEP)

4
Similar in four-top: ogim—g ~ osm (C(S)f—:)

@ For multiple insertion and squaring
amplitude, expansion paraemeter is

C(G) E2//\2

These will be kept. (Highest power is 4)

@ For higher dim operators,
if the expansion parameter is

E?/Nyp
we impose kinematic cut so that

B2 < M2, < Ry

> Could be model dependent, but is natural for
“one-scale-one-coupling” kind of models.
(Also process-dependent: four-top will not
enhanced by more than four powers of g .)

Top EFT @ NLO QCD Future plan

Example

2

EFT

My =5 TeV
My=6 TeV
My=8 TeV

2000
Vs [GeV]

2500
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Top EFT @ NLO QCD Future plan

Comparison with tt

Cm
@ Four top projection: o < 1.87 @
with 300 b~ 1. a9
C
]
P e ' 263
@ Compared with tt: global fit & e globa
including s = ==
> xsec at Tevatron + LHC 8/13 e
> Arg and A at Tevatron + LHC 8 « four top:
> my distribution at LHC 8 & — Mgy=2TeV marg.
. . .. ~ — Moy=3TeV marg.
@ Maginalized limits on qqtt (also 4 — Max=d TeV marg
marginalized over tttt operators). & == Ui
@ Still conservative: assume SM & PG;‘“’“;‘T'Z'V‘V
signal shape, and compare M.; e Moy=4 TeV
with total upper limit. o
[€z/17] -
— &
o

-20 -10 0 10 20
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https://arxiv.org/abs/1708.05928

More to be probed with pp — ttbb (PRELIMINARY)

[J. D’Hondt, A. Mariotti, K. Mimasu, S. Moortgat, CZ, in progress]

@ ~ 10x larger cross section; kinematic information accessible.
@ Lower threshold = smaller M,;; = more model-independence.
@ Probe more 4-heavy operators:

1 _ _
Oba = > (@ Q) (@™ Q)

0% = % (2. ™ Q) (0 T4 Q),

[
=

Cen Zhang (IHEP) EFT for Top May 24



Future plan

Validity & perturbativity (PRELIMINARY)

Cil(Beut/A)? = cst
Ci(Eeus/AmA)? = cst

— oswcL @23t [ ]IC, M /(4n>1 Ci/A?

------- 95% CL @ 300 bt [ IC}, M2, /(47 > 0.16

linear limit

quadratic limit

E2

cut

[Tev?

1
Qb

25 3 35 4 45

My [TeV] )

Limits at 95% CL on C})b as a function of the mass cut M, for an integrated luminosity of 2.3 o "

(solid line) and 300 o1 (dashed line). The non-perturbative regime of the EFT in which \C\Mgm//\2 <
(47r)2 is indicated with the light red shaded region. The darker red region represents the extension of the
non-perturbative region for which the upper limit on the Wilson coefficient (at 300 fo—") crosses exactly
the perturbativity threshold at a mass cut of M; = 2 TeV

g (IHEP) EFT for Top May 24




p EFT Future plan
Approach (PRELIMINARY
To improve sensitivity: B
) ) < — EFT —— SM
@ Kinematic cut on My, |}
@ Use a multi-class shallow neural
network =
” 0‘.1 0.2 0.‘3 0.‘4 0.‘5 0.‘6 0.‘7 0‘.8 0.‘9 1
E | Limit vs. My 25y 95% CL limit @ 300 discriminator P(t) + P(,)
i __ EFTwith _ EFTwith
right-handed top left-handed top

1 1
‘ ‘ Oqp vs- Oy,

=)
= SM cross section after
s - > M
g lap > Map
S
1
7
@
@
e
5 I I I I I
0 01 02 03 04 05 06 07 08 0.‘9) 1
400 600 800 1000 1200 1400 1600 dlscnmlna!orpt +Lp(
M2 [Gev] )+ Pt)
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NN outputs (PRELIMINARY)

3P

P(t)

discriminator =

o

0.8

0.6

0.4

0.2

Hsv

SM+EFT SM+EFT B
left-handed top right-handed top

=]

discriminator P(t ) + P(t.)

(IHEP)

EFT for Top

Future plan

—— SMVSEFT + (C',C!)=(0,0)

Qb b’
—SR1 = e combined SR 1 & SR 2
— SR 2 — template fit

4 -3 -2 -1 0 1 2 3 4
Cop [TeV?]
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Future plan

NN outputs (PRELIMINARY)

combined
—— SMVSEFT =t SR1&SR 2
o I ] — template fit  + (Ch,.C}) = (5.03.0)
—~ | - -
- F SM+EFT SM+EFT R
o i C .SMDIeﬂ-handed top right-handed top
= 0.8 . -
o |-
S L
g °r
E r
2 o
° L
0.2F
o- _g
0 I P S N SR
-8 6 4 -2 0 2 4 6 8

1 -2
CQh [Tev<]
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Towards full SMEFT @ NLO in QCD implementation

With two-quark and Higgs/EW operators implemented, we are still
missing:
v ~Bp AC
° fABCGf} GGt v

@ Four-quark operators. Being worked out

@ Processes where QCD QED orders are mixed.

Cen Zhang (IHEP) EFT for Top May 24
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Towards full SMEFT @ NLO in QCD implementation

Figure 1: tW — tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW~ — tW ™.

[Dror, Farina,Salvioni,Serra,’16]
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https://arxiv.org/abs/1511.03674

Outline

© EW corrections

Cen Zhang (IHEP) EFT for Top

May 24
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Outline

© EW corrections
@ Higgs production & decay

Cen Zhang (IHEP) EFT for Top

May 24
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Why EW?

[E. Vryonidou and CZ, ’18]

In particular, focus on top-loop induced contributions.

@ When saying “Higgs couplings”, what are we really talking about?

S

@ Potentially, large relative corrections (unlike in the SM).

Oloop Ctop
O'tree CHiggs

given that top operator constraints are in general much weaker.

@ All Higgs production & decay are affected by same effects.

Cen Zhang (IHEP) EFT for Top May 24

64



@ A first step towards extending the existing NLO SMEFT
implementation to incorporating EW corrections.

» Some NLO EW results for Higgs decay, e.qg.
[Hartmann & Trott, '15], [Ghezzi et al., 15],
[Gauld et al., '16], [Dawson & Giardino, '18]

@ EW top-loop contribution in Higgs processes is a suitable starting
point.

Cen Zhang (IHEP) EFT for Top May 24 65



EW corrections Higgs production & decay

><>@i/ O- ——Q< eon

WH,ZH VBF H-> e W.Z masses, oblique paretmers
1 =>vv.yZ 1= ZILWlv H->bb  decay

e el
o

Cen Zha EFT for Top May 24
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How it works (for now)

Dim-6 UV

CT: MSbar

Dim-4 UV
CT: on-shell
Mw z & GF

R2: KKS
for ~°

(FEYNARTS
+FEYNCALC)

Cen Zhang (IHEP)

(LO) SM
UFO

UFO with
EW NLO

Generate LO
SM events
(unweighted)

For each
event:
recompute
loops in EFT

Reweighting
module
of MG5

based on
[Oliver, *16]

Weighted events
for NLO EFT

EFT for Top

May 24
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Operator set

@ “Top operators” (top-gauge/top-Higgs couplings)

Orp = Q1@ (9T 9) + hc.,
o8, = (¢! Tle) @),
Optr = (37D ) (Fy*b) + hoc.,
O = (Qo"'"'1) 3Buw + h.c.,
[ I ON CDIRNNG.)
Ovro 2 (Owo T OvO) B
@ “Higgs operators”

O,ws = soTT/saW,’“,B’”,

O, = ol B, B,

Oup = (LPTD”AD)* (sofD,up) ,
Op = iD* o D" oB,,,,

Oue = (¢ o)lenep,

Cen Zhang (IHEP)

Ow = Q" 7'ty W), + h.c.,

o) = (¢' T uv) @1+ 0),

Oyt = (J(ﬁwﬁ) "),

! 1
Ouw = @TQDWWWW,

0,0 = (wTso) g (s@*w) )

Oy = iD”LpTTIDVLpWLU, LLL

Opy = (07 0) by,

Ory = (¢ 0)hese.

EFT for Top May 24



RG mixing

(+) (=)
Oyt O.a O.a Ot Owv Oig Oty
I5) 1 1 1 0 _ _n
©WB | Bsycy  Ssycw Bsy oy 2ecyy 2esyy
2 22
st Yr=Yp Yt Y% YtYp
Opp | =67 3757 37 —67Lp 0 0 0
2 2. 62 2. 52
o _3n _ Yty Sy +3vp 3tVb 0 0 0
»t 22 262 262 2
1 1 S
Opw 0 452 452 0 2esyy 0 ®
Syy
0 i ! : 0 0 t 0
22 3cg, 12¢3, 12c§¥ Zecyy
1
Oy | O =y & 0 0 0 0
4 1 1
Os Becyy 3ecyy 3ecyy 0 0 0 0
2,22
Op 0 _ W o T 3 It¥b 0 3ytyp
© 2%, 462 4%, 2esyy 462
N 8x—3y2 52 2x+yf—6y2
Yb 402 Yt 262
3y, (V2 +y2) 3y, (V2 +y2) 3 3
o 0 W typ Y VY YtYbY 0 0 Yty
we 262 262 2 262
3yr (/2412 3yr (/2 412) g q
o 0 Uty yr (VF +Yp 378734 0 0 ok
TP 2e2 202 &2 2e2

Consistent with-{Alonso, Jenkins, Manohar, Trott]
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Renormalization

@ Dim-6 coefficients are subtracted by MSbar, except for C,wg and
C,p, which enter precision EW measurements.

@ We use S and T parameters as “observables” to renormalize
C@WB and C@D.

> sothat C,wg = C,p = 0 is consistent with EWPO.

> In some sense, this means we always turn on top-operators in such a way that is
consistent with the most stringent constraints from EWPO.

@ Remaining dim-6 effects are subtracted with SM counter terms, in
My, Mz and Gr scheme.

> In particular we want to fix My, because it enters the phase space.
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NLO EW UFO

with which we can simulate dim-6 top loop corrections in many
processes thanks to automation

Owy

@ at LHC: WH, ZH, VBF 0.08 | Ou(-10) ——

014(-10)

@ atete: ZH, WWF, ZZF oor
@ Hdecay: vy, vZ, Wiv, ZII, bb, T, 0.02 ¢
< 0
'U//J/ . —0.02 |
@ Many others: W/Z-pole, widths, oot
ee — ff, Drell-Yan,. .. 006 F e
@ Easy access to kinematic 008 werm=15GeV ‘ ‘ ]
. . 200 400 600 800 1000 1200
information. m(ZH) [GeV]
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Result 1: LHC

Within the current constraints, by how much can top operators affect
Higgs signal strengths at the LHC?

vy ~Z bb Www* zz* TT, g
g9 (-100%,1980%)  (-88%,200%) (-40%,48%) (-40%,47%) (-40%,46%) (-40%,48%)
VBF | (-100%,1880%) (-88%,170%) (-6.1%,5.3%) (-6.8%.,6.7%) (-8.8%,9.2%) (-6.2%,5.9%)
WH | (-100%,1880%) (-88%.170%) (-5.5%4.2%) (-6.1%5.6%) (7.8%.7.9%) (-5.8%.5.1%)
ZH | (-100%,1880%) (-87%,170%) (-6.5%5.9%) (7.1%7.1%) (9.4%9.9%) (-6.8%.6.7%)

@ Large in first two columns and first row, because SM is loop.

@ The other pure NLO EW EFT effects are not negligible, ~ 10%.
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Result 2: future ete— machine

@ 250 GeV, with all top operators.

‘ Yy ~Z bb Ww* 7z* TT, hjb
-100%,1900%, (-87%,160%)  (-7.5%,7.5%) (-8.3%,8.6%) (-11%,11%) (-8%,8.3%)
(- ) (-7.6%,7.1%)  (-8.1%,7.9%) (-10%,11%) (-7.6%,7.3%)
(5 88% 170%)  (-5.7%,4.7%)  (-6.5%,6.2%)  (-8.1%,8.3%)  (-5.9%,5.3%)
(-88%,170%)  (-5.7%,4.7%)  (-6.5%,6.2%)  (-8.1%,8.3%)  (-5.9%,5.3%)
(- ) (
(- ) (

ZH(+30%,-80%) | ( )
ZH(-30%,+80%) | (-100%,1870%)
WWF(+30%,-80%) | (-100%,1880%)
WWF(-30%,+80%) | (-100%,1880%)
ZZF(+30%,-80%) | (-100%,1790%)
)

-88%,180%)  (-11%,8.6%)  (-11%,9.6%)  (-13%,12%)  (-11%,9%)
ZZF(-30%,+80%) | (-100%,1730%

88%,180%)  (-14%,11%) 14%,12%)  (-15%,15%)  (-14%,11%)

@ 250 GeV, with only top Yukawa.

‘ Yy ~Z bb Ww* 7z* TT, (b
(-17%,19%) (-7.3%,7%) (-4%,3.3%) (-4.5%,4%) (-4.9%,4.4%) (-3.6%,3%)
ZH(-30%,+80%) (-17%,19%)  (-7.5%,7.2%)  (-4.1%,3.5%) (-4.7%,4.2%) (-5.1%,4.6%) (-3.8%,3.2%)
WWF(+30%,-80%) | (-17%,18%) (-7.2%,7%) (-3.9%,3.3%) (-4.4%,3.9%) (-4.9%,43%) (-3.5%,2.9%)
WWF(-30%,+80%) | (-17%,18%) (-7.2%,7%) (-3.9%,3.3%) (-4.4%,3.9%) (-4.9%,43%) (-3.5%,2.9%)
(- ) ( ) )
(- ) (- ( ) )

ZH(+30%,-80%)

ZZF(+30%,-80%) 17%,19%)  (7.6%.7.3%) (-4.2%,3.6%) (-4.8%4.3%) (-5.2%4.7%) (-3.9%,3.3%
ZZF(-30%,+80%) 17%,19%)  (7.5%.7.2%) (-4.1%,35%) (-4.7%42%) (-5.1%4.6%) (-3.8%,3.2%

‘ It is possible to probe top couplings below the {t threshoIdJ

Cen Zhang (IHEP) EFT for Top May 24 73




Result 3: HL-LHC

Projected “bounds” at HL-LHC

501

C(1TeV/A)?
N w B
S O O

=
o
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I

|

0 ’_‘V_‘
Cot

L. HHHHHHHHHH I

C;g i C,;g "Cop

10Cy, 10Csg'

10Cy,

ODoooao

Current individual

Loop-induced individual pgrr=My
Loop-induced individual pger=A
Loop-induced marginalized pgrr=My
Loop-induced marginalized uger=A

@ Neglecting Higgs operators, only a “sensitivity” study.
@ uerr = My: scale at the measurements. This is what should be done for a global

fit.

@ uerr = A =1 TeV: scale at BSM scale. In general better limits but more
model-dependent.

Cen Zhang (IHEP)
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Take-home message?

@ Treating the dim-6 top-quark sector (top EFT) and the Higgs/EW
sector (Higgs EFT) separately will not continue to be a good
approximation in the future.

@ A more global approach will be needed to take into account the
interplay at loop level.
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Outline

e Summary
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Summary

Summary

@ Reasoning for higher orders in SMEFT.

@ NLO QCD tools are available many processes and are becoming
more complete.

@ EW corrections are being studies, and can have non trivial
implications.

‘R GOLD STANDARD

@ Let us know your needs. v\ j E FT

Certified ADVANCED Practitioner
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Summary

Backups

Cen Zhang (IHEP) EFT for Top
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L
Inclusive results: tHi@13 TeV

Phase space cancellation

0.15 pp = tHj, LHC @ 13 TeV 1_2_% pp.— tHj, LHC @ 13 TeV
0.10 4 A Tl
: . — 7 [pReCIet]
N S = 087 Lo
Lo % > = NLO
0] E ©
2 £ e
= b|§ e S ste e s
oS ©s 00 2 g
‘,1.1.1-jfl‘j‘ﬁ‘“‘"M'(:(:I:T:‘:‘:‘:'. e
w uw
o o
o o
* ¥
© ©
3 g
@ T — T T T T T T 1 @ T T T T T T T T 1
0 50 100 150 200 250 300 350 400 300 400 500 600 700 800 900 1000 1100
top pr [GeV]

myy [GeV]

Cancellations over the PS appear/disappear for
K-factors and large scale uncertainties.

the interference lead to strange
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Sensitivities
tj tj t2j 17 tHj
(v > 350 GeV) (P > 250 GeV)

osu 224 pb 880 b 839 fb 69 fb 75.9 o
Tow 0.0275 0.024 0.016 0.010 0.292
Pawew 0.0162 0.095 [o67] [o:910]
Too® 0.1213 0.120 0.192 0.172 -0.132
Foo® o |[0.00368 0.0036 [0z ouma) 0.21
Toors 0.00090 0.0008 0.0050 [oo27]  [o0s0]
T 0.0003 -0.01 0.00053  -0.0048  -0.0055
Fioss 0.00062 0.045 0.0027 0.022 0.025
Fantan 20.353 14 0.59 2.22 0.39
Ty guen | 0.126 115 0.65 5.1 1.21
Ty quas | |0.0308 2.73 0.133 1.01 108

Table 6: Comparison among the NLO sensitivities of ¢j (inclusive and with ph > 350
GeV), tZj (inclusive and with pf. > 250 GeV), and tHj to the six operators which are
common to the three processes, i.e., those entering in tj. The interference term r; = 0;/ogp

(when non-zero) and the square r;; = 05,;/0gn are given for each operator. o; and o;; are
defined in Eq. (4.1).
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Prospects

95% CL on all the
Wilson coefficients.

Left: xsec
measurement at 2.3
fo—! and propects
for 300 fb— 1.

Right: xsec at 300
fo—! compared with
My, selection and
NN.

Cea

QQ
cé[

Qt
céb
Cos
Cu

tb
1
CQlQb

QtQb

Backup

CMS @ 300 fb*

CMS @ 2.3 fb*

Template Fit

——— Neural Network
— M, selection
—— CMS @ 300 fb™

Cao

QQ
c;‘
Cor
c;b
Cop
Co

8
Ctb

1
cQ(Qb

QtQb

-30 20 10 0 10 20
95% CL limits [TeV?]

Ll
30

I
5

S R R T T
95% CL limits [TeV?]

b INETE
0

5

Cen Zhal

EFT for Top

May 24

81




Constrain the Top using PEWD

History of top quark mass

Top mass (GeV)

240

200

120

5y iﬂpf“{- ;=¥

-+ Indirect lower bound

 Indirect inferences
4 CDF

v Do

m Tevatron average

oo b b b e Ly

1990 1995 2000 2005 2010
Year
Quigg
v
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Backup

Constrain the Top using EWPO

Top decay VS Precision EW
b ¢
4 w W\Q\/\/\,
¥ b

Ow = ((_)J“”T/t) WZW

Direct probe: Precision EW:
Pros Larger (LO) effect Pros Better precision level
Cons Larger background Cons Loop suppressed effect
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Need global fit

tree level: ARV VAV VA
Ows Ows = (#i7'¢) W;IAVB‘W

f 1
loop level: W w Z Z,
P 5 7 4 r
b t

@ with Dimensional Regularization and MS

Cws(p)v?
aS :4TSWCW
Ciw V2mym; 5 m? \/4m2 — m? m
NC% 2W t—sa, —In—;—z i Zarctan 2 +2
2m A 3 Iz mz 4m2 — m%

...cannot distinguish Cyy from Cyg and set bound.

should avoid setting Cy(1) =0
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Global Fit

However, if global:

@ Include all 8 (t,b) operators at loop level.

O(: = i(¢Tr'DLe)(QyHT'Q), ¢Q = i(¢'Duo)(Qv"Q),

Opt = ’(¢TD;L¢>)(W”) Ogp = /(¢TDu¢)(b7“b)
O = (Qot*7') W, Opw = (Qo+*7'b)pW},,,
O = (QU‘“’I‘)d)Bw,, Opg = (Qo‘*“’b)qﬁBm,

@ Include tree level EW operators.

ows = (o1 rl0) W84, 0 = (o1 DR e)I(Due) ol.

Correspond to S and T parameters.

@ Include the full set of precision measurements (101 data points. .

@ Enough d.o.f to constrain all!

Cen Zhang (IHEP) EFT for Top May 24
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Counting

@ 3045 operators at dim-6 already

@ 44807 at dim-8, 2092441 at dim-10, ..., and at dim-15 everyone gets an
operator. . .

[Buchmuller & Wyler, '86] [B. Grzadkowski et al., ’10] [Lehman & Marin, 15] [B. Henning
etal., '15]

@ Even in top physics, 4-fermion operators count 572 in total.
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Exam

Cu(my)

ple in t — uh

Mixing between color-dipole and Yukawa
13 - A o
\\,M - OLG) — ygs(GoHV T Y)wGﬂ,,
13 = ~
OLW’ = }’th(qo'l“l"'lt)‘PW;/Lu
0.3 13 = =
o) = yay (@" @By,
13 =0\ o
02 ol = -yl o)ane
v
0.1
a Anomalous dimension
% 0o 0 o0
_ 205 11 0 o
-1.0 -05 0.0 05 1.0 VE = 25 1 o
i 9 3
Cug(my) ) -2 0 [
v
Scale corresponds to the change from m; to 2 TeV.
Example:
13, 13 13, 13,
At =1TeV: ¢l =1,¢(!¥ =0 = Aty =173 GeV: ¢ = 0.98, C{\ :o.zaJ
EFT for Top May 24



Single top with H/Z: operators

Hi Ow e W W"PWes  e0%  i(¢!Dumi)(Q9#7/Q) + hic.
7 O (elo-5)WIW, 0% i(¢'Dy) (@7 Q) +hic.
/] *Ouwn  (p'1i0) BWj, <0, i(¢'Dup) (1) +he.
O, (¢ D) (¢! Dygp) O, i(@Dy)(Er ) + hec.
both O (¢1e)0(p') °0g] ’(‘PtDu ©) (77" @) +hec.

Rescaling of |.0,, elo— ﬁ) Qtp+he |09 (A,OTDM 7190) (G 7" 7'qi) + h.c.

h couplings
PO O i@ t) W, + . 1O (D) (7 us) + e,
°O,5 i(Qo ) @By, +h.c. 205" (Givuma) (@ 7'Q)
°O,c 1( Ty t) @G;u +h.c. 'OSJB) (‘71‘ Tu TITAQi) (Q v TITAQ)

plus two “blind directions” from EW precision tests.
Omw = (D"¢)' (D" $)W,.,, O = (D"$)" (D" ¢)Byuv-
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https://arxiv.org/abs/hep-ph/0602154

uv

@ Comes from renormalization of the theory.

@ What we do:

» Dim-6: MSbar, for large logs and for we don’t have ren conditions.

@ Running&mixing of coefficients: charatersized by 2499X2499 matrix.

@ First computed by [R. Alonso et al] (@and refs therein) but we always check.

» Remaining finite effects modify the SM renormalization, wave functions and
masses, gs efc. e.g. from Oy

E ok
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https://arxiv.org/abs/1312.2014

R2

@ R2 comes from the fact that MadLoop works in 4 dimension.

G55%—, Di= (@+p)° —

» MadLoop: numerical evaluates the 4-dimensional part, but need to add the
missing D-4 part.

» Solution: isolate the e-dim part of numerator: N(§) = N(q) + N(§, g, ¢)
Then calculate ¢ part analytically, once and for all.

. 1 d=
R2=Ilm —— [ d°q=——"%—
c—0 (2m)* / qDOD1 o D1

Cen Zhang (IHEP) EFT for Top May 24
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R2

@ 4-fermion operators

» Fermion flow at one loop: Y P ® yu P = Y*v*¥°Pr ® vuvvvePL

> Problem: Cannot be reduced to the standard 4-fermion operator basis (which is not
complete in D dimension)

> Solution: Need to define E="evanescent” operators,
YA YPPL @ Yy ypPL = 4(4 — (X)) PL@® vuPL+ E

» Result: Scheme dependence enters R2.
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