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We summarize the quantitative results of our analysis [1] of top-pair photoproduction in semileptonic medenifisions at the LHeC

and FCC-he. We define three photoproduction regions, based on the rapidity acceptance range of the electron tagger, that provide differer
degrees of sensitivity to top-quark effective couplings. We focus omttheipole couplings and the left-handed vectbWW coupling, for

which we determine limits at both energies in the different photoproduction regions. Furthermore, we find that the LHeC and FCC-he will
yield tight direct bounds on top dipole moments, greatly improving on current direct limits from hadron colliders, and direct limits on the
tbW coupling as restrictive as those expected from the HL-LHC. We also consider indirect limit$ frorms~y branching ratio and’' P
asymmetry, that are well known to be very sensitive probes of top electromagnetic dipole moments.
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1. Introduction [11, 12] of the new physics contributions to the branching
ratio for B — X, and its associated P asymmetry.

Futurepe™ colliders, such as the Large Hadron-electron Col-

lider (LHeC) and the Future Circular Collider in hadron-

electron mode (FCC-he), will have among their most im-  In this note, we discuss the quantitative results from [1]
portant areas of research the study of the top quark effe@n the direct limits on the Wilson coefficients associated to
tive couplings to the Higgs and the electroweak bosons [2]Janomalous top dipole moments and left-handed vetdidf
Indeed, the top quark effective couplings constitute a phecoupling, and comment also on the indirect limits obtained
nomenological research area of great interest [3,4]. Top-paihere. We discuss experimental limits by the CMS collabo-
and single-top production at the LHeC are very good probegation ontbW couplings [13], as well as the very recent lim-
for charged-current (CQpW and neutral-current (NGYZ its on top dipole moments [14] which were not included in
effective couplings [5, 6]. Also, anomalous magnetic andRef. [1]. We also consider the ATLAS collaboration projec-
electric dipole moments of the top quark can be very welltions on limits on top dipole moments for the HL-LHC [15].
probed through top-pair photoproduction in electron-proton

collisions [7-9].

In our recent paper [1] we obtain limits on the top-quark A number of important issues discussed in Ref. [1] are
anomalous electromagnetic dipole moments and its leftnot covered here for reasons of space. We point out among
handed vectotbWW coupling, in the context of the Standard them, an extensive (and hopefully exhaustive) analysis of
Model Effective Field Theory (SMEFT), by means of Monte background processes, a summary of all global SMEFT top-
Carlo simulations including parton showering and hadronizagquark analyses to date, and an in-depth discussion of the com-
tion, and fast detector simulation, for both the LHeC and theputation of indirect limits on anomalous couplings based on
FCC-he. We compute the photoproduction cross section i3 — X,y. We refer the reader to [1] for a comprehensive
tree-level QED, taking the complete kinematics into accountfreatment of those topics.
including the scattered-electron transverse momentum. This
allows us to determine the phase-space region where the pho-

toproduction Process 1 s:_an3|_t|\_/e to th‘.a _top anomalous dipole This note is organized as follows. In Sec. 2 we discuss the
moments, and that in which it is sensitive to the anomalous

bW coupling dimension-six 'SMEFT basis opgrators relevant' to this WorK.
' In Sec. 3 we discuss the top-pair photoproduction process in
Also studied in Ref. [1] are the indirect limits on top pe~ collisions in the SM, and its Monte Carlo simulation
dipole moments from the decays — X v. We update our and computation. In Sec. 4 we present our limits on top
previous results [10] for those limits, and discuss in detail theanomalous effective couplings, and compare them to those
fact that there are currently two different sets of such lim-obtained and projected by experimental collaborations. Fi-
its, based on two incompatible theoretical computationsnally, in Sec. 5, we give our final remarks.



2 A. 0. BOUZAS AND F. LARIOS

2. Effective SM Lagrangian

2

The effective Lagrangian for the SM extended by dimension- Co = 5@”7 @)
six gauge-invariant operators is of the form, A
1 A wherev is the Higgs-field vacuum expectation value. At tree
L=L — CoO+he)+---, 1 X ~ .
sM + A2 2(9:( 00 +he)+ @ level, the coupling constantsy are independent of the scale

A. We denote complex couplings & = Co - +iCo ;.

where O denotes the dimension-six effective operataks, . .
o P There are seven operators in the basis [16] that couple

is the new-physics scale, and the ellipsis refers to h|gher-
dimensional operators. Itis understood in E).that the ad- IeCtr%\gz2kn2?sgonnstrﬁ)n::;r¥dt;aem'lzoﬂga:lggucggr? 0:;2:;2
dition of the Hermitian conjugate, denotedh.c. in the equa- pu’ p P P

33 -
tion, is applicable only to non-Hermitian operators. Through-Otgel; tr;fi c;f t[]e;n tud’ u;‘; d(;V' tare str(()jngly lim ;
out this paper, we use the dimension-six effective opera— y elicily Tractions Inii _production and decay a

tors from the Warsaw operator basis [16]. In particular, We the LHC and HL-LHC, while the expected sensitivily of the

use the same sign convention for covariant derivatives as |f10p pair photoproduction process to them is expected to be

Refs. [7, 16], namelyD,, = 8, + icA,, for the electromag- o F(z; these reatsons we do not cor|15|der therr;) fur;ther
netic coupling. However, we adopt the operator normaliza-~ - )33 ree operators remaining, one linear combination

(3)33 (1)33
tion defined in Ref. [17] (see also [18]), where a fagipis ~ @ve . = @va + Quq ", is strongly constrained by-

attached to an operator for each Higgs field it contains, ar]?hysms at LEP and SLAC electron—positron colliders. There-

a factorg (¢') for eachW,,,, (B,,,) field-strength tensor. The o(re we focus our analysis on the two operat@rs; and
= . Expanding these operators in physical fields yields,

Wilson coefficients in Eq.1) are denoted”, since we will Qv’q
denoteC the coefficients associated with the original opera-With the conventions discussed above:
tor basis [16]. In fact, it will be convenient in what follows
to express our results in terms of the modified dimensionless
couplings

|

@uB =1yq uB = \fyte(v + h)(0, A, —tanbwd,Z,) tro"tp ,

- g _ .
003 = 0% — g3 = 2 )33 = —y?ﬁ(v +h)? (W ELy"by + W, brayttr)
-y (U +h)*Z, i, )
cw
where Q%3,, Q4,)** are the basis operators defined in
Ref. [16]. Notice that both operatofs>3, and @ 3 are IIt is common practice in the literature to write the anomalous
O(g") with respect to the weak coupling constant, whichinteractions in terms of form factors. We adopt here the
makes the definition$] consistent from the point of view of definition of top electromagnetic dipole moments given in
perturbation theory. We stress here the definitify,** =  Ed. (2) of [7], and the CC vertex form factors from Eq. (7.1)

@qu)ﬁ @(1)3d we use, since sometimes in the literature theOf [13]. Comparing those equations (which are summarized

opposite sign is used. The effective Lagrangian used through? EQ- (5) of [1]), with {1), (2), (3), yields the tree-level rela-
out this paper results from substitutir@ énd @) in the La-  tions,

grangian|t). _It is conve_n_ient te record here the relation be- K= 2y2 CuBrv = 22 CuBm
tween the Wilson coefficients in the fori)(and those asso-

ciated with the original basis [16] (see also [19]), SfL = yzC( )33 (5)

These particularly simple relations are a consequence of
A2 Eqg. (2) and the operator normalization discussed in the text
Coy = IR 'C3 = 5.906C5%, immediately above that equation. We see frd) in partic-

ular, that for all practical purposég = Cb,' .

_ A% o~ ~(_
C-)38 = —Fyfcg,qm = —16.495C()% . (4)

¥vq

3. Top-pair photoproduction in the SM

The numerical values in this equation arise from the paramWe are interested in top-pair photoproductionpi¢et col-
etersA = 1 TeV,v = 246 GeV, ¢’ = 0.358, g = 0.648, lisions in the semileptonic decay channel which, at parton
ye = 1. level, leads to the seven-fermion final states,
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h)

FIGURE 1. Unitary-gauge Feynman diagrams for the photoproduction of a top pair in semileptonic mode, $)e Elijd{agrams for the
final statee™ b¢* v, bg, g4 are shown. Diagrams c)-i) are necessary to preserve electromagnetic gauge invarianggivhea off shell.

We must consider also other processes with the same final
B B state as@), which constitute irreducible backgrounds. Par-
ge — e tt— e bty bg,qa + e bg.q bl ve, (6) ticularly important is the associatélV photoproduction, in
which bW/ does not originate in a top decay. The Feynman
with ¢, = u,¢, qa = d, s, £ = e, u. The set of Feynman di- diagrams forbW production are given in Fig. 2 of [1]. This
agrams for this process in the photoproduction region in uniprocess turns out to be the dominant background to the sig-
tary gauge in the SM with Cabibbo mixing is shown in Fig. 1. nal process@). Several other irreducible and reducible back-
We consider the top-pair photoproduction process defined bgrounds are discussed in Secs. 3 and 5 of [1].
the diagrams in that figure our signal process. We compute the tree-level cross section for
We can divide the set of diagrams in Fig. 1 into two sub-top-pair photoproduction and its backgrounds with
sets: the first subset includes diagrams a), b), containing thredadGraph5 _aMC@NL®ersion 2.6.3 [21], together with
internal top lines, and the second one comprises the remaif®ythia version 6.428 [22] andelphes version 3.4.2
ing diagrams, c)-i), containing two internal top lines. The[23]. The parameters of the simulation are described in Sec. 4
second subset is necessary to preserve electromagnetic gaud¢l], as are the details of the top-reconstruction method, and
invariance in the phase-space regions wheyelV lines are  the event-selection cuts. We are led to define three photopro-
off shell. There is, in fact, strong destructive interference beduction regions, characterized by the rapidity of the scattered
tween the two subsets in the photoproduction region, sucklectron,
that the total cross section computed with all the diagrams is
smaller than the cross sections obtained from a), b) or ¢)-i) PhPp:—4.741 <y(e™) < =3.0,
separately, by a factor 10-25 depending on the cuts used in ) _
the computation. This phenomenon is directly related to the PhPrr:=5.435 <yle”) < =30,
cancellation of the terms of ordéyQ? in diagrams a), b) by PhPrrr:—6.215 < y(e”) < —3.0. @)
diagrams c)—i) (withQ? the photon virtuality), without which _
the cross section would grow too fast wifs, violating uni- ~ As discussed in detail in Ref. [1], the sensitivity €% is
tarity bounds [20]. highest inPh P; and lowest inPh P;;r, and the sensitivity
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FIGURE 2. Allowed regions for the top quark dipole momentsandx at a), b) the LHeC and c), d) the FCC-he. Panels a), c) display

a global view, b), d) a magnified one. Annular regions: regions allowed at 68% C.L. by a top-pair tagged-photoproduction cross-section
measurement, in photoproduction regiBh P; (7), with experimental uncertainties 12% (dark green), 15% (light green), and 18% (yellow).
Light-blue area: region allowed by the measurements of the branching rati6’ Bralsymmetry ofB — X~ decays, using the results

from [11]. Darker-blue area: same as previous, but using the results from [12].

to C4;'* is highest inPhP;;; and lowest inPhP;. Both  photoproduction region. We designed the phase-space cuts
sensitivities are intermediate A Py ;. to reduce this background to levels below 15%. As seen in

With the phase-space cuts specified in Sec. 4 of [1], thég. 8), thetbW background is 10% of the signal in region
cross sections for thg photoproduction signal proces®)( PhP; and 11.3% inPhPy; at both the LHeC and FCC-he.
Fig. 1, and thebWW irreducible background, are found to be In region PhP;;; we have 12.2% at the LHeC and 13.5%
as follows, at the FCC-he. ThigbWW background proves to be the most
difficult one to control.

LHeC FCC-he
[fb] |PhP; PhPr; PhPirr|PhP;r PhPrp PhPrpp 8
tt 1040 0.73 132 [4.28 6.19 10.51 |’ (8)
tb0.041 0.083 0.16 |0.44 0.71  1.42

expressed in femtobarns. We notice here thatdfeé back- 4. Results for effective couplings

ground has cross section at the parton level that is roughly

20% of the signal cross section at the LHeC, and roughlyn this section, we summarize the main results for the
35% at the FCC-he, the precise number depending on theffective-coupling limits from [1].
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4.1. Bounds orﬁ&;)?’?’ These are somewhat stricter than those we obi, fased
o on interval length. We remark, however, that the ATLAS pro-
The largest sensitivity taCl,’* is obtained in region jections are based on two channelé énd/;), and involve
PhPrrr. Indeed, the anomalous couplin@,(a;)33 consti-  the total cross section and two differential cross sections each
tutes a perturbatiofif to the SM charged-current coupling one spanning about six bins. There are, in total, about a dozen
f& =1+ d0ff and, therefore, it also perturbs the cancella-measurements involved in the limif$2), whereas11) are
tion among diagrams discussed above in Sec. 3. Thus, thgased on a single observable, the total cross section.
sensitivity is largest in regio®h Pr;; where the cancella- The limits set orC3% by the ATLAS and CMS collabora-
tion is strongest. We obtain limits fQ’L‘fD;)?’B at the LHeC tions from measurements tify production are nowadays in-
and FCC-he energies, in photoproduction region Ill, at oneeorporated into global analyses; we refer to [1] for a detailed
and two-sigma levels, assuming a measurement uncertaintgview of those. Very recently, the CMS collaboration [14]

of 12%, has measured the total cross sectiongipr— ttv, as well
. as two differential cross sectiongo/dpr., do/dn,), in two
68% C.L. : — 0.039 < d fy7 < 0.035, reaction channels{ and/;). The limits obtained from the
95% C.L. : — 0.083 < &fL& < 0.067. g dilepton channel,
- . . : -1.08 < C3,. <110,
These limits are obtained from a single total cross section 95% C.L. : { 108 < 038 <101, (13)

value, with no other observable involved. We express them

in terms 0f5f\5 to compare them to the limits reported by 4ye significantly weaker than ourdj, by interval length.
CMS; from Fig. 6 of [13] we get, The limits obtained from a combination of both channels are

68% C.L. : —0.024 < 8 fE < 0.004, reported to be,

10
95% C.L. : —0.062 < 0 f{ < 0.132. (10)

—0.64 < €33, < 0.75,

—0.75 < C3%, < 0.79, (14)

95%C.L. : {
By taking interval length as a measure of sensitivity, we see

that both limits in Eq.9) are significantly stronger than those and are substantially stronger than for each separate channel.

in Eq. (10). The limits [14) are only slightly weaker thari.{) for 3,
s _ but definitely stronger fo€3%, .. As is the case for the limits
4.2. Bounds onCp: single-coupling bounds (12), the strong limits/14) are the result of combining more

The | t sensitivity 1622, is obtained in reiomhP than a dozen observables: the total cross section and two dif-
© largest sensitvity 1, j; 1S oviaine €9lo I+ ferential cross sections, for two reaction channels.

This is due to the fact that the SM is close to an infrared
divergence at)? = 0 and, therefore, a§? decreases the

SM cross section grows much faster than the dipolar crosé'B'
section, which is infrared finite. This causes the sensitivityI

to both €5, Cg%i,to_ decrease as we go froRhPy o determined by the top-pair photoproduction cross section at
PhPyrr. We obtain limits onC% at the LHeC and FCC-he  poih the LHeC and ECC-he energies, in regioinP; at 68%
energies, in photoproduction region I, at one- and two-sigmg | These can be related (Bi?é through ), and toC33,
levels, assuming a measurement uncertainty of 12%, through ). The allowed regions, given by the circular coro-
_0.94 < O3 <0.99 nas, correspond to the assumed measurement uncertainties
68%C.L. : { _0.89 < C%?’f <0 897 cexp = 12, 15, 18% in different colors as indicated in the
' ubBi o figure caption. Also seen in Fig. 2 is that the annular allowed
regions obtained at the FCC-he are somewhat smaller than
those at the LHeC energy. We notice, however, that both sets
_ of allowed regions are identical in the neighborhood of the
The limits onC3%; ., which is proportional to the magnetic origin (i.e., the SM), which is consistent with the individual-
dipole moment, are asymmetric because of the interferencgoupling bounds we obtain being the same at both energies.
with the SM. Also, for that reason, they are stronger than  Also shown in the figure are the regions in thes plane
those on the imaginary part. Since the electric dipole moallowed by the branching ratio an@dP asymmetry for the
ment operator i<”'P odd, the interference with the SM is processB — X7, in both the form obtained from [11], and
very small, and the limits 00’3, ; are symmetric. the form from [12]. The difference in area between these two
We compare the limitsl{l) with those projected for the regions hardly needs to be emphasized. We remark, however,
HL-LHC by the ATLAS collaboration [15], from the radia- that even the smaller region resulting from [12] is not com-

Bounds onC3%: allowed two-coupling regions

n Fig. 2, we show the allowed regions in thex plane,

—0.45 < C3¥, < 0.65,

—124 < C3;, <1.24. (11)

95%C.L. : {

tive top-pair production and decay procegs— tt, pletely contained in the annular regions determined by top-
43 pair photoproduction, which results in a significant reduction
95%C.L.: =0.5 < O, < 0.3. (12)  of the allowed parameter space.
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5. Final remarks 10.1.3 of [24]), showing that the"e* colliders are expected

to set the strongest bounds on the electromagnetic top cou-
In this note, we summarize the results of our analysis [1] oflings. The bounds fromp andpe colliders, however, are
top-pair photoproduction in semileptonic moderia colli-  still expected to play a significant role in future global stud-
sions at the LHeC and FCC-he. Our main results are thgss., Photoproduction measurementstof are particularly
limits (9) on Cb,** (6F), and those o€, , 3%, (k,  relevant since, unlike*e— colliders, they are completely in-
%), (11), and the two-dimensional allowed regions fof< in  dependent of thetZ coupling. Furthermore, photoproduc-
Fig. 2. We also made a detailed comparison of our results t@on probes a very different kinematic regidn| < 2 GeV?)
those from ATLAS and CMS from [13-15]. frome—e* colliders ( < ¢2 ~ 1 TeV).

Based on our results, we expect the LHeC to provide lim- |t should be noted that the experimental limits on top-
its on 0;2)33 (6f{) similar to those from the HL-LHC. We quark electroweak couplings are also relevant to constrain
also expect the LHeC to obtain limits &% stronger than specific extensions of the SM, such as composite Higgs
those from the HL-LHC. These will then be the strongest un-and/or composite top models, Little Higgs models, Randall-
til the operation ofe~e™ colliders begins. Both sets of lim- Sundrum models, etc. [25-28].
its will constitute an important contribution to future global The recent strong results on limits on top electromagnetic
analyses. The FCC-he can yield improved sensitivity todipole moments by the LHC collaborations [14, 15] suggest,
5&;)33 and(?g?}g, relative to that of the LHeC, from substan- however, that we should upgrade our analysis of top photo-
tially larger statistics and improved systematics. production inpe colliders by including appropriate differen-

Once the ILC (or CLIC) begins operating, it will obtain tial cross sections. An enhanced background rejection from a
strong limits on the electromagnetic top dipole moments, omore robust multivariate analysis would also help strengthen
C3%. A comparison of projected limits for the ILC/CLIC and the bounds on top couplings. These extensions to our analysis
HL-LHC is given at the end of Sec. 2.1 of [1] (see also sectiorare currently in progress; we will report the results elsewhere.
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