The electro-weak couplings of the top quark
Precision today; prospects at the HL-LHC;
comparison with e*e colliders
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CLIC week, CERN, 24 january 2019 Work in progress,
preliminary results

Based on old work with Péschl, Richard and I. Garcia, more recent results with CLICdp and
G. Durieux & C. Zhang, and ongoing work with S. Jung & J. Tian and others

IF IC C s l C i gg ]\;\ELPSDI\]EP\I\ ? g%cgEEé,chm

INSTITUT DE FISCA IS OCHOA

CLIC week, CERN, 24/01/2019 marcel.vos@ific.uv.es



The top quark

One of two SM particles to escape scrutiny at LEP
- precise constraints on top (EW) couplings are missing

The SM particle with the closest connection to the Higgs
- top Yukawa coupling is a key target of HEP

CLIC week, CERN, 24/01/2019 2 marcel.vos@ific.uv.es



EW couplings of the top quark

Large BSM family predicts sizeable deviations from SM prediction
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Top EW couplings at the LHC

Neutral current: ttZ, tty associated production (tZ, ty)
— processes “discovered”, cross section measurements 10-20%

Charged current: single top production, top decay observables
— precision top physics at the LHC

Top quark pair r2

e lop (s-chan ttbb

g ; b b , Current status:
https://twiki.cern.ch/twiki/bin/view/
i AtlasPublic/TopPublicResults

7 f https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsTOP

Prospect studies:

, ¢ Rontsch & Schulze, arXiv:1501.05939
z Schulze & Soreq, arXiv:1603.08911
- FCChh SM study, arXiv:1607.01831
4
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LHC establishes ttH production!
ttH production observed in both ATLAS and CMS

Measurement of the top Yukawa coupling is competitive with indirect result

ATLAS, PLB 784, 173-191 (2018)

PHYSICAL REVIEW LETTERS 120, 231801 (2018)
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Observation of #ZH Production ATLAS |—e— Total ‘ Stat. [ Syst. — SM
: s=13TeV, 36.1 - 79.8 fb”

Total Stat. Syst.
ttH (bb) Fﬁ 079+ 330 (£ 32 +£0.53)
fiH (multilepton) H— 156 08 (£ 0% . +02)

normalized o the standard model prediction is 1267931 ftH (ry) _!—I 139+ g:?‘g (x gég o E gﬁg )
DOL: 10.1103/PhysRevLen.120.231801 tt—H (ZZ) II: . 1.77 at 68°/° CL
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Top EW couplings at lepton colliders e’ t

The best laboratory to test ytt and Ztt vertices Zly

FCC-ee, arXiv:1503.01325, 1509.09056
ILC di-lepton, arXiv:1503.04247
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LHC, s =14 TeV, L = 3000 fb”! |
. Phys.|

Rev.D71 (2005) 054013

I
LHC, é: 14 TeV, L = 3000 fb™!
- Phys.Rev.D71 (2005) 054013
5 Phys.Rev.D73 (2006) 034016
ILC, Vs = 500 GeV, L = 500 fb’"
E [l 1.c Lumiup, Vs = 500 GeV, L = 4000 b
CLIC, Vs = 380 GeV, L = 500 fb”

f— Phys.Rev.D73 (2006) 034016
F . ILC, Vs =500 GeV, L =500 fb"!
- EPJ C75 (2015) 512

Uncertainty

CLIC, Vs = 380 GeV, L =500 fb™

Uncertainty

CLIC, Vs = 3 TeV, L = 3000 fb™
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Prospects for HL-LHC/ILC500/CLIC380

arXiv:1307.8102, arXiv:1505.0620
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EFT interpretation

Quantify BSM sensitivity in a model-agnostic way with limits on
anomalous D6 operator coefficients in Effective Field Theory

1 /
Lepr = Lsm + 12 Z C;0; + O (A7)

EFT analyses “by sector” are becoming the standard
interpretation for LHC analyses.

Very powerful benchmarking tool for future projects.

A linear collider can deliver the solid, and precise
constraints that are crucial for a global SM EFT fit.
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top EFT fit

Circular
Collider
350+365

Sensitivity to four-fermion operators
increases strongly with energy (see
F. Riva, G. Durieux, this workshop)

ILC500+
ILC1000

Ultimate precision in global EFT
fit requires a collider with two
energy stages and polarization

CLIC380+

CLIC1500+

CLIC3000

Warning: versions with old luminosity

CLIC week, CERN, 24/01/2019

Durieux, Perello, Zhang, Vos, arXiv:1807.02121
CLIC top paper, arXiv:1807.02441
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Figure 23. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables in a circular collider {CC-)like benchmark run scenario.
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Figure 24. Global one-sigma constraints and correlation matrix deriving from the measurements
of statistically optimal observables, in an ILC-like benchmark run scenario.
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Figure 25. Global one-sigma constraints and correlation matrix arising from the measurement of
statistically optimal observables in a CLIC-like benchmark run scenario.
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Top EFT fitat the LC  Durieux, Perello, Zhang, Vos, arXiv:1807.02121
CLICdp top paper, arXiv:1807.02441

;s [fPo I r. &~ r1—r—rr &1t 151
10 - indiv. limits _ LHC run I TopFitter, arXiv:1512.03360
@ global limits - ILC: 500 GeV. 0.5 ab” @ 1 TeV, 1 b’
102 _ CLIC: 380 GeV, 0.5 ab" @ 1.5 TeV, 1.5ab" @3 TeV, 3ab” 10!

68% C.L. limits [TeV2]

new physics scale [TeV]
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C::q C?q CEA CEZ
Two-fermion operator limits exceed HL-LHC prospects by two orders of magnitude

Constraints on 4-fermion operators cannot be compared trivially — left out
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Top EFT fitat the LC  Durieux, Perello, Zhang, Vos, arXiv:1807.02121
CLICdp top paper, arXiv:1807.02441
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A reasonably simple plot to compare initial LC potential with LHC in one glance
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Top EFT fitat the LC  Durieux, Perello, Zhang, Vos, arXiv:1807.02121
CLICdp top paper, arXiv:1807.02441
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A reasonably simple plot to compare LC potential with LHC in one glance, however:
— LHC is evolving
— HL-LHC prospects are missing (and so are HE-LHC, SPPC, FCChh)
— FCCee prospects are missing
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EFT constraints on top quark operators from the LHC
Very tight constraints on the QCD operators (ttg, ttqq)

First, weak limits on operators that affect top EW interactions

- - resolved —e— ' HZ —e—
Ca ":HH"_' hoosted —se— B Sil'lgl(_‘ top —e—m
combined —s— C‘_E% i
. BTeV e —
C3 =
Civ S
C! S ~—
s s '.:‘—'._. _
ci,
Ca o= =x
f o fo——
Cd ':.__"
-1 -0.5 0 0.5 1
-1 -0.5 0 0.5 1 G — oo A2
C; = Cw?/A? . ‘i = Civ®/
Differential cross section measurements ~ Rare associated production processes
Englert et al., arXiv:1607.04304 yield limits on top quark EW couplings

arXiv:1506.08845, arXiv:1512.03360

Further progress to come from the exploration of regions with
enhanced sensitivity and new SM processes (ttH, ttZ, ttw, tty, tZ, ty,...)
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New: global fit to the top sector
Hartland, Maltoni, Nocera, Rojo, Slade, Vryonidou, Zhang, arXiv:1901.05965

SMEFIT analysis of LHC top quark data

102

I SMEFIT global (marginalised)
Il SMEFIT individual
Il | HCtopWG EFT note

-
(=]
T

10—1 4

95% Confidence Level Bounds (1/TeV?)

102 -

34 parameters, all LHC data (diff. x-sec for single and pair, associated prod., decay)
Top QCD : very good individual limits ~0.1, global limits O(1)
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New: global fit to the top sector
Hartland, Maltoni, Nocera, Rojo, Slade, Vryonidou, Zhang, arXiv:1901.05965

SMEFIT analysis of LHC top quark data

102

I SMEFIT global (marginalised)
Il SMEFIT individual
Il | HCtopWG EFT note

-
(=]
T

10—1 4

95% Confidence Level Bounds (1/TeV?)

102 -

34 parameters, all LHC data (diff. x-sec for single and pair, associated prod., decay)
Top QCD : very good individual limits ~0.1-1, global limits O(1-10)
Top EW : poorer individual limits, typically O(several), first global results!
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Identify an “isolated system” of top EW operators

C

Ct,o = modifies left-handed coupling of top quark | Shared with bottom quark

Cs, = idem. | - LEP constraints

C, = modifies right-handed coupling of top quark

= modifies top Yukawa

C, = top dipole moment

Ceg = idem.
C, = bottom quark _ Bottom quark operators: the prize to pay for
C.. = bottom quark dipole ~ including e'e” - bb constraints

daw

Does not include QCD operators, which are tightly constrained
Does not include lltt four-fermion operators, like (most) other analyses
Does not include CP-violating interactions, which can be constrained very well

15 marcel.vos@ific.uv.es



Dedicated fit to top EW operators
Dedicated fit using only top EW operators [M. Perello, M. Vos, preliminary]

ﬁlﬂ_l 1{}2 1 1 L] ] | 1
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Tight constraint from LEP run | (R_+ asymmetries) on common operators (b, t)
For all other operators, global results are similar to individual limits

— HepFit implementation with IFIC theory (A. Pich, A. Penuelas, V. Miralles)
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EFT: combined bottom-top fit

— 2 - 2 .

7 0.2 B icr - SLD.R91.6GeV,~0.2nb" 7 02 B L:Pi A 916 GeV. ~0.2nb
[ 1L.C, 0y, (b6), 250 GeV, 1 ab* [ ] ILC.AY e ef. 250 GeV, 1 ab”
] 1.C, oy th), 500 GeV, 2 ab! (NI 1c. Al e ef, 500GeV, 2 ab’

202 0 0.2
I
Cao

Bottom production provides an exactly complementary constraint

Other possibilities (top width, W polarization, bbZ production at LHC) provide
complementary information, but of relatively poor precision.
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Dedicated fit to top EW operators: prospects

Dedicated fit using only top EW operators [M. Perell6, M. Vos, preliminary]
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2 B HL-LHC ST+ LEP 68%CL Individual Limits °
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{:] WORK IN PROGRESS

\ 3 1 / 7 :
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Individual limits expected to evolve with time:
- S1: reduce stat. uncertainty, but keep today’s systematics
- S2: evolve exp. systematics with 1/sqrt(L), divide theory uncertainty by 2

To be superseded by more informed prospects from HL-LHC yellow report

1072

C

CEP Cth C:w

Some limits saturate, but several important coefficients improve considerably
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Further EWPO constraints

In arXiv:1611.05343 de Blas et al.
find very tight constraints on several
operators from EW precision
observables

The limits on the left-handed coupling
are similar to ours (tree-level -~ R))

EWPO also provides very powerful
limits on the right-handed coupling

CLIC week, CERN, 24/01/2019 19

95% prob. bound on % [TeV 2]

Operator 1 op. at a time Global

Oswe  |—0.009,0.006] —

Oop  [—0.031,0.006] —

0y [-0.006,0.011] [~0.013,0.034]
Oy [-0.012,0.006] [-0.065,0.008]
o)) [~0.017,0.005] [-0.028,0.009]
o) [-0.025,0.046]  [-0.099,0.077]
o)) [~0.011,0.016] [-0.179,0.007]
0y [~0.065,0.091]  [~0.230,0.410)
oy [~0.159,0.054] [~1.11,~0.110]
Oy [—0.012,0.020] [—0.087,0.026]
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Feeding into a global fit
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A combined Higgs-top-EW EFT fit?

h === ¢ h==-

The Higgs branching ratios depend on top EW couplings
NLO calculation of relation between Higgs observables and top EFT operator

Wilson coefficients became available in 2018
Vryonidou & Zhang, arXiv:1804.09766

channel perr [GeV] [ 0 0% OY) O Ow Om O
H — bb 125 0.15 -0.06 024 -1.13 -0.28 0 -0.18
H — bb 1000 0.79 054 -125 -816 034 0 0.29
H — pp,rr 125 015 0001 015 0 0 0 -0.27
H — pp.rr 1000 0.79 0002 -079 0 0 0 0.68
H =y 125 3.37 586 264 0 564 -117.9 345
H — vy 1000 6.95 162 -252 0 140 1013 345
H—Zy 125 051 220 274 0  -395 140  0.72
H-—Zy 1000 435 604 083 0 339 -516 0.72
H 2zl 125 054 -010 056 -000 0.19 -006 0.08
H—ZIl 1000 033 074 -125 -006 005 033 008
H Wiy 125 015 -024 038 000 -0.13 0 -0.03
H— Wiy 1000 0.79 063 -142 -005 033 0 -0.03

Table 1. Percentage deviation fi;; for decay channel i and operator j.

Coefficients are large /existing constraints are poor. Cannot ignore the top EW

operators in a global EFT analysis. Especially pressing for a 250 GeV collider.
Durieux et al., arXiv:1809.03520
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Example: indirect top Yukawa coupling
Mitov et al., arXiv:1805.12027

I
Dh—gg = —Fgﬁgg =1+ 2Ay;,
h—gg 0.10 - FOC-ce (/5 = 240 GeV, £ = 10 ab™}) —— { 0.10
Iy, FCC-ee (/s = 350 GV, £ = 2.6 ab ') ——
fhoryy = —ar L =1 —0.56Ay; . 0.09 CEPC (/5 =240 GeV, £ =5 ab™!) 10.09
™ rSM CLIC (Vs = 350 G&V, £ — 500 fb 1) ——
=y 0.08 | CLIC (v/5 = 1400 GeV, £ — 1.5 ab~!) = 1 0.08
CLIC (y/5 = 3000 GeV, £ = 2.0 ab }) =——
] 0.07 ILC (v/5 =250 GeV, £=2ab™!) —— 1 007
H - gg rate at 250 GeV yields a 0.06 | TLC (V5 =500 GV, L=4ab ') — | | o
1% precision on top Yukawa 3 005 003
coupling in a one-parameter fit 004 o0
S. Jung, J. Tian, M. Perell6: M 1%
0.02 | 10.02
H - yyas powerfulas H - gg
0.01 0.01
precision of top operator coefficients (global fit, Ax2=1) 0.00 . ey - Ih |I ||t " 1|| 0.00
— — ota
B HL-LHC circular collider with unpolarized beams ! 7 “
B CC 240GeV 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab
Il CC 240GeV + HL-LHC solid shade: 6k, set to 0
Il CC 240/350/365 GeV light shade: 8k, setfree
. . ,| M CC240/350/365 GeV + HL-LHC
b 10°E
> g
[45) L
NI:. 10¢ . .
< But... result for top Yukawa coupling is
=~ 1k . .
© not robust in a global analysis.
107" Durieux et al., arXiv:1809.03520
10721
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The top Yukawa coupling: global analysis at the LHC

The indirect constraint on the
top Yukawa coupling from top
loopsingg - H(@nd H - yy)is
quite powerful

In a global EFT analysis it is
very hard to distinguish the
effect of a direct Hgg coupling
(cg) from that of the operator

that modifies the top Yukawa
coupling (cy)

Direct measurement in ttH is
necessary in a global analysis

Azatov et al., arXiv:1608.00977

CLIC week, CERN, 24/01/2019
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Towards a global analysis

2ab ! 2ab™! 5Hab! 4 15ab7! full ILC

. . . w. pol. 350 GeV no pol. at 350 GeV 2504500 GeV
Lmea’; collider fit of q(hbb) 1.04 1.08 0.98 0.66 0.55
the Higgs sector g(hce) 1.79 2.97 1.42 1.15 1.09
- g(hgq) 1.60 1.65 1.31 0.99 0.89
arXiv:1708.08912 g(hWW) 0.65 0.56 0.80 0.42 0.34
g(h7T) 1.16 1.35 1.06 0.75 0.71
20 Operator coefficients glhZZ) 0.66 0.57 0.80 0.42 0.34
g(hvy7) 1.20 1.15 1.26 1.04 1.01
a(hypn) 5.53 5.71 5.10 4.87 1.95
EWPO + TGC + Higgs data g(hbb) [g(hWTV) 0.82 0.90 0.58 0.51 0.43
ghWW)/g(hZZ)  0.07 0.06 0.07 0.06 0.05
T, 2.38 2.50 211 1.49 1.50
olete™ — Zh) 0.70 0.77 0.50 0.22 0.61
BR(h — inv) 0.30 0.56 0.30 0.27 0.28
BR(h — other) 1.50 1.63 1.09 0.94 1.15

Table 3: Projected relative errors for Higgs boson couplings and other Higgs observables,
in %, comparing the full EFT fit described in Section 4 to other possible ete™ collider
Add|ng top EW Operato rs scenarios. The second column shows a fit with 2 ab™!, with 80% electron and zero positron

polarization, and with a higher energy of 350 GeV. The third am‘l fourth columns show

(based partla”y on scenarios with no polarization but higher mrergr ated luminosity, 5 ab™! at 250 GeV in the
Vryonldou & Zhang) third column and 5 ab™! at 250 GeV plus 1.5 ab™! at 350 GeV in the fourth column. The
With S Jung & J T|an fifth column gives the result of the fit desuribed in Section 6 including data from 250 and

500 GeV. The notation is as in Table 1.
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Towards a global analysis: ILC250 + LEP + HL-LHC

Degradation of

= F 1T r°'r 1 rrrrrrrrrrrr=-
) .
'z i N Higgs parameters
é 2.5 — g(hww) vs C_ ] due to inclusion of
Tl i g(hzy) vs C . top parameters
O [ ! 1
12 2 | -
= L -
E - -
% : :
1.5 F - .
7 Improvement of top
R N T T R operator limits wrt

2 4 6 8 10 TopFitter results

&1
WORK IN PROGRESS Improvement factor of C  bounds

top

Visualize the evolution for the worst combinations of Higgs and top parameters:
g(hWW) vs. Cq)t - factor 5 improvement restores fit to within 20% of previous result

g(hZy) vs.C_ - factor 10 is not enough
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Top quark EW couplings: future directions

Collect realistic LEP, LHC run 2 results + HL-LHC & ILCI/CLIC

prospects for relevant top physics measurements
— Dedicated top-EW fit on LEP+LHC run 2 close to final

- Repeat on HL-LHC prospects from yellow report
— Compare with ILC and CLIC prospects

Merge EFT fits for EW precision + Higgs + top + ...
— Wwork ongoing with Junping Tian and Sunghoon Jung

Prepare comparison of global potential of future projects
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