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Key to many Puzzles

Higgs boson discovery substantiates
(more) many big questions in nature.
It could well be the key to unlock
some of nature’s secrets.

All connections could be revealed in

Higgs measurements.
Leptons Quarks

e T u, Gt
v, v, V, d,s, b

-

\_

Hierarchy

(Naturalness)

~

J

fr T

-

Photon Gluons

\_

O\

Electroweak
baryogenesis

J

11/6/2017 Zhen Liu

CEPC meeting 2017 @IHEP

I

/

N

H|ggs A Dark

Ve ™

)| Matter

[ Neutrino mass ]




Key to many Puzzles

Higgs boson discovery substantiates
(more) many big questions in nature.
It could well be the key to unlock
some of nature’s secrets.

All connections could be revealed in

Higgs measurements. 1
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Top quark plays special roles
for Higgs physics

Precision of Higgs coupling measurement (7-parameter Fit)

Kp KtlKc

11/6/2017 Zhen Liu

CEPC meeting 2017 @IHEP



Top quark and Higgs EFT Overview

Top-quark and Higgs couplings are the key
driver of the hierarchy problem (and
subsequent naturalness problem).

Solutions to such problem are likely to induce
corrections to these couplings.

Important to consider the CEPC sensitivity to
Higgs and top EFT, even though the
operational energy is far below ttbar+Higgs
threshold.



Top quark and Higgs EFT Overview

1

Qi = > {H&H}{ELEH{]: Top-quark and Higgs couplings are the key
"’i driver of the hierarchy problem (and
Oy = v (H'H)(gLHbg), subsequent naturalness problem).
i o Solutions to such problem are likely to induce
| [ & _ . .
;’j]";jzr — F(H D, H)(qiv"q1), corrections to these couplings.
o = * (Hir! D, H)(@y"r'qL)
Hg = 72 pt )WL T 49L) mportant to consider the CEPC sensitivity to
i L = Higgs and top EFT, even though the
Out = A2 (H'DuH)(try"tr), operational energy is far below ttbar+Higgs
i o _ threshold.
Onpy = \2 (H'D,H)(bpy"br),

Here we choose a (minimal-)complete set of

relevant operators, can easily obtain by

integrating out heavy particles.

J. Aguilar-Saavedra, arXiv:0811.3842, arXiv:0904.2387

C. Degrande, J. Gerard, C. Grojean, F. Maltoni, and G. Servant arXiv:1205.1065, B. A.
Kniehl and O. L. Veretin arXiv:1206.7110, A. Hayreter and G. Valencia arXiv:1304.6976
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Top quark and Higgs EFT Overview

Qi = %{H*H]{ELI-:HH], Top-quark and Higgs couplings are the key
iﬁ’i driver of the hierarchy problem (and
Oy = " (H'H)(gLHbg), subsgquent naturalness problem). |
_ o Solutions to such problem are likely to induce
1 [ & _ . .
ﬁ]"ijzr — F(H D, H)(qiv"q1), corrections to these couplings.
o = * (Hir! D, H)(@y"r'qL)
Hg = 72 pwtd NGLYT UL} \mportant to consider the CEPC sensitivity to
i Lo = Higgs and top EFT, even though the
Out = F{H D.H)(try"tr), operational energy is far below ttbar+Higgs
O 1 {H*E H)(bpvbp) threshold.
Hb = 5 RT OR), . .
I | will go through the physics

Here we choose a (mmlmal-)compl.ete set of probes for these operators
relevant operators, can easily obtain by

integrating out heavy particles. individually and by groups
J. Aguilar-Saavedra, arXiv:0811.3842, arXiv:0904.2387

C. Degrande, J. Gerard, C. Grojean, F. Maltoni, and G. Servant arXiv:1205.1065, B. A.
Kniehl and O. L. Veretin arXiv:1206.7110, A. Hayreter and G. Valencia arXiv:1304.6976

11/6/2017 Zhen Liu CEPC meeting 2017 @IHEP



Top quark and Higgs EFT O,

1 ~
Oy = F(HTH)(QLHL‘R),

CP-even and CP-odd type of Yukawas,
asymmetries too tiny below ttbar
threshold.

Sensitivity from loop process.
Gluon-gluon and diphoton drives the
limits, though the precision of
corresponding coupling is worse than k,
measurement.

Better than HL-LHC tth direct production.

Assuming no new HGG and HFF operators;

40

20

Im[C ] (TEVZ/AZ)

In cases where HGG and HFF are of the same order, e.g., top partners
with mixing, a correlation presents and the constraints on new physics

scales are generically still be the same order
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Top quark and Higgs EFT O,

1
Ov = F(HTH)(@LHbR),

Direct constraints from H — bb
precision.

CEPC projection of 1.5% on bottom
Yukakwa—>1.6 TeV on A

But that is not all the story.



Strong Phase in SM Higgs
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A strong phase in the gluon-gluon fusion
production at hadron colliders (imaginary part)
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e All quark contributions
normalized the same way, the
plot represents the relative

contributions
Numerically:

* t-loop +1.034
* b-loop —0.035 + 0.039i
 c-loop —0.004 + 0.002i
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Top quark and Higgs EFT O,

1
Opy = F(H’fH)(qLHbR),

Direct constraints from H — bb
precision.

Sensitivity to CP-phase phase
through interference with top loop

for the gluon-gluon-Higgs coupling.
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Joint Analysis
O,, and Oy,

Key measurements (CEPC):
Higgs to diphoton

Higgs to digluon

Higgs to bb

(ttH@LHC)

Four d.o.f., bottom and top Yukawa:
Strengths (x-axes) and phases (y-axes)



Bottom Yukawa: o

CEPC/FCC—co| ‘ |
* Hto bb constraints 240GeV@5ab™! \ '
Joint Analysis thestrength o3| ' =,
* Htodigluon
ObH and OtH constraints the &
phase through = %
Key measurements (CEPC): interference ™
Higgs to diphoton Siisl: .
Higgs to digluon ' :
Higgs to bb ol | NS |7
(ttH@LHC) 2004 -002 000 002 004

Abs[y,/yp*]-1
Four d.o.f., bottom and top Yukawa:

Strengths (x-axes) and phases (y-axes)
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Joint Analysis
O,, and Oy,

Key measurements (CEPC):
Higgs to diphoton
Higgs to digluon

Higgs to bb
(ttH@LHC)

04p - .
Four d.o.f., bottom and top Yukawa: CEPC/FCC-ee
Strengths (x-axes) and phases (y-axes) 240GeV@sab

02

Top Yukawa:

* Hto gg constraints the
strength and phase (dueto |
loop function differences) -02

* Htogamma gamma
constraints the phase ' ttHeHL-LHC

. oy 04 L]
through interference with  -020 -0.15  -0.10 -005 0.0

PC meeting 2017

dominant W-loop Absy,/yM]-1
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JOint AnalySiS Bottom Yukawa and top Yukawa:
ObH anNad OtH Black: no CP violation;

Essentially independent determination of top

003F T~~~ T~~~ [ and bottom Yukawa from H->gg and H->bb
CEPC/FCC—ee |- _
0.02 | 240Gev@sab™ Process;
0.01 / Blue: common CP phase for top and bottom
L ’ Yukawa;
o 0.00- .
"éi . Having top CP phase allows for a same H->gg
ool _ a smaller top Yukawa due to loop function
b differences and less destructive interference
~0.02. : between top-loop and W-loop.
~0.15 -010 -0.05 000  0.05 Brown: general CP phase
lydly; |1 Allows one to turn destructive interference

between top and bottom for H->gg process to
constructive. Allows for lower top Yukawa.
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002 |240Geva@sap-'| | faint shaded regions:

Bottom Yukawa: P CEPE/FCC_;C Hir |
* Hto bb constraints 240GeV@5ab™! \
Joint Analysis the strength o] .,
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interference  ~ X 'yH_’gg ;

S — : _ s
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H-bb
0.01 ‘| Relaxing the phase constrain on bottom Yukawa; 055 500 05
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= CEPC/FCC—ee
-0.01- ME
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~0.02 destructive interference between the bottom and e 1
0.03 top loop to the Higgs to gluon pair couplings.
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Top quark and Higgs EFT

1 3
050, 087, One, Oy

Hq’
ﬂﬁi = %(H%E#H)Wﬂ#%):
Off) = 15 (BT DuH) (@)
Out = %(HiE#H)(EﬁT“ﬁH}:
Oy = %{HiE#H)(EHT#bH]:

> ~
qr = (tp,br), H'D,H = HY(D,H) — (D,H)'H, and H = io?H.
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Top quark and Higgs EFT

1 3
050, 087, One, Oy

Hqg’
Three-point functions onIy qqV
J- ] L '!I 1h 1
ﬂhi - .E"!I..‘g {H "D H)(QLW#[}’L) ‘5".!1;3!1"}'1 bz H’EE( fjrf:JI
2
‘ 1 g po r T g1 . T (1) (3
ﬂgﬂr - E(H'TID#H)({?L’}-'#TI [;L) f'—"-"r,ulii;j}-" by, : '-T.f'z,_!_‘g (C Hyg ! (. ,E:q]
L i T Zuiry'tn: —gz7o5Co)
Oyt = ﬂ—,{H Dy H)(tpy"tr), ‘ ::_*-E’-‘ i
A TN TR V" 1) (3)
Oy = 5 (H' D uH) (bpy"bp), Zutiy b q""ﬂi (Chig — Clrg)
A? ) |
Wby go—e— O
it v,.’_qig Hy?

Higgs modification starting at the four-point
function gqqVH

*little impact on the Higgs coupling
precision fits at tree-level (since most Higgs
decay are two-body)

**No photon, only Zand W

> ~
qr = (tp,br), H'D,H = HY(D,H) — (D,H)'H, and H = io?H.
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Top quark and Higgs EFT OIglq), 015,361), Oy
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(1) H(3)
Top quark and Higgs EFT OHq , OHq , Ogrp
s4f a?lgP (%)
. 45.2f 06 04 02 0. -02
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Exotic production might provide us useful
information about these operators.

~0.25 -0.20 ~0.15 ~0.10 ~0.05 0.00 0.05 010
e el (Tev?)
Z-pole provides very high precision
on these coupling.
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Top quark and Higgs EFT OHq ,

INE

OHt

H q )
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http://arxiv.org/abs/arXiv:1511.03674
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Top quark and Higgs EFT OHq ,

At or above tt threshold at lepton
colliders, one immediately again
great sensitivities to the top gauge
couplings.

P. Janot 15’
G.Durieux, M. Perello, M. Vos, C. Zhang 17’
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Patrick Janot
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Top quark and Higgs EFT O

At or above tt threshold at lepton
colliders, one immediately again
great sensitivities to the top gauge

couplings.

P. Janot 15’

G.Durieux, M. Perello, M. Vos, C. Zhang 17’

d?o B
dzdcosf

dA, =8B, =5C,=8D, =0

Patrick Janot

2Ef |1-8 -
mo \ Tl Az /1= 4mis)

Zhen LiuﬁDz X ‘

(1)
Hq

[
~
-
-
-

6

(3)
Opg

-4. -3. -2

)

Ont

Ag, /g, (%)
1. 0 1 2 3

H.!IIIIII|IIII|II
-
L -

-~

e e 365 GeV
@1.5ab™"

C

3 1
_cl (TeV2In?)

e*e” 500 GeV .

@500 fb"/4ab” A

Our preliminary study results. —:
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Sign(C)xA excluded (TeV)

Top quark and Higgs EFT summary

Sensitivity to new physics scale A

41 Higgs Precision Z-pole tt—pair
dominant dominant dominant
2t
_o |l HL-LHC+LE x1/10
Il CEPC 90/250 Ge
[l FCCee 90/250/350 {|3e‘v" *1710
—4 . .
<Y < Qv O
3 ; Q Or;
K 'fé/ ;:Of LN %(JOr "
e 7
%7 %7

Naturally divide into two groups, where the
correlations between the measurements are

not large.
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Top quark and Higgs EFT summary

Sensitivity to new physics scale A Higgs-Top couplings important and
41 Higgs Precision Z-pole tt-pair 1 interesting.
dominant dominant dominant
ol We try to develop some comprehensive
understanding of the minimal Higgs Top
ol anomalous coupling EFT set.

Sign(C)xA excluded (TeV)

-2 [l HL-LHC+LE
Bl CEPC 90/250 Ge
[l FCCee 90/250/350 (|3e\a"

Higgs precision, Z-pole precision, ttbar (350
GeV) all needed to complete the picture.

-4 Might be interesting to consider the synergy
</ < Q On, Q O 8
% % %2 . %2 %r%oﬁ %7 and physics outcome of larger ring (100 km)
% %7 and larger energy (350~400 GeV).

Naturally divide into two groups, where the
correlations between the measurements are
not large.
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hGG(£+) 1 +1.035Re | —er | +0.053¢*7327 Re | -
yt § Jb §

hGG(£+) : +1.575Im | —er | £ 0.05507477 Im | 22| (3.5)
R R/

where #; and 6, are the CP phases (weak phase) for the top Yukawa and bottom Yukawa,
respectively, and the phase ~ 0.77 is the phase of the bottom loop-function evaluate for
an on-shell Higgs. The analytic expressions are listed in the Appendix. After squaring and
averaging over helicity states, we can obtain the parametric dependence of the H — gg partial
width (which is directly related to measurements) to be,

['(h — gg) ’ Yo v CP .. gCP
— = L.O070 — 0.073 cos ;" cos " +0.03
[‘-(h_}ggjhli J;:M J;a"'.l J;:.M __;';"M
2
+1.410 yHM sin? 977 — 0.122 %% sin OCF sin 65F
it t b
. Ut Y
+0(0.0001; SN || 5 ), (3.6)
t h

where 05 is the CP angle in the top Yukawa, relating to the Yukawa modifications and thus
Wilson coefficients of operator O,y as shown in Eq. 3.3,

i

A : Az ’
RE[ ;‘;‘:{1 = | =71 cos 857 and [m[ H‘,’:;] = %:;1 sin 0, (3.7)
Jf Jf Jt Ji
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Loop-level constraints
from precision Zh
measurements
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Top quark and Higgs EFT DHg-DHq(3), DHt

At or above tt threshold at lepton
colliders, one immediately again
huge sensitivities to the top gauge
couplings.

Top quark loop can also induce some
operator mixing and enter the Z-pole
precisions (Altarelli, Barbieri,
Caravaglios, 93’) €4, €3,
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Top quark and Higgs EFT DHg-DHq(3), DHt

At or above tt threshold at lepton
colliders, one immediately again
huge sensitivities to the top gauge
couplings.

Top quark loop can also induce some
operator mixing and enter the Z-pole
precisions (Altarelli, Barbieri,
Caravaglios, 93’) €4, €3,
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2(; 2 2
_ _MGr (3,33) 1,33) , 1 33| (v A
= —2\/§7r2 Re lc¢q - C¢q -+ L—IC 2 F lOg —2 1

3miGr (3,33) (1,33) 33 v? v? A?
2\/§7|-2 Re lcdul _C¢q -+—Cu—+—(9 p F log 77%

t

However, these are essentially R, and Agp .
To use them, one have to assume extreme
cases of DHg+DHq(3) and DHb both are zero
at the same time. Only known example is
custodial Zbb Agashe, Contino, De Rold,
Pomarol, 06’.

In addition, there are some controversies
about finite pieces in these relations.
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