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Strong phase* plays important roles in various aspects of physics

o tt heavy resonances (destructive interference with the SM background,
generating dips instead of resonant bumps, M. Carena, ZL, arXiv:1608.07282, JHEP)

e Hadron physics (strong phase mapping out CPV)

° Leptogenesis (e.g., weak phase from heavy neutrino decay interferes with strong
phase part, generating asymmetry)

*in contrast to weak CP phase that generates relative phase between
amplitudes related by CP conjugation; strong phase is a universal phase to
these CP-related amplitudes.
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Strong phase plays important roles in various aspects of physics

o tt heavy resonances (destructive interference with the SM background,
generating dips instead of resonant bumps, M. Carena, ZL, arXiv:1608.07282, JHEP)

e Hadron physics (strong phase mapping out CPV)

Leptogenesis (e.g., weak phase from heavy neutrino decay interferes with strong
phase part, generating asymmetry)

Question:
how about the strong phase in the SM Higgs?

J. Campbell, M. Carena, R. Harnik, ZL, arXiv:1704.08259
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Strong Phase in SM Higgs
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““heavy (chiral) fermion
decoupling theorem”” (with

Yukawa proportional to the mass)
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Strong Phase in SM Higgs

e All quark contributions
ol T Rbso'“te normalized the same way, the
| el plot represents the relative
ol imaginar contributions
= * Numerically*:
0l  t-loop +1.034
* b-loop —0.035 + 0.039i
ool [ * c-loop —0.004 + 0.002:
0.1 05 1 5 10 50
Top \/_T Bottom Charm
loop loop loop

*some input parameter dependence
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Strong Phase in SM Higgs

e All quark contributions
ol T Rbso'“te normalized the same way, the
| el plot represents the relative
ol Imaginary contributions
= * Numerically*:
0l  t-loop +1.034
* b-loop —0.035 + 0.039i
ool [ * c-loop —0.004 + 0.002:
0.1 05 1 5 10 50
Top \/_T Bottom Charm
loop loop loop

A strong phase in the gluon-gluon fusion production
at hadron colliders (imaginary part)

Phase in gluon-gluon-
fusion 0.042
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Strong Phase in SM Higgs

e All quark contributions
ol T Rbso'“te normalized the same way, the
| el plot represents the relative
ol Imaginary contributions
= * Numerically*:
0l  t-loop +1.034
* b-loop —0.035 + 0.039i
ool [ * c-loop —0.004 + 0.002:
0.1 05 1 5 10 50
Top \/_T Bottom Charm
loop loop loop

A strong phase in the gluon-gluon fusion production
at hadron colliders (imaginary part)

.. . . Phase in gluon-gluon-
?
How to make use in in Higgs physics: fusion 0. 042
(*neutral, spinless particle)
£& Fermilab
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Understanding Interference and Phase

S
. = Cqjg P(S)
—m2+il'm Y
Abkg — Cbkg (slowing varying function of §)

Agig = Csig =
sig SlgS

A|? = |Asig T Abkg|2 — |Asig|2 T |Abkg|2 T ZRe[ASigAZkg]

— B.W.+BKG + 2Re|cyigCiyg — 2Im|csigChig]
B § —m?
_ (§ . m2)2 + rzmz
—i1I'm

- (8§ —m?)2 + ' m?
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Understanding Interference and Phase

S
2 +ilm s P($)

Abkg = Cbkg (slowing varying function of §)

Agig = Csig =
sig SlgS

A|? = |Asig T Abkg|2 — |Asig|2 T |Abkg|2 T ZRe[ASigAZkg]
= B.W.+BKG + ZRe[cS,;gc,’;kg] — Zlm[csigc,’;kg]

e. Int 2

- S—m
Background real — (A — 2)2 1 2m2
Re. Int.— Interference from the real part of the propagator S m m

 normal interference, parton level no contribution to —iI'm
the rate, shift the mass peak — 7 2\ 2 2.9
When convoluting with PDF, may generate residual (S —m ) +I*m
contribution to signal rate;
e conventional wisdom, interference only important
when width is large)
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Sketching the interference

S
. = Cqjg P(S)
—m2+il'm Y
Abkg — Cbkg (slowing varying function of §)

Agig = Csig =
sig SlgS

A|? = |Asig T Abkgl2 — |Asig|2 T |Abkg|2 T ZRe[ASigAZkg]
=B.W.+BKG + ZRe[cS,;gc;;kg] — Zlm[csigc,’;kg]

§ —m?
(§ —m?)% +T'*m?
—iI'm
Background real (§ — m2)2 + [2m?2
Im. Int.— Interference from the imaginary part of
propagator (rare case, changes signal rate)
£& Fermilab
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Sketching the interference

S
. = Cqjg P(S)
—m2+il'm Y
Abkg — Cbkg (slowing varying function of §)

Agig = Csig =
sig SlgS

A|? = |Asig T Abkgl2 — |Asig|2 T |Abkg|2 T ZRe[ASigAZkg]
= B.W.+BKG + ZRe[cS,;gc;;kg] — Zlm[csigc,’;kg]

Im [Csig C;;kg]
— |Csig| |Cl>:k)kg|5in(5sig — 5bkg)
When phase d5;5 — Opig is none-zero, this

new interference effect exists and cannot be
neglected however narrow the resonance is!
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Making choices of the channel to study
In the SM, there are two main loop-
induced Higgs couplings (where the
strong phase could be sizable):
* Hgg:0.042
* Hyy:m —0.006
 HZy:~Hyy
Choosing the channel to study at the LHC:
* Production and/or decay has strong phase
e gluon-gluon-fusion production chosen;
e Signal and interfering background are comparable:
* If background too large, hard to observe signal;
* If background too small, interference effect would be tiny
* Preferably a channel where precision study could be
performed (choose from currently observed Higgs channels)

gg - H->vyy
2% Fermilab
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Phase from interfering background

Interfering background are from SM box
diagram of gg — yy
The overall sizes of different helicity

amplitudes are
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999

Apppy =4
dominants, A,,__ =
A__,, much smaller
Light quark dominants
Angular dependence
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Phase from interfering background

Interfering background are from SM box iy VY
diagram of gg — yy

There is also a strong phase in the sk
background: 999

10_1; .

{¢ Angular dependence

 asmaller but negative
phase w.r.t to the signal

e AtlIL, the imaginary part
is mainly from A, ,, =

———————————— y it voetataiatait s A____ with bottom and

= ] T el charm contributions

* Imaginary part
dominated by the 2L

= MHV amplitude.
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Phase from interfering background

Interfering background are from SM box iy VY
diagram of gg — yy 5T
There is also a strong phase in the
background: 999
107" E\ Aflter summing 0\|/er helicities and E
TN integrating over z, the averaged background .’ 3+ Angular dependence
I “~t---____phase Opkg = —0.205 —-1-"" 1¢  asmaller but negative
102 - and becomes the dominant source of ! phase w.rt to the signal
g ——————————— strongphase __________ * AtlIL, the imaginary part

is mainly from A, ,, =
____________ R —— A____ with bottom and
= Im[A%Y, 4] = Im[A 3, ] charm contributions
* Imaginary part
dominated by the 2L
| MHV amplitude.
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Strong phase and Higgs gg - h - yy

gg-h(125 GeV)-oyy

6 T T T T l T T T T k T T T T I T T T T
(o aw ) [\ o1 Define the relative strong phase
L --- ] =T o 14
: PV =) 116 = 65i9 — Oprgy , average over
h \ : o .. .
i | Ry [ ok 1 helicity amplitudes and polar
—~ - ! \ -02 | Interference |\ , 1 i
% | Fullnt [ {1 angles, one can calculate this new
= L -0.4 L - : Jd . . .
g — 1" x10 ) \ -om -ooi m, oo oof interference piece between signal
= — in \ ]
. / ' 1 and background
/
3
3
Long been overlooked, the
interference term from the strong
phase does change the SM rate

prediction by ~ — 2. %
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Strong phase and Higgs gg - h - yy

do/dmyy (pb/GeV)

gg-h(125 GeV)oyy

6 | | L L I T T T T k T T | l T T T
/
i R B\A"’ ! \‘ 0.2¢ o' l‘ .
L h l' ! oo__.—’r\': ) 0=
o \ \ : y ||
4 — Rll’lt " \ A ) ) 'l 3
i h \ -0.2| Interference |\ , EE
R \
i Full.Int ! \ 1
- h / O 0l 0ol 007 | t
2 — [;x10 / P “h ‘ oz nte
/
I \ J ; \ { and

-0.02 -0.01 my,
My (GeV)
Resolved

Production scaling factor
o(ggF) 1.06 - Kt2 +0.01 - K127 —0.07 - kikp,
o(VBF) 0.74 - K%V +0.26 - K%
o(WH) K%V ATLAS and CMS legacy

.- A combination paper, JHEP
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0.02

Define the relative strong phase

Osig — Opkg , AVErage over

helicity amplitudes and polar
angles, one can calculate this new

rference piece between signal
background

Long been overlooked, the

| interference term from the strong
phase does change the SM rate
prediction by ~ — 2. %*

The size of this effect is relevant

This effect cannot be factorized into
production times decay branching fractions,
the framework fails to capture this;

Pheno 2017
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Strong phase and Higgs gg - h - yy

gg-h(125 GeV)-oyy

6 T T T T I T T T T k T T T T I T T T T
(o aw ) '\ o, 71 Define the relative strong phase
- - ] =T o 14
. PV =) {16 = 85i5g — pigy , average over
.... ph \ : o | .. .
4 Rint [ rererence b 1 helicity amplitudes and polar
~ - b -0.2 | Interierence s 17 .
% | Fullnt [ {1 angles, one can calculate this new
= L -0.4 L - 1 Jd . . .
g — 1"%10 ) \ -om -ooi m, oo oof interference piece between signal
= - . int p \ ]
. / \ 1 and background
/
3
5
o
Long been overlooked, the
interference term from the strong
phase does change the SM rate

prediction by ~ — 2. %

200 -

AMj; / MeV
o

. Destructive Interf. (SM)
. Constructive Interf.

_300 [ Dixonand Li,
arXiv:1305.3854
Re. Int. L ., _4006 ; lb . |I5 2|0
Our study is “orthogonal FufTy™
to Dixon & Li
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Strong phase and Higgs gg — h - yy (BSM)

This rate change as a new probe of Higgs
total width

cf(gg - ? - yy)
o IgghIyyn

T - ("’2- %)ggghgyyh
tot

* Unique piece that does not depend on
total width;

* Similar to off-shell ZZ measurement;

* Negligible dependence on coupling at
different scales.

& Fermilab
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Strong phase and Higgs gg — h - yy (BSM)

This rate change as a new probe of Higgs
total width

a(gg - él - yy)
o IgghIyyn

T - ("’2- %)ggghgyyh
tot

* Unique piece that does not depend on
total width;

* Similar to off-shell ZZ measurement;

* Negligible dependence on coupling at
different scales.
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Strong phase and Higgs gg — h - yy (BSM)

This rate change as a new probe of Higgs

total width
a(gg > h - yy)
o IggnIyyn

1_‘tOt

total width;

* Similar to off-shell ZZ measurement;
* Negligible dependence on coupling at

different scales.

- ("’2- %)ggghgyyh

* Unique piece that does not depend on

Scale Unc.

gg—-h(125 GeV)-»yy

| L S

LHC 13 TeV
prYvee = 20 GeV

— w.0. LHC yy cuts | 1

— w. LHC yy cuts

P T T T S

0

10

[
20

30

F/I-SM
Suppose the extreme nightmare case of all observed Higgs couplings increase by factor

f, and Higgs total width by factor f*.
All on-shell cross sections same as SM predictions or measured central values.

However, the process gg — h — yy will be altered by
—(~2%xf?)

2% Fermilab

Zhen Liu Pheno 2017

21 5/9/117 Strong Phase in Higgs physics



Strong phase and Higgs gg — h - yy (BSM)
This rate change as a new probe of Higgs 0fr———— ,gg_.)h.(l.zslcfev.)fﬂl S

total width LHC 13 TeV
pi~ve = 20 GeV
a(gg > h - yy)

— w.0. LHC yy cuts ]
2 2
« ggghgyyh

— w. LHC yy cuts

Ftot - ("’2- %)ggghgyyh E;
* Unique piece that does not depend on -0
total width;

* Similar to off-shell ZZ measurement;
* Negligible dependence on coupling at
different scales.

Scale Unc.
o

B T T S S P T S S

L v
0 10 20 30 40
F/FSM

Suppose the extreme nightmare case of all observed Higgs couplings increase by factor

f, and Higgs total width by factor f*.
All on-shell cross sections same as SM predictions or measured central values.
However, the process gg — h — yy will be altered by

—(~2%Xf?)
Suppose HL-LHC will measure this effect (e.g., the ratio of g, /04;) to 4%, it will
constraint Higgs total width to ~13 times SM value

$& Fermilab
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Strong phase and Higgs gg — h - yy (BSM)
This rate change as a new probe of Higgs 0 Igg_.’h.(l.zslGév.)_,Wl S
total width I LHC IS Tev

pirvee = 20GeV |
O-(gg - h - yy) — w.0. LHC yy cuts |1
2 2
o J99n9yyn

— w. LHC yy cuts

L (~2.%)9gggnGyyn f
* Unique piece that does not depend on -101-
total width;

* Similar to off-shell ZZ measurement;
* Negligible dependence on coupling at
different scales.

Scale Unc.
o
|

However, the process gg — h — yy will be altered by

—(~2%xf?)
Suppose HL-LHC will measure this effect (e.g., the ratio of g, /04;) to 4%, it will
constraint Higgs total width to ~13 times SM value;
The FCC-hh will increase the precision by at least one order of magnitude, yielding a
3-0 measurement of the interference effect and bounding the Higgs width

05 <I' /Ty < 1.6
[Tsu 2= Fermilab
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Kinematic features of the interference effect

— T 1 Angular distribution:

* Interference effects larger in the forward
direction, driven by background
amplitude kinematics;

* Interference effects ~0.5% at LO

* Interference effects increases to ~2% at
NLO, driven by the 2L MHV amplitude’s
large imaginary part

* Fully inclusive cross section has larger
B.W. cross section while the interference
effect does not increase much, resulting
in a smaller relative correction.

dorj /A6
dogyy /do

/ ---- Background one—loop

- =~ Higgs one-loop
! - = -+ Background two-loop

-15 — Full NLO

==

Scale Unc.
(]

_llllllllllllllllllllllllill

O_I_IIIIIIII]llll'llll‘llll[r‘llll_

20 40 60 80
oC°)
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ooy (%)

Scale Unc.

Kinematic features of the interference effect
gg-h(125 GeV)-yy

0_ T | =T ]
- 1 pT-veto distribution:

-l =1 Conseqguently, one can also use jet-veto
1 distribution to see the difference;
2 1 Larger veto-pT, smaller relative size

i LHC 13 TeV §
-3 — w.0. LHC yy cuts [
B — w. LHC yy cut i
4 |
_5 ]
BN =
0F :
-1k L S S T
0 20 40 60 80 100

P}f‘_ veto (G ev)

2% Fermilab
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Kinematic features of the interference effect

—0int/oBW (%)

|cos 6| no cuts ph veto |y cuts+veto
0.0-0.2| 0.871535 | 1.28708 | 1347353
0.2-0.4| 0.91793¢ | 135705 | 1417072
0.4-0.6| 1.047041 | 153707 | 1627083
0.6-0.8| 1.37705% | 1.9979% | 1657075
0.8-1.0| 3.5575%5 | 4.857%37 -

0.0-1.0| 1.52F96% | 220712 | 1487072
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dory, /d6
dogy /do

Scale Unc.

Differential distributions help map out the
interference effect, and it can help mapping

out the width information!
gg—>h(125 GeV)-yy

0

Opr—

gg-h(125 GeV)-yy
T ™ T

Scale Unc.

Tin/oBw (%)
1 |

I 1
— o — o

LHC 13 TeV
— w.0. LHC yy cuts [

— w. LHC yy cut

p— 1 P
0 20 40
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Kinematic features of the interference effect

|cos 6|

—0int/oBW (%)

no cuts

pé‘n veto

¥y cuts+veto

0.0-0.2
0.2-0.4
0.4-0.6
0.6-0.8
0.8-1.0

0.87+0:34
0.91793:39
1.0475:24
1.3779:33

3.557 555

128733
1.3570°%%
1.5370 78
1.9970%

4857337

134735
1.417972
1.627053
1.6570 %0

0.0-1.0

152705

2.2071%

148797

27 5/9/117

Zhen Liu

Strong Phase in Higgs physics

dojsq/d| cos 67| [fb]

data / prediction

-
(62
o

- ATLAS Preliminary
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mH_12509GeV
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50 | i
I |
hd
IIIIIIIIIIIIIllllIII-I-I-I-I--I-I-I-I‘I-I-I-I-I-ITI-I-I- TI-I-I- oo
O
2

Pheno 2017

02 03 04 05 06 07 08 09 1
|cos 67

2% Fermilab



Kinematic features of the interference effect

dojsq/d| cos 67| [fb]

—0int/oBW (%)
|cos 6| no cuts ph veto |y cuts+veto
0.0-0.2| 0.871235 | 1.2879%2 | 1.3479%%
0.2-0.4| 0.917936 | 135708 | 1417072
0.4-0.6| 1.04F7%4l | 153707 | 1627083
0.6-0.8| 1.37705% | 1.9979% | 1657075
0.8-1.0| 3.5575%5 | 4.857%37 -
0.0-1.0| 1527980 | 220710 | 1487073
gg—»h(lZS GeV)—yyy
= =
S
_§ éé _10_:’ ‘,' -~ Background one-loop —
! I.' - -~ Higgs one-loop ]
K ‘/' - == Background two—loop ]
-15 ’.’ —— FullNLO ]
s L :—\: =
5 - .
s OF .
—l Er —_—t .t
0 20 40 60 80
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50

= gg—H NNLOPS + XH-

-+ XH=VBF + VH + ttH

IIIIIIIIIIIIIlllllllllll]llllllllll llllllllllll
- ATLAS Preliminary

-¢- data, tot. unc. [ ] syst. unc.
"H—yy, \s=13TeV, 13.3 fb"

m,, = 125. 09 GeV

Kggor =110
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s

We have this info and gave new physics
information from it!
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Summary and outlook

We uniquely explore the physics consequences of this strong phase in Higgs
physics

We choose the gg — h — yy as one example and found the inclusion of this
strong phase reduce the signal rate by ~2.% (at NLO, need higher order
calculation); an important ingredient should be included in all LHC Higgs
precision programs (global fit, etc.).

This effect could be used as probes to BSM physics, providing information on
e Higgs light quark Yukawas

* Higgs total width

 CPV effect

There are interesting kinematical distributions for the process can be utilized to
map out the interference effect

There are many more other interesting channels and physics to explore using

this interference effect.

& Fermilab
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Backup
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1. ATL-PHYS-PUB-2014-016

ATLAS Simulation Preliminary
(s =14 TeV: [Ldt=300 fb" ; [Ldt=3000 fb"

A/l/ﬂ 300 fb—l 3000 fb_l ':. ”:.: L | L I I | |
All unc. | No theory unc. | All unc. | No theory unc. Koz Sk : : :
H - vy (comb.) 0.13 0.09 0.09 0.04 | ———— ]
©j) | 0.19 0.12 0.16 0.05 A
1) | 0.27 0.14 0.23 0.05 Wz
(VBEiks | 0.47 043 02 015 | _
(WH-like) | 0.48 0.48 0.19 0.17 Mg
(ZH-like) | 0.85 0.85 0.28 027 | RS _
(ttH-like) | 0.38 0.36 0.17 0.12 N
H — ZZ (comb.) | 0.11 0.07 0.09 0.04 bz
(VH-ike) | 035 0.34 0.13 012 | [N _
(ttH-like) | 0.49 0.48 0.20 0.16 A
(VBE-like) | 0.36 0.33 0.21 ol6 | o (A i
(ggF-like) | 0.12 0.07 0.11 0.04
H— WW (comb.) | 0.13 0.08 0.11 0.05 Mz
(OJ) 0.18 0.09 0.16 005 | BT SRRSO SOR RO SRROS SRR ]
1j) | 030 0.18 0.26 0.10 A bR
(VBE-like) | 0.21 0.20 0.15 0.09 oz |
H > Zy(incl) | 0.46 0.44 0.30 027 | e 7
H — bb (comb.) | 0.26 0.26 0.14 0.12 Mz
(WH-like) | 0.57 0.56 0.37 036 | P _
(ZH-like) | 0.29 0.29 0.14 0.13 A
H — 77 (VBF-like) | 0.21 0.18 0.19 0.15 (@r)Z | |
H — pu (comb.) | 0.39 0.38 0.16 0.12 e
(incl) | 0.47 0.45 0.18 0.14 0O 0.05 01 0.15 0.2 0.25
(ttH-like) | 0.74 0.72 0.27 0.23 Ky
AXXY—A(K—Y)
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1 1 1 I I 1 1 1 1 I T I 1 1 I 1 I 1 Ll I T Ll ) I I I ) 1 1 l 1 Ll Ll Ll I 1

ATLAS and CMS —— Total Stat. 1 Syst.

LHC Run 1 Total  Stat. Syst.
ATLAS H—-yy — 126.02 + 0.51 (£ 0.43 £ 0.27) GeV
CMS H—-yy = 124.70 £ 0.34 (£ 0.31£ 0.15) GeV
ATLAS H—ZZ -4l I g | 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —4l —==—1 125.59 +0.45 (£ 042+ 0.17) GeV
ATLAS+CMS yy I-EI—I 125.07 £ 0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 41 I-_}E—I 125.15 + 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l r—?—l 125.09 + 0.24 ( +0.21 + 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]
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Dots represent point-like
interaction, where the phase is
ignored.
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FCC-hh
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Higgs interferences (shifting diphoton)

36

B.W. 300 [
200

\ E
N —— 100 [
Re. Int. > -

= of

-

< -100 F

-200 -

. Destructive Interf. (SM)
. Constructive Interf.

- _Dixon and Li,
-300F arXiv:1305.3854
00k L

0 5

Interference with the irreducible background shifts
the invariant mass peak.

By comparing with the 4l invariant mass (where
little interference due to the smallness of the
irreducible background), ideally, one can see the
shift in the invariant mass of the final states.
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Higgs interferences (on-shell and off-shell)

All on-shell cross sections for the

narrow Higgs can be parametrized as
(NWA):

2 2
gi 9r
thot
Treating all couplings and total width
as free parameters, there will always

be a flat/runaway direction allowing
increasing all parameters universally.

o(i->h-f)x

2= Fermilab
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Higgs interferences (on-shell and off-shell)

All on-shell cross sections for the Cross sect|<2)ns: 5
narrow Higgs can be parametrized as On-shell: gggrthZh
(NWA): 2 2
gzgz Off-shell: gggthZh
o(i—->h-f)x L
thot

Treating all couplings and total width
as free parameters, there will always
be a flat/runaway direction allowing
increasing all parameters universally.

2% Fermilab
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Higgs interferences (on-shell and off-shell)

do/dm(4¢) [ab/20 GeV]

39

10 ¢ p(9)p(g) — eTempp™ 5
. : Vs =8 TeV

10~1 — i 3

: I

1072 j CMS search region jﬁ—_“—

1073 L Englert, Spannowsky, arXiv:1405.0285F}lOt 4
104 I}, = 10 x I''°*, couplings rescaled -----

0.1 0.2 0.3 0.4 0.5 0.6

m(4¢) [TeV]
F. Caola and K. Melnikov arXiv:1307.4935

And N. Kauer and G.Passarino arXiv:1206.4803 estimated an

“eventual” reach of ~10 SM width;
CMS with current data ~5.4 SM width;
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Cross sections:

2 2
99gn9zzn

On-shell:

Ftot
Off-shell: géghgﬁzfl
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Higgs interferences

Many occasions where interference are important for Higgs physics

40

Higgs total width from yy invariant mass shift

Higgs total width from off-shell measurement

Double Higgs production (destructive interference between the
box diagram and the trilinear Higgs diagram)

Higgs diphoton CPV effects from converted photon and its

interference with h —» YAARES 4e (Chen, Harnik and Vegas-Morales,
arXiv:1404.1336, arXiv:1503.05855, etc.)

& Fermilab
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Strong

Phase in SM Higgs

—— JAbsolute
1.5} Real
Imaginary
—~ 1.0F
=
0.5}
0.0 p— -
0.1 0.5 1 5 10 50
Top \/_T Bottom Charm

loop

loop loop

=>»two important consequences
e Destructive interference between the top-loop
and light quarks for gluon-gluon fusion (real part)

41 5/9117
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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

—op =1.078k; — 0.074k k3 — 0.008k¢ ke

40.003k7 + O(< 0.001; k4, Kp, Ke)-

*some input parameter dependence
HXWG recommends:

PR 5(gg - h) « 1.06K% — 0.07K,k;, + 0.01x2



Sketching the interference

Remark on strong v.s. weak phase
A, = |A,|e0F0cp/2)
A = |A+|ei(5—9cp/2)

Im[csigcljkg]
— |Csig||Clﬂ;kg|Sin(5sig - 5bkg)

For neutral process, without construction of CP-order observables,
the rate will be affected in a factorized way:

2Im|(csiy + C5ig)CorglImIP(3)]

N Oc . Oc
= 2|c;-g|1m[P(s)] {sin (55,;9 - TP — 6bkg) +sin (6Sl-g - TP

6
- 5bkg)} = 4|c,|Im[P ()] sin(8s;4 — 5bkg)cos(%)
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